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ABSTRACT. The application of exclusion nets is gaining interest for apple modern production, since it can 8 

limit the use of pesticides. From the physiological point of view, information related to final fruit harvest is 9 

missing. This two-year study compared a classical anti-hail net (A, 20% shading) with an exclusion net (E, 10 

40% shading), and their effects on Gala apple trees, under two irrigation treatments each. Physiology, 11 

production and quality parameters were tested. In both years, midday stem water potentials and leaf gas 12 

exchanges were unaffected. The higher shading properties of E created a more favourable microclimate for 13 

the trees, allowing them to improve marketable fruit weight, compared to the A net. Fruit quality was 14 

influenced by different shading and water treatments, visual red colour especially in 2021; however, the 15 

other quality traits did not have similar trends over the two years. A remarkable commercial impact was 16 

gained, since higher shading provided by exclusion netting lowered water requirements. Fruit productivity 17 

was sustained or, even elevated, under water limitations when exclusion netting was used. These results 18 

are promising in the view of the increasing demand for sustainability in fruit production.  19 

 20 

1.Introduction 21 

Successful fruit production requires management strategies that minimize biotic and abiotic 22 

stresses. The augmenting union of hailstorms, heat waves, water limitation, along with the altered cycle of 23 

pests and diseases (endemic and nonnative), are posing challenges to plant performances and productivity. 24 

Netting systems are a solution to protect fruit tree crops, indeed they have become necessary when 25 

planning the planting of an orchard. The most classic version is the anti-hail netting system installed on 26 

concrete posts (Castellano et al., 2008), which is, however, useless, when excluding insect pests is also a 27 

target. In the last decade, France and Italy have seen an increase in the use of individually wrapped tree 28 

rows, to exclude codling moth, Cydia pomonella, (Kelderer et al., 2010; Romet et al., 2010; Alaphilippe et 29 

al., 2016) and, more recently, the brown marmorated stink bug, Halyomorpha halys (Candian et al., 2018, 30 

2021). In Washington State, an increasing use of full block net enclosures is being adopted (Mupambi et al., 31 

2019) to protect the crop from sunburn, wind and hail damages. In Italy, this modernized kind of netting 32 



protection is also starting to be adopted. Being a complete physical barrier, exclusion netting appears 33 

promising, as it can greatly decrease the use of pesticides (Romet et al., 2010; Sauphanor et al., 2012; 34 

Marshall and Beers, 2021). In fact, many studies report positive results of exclusion netting on some fruit 35 

natural insect communities, enemies and diseases (Chouinard et al., 2017; Candian et al., 2018, 2020; Pajač 36 

Živković et al., 2019, 2018; Marshall and Beers, 2021, 2022). Moreover, studies focused on issues with 37 

pollination (Normandeau Bonneau et al., 2020), fruit set and seed number (Elsysy et al., 2020), 38 

demonstrate an increasing interest in this protection management. However, these studies refer to single 39 

row covers. 40 

Specific research on orchards completely enclosed with one single block of net, i.e., full canopy 41 

netting (Rigden, 2008), is still scarce (Marshall and Beers, 2021). The few related studies have shown that 42 

exclusion netting influences the microclimate only in terms of light and wind intensity, inside an entirely 43 

enclosed orchard (Kalcsits et al., 2017; Mupambi et al., 2018; Marshall and Beers, 2021). Lower light levels 44 

are known to decrease crop coefficient (Girona et al., 2011; Boini et al., 2018) and, as a consequence, plant 45 

water requirements (Green et al., 2003; Lopez et al., 2018; Mahmood et al., 2018; Boini et al., 2021). Thus, 46 

nets in general have demonstrated to be beneficial for saving water purposes (Nicolás et al., 2004; Boini et 47 

al., 2019). Since there is a growing commercial interest in the use of full canopy netting, knowledge on the 48 

microclimate effects, plus the influence on tree physiology and water status, with repercussions on final 49 

yield, over multiple years, is required. To date, ad-hoc studies do not appear in the literature. 50 

The following work reports one of a series, dedicated to testing combined orchard management 51 

strategies; the aim is to push modern fruit production to be more sustainable, with the main ambition to 52 

decrease irrigation volumes to the possible extent. 53 

 54 

2. Materials and methods 55 

2.1. Study site 56 

The trial was conducted during 2020 and 2021 at the experiment farm of the University of Bologna, 57 

located in Cadriano (Bologna, Italy) (44°30′N; 10°36′E, 27m elevation), in a Gala Buckeye apple orchard 58 

grafted on M9-Pajam2. The orchard was planted in 2014 in a silty clay loam soil and consists of 10 rows. 59 

Trees were trained as slender spindle, spaced 1x3.3m, with a North-South orientation. Since its inception, 60 

integrated production management protocols were followed and trees were irrigated as needed; the 61 

orchard was covered with a standard anti-hail net (A) (20% shading, as stated by the manufacturer; Valente 62 

srl, Campodarsego, PD, Italy), which is deployed each Spring, after fruit set is complete, and rolled-up post-63 

harvest, in the Fall. This practice is common in the majority of Northern Italy, where hailstorms are 64 



regularly present during the fruit growing season. Full bloom (more than 50% open flowers on trees) was 65 

recorded on 10 and 12 April 2020 and 2021, respectively. 66 

2.2. Net treatments, weather conditions and irrigation 67 

In May 2020, the orchard was divided in two sectors (5 rows each): one remained covered with A, 68 

while the other was covered with a white exclusion netting system (E), deployed over the entire block, 69 

including access space inside the cover. Both nets had an English-turn weaving system and were of the 70 

same material (polymethyl methacrylate) with different wefts: the black net was around 10x5mm, while 71 

the white exclusion net was approximately 3x4mm, in order to repel Cydia pomonella and the increasingly 72 

threatening Halyomorpha halys. The latter was integrated with a rain-proof cover placed over each row, as 73 

a protection against rain (1 meter on both East and West sides), consisting of a double layer of the same 74 

net, with extremely dense links (<1mm). The overall shading percentage of the exclusion net was stated to 75 

be around 50%, a desired level of light intensity reduction. 76 

In both orchard sectors and outside the orchard, three weather stations were installed, which registered on 77 

an hourly basis the environmental parameters: air temperature [°C], relative humidity [%], rain [mm], solar 78 

radiation [W m-2]. 79 

Both orchard sectors (A, E) received two different irrigation restitutions, during both years. A control 80 

irrigation, based on the reference evapotranspiration (Et0) calculated by the Hargreaves-Samani equation, 81 

was adopted in A. This corresponded to the volume suggested by the public irrigation scheduling service 82 

IRRIFRAME (www.irriframe.it), combining local weather parameters with the orchard characteristics, and 83 

represented the control (A100) in this study; this restitution was applied to half of the trees in A. A 30% 84 

reduction of this volume was applied to the second half of A, resulting in the A70 treatment. In E, a 85 

restitution equal to 70% of A100 was applied to half of the trees, while a further 70% reduction of this level 86 

(i.e., 49% of A100) was applied to the other half of the trees. Hence, irrigation treatments were named as 87 

follows: 88 

- A100: anti-hail net control irrigation (100% Et0 under the anti-hail net) 89 

- A70: anti-hail net restricted irrigation (70% Et0 under the anti-hail net) 90 

- E70: exclusion net control irrigation (70% Et0 under the anti-hail net) 91 

- E50: exclusion net restricted irrigation (49% Et0 under the anti-hail net) 92 

The resulting four treatments were organized on a split plot complete randomized design, where each 93 

thesis was repeated 3 times, with 8 trees for each repetition; of these 8, 2 trees were marked and were 94 

tested for physiological parameters. The external rows were excluded from the trial and served as a guard. 95 

An ad-hoc automated drip irrigation system was installed, where emitters were distant 0.5 m with a flow 96 



rate of 2.0 L per hour. The IRRIFRAME platform communicated via a “web-API” (application programming 97 

interface) and sent information to the irrigation controller. This unit controlled 3 sectors, corresponding to 98 

control irrigation, 70%s and 50%, respectively. Since flow rate was the same, irrigation treatments were 99 

managed with different lengths of application that corrected the Et0 volume based on the treatment 100 

previously described. 101 

2.3. Midday Stem Water Potential and Leaf Gas Exchanges 102 

During the two experimental years, midday stem water potential (Ψs) and midday leaf gas 103 

exchanges (leaf photosynthesis [An] and stomatal conductance [gs]) were measured on a monthly basis, 104 

from the onset of irrigation treatments until harvest. Both physiological parameters were measured 105 

simultaneously, at solar noon (±30 min) within one hour time, on cloudless days. 106 

Ψs was performed with a Scholander pressure chamber (Model 3005, Soil Moisture Equipment Corp., Santa 107 

Barbara, CA, USA), following recommendations of Turner and Long (1980). For each measured tree, a leaf 108 

close to the trunk was wrapped in a black envelope, coated with aluminum foil, as to isolate it; the 109 

procedure was done at least 1 hour prior to measurements. As for leaf gas exchanges, a portable infra-red 110 

gas analyzer (LI-COR 6400, Lincoln, NE, USA) was used, connected to a leaf fluorometer chamber, which had 111 

a LED light source. This allowed to set the right photosynthetic active radiation (PAR) for each net 112 

treatment. Measurements were performed according to Boini et al. (2021), setting the reference CO2 at 113 

400 ppm and the flow rate at 300 µmol mol-1. 114 

Measurement dates were: 12 June, 16 July, 30 July, in 2020; 26 May, 30 June, 03 August, in 2021. 115 

2.4. Yield determinants and fruit quality 116 

Harvest occurred on the same date for all treatments, during the two-year experiment; on 5 August 117 

2020 (117 days after full bloom) and on 9 August 2021 (119 days after full bloom). For each treatment, all 6 118 

trees were harvested, plus an extra 12 in 2020 and an extra 3 in 2021. Crop load (fruit tree-1) and total yield 119 

(kg tree-1) were first determined, then, for each tree, all fruit were measured with a digital caliper 120 

(Mitutoyo, Kanagawa, Japan) attached to an external memory (www.hkconsulting.it), as to obtain 121 

marketable yield (kg tree-1), where fruit were above 65 mm diameter. This procedure allowed to obtain the 122 

weight of each single fruit, applying the following conversion equation: 123 

Fresh weight = 0.0003 * Diameter3.0992 124 

Such equation has a regression coefficient (R2) of 0.99 and was derived from fruit diameter and weight data 125 

of about 300 fruits from several Gala apple orchards in the growing area. Having all fruit calipers, these 126 

could be divided at 5 mm intervals and size class distribution was generated. 127 

http://www.hkconsulting.it/


On the same harvest dates, fruit quality parameters were determined. In 2020, 18 fruit per replication were 128 

collected, while in 2021, 20 fruit per replication. These were tested for: I - individual fruit coloration 129 

(percentage of red-colored surface from visual observation); II - individual fruit ripeness (chlorophyll 130 

degradation index, measured with a DA-meter 53500 [Turoni, Forlì, Italy] on exposed and non-exposed fruit 131 

sides); III - individual fruit flesh firmness (determined with a PCE-PTR 200 penetrometer [PCE Instruments, 132 

Meschede, Germany], using an 11 mm diameter tip after removing the fruit peel from opposite sides 133 

[exposed and non-exposed to the sun] and calculating the mean value of the two outputs); IV - soluble solid 134 

content (refractive index of the juice [°Brix] for each fruit, measured with a HI 96811 digital refractometer 135 

[Hanna, Woonsocket, RI, USA]). 136 

2.5. Statistical analysis 137 

Values of PAR for the external, anti-hail and exclusion nets, during the trial, were subjected to an 138 

ANOVA analysis to characterize the environmental shade conditions of each experimental year. For each 139 

year, an ANOVA was used to test for differences in crop load; since no significant differences were found 140 

between treatments, ANOVAs and simple linear contrasts followed. A SNK test was used to separate the 141 

mean values. For each year, linear contrasts were performed to compare possible differences between: 142 

- irrigation treatments, under the anti-hail net (A100 A70); 143 

- irrigation treatments, under the exclusion net (E70 E50); 144 

- the same amount of irrigation, under different net treatments (A70 E70); 145 

- control irrigation treatments, under different net treatments (A100 E70). 146 

These analyses were performed for the mean seasonal value of Ψs and of midday An and gs, total and 147 

marketable yield, average marketable fruit weight and fruit quality traits. Class size distribution possible 148 

differences were tested with a correspondence multivariate analysis, followed by a cluster analysis, with a 149 

Chi-square test (Greenacre, 2007). 150 

 151 

3. Results 152 

3.1. Net treatments, weather, and irrigation 153 

From the average PAR values, between 9-18 hours, for each year, the obtained shading percentage 154 

was not exactly the same as the declared one (Figure 1). The anti-hail net shaded around 8-10%, while the 155 

exclusion net shaded around 30-40%. All the same, the two net treatments were indeed significantly 156 

different, in both years. In year 2021, both nets tended to increase their shading power; a plausible 157 

explanation can be given from dust and dirt settling from rain events, in the previous season. 158 



 159 

Figure 1. Seasonal patterns of PAR availability between 9:00 and 18:00 hours of the outside reference and of the two 160 
net treatments, with average daily values, followed by letters representing significant differences at p < 0.05, from the 161 
end of May until mid-August, for 2020 (a) and 2021 seasons (b). Percentages reflect the level of shading in the various 162 
environments. Black stars represent the dates of midday physiological measurements. 163 

Average Et0 demand was the same, between the two growing seasons (around 5.6 mm), although the 164 

amount of rainfall was significantly higher in 2020 (115 vs 31 mm) (Figure 2). Irrigation final restitutions are 165 

reported in Table 1.  166 

 167 

Figure 2. Seasonal patterns of reference evapotranspiration and accumulated rainfall, from the end of May until mid-168 
August for 2020 and 2021 seasons. Midday physiological measurements dates are represented by black (2020) and 169 
white (2021) stars. 170 

Table 1. Total irrigation for each year, for each irrigation treatment. 171 

  Total accumulated irrigation (mm) 

Net treatments Irrigation treatments 2020 2021 

Anti-hail net 
A100 143 100% 269 100% 

A70 112 78.4% 188 70.0% 

Exclusion net 
E70 112 78.4% 188 70.0% 

E50 74 52.1% 135 50.2% 

 172 

3.2. Midday Stem Water Potential and Leaf Gas Exchanges 173 

Ψs did not seem to be influenced by shading, nor irrigation restrictions. In fact, all four treatments 174 

move parallel until July, after which the E trees tend to rise above the A trees, in the pre-harvest period 175 



(Figure 3). As for midday leaf gas exchanges, these do not appear to be affected as well; on average, A trees 176 

tend to decrease (except for gs in 2020, Figure 4b), then rise in the pre-harvest period, while E trees only 177 

have a very slight decrease. 178 

 179 

Figure 3. Seasonal patterns of midday stem water potential throughout 2020 (a) and 2021 (b), for each treatment, 180 
represented by the mean value of 4 trees. For each day of measurement, the presence of different letters represents 181 
significant differences at 95%, according to an SNK test. Vertical bars represent standard error values. For each year, 182 

the effect of the treatment and linear contrast F values are shown and refer to the mean midday seasonal value of Ψs; 183 
values below 0.05 are considered significant. 184 

 185 

Figure 4. Seasonal patterns of midday leaf photosynthesis and stomatal conductance, throughout 2020 (a,b) and 2021 186 
(c,d), for each treatment, represented by the mean value of 4 trees. For each day of measurement, the presence of 187 
different letters represents significant differences at 95%, according to an SNK test. Vertical bars represent standard 188 
error values. For each year, the effect of the treatment and linear contrast F values are shown and refer to the mean 189 
midday seasonal value of An or gs; values below 0.05 are considered significant. 190 

 191 



3.3. Yield determinants and fruit quality 192 

Crop load was the same among treatments in both years, ranging from 56 to 77 fruit tree-1, in 2020, 193 

and from 61 to 91 fruit tree-1, in 2021 (Table 2). 194 

Table 2. Crop load determined at harvest (quantity of fruit per tree). Each output represents the mean value of 18 trees 195 
in 2020 and 9 trees in 2021, followed by standard error and letters, indicating statistical significance at 95% when 196 
different, according to a SNK test. 197 

    Crop Load (fruit tree-1) 

Treatments   2020 ±SE     2021 ±SE   

A100   77 9 a   61 6 a 

A70   75 8 a   67 12 a 

E70   56 6 a   83 10 a 

E50   71 7 a   90 10 a 

 198 

Total yield in year 2020 was not affected by net, nor by irrigation treatments, whereas an effect of shading 199 

in 2021 was strong enough to induce differences between E70 and A trees (Table 3). For marketable yield 200 

the effect of irrigation was strong only in 2020, while the shading effect was stronger in 2021 (3 kg extra 201 

under the exclusion net). The average marketable fruit weight gives a better insight on treatment effects in 202 

the two seasons: in 2020, all treatments were different from each other, with A fruit weighing around 15-203 

20 grams less than E fruit; in 2021, significant differences were present only between the nets, A fruit 204 

weighing around 15 grams less than E fruit, excluding irrigation treatments (Table 3). 205 

Table 3. Total and marketable yields and average marketable fruit weight, measured at harvest, during years 2020 and 206 
2021, followed by standard error and letters, indicating statistical significance at 95% when different, according to a 207 
SNK test. In the lower part of the table, linear contrast F values for each year are shown; values below 0.05 are 208 
considered significant. 209 

 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 12.3 1.32 a 8.66 0.71 a 11.3 1.27 a 7.63 0.58 b 166 1.02 d 158 1.85 b 

A70 11.8 1.07 a 8.66 1.35 a 11.6 1.05 a 6.28 0.97 b 170 1.09 c 159 1.51 b 

E70 9.51 0.77 a 11.5 1.03 a 9.45 0.63 a 10.7 0.86 a 185 1.38 a 174 1.44 a 

E50 11.5 0.69 a 12.7 1.10 a 12.5 0.83 a 10.3 0.89 a 181 1.17 b 172 1.62 a 

                                      

Treatment 0.2187 0.02 0.1846 0.0016 <.0001 <.0001 

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

A100 A70 0.71 0.99 0.84 0.26 0.01 0.71 

E70 E50 0.17 0.46 0.03 0.77 0.53 0.23 

A70 E70 0.82 0.012 0.53 0.0018 <.0001 <.0001 

A100 E70 0.55 0.012 0.41 0.03 <.0001 <.0001 

 210 



Size class distribution follows a normal distribution in 2020 (Figure 5a), with a higher presence of the 70-75 211 

size and no significant differences between treatments. In 2021 only A100 shows a normal distribution, 212 

while the other treatments appear to be one-tailed distributions, trending towards lower sizes, in the 65-70 213 

range (Figure 5b); the A70 treatment is significantly different from the rest of the treatments, having more 214 

than 40% of fruit below 65 mm. Both E treatments show more fruit in the larger sizes. 215 

 216 

Figure 5. Size class distribution values for each irrigation treatment, of fruit diameters ranging from <65 mm to >85 217 
mm, in years 2020 (a) and 2021 (b). 218 

Fruit quality results are shown in Table 4, presenting slightly different trends between years. In 2020, only 219 

soluble solid content was influenced by both net and irrigation treatments. The various parameters were 220 

influenced in 2021, by net treatments, except for SSC. 221 

Table 4. Fruit quality traits, during 2020 and 2021, followed by standard error and letters, indicating statistical 222 
significance at 95% when different, according to a SNK test. In the lower part of the table, linear contrast F values for 223 
each year are shown; values below 0.05 are considered significant. 224 

  Ripeness (IAD) Visual colour (%) 

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

A100 1.07 0.03 a 0.89 0.03 ab 86 1.9 a 74 1.5 a 

A70 1.04 0.04 a 0.96 0.03 a 80 2.3 a 71 1.5 a 

E70 1.01 0.03 a 0.83 0.03 b 80 2.1 a 66 1.5 b 

E50 1.03 0.03 a 0.86 0.03 b 81 2.1 a 64 1.4 b 

                          

Treatment 0.69 0.017 0.18 <.0001 

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

A100 A70 0.54 0.54 0.06 <.0001 

E70 E50 0.74 0.0024 0.79 0.02 

A70 E70 0.82 0.017 0.80 0.0005 

A100 E70 0.40 0.07 0.10 0.15 

                          

  Soluble solid content (°Brix) Firmness (kg cm-2) 

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

A100 11.2 0.14 c 11.1 0.12 a 8.49 0.10 a 9.73 0.12 b 



A70 11.6 0.15 b 11.0 0.09 a 8.68 0.15 a 10.1 0.12 a 

E70 11.9 0.11 ab 10.8 0.09 a 8.66 0.10 a 9.46 0.09 b 

E50 12.2 0.09 a 11.0 0.10 a 8.58 0.11 a 9.52 0.10 b 

                          

Treatment <.0001 0.19 0.65 0.0002 

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

A100 A70 0.014 0.48 0.26 0.16 

E70 E50 0.13 0.06 0.61 <.0001 

A70 E70 0.0017 0.51 0.54 0.0003 

A100 E70 <.0001 0.96 0.60 0.02 

 225 

 226 

4. Discussion 227 

Many studies have previously reported how decreasing incoming light can be beneficial for apple 228 

production (Brito et al., 2021; Boini et al., 2021; Lopez et al., 2021; Serra et al., 2020). This two-year study 229 

further confirms how cutting even up to 40% sunlight does not negatively influence tree physiological 230 

performances, in areas where moderately intense sunlight occurs, like the Po Valley of Italy. Having an 231 

average between 700 and 800 µmol m-2s-1 during the day is not detrimental to apple leaf CO2 assimilation 232 

(Cheng et al., 2000, 2001) and to final yield, in fact E trees produced the same amount, if not significantly 233 

higher quantities of marketable yield (Table 3, Figure 5). Trees were able to maintain the same water 234 

status, with 50% less irrigation in both years (Figure 3), as has been previously shown in studies combining 235 

shade and deficit irrigation (Boini et al., 2021; Lopez et al., 2021). Consequently, leaf gas exchanges were 236 

not negatively affected and could be considered the same as those with 100% irrigation. Stomatal density 237 

may have been affected, as has been found in the literature (Eckstein et al., 1996; Kim et al., 2011), 238 

however significantly impacting gs only in 2020 (Figure 4b). Although air temperature and relative humidity 239 

did not significantly vary between net treatments (data not shown), having two different shading 240 

percentages generated different microclimates; it follows that Et0 would be different in the two orchard 241 

sectors. The higher shading properties of the exclusion net certainly created a microclimate with more 242 

favorable conditions for the trees. The plants, while receiving less light, could cope with less water, since 243 

their Et0 was lower. As assumed in light-and-shade related studies, less incoming solar energy might reduce 244 

tree photo-oxidative stress, reducing the need to activate the protective biochemistry that is known to 245 

utilize photosynthates (Aro et al., 1993; Takahashi and Murata, 2008; Losciale et al., 2010; Demmig-Adams 246 

et al., 2014; Tikkanen et al., 2014; Marchin et al., 2017). In the case of E trees, the produced carbohydrates 247 

were probably sent to fruit sinks, allowing cell expansion at greater rates, and ensuring bigger sizes (Table 248 

3, Figure 5). 249 



Another factor possibly influencing the response of trees under the E net is the mesh colour; white 250 

filters are known to have a high power of diffusing incoming radiation (Basile et al., 2012, Shahak, 2014, 251 

Kalcsits et al., 2017), coupled to spectral neutrality regarding light transmission (Boini et al., 2022). 252 

Maintaining sunlight spectral quality and improving its penetration within E trees might explain why, in E 253 

trees, marketable yield, average fruit weight and size distribution classes were the same if not improved 254 

(Table 3, Figure 5). 255 

Fruit quality was influenced by light and water restriction, however trends were not always the 256 

same over the two years. 257 

Ripeness was significantly different only in 2021, anticipated under E net, plus, there were strong 258 

differences between the two E-irrigation treatments, where the “control”, E70, was the ripest (Pr>F = 259 

0.017, Table 4). The same trend appeared in 2020, however without significant differences (Table 4). From 260 

the shading point of view, these results are in contrast with those in the literature. In fact, shaded or more 261 

shaded fruit appear to reduce ethylene synthesis (Klein et al., 2001), although those fruit were growing on 262 

non-shaded trees, therefore different “populations” of fruit could be found on the same tree, due to the 263 

different light microclimate that can occur in a canopy free of covers; making comparisons with the current 264 

trial would be inappropriate. Other works state a delayed maturation of apples under nets, with shading 265 

power ranging from 7% to 18%, (Bosco et al., 2015; Chouinard et al., 2019). On the other hand, another 266 

multiple year study shows a tendency of earlier maturation of ‘Gala’ apples, under high levels of shading 267 

(up to 50%, Boini et al., 2021), in line with what was found in this trial. Such similarities can be explained by 268 

the fact that both works were conducted in the same farm, on the same kind of soil and variety (Gala), 269 

although the orchards were different in many traits, including row orientation (N-S in this trial, and E-W in 270 

Boini et al., 2021). In climatic conditions and environments like the Po Valley, Gala might anticipate 271 

ripening, if cultivated under high levels of shading (above 40%). Apple appears to be sensitive to water 272 

deficit, with effects on a hastened ripening (Ebel et al., 1993; Mpelasoka et al., 2001; Mpelasoka and 273 

Behboudian, 2002; Ripoll et al., 2014; Boini et al., 2021) explained by a stress-induced increase in ethylene, 274 

governed by associated genes (Apelbaum and Yang, 1981), however, this was not the case for our study 275 

(Table 4). Another possible conclusion would be that a 30% reduction of Et0 is not penalizing internal 276 

ethylene concentrations that influence fruit ripening processes. 277 

Visual colour was strongly influenced only in 2021 (Table 4) by shading, which, regardless of irrigation, 278 

decreased the % of colored surface of fruit. A possible explanation can be given by the influence of the two 279 

nets on temperature ranges during day and night (supplementary material), which were lower under the 280 

exclusion net, during 11 days before harvest, leading to a lower number of accumulated hours below 20 °C 281 

in 2021, compared to 2020. It is clear that a decrease in orchard temperature in the pre-harvest period 282 

improves the color of apple fruit (Iglesias et al., 2002, 2005). In fact, other studies focusing on anthocyanin 283 

synthesis and fruit skin colour obtained positive results when temperatures were below 20 °C (Lin-Wang et 284 



al., 2011; Honda et al., 2014). To improve peel visual colour under exclusion netting, a solution could be a 285 

delay of the harvest date; this would allow further accumulation of hours below 20°C and augment 286 

anthocyanin synthesis. Probably for early ripening red varieties, further mitigation strategies should be 287 

implemented to improve fruit skin coloration, such as evaporative cooling (Iglesias et al., 2002, 2005), 288 

under exclusion nets. 289 

Soluble solid content was significantly different only in 2020, once again showing that conditions in 2021 290 

may have been more extreme across the board, due to warmer and drier conditions. In 2020, lower 291 

contents were found in A100, then in A70, with E50 having the highest content and E70 intermediate (Table 292 

4). Although the difference was in terms of only 1 °Brix, both shading and irrigation had strong effects. E 293 

trees improved the amount of their fruit soluble solids, probably thanks to their unaffected leaf 294 

photosynthesis (Figure 4a); the light scattering properties of the E net might have helped less exposed 295 

leaves to be more efficient, hence more leaves contributed to carbohydrates supply to the fruit. Under the 296 

anti-hail net, less irrigated trees had higher soluble solids, as has been previously stated in the literature 297 

(Mpelasoka et al., 2000, 2001; Ripoll et al., 2014; Boini et al., 2021), indicating that a general moderate 298 

stress can be positive for certain quality traits. 299 

Fruit firmness was influenced only in 2021. The general picture shows higher values for A70 trees, which 300 

can be explained by the higher number of smaller fruit (Figure 5b); a result of higher cellular density (Ebel 301 

et al., 1993). However, when comparing treatments in pairs, more shading decreases significantly fruit 302 

firmness (A70 vs E70; A100 vs E70; Table 4) and less water leads to significant differences, even under 303 

higher shading levels (E70 vs E50, Table 4). This last consideration is valid throughout the literature, with 304 

the overall statement that water deficit increases fruit firmness (Mpelasoka et al., 2000, 2001; Ripoll et al., 305 

2014; Boini et al., 2021). 306 

These considerations may not be true for other varieties, in other climatic areas. As previously 307 

stated (Widmer, 2001; Stampar et al., 2002; Boini et al., 2022), the interaction of climatic conditions, 308 

orchard age and management, planting system, crop load, variety and not to mention the repercussion of 309 

possible late frosts during blooming stage, create a series of responses that can easily surpass the effect of 310 

shading, alone. Other species would not benefit from shading, for water saving purposes, such as peach 311 

and nectarine crops (George et al., 1996), unless further management practices would be implemented, 312 

such as reflective mulching (Layne et al., 2001; Costa et al., 2003; Morandi et al., 2012). 313 

 314 

5. Conclusion 315 

Exclusion netting generated higher shading, nonetheless apple crop physiology was unaffected. 316 

Shading maintained water status and leaf gas exchanges at an optimal level, which was positive for apple 317 

production, even when irrigation was limited to 50% of Et0 restitution. Although exclusion netting requires 318 



higher initial investment costs, it can be highly beneficial for water saving purposes, without compromising 319 

final yield and fruit quality. This strategy can be applied to pome fruit crops, or those crops that are 320 

characterized by certain metabolisms, when it comes to fruit growth.  321 

Full canopy netting may be tested in areas where the average Et0 is high during the growing season and is 322 

forecast to increase in the future. From the commercial and practical points of view, the growers and the 323 

environment would highly benefit from this solution. 324 

 325 

6. Acknowledgments 326 

This study was supported by the “S3O – Smart, Specialized, Sustainable Orchard” project, funded 327 

from the Emilia-Romagna Region POR-FESR programs 2014/2020. 328 

 329 

Literature 330 

Alaphilippe, A., Y. Capowiez, G. Severac, S. Simon, M. Saudreau, S. Caruso, and S. Vergnani. 2016. 331 

Codling moth exclusion netting: an overview of French and Italian experiences. IOBC-WPRS Bull. 112: 31–332 

35. 333 

Apelbaum A, Yang SF. 1981. Biosynthesis of stress ethylene induced by water deficit. Plant 334 

Physiology 68, 594–596. 335 

Basile B., Giaccone M., Cirillo C., Ritieni A., Graziani G., Shahak Y., and Forlani M. (2012). Photo-336 

selective hail nets affect fruit size and quality in Hayward kiwifruit, Scientia Horticulturae 141:91–97. 337 

Boini, A., Bresilla, K., Perulli, G.D., L. Manfrini, Corelli Grappadelli, L., Morandi, B. 2019. 338 

Photoselective nets impact apple sap flow and fruit growth. Agricultural Water Management 226,105738 339 

https://doi.org/10.1016/j.agwat.2019.105738 340 

Boini, A., Casadio, N., Bresilla, K., G.D., Perulli, L., Manfrini, Grappadelli, L.C., Morandi, B. 2022. Early 341 

apple fruit development under photoselective nets. Scientia Horticulturae 292,110619 342 

Boini, A., Lopez, G., Morandi, B., Manfrini, L., Corelli-Grappadelli, L. 2018. Testing the effect of 343 

different light environments and water shortage on apple physiological parameters and yield. Acta 344 

Horticulturae 1228, pp. 397-403 345 

Boini, A.; Manfrini, L.; Morandi, B.; Corelli Grappadelli, L.; Predieri, S.; Daniele, G.M.; López, G. 2021. 346 

High Levels of Shading as A Sustainable Application for Mitigating Drought, in Modern Apple Production. 347 

Agronomy, 11, 422. https://doi.org/10.3390/agronomy11030422 348 

https://doi.org/10.1016/j.agwat.2019.105738
https://doi.org/10.3390/agronomy11030422


Bosco, L.C., Bergamaschi, H., Cardoso, L.S., de Paula, V.A., Marodin, G.A.B., Nachtigall, G.R., 2015. 349 

Apple production and quality when cultivated under anti-hail cover in Southern Brazil. Int. J. Biometeorol. 350 

59 (7), 773–782. https://doi.org/10.1007/s00484-014-0893-6. 351 

Brito C., Rodrigues M.Â., Pinto L., Gonçalves A., Silva A., Martins S., Rocha L., Pavia I., Arrobas M., 352 

Ribeiro A.C., Moutinho-Pereira J., Correia C.M. 2021. Grey and Black Anti-Hail Nets Ameliorated Apple 353 

(Malus × domestica Borkh. cv. Golden Delicious) Physiology under Mediterranean Climate. Plants 2021, 10, 354 

2578. https://doi.org/10.3390/plants10122578 355 

Candian V., Pansa M.G., Briano R., Peano C., Tedeschi R., Tavella L. 2018. Exclusion nets: A 356 

promising tool to prevent Halyomorpha halys from damaging nectarines and apples in NW Italy. Bulletin of 357 

Insectology 71(1), pp. 21-30 358 

Candian V., Pansa M.G., Santoro K., Spadaro D., Tavella L., Tedeschi R. 2020. Photoselective 359 

exclusion netting in apple orchards: effectiveness against pests and impact on beneficial arthropods, fungal 360 

diseases and fruit quality. Pest Management Science 76(1), pp. 179-187 361 

Candian, V., M. G. Pansa, K. Santoro, D. Spadaro, R. Briano, C. Peano, L. Tavella, and R. Tedeschi. 362 

2021. First multi-target application of exclusion net in nectarine orchards: effectiveness against pests and 363 

impact on beneficial arthropods, postharvest rots and fruit quality. Insects. 12: 210. 364 

Castellano, S., Mugnozza, G.S., Russo, G., Briassoulis, D., Mistriotis, A., Hemming, S., Waaijenberg, 365 

D., 2008. Design and use criteria of netting systems for agricultural production in Italy. J. Agric. Eng. Riv. Ing. 366 

Agric. 3, 31–42. 367 

Cheng L., Fuchigami L.H., Breen P.J. 2000. Light absorption and partitioning in relation to nitrogen 368 

content in 'Fuji' apple leaves. 369 

Cheng, L., Fuchigami, L.H., Breen, P.J. 2001. The relationship between photosystem II efficiency and 370 

quantum yield for CO2 assimilation is not affected by nitrogen content in apple leaves. Journal of 371 

Experimental Botany 52(362), pp. 1865-1872 372 

Chouinard G., Veilleux J., Pelletier F., Larose M., Philion V., Cormier D. 2017. Impact of exclusion 373 

netting row covers on arthropod presence and crop damage to ‘Honeycrisp’ apple trees in North America: 374 

A five-year study. Crop Protection 98, pp. 248-254 https://doi.org/10.1016/j.cropro.2017.04.008 375 

Costa, G., L.C. Grappadelli, M. Noferini, and G. Fiori. 2003. “Use of Light Reflective Mulch to Affect 376 

Yield and Fruit Quality.” In Acta Horticulturae. Vol. 610. 377 

https://doi.org/10.1007/
https://doi.org/10.3390/plants10122578
https://doi.org/10.1016/j.cropro.2017.04.008


Demmig-Adams, B., Stewart, J.J., Adams III, W.W. 2014. Multiple feedbacks between chloroplast 378 

and whole plant in the context of plant adaptation and acclimation to the environment. Philosophical 379 

Transactions of the Royal Society B: Biological Sciences 369(1640) https://doi.org/10.1098/rstb.2013.0244 380 

E.M. Aro, I. Virgin, B. Andersson. 1993. Photoinhibition of Photosystem II. Inactivation, protein 381 

damage and turnover. Biochim. Biophys. Acta, 1143, pp. 113-134 382 

    Eckstein, J., Beyschlag, W., Mott, K.A., Ryel, R.J. 1996. Changes in photon flux can induce stomatal 383 

patchiness. Plant, cell and environment 19:9 10.1111/j.1365-3040.1996.tb00213.x 384 

Elsysy, M., Serra, S., Schwallier, P., Musacchi, S., Einhorn, T. 2019. Net enclosure of ‘Honeycrisp’ and 385 

‘Gala’ apple trees at different bloom stages affects fruit set and alters seed production. Agronomy 9(9),478 386 

https://doi.org/10.3390/agronomy9090478 387 

George, A.P., Hieke, S., Rasmussen, T., Lüdders, P. 1996. Early shading reduces fruit yield and late 388 

shading reduces quality in low-chill peach (Prunus persica (L.) Batsch) in subtropical Australia. Journal of 389 

Horticultural Science 71(4), pp. 561-571. 390 

Girona J., del Campo J., Mata M., Lopez G., and Marsal J. (2011). A comparative study of apple and 391 

pear tree water consumption measured with two weighing lysimeters. Irrigation Science 29:55–63. 392 

Green, S.; McNaughton, K.; Wünsche, J.N.; Clothier, B. Modeling light interception and transpiration 393 

of apple tree canopies. J. Agron. 2003, 95, 1380–1387. 394 

Greenacre, M. 2007. Correspondence analysis in practice, second edition. 113. 395 

Honda, C., Bessho, H., Murai, M., Iwanami H., Moriya, S., Abe, K., Wada, M., Moriya-Tanaka, Y., 396 

Hayama, H., Tatsuki, M. 2014. Effect of temperature on anthocyanin synthesis and ethylene production in 397 

the fruit of early and medium-maturing apple cultivars during ripening stages. HortScience 49(12), pp. 398 

1510-1517 399 

Iglesias, I., J. Salvı ́a, L. Torguet, and C. Cabus. 2002. Orchard cooling with overtree microsprinkler 400 

irrigation to improve fruit colour and quality of ‘Topred Delicious’ apples. Sci. Hort. 93:39–51. 401 

Iglesias, I., J. Salvia, L. Torguet, and R. Montserrat. 2005. The evaporative cooling effects of overtree 402 

microsprinkler irrigation on ‘Mondial Gala’ apples. Sci. Hort. 103:267–287. 403 

Kalcsits, L., S. Musacchi, D. R. Layne, T. Schmidt, G. Mupambi, S. Serra, M. Mendoza, L. Asteggiano, 404 

S. Jarolmasjed, S. Sankaran, et al. 2017. Above and below-ground environmental changes associated with 405 

the use of photoselective protective netting to reduce sunburn to apple. Agr. Forest Meteor. 237: 9–17. 406 

Kelderer, M., C. Casera, E. Lardscheider, and A. Rainer. 2010. Controlling codling moth with 407 

different netting structures and their influence on crop yield and quality, pp. 183–190. In 14th International 408 

https://doi.org/10.1098/rstb.2013.0244
https://doi.org/10.3390/agronomy9090478


Conference in Organic Fruit-Growing–Eco-fruit, Fördergemeinschaft Ökologischer Obstbau e. V. Weinsberg, 409 

Stuttgart, Deutschland. 410 

Kim, S.J., Yu, D.J., Kim, T.-C., Lee, H.J. 2011. Growth and photosynthetic characteristics of blueberry 411 

(Vaccinium corymbosum cv. Bluecrop) under various shade levels. Scientia Horticulturae 129(3), pp. 486-412 

492 doi:10.1016/j.scienta.2011.04.022 413 

Klein, J.D., Dong, L., Zhou, H.-W., Lurie, S., 2001. Ripeness of shaded and sun-exposed apples (Malus 414 

domestica). Acta Hortic. 1, 95–98. https://doi.org/10.17660/ActaHortic.2001.553.13. 415 

Layne, D.R., Jiang, Z., Rushing, J.W. 2001. Tree fruit reflective film improves red skin coloration and 416 

advances maturity in peach. HortTechnology 11(2), pp. 234-242 417 

Lin-Wang, K., D. Micheletti, J. Palmer, R. Volz, L. Lozano, R. Espley, R.P. Hellens, D. Chagne‘, D.D. 418 

Rowan, M. Troggio, I. Iglesias, and A.C. Allan. 2011. High temperature reduces apple fruit colour via 419 

modulation of the anthocyanin regulatory complex. Plant Cell Environ. 34:1176–1190. 420 

Lopez, G.; Boini, A.; Manfrini, L.; Torres-Ruiz, J.M.; Pierpaoli, E.; Zibordi, M.; Losciale, P.; Morandi, 421 

B.; Corelli-Grappadelli, L. Effect of shading and water stress on light interception, physiology and yield of 422 

apple trees. Agric. Water Manag. 2018, 210, 140–148. 423 

Losciale, P., Chow, W.S., Corelli Grappadelli, L. 2010. Modulating the light environment with the 424 

peach 'asymmetric orchard': Effects on gas exchange performances, photoprotection, and photoinhibition. 425 

Journal of Experimental Botany 61(4), pp. 1177-1192 426 

Mahmood, A., Hu, Y., Tanny, J., Asante, E.A. 2018. Effects of shading and insect-proof screens on 427 

crop microclimate and production: A review of recent advances. Scientia Horticulturae 241, pp. 241-251 428 

Marchin, R.M., Turnbull, T.L., Deheinzelin, A.I., Adams, M.A. 2017. Does triacylglycerol (TAG) serve a 429 

photoprotective function in plant leaves? An examination of leaf lipids under shading and drought. 430 

Physiologia Plantarum 161(3), pp. 400-413. https://doi.org/10.1111/ppl.12601 431 

Marshall, A.T., Beers, E.H. 2021. Efficacy and nontarget effects of net exclusion enclosures on apple 432 

pest management. Journal of Economic Entomology 114(4), pp. 1681-1689 433 

https://doi.org/10.1093/jee/toab094 434 

Marshall, A.T., Beers, E.H. 2022. Exclusion netting affects apple arthropod communities. Biological 435 

Control 165,104805 https://doi.org/10.1016/j.biocontrol.2021.104805 436 

Morandi, B., P. Losciale, L. Manfrini, M. Zibordi, and L. Corelli Grappadelli. 2012. “Variations in the 437 

Orchard Environmental Conditions Affect Vascular and Transpiration Flows to/from Peach Fruit.” Acta 438 

Horticulturae 962: 395–402. 439 

https://doi.org/10.17660/
https://doi.org/10.1111/ppl.12601
https://doi.org/10.1093/jee/toab094
https://doi.org/10.1016/j.biocontrol.2021.104805


Mpelasoka, B.S.; Behboudian, M.H.; Dixon, J.; Neal, S.M.; Caspari, H.W. 2000. Improvement of fruit 440 

quality and storage potential of ‘braeburn’ apple through deficit irrigation. J. Hortic. Sci. Biotechnol. 75, 441 

615–621. 442 

Mpelasoka, B.S.; Behboudian, M.H.; Mills, T.M. 2001. Effects of deficit irrigation on fruit maturity 443 

and quality of ‘Braeburn’ apple. Sci. Hortic. 90, 279–290. 444 

Mpelasoka, B.S., Hossein Behboudian, M. 2002. Production of Aroma volatiles in response to deficit 445 

irrigation and to crop load in relation to fruit maturity for ‘Braeburn’ apple. Postharvest Biology and 446 

Technology 24(1), pp. 1-11 447 

Mupambi, G., S. Musacchi, S. Serra, L. A. Kalcsits, D. R. Layne, and T. Schmidt. 2018. Protective 448 

netting improves leaf-level photosynthetic light use efficiency in ‘Honeycrisp’ apple under heat stress. 449 

HortScience. 53: 1416–1422. 450 

Mupambi, G.; Layne, D.R.; Kalcsits, L.A.; Musacchi, S.; Serra, S.; Schmidt, T.; Hanrahan, I. Use of 451 

Protective Netting in Washington State Apple Production; Washington State University Extension 452 

Publication: Pullman, WA, USA, 2019; pp. 1–20. 453 

Nicolás, E., Torrencillas, A., Dell’Amico, J., Alarcón, J.J., 2004. Sap flow, gas exchange, and hydraulic 454 

conductance of young apricot trees growing under a shading net and different water supplies. J. Plant 455 

Physiol. 162, 439–447. https://doi.org/10.1016/j.jplph.2004.05.014. 456 

Normandeau Bonneau, M., Samson-Robert, O., Fournier, V., Chouinard, G. 2020. Commercial 457 

bumble bee (Bombus impatiens) hives under exclusion netting systems for apple pollination in orchards. 458 

Renewable Agriculture and Food Systems. https://doi.org/10.1017/S1742170520000095 459 

Pajač Živković I., Kos T., Lemic D., Cvitkovic J., Jemric T., Fruk M., Barić B. 2018. Exclusion nets 460 

influence on the abundance of ground beetles (Coleoptera: Carabidae) in apple orchards. Applied Ecology 461 

and Environmental Research 16(3), pp. 3517-3528 462 

Pajač Živković, I., Lemic, D., Samu, F., Kos, T., Barić, B. 2019. Spider communities affected by 463 

exclusion nets. Applied Ecology and Environmental Research 17(1), pp. 879-887 464 

R.C Ebel, E.L Proebsting, M.E Patterson. 1993. Regulated deficit irrigation may alter apple maturity, 465 

quality, and storage life. HortScience, 28 pp. 141-143 466 

Rigden, P. 2008. To net or not to net. Department of Primary Industries and Fisheries, Queensland, 467 

Australia. Available from https://www.daf.qld.gov.au/__data/assets/pdf_file/0009/72954/Orchard-468 

Netting-Report.pdf 469 

https://doi.org/10.1016/j.jplph.2004.05.014
https://doi.org/10.1017/S1742170520000095
https://www.daf.qld.gov.au/__data/assets/pdf_file/0009/72954/Orchard-Netting-Report.pdf
https://www.daf.qld.gov.au/__data/assets/pdf_file/0009/72954/Orchard-Netting-Report.pdf


Ripoll, J., Urban, L., Staudt, M., Lopez-Lauri, F., Bidel, L.P.R., Bertin, N. 2014. Water shortage and 470 

quality of fleshy fruits-making the most of the unavoidable. Journal of Experimental Botany 65(15), pp. 471 

4097-4117 472 

Romet, L., G. Severac, and F. Warlop. 2010. Overview of “ALT’CARPO” concept and its development 473 

in France, pp. 176–182. In Ecofruit-14th International Conference on Cultivation Technique and 474 

Phytopathological Problems in Organic Fruit-Growing, Fördergemeinschaft Ökologischer Obstbau e. V. 475 

Weinsberg. https://www.ecofruit.net/wp-476 

content/uploads/2020/04/26_RP_L_Romet_G_Severac_F_Warlop_S176bis182.pdf 477 

Sauphanor, B., G. Severac, S. Maugin, J. F. Toubon, and Y. Capowiez. 2012. Exclusion netting may 478 

alter reproduction of the codling moth (Cydia pomonella) and prevent associated fruit damage to apple 479 

orchards. Entomol. Exp. Appl. 145: 134–142. 480 

Serra, S.; Borghi, S.; Mupambi, G.; Camargo-Alvarez, H.; Layne, D.; Schmidt, T.; Kalcsits, L.; 481 

Musacchi, S. Photoselective Protective Netting Improves “Honeycrisp” Fruit Quality. Plants 2020, 9, 1708. 482 

Shahak, Y., 2014. Photoselective netting: an overview of the concept, R&D and practical 483 

implementation in agriculture. Acta Hortic.1015, 155–162. 484 

Stampar, F., Veberic, R., Zadravec, P., Hudina, M., Usenik, V., Solar, A., Osterc, G. 2002. Yield and 485 

fruit quality of apples cv. 'Jonagold' under hail protection nets. Gartenbauwissenschaft, 67 (5), pp. 205-210. 486 

Takahashi, S., Murata, N. 2008. How do environmental stresses accelerate photoinhibition? Trends 487 

in Plant Science 13(4), pp. 178-182 doi:10.1016/j.tplants.2008.01.005 488 

Tikkanen, M., Mekala, N.R., Aro, E.-M. 2014. Photosystem II photoinhibition-repair cycle protects 489 

Photosystem i from irreversible damage. Biochimica et Biophysica Acta – Bioenergetics 1837(1), pp. 210-490 

215 https://doi.org/10.1016/j.bbabio.2013.10.001 491 

Turner, N.C.; Long, M.J. Errors arising from rapid water loss in the measurement of leaf water 492 

potential by the pressure chamber technique. Aust. J. Plant Physiol. 1980, 7, 527–537. 493 

Widmer, A. 2001. Light intensity and fruit quality under hail protection nets. Acta Horticulturae, 494 

557, pp. 421-426. 10.17660/ActaHortic.2001.557.56 495 

https://www.ecofruit.net/wp-content/uploads/2020/04/26_RP_L_Romet_G_Severac_F_Warlop_S176bis182.pdf
https://www.ecofruit.net/wp-content/uploads/2020/04/26_RP_L_Romet_G_Severac_F_Warlop_S176bis182.pdf
https://doi.org/10.1016/j.bbabio.2013.10.001

