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Abstract: Sun damage on apples is attributed to the occurrence of high temperatures, incident radia-
tion, and fruit and plant water parameters, all dependent on climatic conditions and management.
The development of new production areas and climate changes increase the interest in studying
the behavior of the fruit under different conditions. The effect on sun damage of three nets and
two chemical protectants was evaluated in a commercial orchard of ‘Granny Smith’ in a neotropical
climate during the 20122016 seasons. We recorded the evolution, incidence and severity of sunburn
and sunscald. Fruit surface temperature, fruit size, sprouting and return to flowering was also
recorded. Incident radiation and air temperature were considered for the assessment of the crop’s
microclimate. The transmittance in PAR wavelength and the air temperature variation on netting
treatments reached 0.4 and 9 °C, respectively. The fruit surface temperature for the White-Net and
Black-Net-50% treatments was always lower than 46 °C. For the sun damaged fruits, the Black-Net-
50% treatment showed the highest proportion of slightly sunburned fruits (94%) and the lowest
proportion of heavy damages, with a sunscald index equal to or less than 2 (on a scale of 1-4) in all
the tested conditions. In a neotropical climate, protectant applications did not reduce the incidence
of sunburn, but with the use of nets it was possible to reduce both sunburn and sunscald without
affecting growth processes dependent on leaf net assimilation.

Keywords: nets; sun chemical protectants; sunscald; climate changes

1. Introduction

Sunburn damage originates during fruit growth and may or may not be visible at
this stage. At harvest and packing, fruits showing an irregular, yellow-to-brown spot
on the sunburned side are rejected. Damage without apparent symptoms at harvest
and/or packing manifests itself after cold storage (sunscald) [1-3]. These colorations result
from the synthesis of polyphenols and {3-carotenoids in the affected portion of the skin
as a potential protective mechanism against oxidative stress due to sun exposure [4-6].
Severe damage is characterized by dark-brown to black coloration due to necrosis of the
epidermis and subepidermis [3]. The fruit skin’s physicochemical properties in each variety,
such as homogeneity, thickness and composition of the epicuticular wax, and pigment
concentration, modify the refraction of incident light and determine the sensitivity to
sunburn [4], being ‘Granny Smith’ the most sensitive cultivar [7].

High solar incident radiation and high air temperature cause photo-oxidative stress
conditions and increase fruit temperature. These are considered the environmental factors
that determine sunburn [3,4,8]. Schrader et al. [1] propose a base fruit temperature of 46 to
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49 °C for slight damage, and 52 °C for the occurrence of necrosis, the latter irrespective
of incident radiation. Considering that the fruit temperature in the side exposed to the
sun can be 18 °C higher than the air temperature and 9 °C higher than in the unexposed
side [9], the air temperature values at which fruit damage occurs should be higher than
28-32 °C [3]. Although there is consensus on the predisposing environmental conditions
for the occurrence of sunburn, recent works have focused on studying the role of the water
status of the fruit and the tree. The location of the fruit in the canopy and its degree of
acclimatization are associated with the severity of sun damage. Orchard characteristics,
such as tree vigor, the presence of windbreaks and row direction, affect the incident
radiation and the sensible heat of the fruit. Finally, crop water status plays a role due to its
ability to cool the tissues and, therefore, reduce fruit temperature [2,10-13].

Quality losses due to sun damage have led to the development of cultivation prac-
tices to mitigate them [14], such as water spraying on foliage and fruits to lower fruit
temperature [15], the use of shade nets [16], chemical formulations that reflect or filter UV
radiation [17], antitranspirants [18], and canopy management [2]. Although the reduction
in sunburn incidence using different types of netting, structures and cover is widely re-
ported, the mechanisms involved are not fully described and results are highly variable
depending on local climate, cultivar and management [16,19]. The nets reduce the total
incident radiation, altering the crop’s microclimate and modifying the gaseous exchange
between plant and atmosphere [20,21]. As a result, many of the plant’s physiological
processes are modified, producing changes in both water use efficiency and net assimila-
tion [22]. The effect of the netting on the crop’s photosynthetic capacity depends on the
total incident photosynthetically active radiation (PAR) at each location and for each time
of the year. When the decrease in radiation due to the nets maintains PAR levels above
the canopy PAR saturation, no problems in carbohydrate production are expected [23,24].
Reduced assimilation rates are associated with smaller fruit size and lower new-shoot
growth [25].

The decrease in air temperature under the net, coupled with a decrease in wind
speed, affects air temperature, relative humidity, and water vapor-pressure deficit. These
environmental variables modify the photosynthetic efficiency, in addition to the water
status of the plants and, therefore, the cooling capacity of the foliage and the fruit, thus
altering the fruit’s sensitivity to sun damage. The approaches linked to photosynthetic
efficiency and conducted on recently harvested fruits show a decrease from 0.71 to 0
in the Fv/Fm ratio of fruit skin between 39 and 42 °C. Authors who subscribe to these
approaches conclude that sunscald is an expression of photo-oxidative stress in the fruit’s
skin, which is promoted by peel temperatures above 40 °C. Short-term field tolerance is
acquired by insolation at sub-injurious temperatures, but this tolerance is rather weak
and does not abide the atmospheric conditions that prevail in the Israeli summer [26].
McCaskill et al. [22] point out that reductions of up to 2 °C in fruit temperature can
be obtained under nets, which reduce the intensity of the solar beam by interception
and scattering while allowing sufficient air flow to enable the transfer of heat from the
fruit’s surface to the air. On the other hand, nets can modify the quality of incident light,
affecting photomorphogenic processes and other developmental processes such as bud
differentiation and the return to flowering in the following spring [27,28].

Another reported management is the application of inorganic physical blockers, i.e.,
particles that block, reflect and scatter solar radiation [18]. These particles have been
used in various crops since the 1970s with varied results. Gindaba and Wand [17] report
a decrease in fruit temperature and sun damage in apple trees with the application of
chemical protectants. The main drawbacks of this practice include the need for several
applications to maintain constant coverage and the difficulty for the removal of the applied
products at the packing lines [29].

Most of the research related to sunburn has been conducted in arid or semi-arid
climates, with just a few studies performed in humid regions or addressing the differences
in sensitivity to sunburn between fruits from different growing environments [30]. Research
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on crop physiology under netting has been carried out in climates with high incidence of
hail, related to altitudes and/or latitudes higher than those of our experiment [31], where
solar radiation is not always excessive and therefore the risk of sunburn is lower [23].
Changes in the climate of traditional growing areas increase the interest in understanding
the response of temperate fruit trees to neotropical climatic conditions, such as those of our
study [32].

The objective of this work is to quantify sunburn damage on apples in a neo-tropical
climate and to evaluate the effect of black and white netting, as well as the application of
sunburn protectants, on sprouting and growth parameters, and on sunburn damage at
harvest and after cold storage.

2. Materials and Methods

The experiment was carried out during the 2012/2013 to 2015/2016 seasons (here-
after, seasons 1 to 4) in an apple orchard (Malus x domestica Borkh) of ‘Granny Smith’ /M7
pollinized with ‘Gala’, located in the department of San José, in southern Uruguay (34°38'18"' S;
56°40'06"” W, 28 masl). The orchard was established in 2003 with north-south row ori-
entation and a planting frame of 4 m x 1.5 m. The climate of this regional ecotone is
classified by Bernardi et al. (2016) as neotropical. The soil types are mainly Argiudolls and
Hapluderts and a drip irrigation system setup with a maximum daily watering capacity of
4.5 mm.

Treatments consisted of netting and sunburn protectant (PRO) applications. Netting
was evaluated throughout all 4 seasons, whereas PROs were applied in seasons 2 and
3. The nets used in all cases were monofilament nets with the following characteristics:
translucent white net 20% (WN) (only in seasons 3 and 4); black net 35% (BN35); and black
net 50% (BN50). The PROs used were kaolin (Surround WP®, 50 K/ha, Tessenderlo Kerley,
Inc., Phoenix, AZ, USA) and CaCO3 (Purshade®, 30 1/ha, Tessenderlo Kerley, Inc., Phoenix,
AZ, USA), applied 4 and 5 times for seasons 2 and 3, respectively. All treatments were
applied each season in mid-December, coinciding with weeks 6 and 9 after full bloom
(WAFB), and were maintained until harvest. The flowering dates for cycles 1 to 4 were the
following: 27 September (cycle 1), and 28 October, 3 and 14 (cycles 2, 3 and 4, respectively).
The PRO treatments were repeated whenever necessary, depending on rainfall levels (after
an accumulation of 10 mm) and/or fruit cover levels.

2.1. Experimental Design
2.1.1. Field Experiment

The experimental design consisted of randomized complete blocks with 3 replicates
per treatment. The net treatments covered a surface of 600 m? (12 x 50 m), including three
rows and its inter-rows, whereas PRO and Control treatments each consisted of one row of
15 m. In all cases, measurements were made in the three central trees.

Four fruits were marked in each replicate between 40 and 50 days after full bloom
(DAFB) and after fruit drop by carbohydrate balance [33-35], one in each of the following
conditions: (a) exposed green fruit with no visible sun damage (GEF); (b) exposed fruit with
red coloration (RF); (c) exposed fruit with incipient sunburn (SBF) or sunburn browning,
according to Racsko and Schrader [18]; (d) internal green fruit with no visible sun damage
(GIF) (Figure 1). Those fruits were marked at a height between 1.5 and 2 m in the internal
and external part of the canopy.

At harvest, fruits were visually classified according to the degree of sunburn into
the following categories proposed by Torres et al. [33]: HF, healthy fruit; Mild, slight
discoloration on the skin or mild sunburned symptoms on less than 25% of the surface; Mod,
moderate sunburned fruit with yellowing and browning on 25 to 50% of the skin surface;
and Sev, severe sunburned fruit with more than 50% sunburn or dark brown patches over
light browning. These categories consider both symptom type and quantification of the
surface, with symptoms described by Racsko and Schrader [18] and Torres et al. [36], as
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a way of following a standard evaluation procedure to reduce the difficulties of visual
grading.
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Figure 1. Examples of fruit categories at three stages of damage development. At the beginning of
treatments (6 WAFB = weeks after full bloom): RF = red fruit, GEF = green external fruit, GIF = green
internal fruit, and SBF = sunburned fruit. At harvest: HF = healthy fruit, Mild = slightly sun-
burned fruit, Mod = moderately sunburned fruit, Sev = heavily sunburned fruit; and Post-harvest:
HF = healthy fruit, SSF = slightly sunscalded fruit, MSF = moderately sunscalded fruit, HSF = heavily
sunscalded fruit.

2.1.2. Postharvest Experiment

Postharvest experiment was evaluated in seasons 2 and 3, using a randomized
5 x 2 x 2 factorial design in each season. We applied five levels for field treatments,
two levels for fruit condition at harvest (HF and Mild) and two levels for antiscaldant appli-
cation to prevent superficial scald (with or without product application). The experimental
unit consisted of a box with an average of 78 fruits, which was replicated 3 times. Each
replicate was palletized and stored in commercial cold storage at a temperature of 0-1 °C
and 95% RH. Diphenylamine (DPA) treatment was performed in season 2 at 2000 ppm for
1 min at 22 °C. In season 3, 75 mg m~2 of 1-MCP was applied in a commercial storage at
room temperature.

2.2. Evaluations
2.2.1. Microclimate

The effect of the nets on the radiation affecting the crop was evaluated with an Ocean
Optics spectrometer, model S2000, ~1 nm resolution, which covers a wavelength range
from 250 to 800 nm. The spectra were evaluated twice in the tested period, on cloudless
days and between 12:00 and 15:00 h (local time = GMT — 3 h).

During the 15/JAN-27/FEB period of season 4, the air temperature (AT) of each
treatment was recorded every half hour using i-button sensors located inside the canopy of
the trees and protected from direct solar radiation.
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The maximum fruit surface temperature (FST) was recorded using an IR camera
(FLIR E50) on three days at 12 WAFB of seasons 2 and 3, between 13:00 and 16:00 h, with
maximum AT (ATmax) between 33 and 35 °C.

2.2.2. Sunburn

From 6 WAFB onwards, the evaluation of sun damage was recorded weekly by visual
determination on the marked fruits.

At harvest, the fruits from each treatment were manually sorted into the four above-
mentioned categories: HE, Mild, Mod and Sev (Figure 1). Fruits classified as HF and Mild
were retained for postharvest evaluation.

2.2.3. Fruit Growth and Sprouting

From 6 WAFB onwards, fruit size development was measured weekly on a random
sample of 15 fruits per tree. After harvest, we counted the number of shoots and spurs on
one branch per tree and measured the length of the shoots. In the blooms corresponding
to seasons 2, 3 and 4 for each treatment, we evaluated the return to flowering on the
same branch.

2.2.4. Post-Harvest

The incidence and severity of scald was evaluated three times during each conserva-
tion season. In season 2, evaluations were made at 60, 120 and 210 days of cold storage,
while in season 3 evaluations were made at 82, 133 and 245 days. Incidence was expressed
as the presence or absence of alterations, and severity was classified on a 4-point scale,
in which 1 corresponds to healthy fruits (HF), 2 to slightly scalded fruits (SSF, 25% of the
fruit’s surface), 3 to moderately scalded fruits (MSF, 25-50% of the surface), and 4 to heavily
scalded fruits (HSF, greater than 50%) (Figure 1).

2.3. Statistical Analysis

Statistical analyses were performed using the R statistical software. The interpretation
of binary data (0/1) was performed with generalized linear models (GLM) and binomial
distribution. For continuous variables, normality and homogeneity of variances were
tested prior to the analysis using Shapiro and Levene tests, respectively (p > 0.05). An
analysis of variance (ANOVA) was performed when the assumptions of normality and
homogeneity of variances were met, and a non-parametric Kruskal-Wallis test was applied
when the ANOVA was not appropriate. The analysis of ordinal variables such as the level
of sunburn or scald was performed with a Cumulative Link Model (CLM) and a Type 11
ANOVA test to establish the significance of the model effects. When required, Tukey or
Mann-Whitney—Wilcoxon tests (p < 0.05) were performed.

3. Results
3.1. Changes in Microclimate
Incident Radiation and Air and Fruit Temperature

The nets mainly modified the maximum temperatures depending on their color. Daily
ATmax showed the greatest differences among treatments, reaching a 9 °C maximum
variation in the studied period. The Control treatment presented an ATmax of 43 °C,
while the WN treatment reached 47 °C in the evaluated period. The lowest ATmax values
were recorded in black net treatments: 39 °C and 38 °C for BN50 and BN35, respectively
(Figure 2). Daily ATmed ranged from 23 °C to 25 °C, and ATmin from 9 °C to 10 °C (data
not shown).
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Figure 2. Evaluation of the maximum air temperature in the treatments under netting (BN35 = Black
net 35, BN50 = Black net 50, WN = White net) and the Control treatment. DAFB = days after full
bloom in season 4. Dots represent the maximum daily temperature. Lines and 0.95 confidence
intervals were calculated according to the geom_smooth function (loess method in R).

FST showed differences in relation to treatment and fruit type (SBF, RF, GEF, GIF)
(Figures 3 and 4). The highest FST were recorded in the PRO and Control treatments,
with 35 and 43% of measurements above 46 °C, respectively. BN35 had 14% of the FST
measurements above 46 °C, while WN and BN50 did not present temperatures above this
threshold. SBF showed the highest dispersion, with a mean FST of 43 °C, higher than
RF and GIF (41 °C) (Figure 3). The distribution of the intrafruit surface varied among
treatments (data not shown). The standard deviation of temperature values was 3.1 for the
Control treatment to 1.9 for BN50, an example of which is shown in Figure 4.

The transmittance of BN50 and WN in the PAR wavelength range was 0.40 (£0.03)
and 0.70 (£0.03), respectively. In the near IR (between 700 and 800 nm), the behavior of
both materials varied. The transmittance of WN increased to values close to 100%, whereas
in the case of BN50 the transmittance decreased to values of around 0.35 (Figure 5).
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Figure 3. Maximum fruit surface temperature (FST) according to: (a). treatment (BN35 = Black net
35, BN50 = Black net 50, WN = White net, CON = control and PRO = protectants), and (b). fruit
condition (RF = red fruit, GEF = green external fruit, GIF = green internal fruit, and SBF = sunburned
fruit). The box represents interquartile range (IQR); the upper (Q3) and lower (Q1) quartiles are the
ends. The line in the box is the median and the whiskers are the range of the data, excluding outliers.

Outliers are values higher than Q3 + 1.5 IQR or smaller than Q1 — 1.5 IQR. Boxes with different
letters indicate significant differences (x = 0.05).

Figure 4. Examples of fruit temperature evaluated with an IR camera (FLIR E50). The scale represents

the temperature (°C) in each image. (a,b) are fruits in the Control treatment (CON), while (c,d) are
fruits in BN50 (Black net 50%).
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Figure 5. Transmitted radiation proportion between 350 to 800 nm for BN50 and WN treatments
(Black Net 50% and White Net, respectively).

3.2. Sunburn
3.2.1. Sunburn Changes during the Season

The incidence of sunburn showed a different evolution according to the season, the
initial condition of the fruit, and the protection treatment. In green internal fruits, the
percentage of sunburn did not exceed 20%, while in sunburned fruits the final sunburn
percentages ranged between 50 and 100% under all treatments in seasons 2 and 3 and
under non-mesh treatments in seasons 1 and 4. Under netting treatments, the incidence of
sunburn decreased drastically in seasons 1 and 4 in the first weeks of measurement and
remained at low values as the season progressed. In green external fruits and red fruits,
progressive increases were recorded during the evaluation period, with variations in the
evolution between treatments and seasons. For red fruit, the maximum values of sunburn
under netting (BN35, BN50, WN) were 75%. Values close to 100% were recorded for the
PRO and Control treatments in season 2. For green external fruits, sunburn damage also
increased as the season progressed, with results similar to those recorded for red fruits
(Figure 6).

The incidence of final sunburn on marked fruits was significant for all the analyzed
sources of variation (Figure 7). In the analysis according to season, seasons 2 and 3 showed
the highest percentages of sunburned fruits, without reaching statistical differences with
season 1 but doing so with season 4 (Figure 7a). In the analysis according to fruit type,
Green internal fruits showed a median equal to 0% and lower than all other fruit types.
Sunburned fruits and red fruits showed final sunburn values higher than 60% (65 and 62%,
respectively) that did not differ statistically from those of green external fruits (Figure 7b).
The treatments with the highest values of sunburned fruits were PRO and Control (64 and
50%, respectively), although pairwise comparisons did not reach significant differences
(Figure 7c).
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Figure 6. Evolution of the percentage of sunburned fruits by treatment (BN35 = Black net 35,
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants) according to weeks
after full bloom (WAFB), fruit condition (RF = red fruit, GEF = green external fruit, GIF = green
internal fruit, and SBF = sunburned fruit) and season (1 to 4). Lines and 0.95 confidence intervals
were calculated according to geom_smooth function (loess method in R).
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Figure 7. Incidence of final sunburn in evaluated fruits, according to: (a). season (1 to 4), (b). fruit condition (RF = red fruit,
GEF = green external fruit, GIF = green internal fruit, and SBF = sunburned fruit), and (c). treatment (BN35 = Black net 35,
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants). The box represents interquartile range (IQR);
the upper (Q3) and lower (Q1) quartiles are the ends. The line in the box is the median and the whiskers are the range of the
data, excluding outliers. Outliers are values higher than Q3 + 1.5 IQR or smaller than Q1 — 1.5 IQR. Boxes with different
letters indicate significant differences (o« = 0.05); the absence of letters indicate non-significant differences.
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3.2.2. Sunburn at Harvest

The percentage of sunburned fruits out of the total harvested fruits showed differences
between treatments, seasons, and their interaction (Figure 8a). The distribution between
sunburn levels was significant only within treatments. The BN50 treatment showed the
highest proportion of Mild and the lowest proportion of Mod + Sev, whereas PRO showed

the highest proportion of Sev (Figure 8b).
1.00 b0
075 075
. 0.50
0.25 0.25
0.00
PRO WHN BN35 BNS50 CON PRO WN

BN35 BNSO  CON
Figure 8. (a). Incidence of sunburn at harvest according to treatment (BN35 = Black net 35,
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants) SBF = sunburned
fruit (brown) HF = healthy fruit (green); (b). severity of sunburn at harvest according to treatment
(BN35 = Black net 35, BN50 = Black net 50, WN = White net, CON = control and PRO = protectants),
the intensity of the color brown represents the intensity of the sunburn: Mild = slightly sunburned
fruit (orange), Mod = moderately sunburned fruit (light brown), Sev = heavily sunburned fruit
(brown). Bars with different letters indicate significant differences (o« = 0.05), absence of letters

Proportion
3

indicate non-significant differences.

3.3. Fruit Growth and Sprouting

The effect of the treatments on final fruit size depended on the seasons. The largest
difference found between the largest and smallest fruits was very small, being 2.5 mm in
Control and WN fruits in season 4 (Table 1). The mean final fruit diameter was 61, 71, 68
and 66 mm for seasons 1 to 4, respectively (data not shown).

Table 1. Fruit size difference between smallest and largest size at harvest by season and treatment
(BN35 = Black net 35, BN50 = Black net 50, WN = White net, CON = control and PRO = protectants).

Size of Last Date Evaluated before Harvest

Largest Size Smallest Size Maximum
Treatment Treatment Difference
Season 1 BIN35 CON 1.4 mm *
Season 2 PRO MN50 1.0 mm Ns
Season 3 WN BN50 1.5 mm Ns
Season 4 CON WN 2.5 mm *

* Indicates significant difference (x = 0.05) between indicated treatments in the row, ns = not significant.
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The seasons showed differences for all sprouting variables (length of shoots, per-
centage of reproductive shoots and percentage of spurs). The treatment effect was only
significant for the length of shoots variable, whereas the interaction was not significant
(Table 2). The range of variation for the percentage of reproductive shoots was between 24
and 77% in seasons 2 and 3, respectively. The growth of shoots in seasons 2 and 3 (15 and
17 cm, respectively) was 30% lower than in season 1. Average sprouting percentages of 48
and 57% were recorded for spurs and reproductive shoots, respectively, for all treatments.

Table 2. Effect of season (1, 2 and 3) and treatments (BN35 = Black net 35, BN50 = Black net
50, WN = White net and CON = control) on shoot length, percentage of reproductive structures
(%reproductive), and percentage of short internode structures (%spurs) at next sprouting.

Shoot Length %Reproductive * %Spurs *
Season
1 22.30 a 61.99 b 35.02 b
2 15.21 b 24.36 c 55.31 a
3 16.89 b 77.62 a 49.79 a
Treatment

WN 17.65 b 55.75 50.35

BN35 15.14 c 59.05 44.64

BN50 22.01 a 65.56 49.29

CON 19.11 a 48.76 45.98

* Evaluated the following spring. Different letters next to values in each group indicate significant differences
(o= 0.05).

3.4. Postharvest Evaluation
3.4.1. Scald Damage

Since the antiscaldant treatment varied for seasons 2 and 3 (DPA and 1-MCP, respectively),
the results of the postharvest evaluation were analyzed independently (Figures 9 and 10). In
both seasons, the model was significant for field treatments (Control, PRO, BN35, BN50,
and WN), fruit condition when entering cold storage (HF and Mild), storage time and
postharvest treatment, as well as their interactions. Successive evaluations of all conditions
recorded an increase in damage, both in incidence and severity. Fruits without evidence
of sunburn (HF) before cold storage had higher proportions of fruits without scald (HF)
during storage. Both antiscaldants had similar effects by increasing the proportion of HF
and reducing moderate and heavily scalded fruits (MSF and HSF) (Figures 9 and 10).



Agronomy 2021, 11, 1618 12 0f 18

a BN35 BNS0 PRO COoN
1.00 '
] . H i
0.75 . '
L] 8 - ‘ -]
0.50
L]
-Hemy Tod
0.00 ==
b B0 120 210
1.00
0.75
0.50
= THm Fg =
0.00 -L
c HF Midi
1.00 ' §
i
0.75 .
8 [ ]
0.50 ° .
L ]
0.25 é +
0.00
d Withaut DPA With DPA
1.00 scald_level
0.75 =
0.50 . E9 ssrF
0.25 ! B3 wsr
0.00 S HsF

Figure 9. Proportion of fruits at each level of scald (HF healthy fruit, SSF = slightly scalded fruit,
MSF = moderately scalded fruit, HSF = heavily scalded fruit) for season 2, according to: (a). field
treatment (BN35 = Black net 35, BN50 = Black net 50, CON = control and PRO = protectants), (b). days
of storage, (c). sun damage at harvest (HF, healthy fruit; Mild, light sunburn), and (d). post-harvest
treatment (without DPA or with DPA). The box represents interquartile range (IQR); the upper (Q3)
and lower (Q1) quartiles are the ends. The line in the box is the median and the whiskers are the
range of the data, excluding outliers. Outliers are values higher than Q3 + 1.5 IQR or smaller than
Q1 — 1.5IQR.
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Figure 10. Proportion of fruits at each level of scald (HF healthy fruit, SSF = slightly scalded
fruit, MSF = moderately scalded fruit, HSF = heavily scalded fruit) for season 3, according to: (a).
field treatment (BN35 = Black net 35, BN50 = Black net 50, WN = White net, CON = control and
PRO = protectants), (b). days of storage, (c). sun damage at harvest (HF healthy fruit, SIS light
sunburn), and (d). post-harvest treatment (without 1-MCP or with 1-MCP). The box represents
interquartile range (IQR); the upper (Q3) and lower (Q1) quartiles are the ends. The line in the box is
the median and the whiskers are the rang of the data, excluding outliers. Outliers are values higher
than Q3 + 1.5 IQR or smaller than Q1 — 1.5 IQR.

3.4.2. Sunscald Damage

An analysis of the interaction between field treatment and sunburn level on the
evolution of scald was carried out on fruits treated with antiscaldants. In both seasons, HF
had lower scald values than Mild, considering both the proportion of damaged fruits and
the index of scalding. BN50 had the lowest scald values in 55% of the generated conditions,
defined by evaluation method, season, fruit condition and field treatment. PRO had the
lowest values in 66% of the conditions in both seasons (Table 3).
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Table 3. Sunscald index (1 to 4) and proportion of sunscald according to season, sun damage condition at harvest
(HF = healthy fruit, Mild = slightly sunburned fruit), field treatments (BN35 = Black net 35, BN50 = Black net 50, WN = White
net, CON = control and PRO = protectants), and days of storage.

g 2 % - E Sunscald Index Proportion of Sunscald
2 :58 <E
(‘bﬁ “a 8 k- Days of Storage
T A é’ 60 120 210 60 120 210
2 Mild BN35 1.62 b 1.80 b 2.16 a 0.37 ns 0.47 ns 0.63 ns
BN50 1.64 b 2.00 b 1.67 b 0.41 0.54 0.46
PRO 1.90 a 2.20 a 222 a 0.49 0.58 0.57
CON 1.81 ab 1.86 b 1.92 ab 0.49 0.50 0.55
HF BN35 1.37 ns 1.39 a 1.40 ns 0.28 a 0.29 a 0.26 ns
BN50 1.00 1.17 bc 1.20 0.00 d 0.14 b 0.14
PRO 1.30 1.30 ab 1.30 0.17 b 0.15 b 0.19
CON 1.14 1.10 C 1.30 0.10 C 0.06 C 0.20
82 133 245 82 133 245
3 Mild WN 147 b 1.74 b 1.79 C 0.36 b 0.54 C 0.55 C
BN35 1.22 C 1.16 d 1.48 d 0.17 C 0.16 e 0.40 d
BN50 1.48 b 1.48 c 1.63 cd 0.39 b 0.41 d 0.46 d
PRO 1.93 a 2.26 a 2.39 a 0.61 a 0.87 a 0.87 a
CON 1.58 b 1.80 b 2.07 b 0.40 b 0.67 b 0.71 b
HF WN 1.04 b 1.07 b 1.47 ab 0.04 b 0.07 b 0.28 b
BN35 1.06 b 1.08 b 1.63 a 0.04 b 0.08 b 0.44 a
BN50 1.02 b 1.11 b 1.36 b 0.02 b 0.10 b 0.32 b
PRO 1.13 a 1.32 a 1.52 ab 0.14 a 0.29 a 0.42 a
CON 1.06 b 1.24 a 1.40 ab 0.06 b 0.23 a 0.37 a

Different letters next to values in each group indicate significant differences (x = 0.05). ns = not significant.

4. Discussion
4.1. Microclimate and Sun Damage

In the neotropical climatic conditions of our study, the increase and decrease in air
temperature (AT) under WN and BN treatments, respectively, are in agreement with the
values reported by other authors. The use of netting and its study differs as the climate
of the region changes. In arid, semi-arid or Mediterranean climates (e.g., Washington
State, main producing areas of Chile, Israel, South Africa), sunburn is a main objective,
while in higher-latitude European conditions netting is mainly used as a protection against
hail [11,21,37-39]. Climates with hot and humid summers, on the other hand, are not
widely studied. The maximum AT exceeded 35 °C in all treatments, with WN and Control
reaching 43 °C. These temperatures required homeostatic control mechanisms of cell
metabolism, while also affecting fruit growth and pre- and postharvest quality [26,40,41].
Studies have shown that, under heat stress conditions, trees under photoselective nets
had greater leaf-level photosynthetic light-use efficiency compared to the Control [19].
Photoinhibition at the peel chloroplasts and the consequent generation of oxygen free
radicals seems to explain sunburn to a large extent [26]. As it has been reported, fruit
temperature can be 17 °C higher than air temperature [18]; therefore, damage could even
occur at an AT above 29 °C. In the recorded period, the WN treatment presented 2% more
days with AT > 29 °C than the Control treatment, while the BN35 and BN50 treatments
had 25 and 15% less days with that condition, respectively.

The effect of treatments on fruit surface temperature (FST) varied in relation to the
observed effect on AT (Figures 3 and 4). All treatments under netting (WN, BN35 and BN50)
reduced fruit temperature compared to treatments without netting (Control and PRO). The
BN50 treatment had the highest homogeneity in FST, whereas the Control treatment had
the lowest. The AT values recorded for BN35 and BN50 and their relationship with FST are
in line with Gindaba and Wand [17], who report that the FST of apples under 20% black
shade netting was between 5.4 and 9.7 °C lower on days with AT between 34 and 37 °C,
while the average decrease in FST with AT between 30 and 32 °C was 5.6 °C.
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Regarding the decrease in radiation in the netting treatments (Figure 5), the results
are in accordance with those reported by Bastias and Corelli-Grappadelli [27], who state
that black or white nets are generally neutral and reduce a similar radiation profile in
the different wavelengths of the PAR range. The transmittance of the BN50 treatment
in the 350 to 800 nm wavelength range showed a decrease in radiation values similar
to those obtained by Dussi et al. [42] with a 55% black net for PAR. The WN treatment
presented transmittance values 20% lower than those presented by Blanke [23] and similar
to those presented by Bastias and Corelli-Grappadelli [27] for the PAR range. The behavior
of WN in the 350 to 425 nm range differs from that recorded for BN50. The increases
in transmittance observed in the values between 700 and 800 nm also differ from those
recorded for BN50. The increase in infrared radiation (>740 nm) has a significant caloric
contribution [43] and could be related to the increases in air temperature recorded in this
treatment. Another element to consider in regard to the changes in radiation is the increase
in diffuse radiation transmission, which can increase up to 170%, thus improving light
penetration both vertically and horizontally in the canopy [38].

The onset of symptoms in the trial (Figure 1) started at 6 WAFB, when fruits had an
average size of 40.5 mm, two weeks earlier than reported by Racsko and Schrader [18].
Between 10 and 15 WAFB, when the maximum rate of damage occurs in treatments
without nets, fruit size was 42 to 62 mm (data not shown) (Figure 6). These data are
in agreement with those reported by Racsko and Schrader [18], which shows that the
occurrence of damage depends on the coupling of predisposing environmental conditions
and a certain level of susceptibility with diameters of 45 mm at 7 to 8 WAFB. Although the
most widely reported predisposing conditions are high temperatures and radiation [18],
Severino et al. [10], for the same seasons and site, associate damage more with water
availability than high temperatures.

Season has a significant effect on the incidence of sunburn, both in the assessments of
marked fruits and in the harvest assessment (Figures 6-8). Our results show that two of
the four studied seasons presented high percentages of sunburn (seasons 2 and 3), while
seasons 1 and 4 presented less favorable climatic conditions for sun damage. These data
confirm the high interannual variability in the region where the study was conducted [32].
The severity of damage also evidenced the variation among treatments, with the BN50
treatment showing the highest percentage of fruits without damage (without reaching
statistical significance) and, among the damaged fruits, the highest percentage of Mild
(Figure 8).

Sunburn protectant applications did not reduce neither the incidence (Figure 7) nor
the severity of sunburn (Figure 8). The difficulties in achieving a permanent coverage with
the product result in periods of time in which unacclimatized tissues, exposed to high FST
and radiation conditions, suffer photooxidative stress that can lead to sun damage [44].

4.2. Fruit Growth and Sprouting

The effect of the treatments on fruit growth was of low magnitude and did not modify
the commercial category (1.4 to 2.5 mm depending on the season). Similar effects are
reported in apple crops under netting in a diverse range of climates [45] and in heat stress
studies with temperatures of 29 °C and higher when nets are applied since 4 WAFB (the
period of treatment application in this trial) [41]. In turn, all sprouting variables evaluated
in the netting and Control treatments (shoot length, percentage of reproductive shoots and
percentage of spurs) showed differences related to season. The effect of treatments was only
significant for the shoot length variable (Table 2). Apparently, the reductions recorded in
the total incident radiation of the treatments under nets did not constitute a limiting factor
for net assimilation. Studies conducted in Brazil, with irradiance values similar to those
recorded in Uruguay [46], conclude that nets seem to promote the optimization of light
interception and carbohydrate partitioning [31]. The average irradiance for the 2006-2015
period in the three months of highest incidence of sun damage [46] is 55% higher in the
location of our study and of the works of Bosco et al. [31], compared to the areas where
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adverse effects of the use of nets are recorded [23]. Changes in the incident light spectrum
under netting were not significant enough to modify floral differentiation processes during
the summer, nor did they affect bud break in the following season, in accordance with
reports by Bastias and Corelli-Grappadelli [27].

4.3. Post-Harvest

Postharvest physiological disorders are determined by many factors. including ma-
turity, nutrition, location of the fruit on the tree, and temperature to which it has been
exposed [47]. The factors considered in our study (fruit condition when entering cold
storage, field treatments, antiscaldant treatment and storage time) were significant in the
model, both individually and for their interactions.

Both antiscaldant products significantly reduced scald damage, as reported in other
studies [48]. Fruits entering cold storage without visible damage (HF) showed a lower
range of damage than fruit with mild sun damage (Mild). The field treatments (Control,
PRO, WN, BN35 and BN50) showed differences in scald and sunscald development for
both classifications (HF and Mild) when entering cold storage (Figures 9 and 10).

In fruits with antiscaldant application (mainly expressing sunscald), the performance
of treatments varied between seasons, with MIN50 showing the best performance and
PRO showing the worst (Table 3). Based on the assumption that the existing sun dam-
age at harvest is neither reversible nor controllable, with the postharvest application of
antiscaldant products [7,18,49] the results would indicate a different level of damage at
harvest and a different sensitivity to sunscald expression depending on the field treatments.
This difference in sensitivity could be explained by the variation produced by the nets
in the composition and the antioxidant capacity of the fruit’s skin [50]. The biochemical
modifications triggered in the exposed and acclimatized fruits to withstand the high solar
irradiance and high temperatures in the field [7], as well as the photoinhibition in the
chloroplasts of the peels and the subsequent generation of oxygen free radicals [26], could
induce the disorder later on.

5. Conclusions

The incidence of sunburn was influenced by the season under neotropical conditions.
The shade netting reduces the sunburn and sunscald without affecting the growth processes
dependent on leaf net assimilation. Protectants, on the other hand, are not effective and
can increase sunscald incidence on the fruit during storage. The fruit position within
the tree and the initial condition were the main factors affecting sun damage. However,
black netting or favorable season conditions can reduce (i.e., reverse) the earlier sunburn
symptoms. This shows the need for more studies on the relation between microclimate
and physiological conditions at different hierarchical levels (fruit tissue, organ, branch
and tree).
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