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RECAP ORIGINAL OBJECTIVES

1.

2.

3.

Determine characteristics of three net colors on light spectrum and their effects on the light
quality and quantity of incoming radiation throughout the day.

Quantify the impact of nets on orchard microclimate, photosynthesis, vegetative growth and tree
stress.

Evaluate fruit and leaf nutritional balance and fruit quality under different light conditions.

Working in a Honeycrisp orchard on Bud-9 that was planted in 2013, environmental sensors were
installed, the physiological and growth status of the trees were measured, and fruit quality of the trees
were assessed under red, blue and pearl netting compared to an uncovered control. A parallel
experiment was set up at the WSU tree fruit research and extension center in Wenatchee using the
same treatments to monitor the physiological changes in greater detail than would be possible when
working in a commercial orchard.

SIGNIFICANT FINDINGS

Photoselective netting reduced light intensity differently depending on color. All 20% netting
reduced photosynthetic active radiation (PAR) by between 25% (red) and 21% (pearl). When
using a new netting product, it is recommended that light intensity is verified using sample
material before purchasing.

Netting strongly reduced wind (by more than 50%) but did not affect air temperature in the
tree canopy.

Netting altered the spectra of incoming light and created a better light environment for plant
and fruit growth. This was particularly true for the pearl netting that provides more scattered
light than the other colors.

Absorptive surfaces (fruit, leaves, soil) were more impacted by netting than the air under the
canopy. Soil, leaf and fruit temperatures were all lower by using 20% netting (Figure 1, 2;
Kalcsits et al. 2017).

Netting reduced light and heat stress on the tree and improved leaf-level photosynthesis and
light-use efficiency (Table 4).

Netting increased flower induction and fruit set after a “heavy crop’ year in pearl and red
netting.

Canopy growth was greater under netting than for the uncovered control.

Netting increased fruit size and had no major negative effects on fruit quality. There were
small reductions in color development with the blue and red netting in 2015 (Table 5).

Netting strongly reduced sunburn compared to an uncovered control and provided a similar
level of sunburn control to evaporative cooling in 2016 (Figure 3)



RESULTS & DISCUSSION

Objective 1. Determine how photoselective anti-hail nets modify the microenvironment to
mitigate stress-inducing conditions in WA State’s growing environment

Environmental Monitoring

In June, 2015, at three separate locations each in the four experimental treatments, mini
weather stations were positioned that included an EM50G datalogger (Decagon Devices, Inc.,
Pullman, WA) that recorded data every 10 minutes and transmitted data by cellular signal to a cloud-
based server. Sensors at each station included a VP-4 humidity and temperature sensor (Decagon
Devices, Inc., Pullman, WA), a Davis cup anemometer, a photosynthetically active radiation (PAR)
sensor (Decagon Devices, Inc., Pullman, WA). These were used to measure, air temperature, relative
humidity, wind speed and PAR in each treatment. For measurements that contain more variability,
such as in-canopy air temperature and humidity and soil moisture and temperature, four replicate VP-
4 sensors for measuring in-canopy air temperature and humidity were placed near the trunk at 1.6 m
from the ground in each color of netting. Four 5TM soil moisture and temperature capacitance
sensors (Decagon Devices, Inc., Pullman, WA) were installed at dispersed distances within each
treatment. The capacitance sensors were installed at depths of 20 and 40 cm to measure volumetric
water content (cm® cm3). Sensor locations were chosen to limit interferences from tree and post
shadowing of irrigation microsprinklers and were equidistant from trees within the row. Data was
downloaded monthly using DataTrac software (Decagon Devices Inc., Pullman, WA) from the online
database to ensure that sensors were functioning correctly.

Results

Netting did not affect air temperature or relative humidity within the orchard canopy, but
reduced wind speed by 40% compared to the uncovered control. Netting reduced soil temperature and
increased soil moisture at 20 and 40 cm depths throughout the study period compared to the
uncovered control. Amongst different colors of netting tested in this study, pearl and blue netting
significantly reduced soil temperature compared to red netting. Netting also reduced
photosynthetically active radiation (PAR) by approximately 20% and strongly reduced fruit surface
temperature during hot periods. During full sunlight, differences in maximum fruit surface
temperature between the uncovered control and the protective netting were 2.6 to 4.3°C under full sun
conditions and reduced the incidence and severity of sunburn measured at harvest.

Table 1. Light intensity and wind speed in 2015 and 2016 in a commercial ‘Honeycrisp’ apple orchard under blue,
pearl, and red netting compared to an uncovered control

2015 2016
Light Intensity Wind Speed Light Intensity Wind Speed
(umolm " s) (miles h) (umolm's)  (milesh?)
Control 1804 a 8.0a 1782 a 10.3a
Blue 1404 b 3.76b 1407 b 4.7b
Pearl 1459 b 3.96b 1420 b 50b

Red 1355 b 3.64Db 1354 b 47D
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Figure 1. Mean volumetric soil moisture content (cm? cm) at 20 and 40 cm depth under pearl, blue and red anti-
hail netting compared to an uncovered control in a three year-old ‘Honeycrisp’ apple orchard in Quincy, WA (47.23°

N, 119.85° W). Different letters denote significant differences between means determined using a one-way ANOVA
(P<0.05).
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Figure 2. Mean soil temperature (°C) (xSE, N=4) at 20 and 40 cm depth under pearl, blue and red protective netting
compared to an uncovered control in a three year-old ‘Honeycrisp’ apple orchard in Quincy, WA (47.23° N, 119.85°
W). Different letters denote significant differences between means determined using a one-way ANOVA (P<0.05).

Canopy light interception (%)

The light interception of the canopies under three different netting treatments was
significantly greater compared to the uncovered control in 2015 and 2016. Trees under colored nets
developed more robust canopies than the uncovered control. This is supported by approximately 15%
higher light interception for trees covered by nets than the uncovered control. Light interception was

not significantly different among netting colors indicating similar canopy development between
netting colors.



In 2015, the third year of growth, light interception was measured in trees with a crop
(fruiting) and with all flowers removed (non-fruiting). In 2015, fruiting trees had a less developed
canopy compared to the non-fruiting trees. However, in 2016, a targeted crop load was applied to all
trees, fruiting or non-fruiting. In 2016, growth in the fruiting trees was greater because of low or no
flowering and as such, there was no significant difference in light interception between fruiting and
non-fruiting trees. The interaction between net color and fruiting treatment was significant (p< 0.01).
The pearl net reported a higher light interception in the trees that bore fruit in 2015. This may be
related to fruit set under the targeted crop load and higher vigor in 2016 when fruit load was low.
Light interception increased from May to July, as the first-year tree growth increased, but were not
statistically different.

Light transmittance (%) can be different for each colored net and is expressed as total light
under each net / total light outside the net (open field) x 100. Transmittance describes the percentage
of light coming through the nets relative to full sun and the shading percentage of each type of net is
confirmed to range from 20-23% (as from manufacturer). Each colored net has a distinct
transmittance curve calculated from the light spectra from 300 to 1000 nm. Variability during the
season can be caused by how the sun hits the material or dust on the net. Blue net has a lower shading
effect in the range from 400 to 550 nm (PAR range) than the red net. There was an increased in
transmittance in in the infrared range (>780 nm) that is different from the other two net colors. The
pearl net filtered the lowest wavelengths (UV-VIS) and shows a more uniform transmittance than the
other colors. Red net has an increase in transmittance (%) immediately before 600 nm. In conclusion,
transmittance measured in 2016 showed a similar trend with 2015 data and literature (Shahak and
Gussakovsky, 2004). Spectra of scattered light under colored nets showed similar trends as reported
in Shahak and Gussakovsky (2004) for scattered light on the total light under the different nets for all
the wavelength.
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Figure 3: Light interception % from May to July in Quincy: comparison between colored nets and control (left) and
within each color net between “fruiting” and “non-fruiting” (right).

Light spectra under the nets

At WSU TFREC and in the commercial orchard in Quincy, spectra of incoming total and
diffuse (scattered) radiation were measured under the nets and in open field by using a
spectroradiometer (Apogee Instrument, Inc., UT, USA) connected to a light cosine sensor via fiber
cable. The open field readings were used as reference for the transmittance measurement. The entire
data collection was performed orienting the detector perpendicular to the sun beams as reported in
literature (Shahak and Gussakovsky, 2004, Kong et al., 2013). Transmittance of total light (%) for
each colored net is expressed as total light under each net divided by the total light outside the net



(open field) x 100. Scattered light (%) was expressed as diffuse light under the net divided by the
diffuse light in the open field, x 100. Light intensity parameters (PAR, UV, Blue, Red, Far Red)
expressed as umol m s were calculated in the same ranges as reported by Kong et al., 2013 (Table
2).
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Figure 4: Transmittance spectra of total light under the nets (top) and percentage of scattered light on the total
light under the nets (bottom) taken at both locations in 2016.



Table 2: Intensity and quality of total and scattered light under pearl, blue, and red netting compared to an uncovered control in Quincy and TFREC (Wenatchee) in
2016.

Quincy 2016 Light intensity (umol m?s™) Light quality (ratios)
PAR: uv: Blue: Red: Far Red: Red/Far
i - Blue/Red PAR/UV
Light Color Nets-ctrl N1 400-700 nm | 305-380 nm | 410-470 nm | 640-680 nm | 690-750 nm / Red /
48 | 1595 B 204 B | 45 A |145 C | 230 C [293 A |063 B |78 C
Scattered light 48| 1834 B 196 B|328 B |361 A |55 A [091 D |060 C |947 B
(diffuse)  |PEARL 482130 A | 210 B|47 A |275 B |45 B |163 C [059 C [1021 A
open field-NO NET 4| 1994 AB | 315 A|[517 A |22 c |26 cC |255 B |076 A |644 D
S"gnif'icance * %k %k * %k %k * % %k * %k % * %k %k * % %k * % %k * % %k
48 | 14071 B 631 B |217.2 B |2225 C |3037 C |098 A |073 B |2265
Total full light 47 | 14053 B 609 B |2035 C |2407 B [3353 B |08 C |072 C |23.45
(transmitted) |PEARL 48 | 14704 B 645 B |2209 B |2371 BC |3207 B [093 B |072 C [23.09
open field-NO NET 418881 A | 900 A[2926 A [3017 A |407.7 A |097 A |074 A [2133
significance * %k * %k * %k % %k %k k * % %k * % %k * %k %k NS

Significance: * p<0.05, ** p<0.01, *** p<0.001, NS= not significant. Significance was established with proc GLM in SAS, type III SS and Bonferroni as post-hoc test to discriminate means. Same
letters means no difference between treatments.

Data were collected in a commercial orchard and reported as averages across the season from May to September 2016 (August measures were removed due to clouds). Open field-no net was
measured only as reference (N=4). PAR: 400-700 nm, UV: 305-380 nm, Blue: 410-470 nm, Red: 640-680 nm, Far Red: 690-750 nm.

TFREC (Wen) 2016 Light intensity (umol m?s™) Light quality (ratios)
Light Color Nets-ctrl N PAR: v Blue: Red: FarRed: | o) e/Red | "%/Far | parjuv
J 400-700 nm | 305-380 nm | 410-470 nm | 640-680 nm | 690-750 nm Red
30| 1947 B 228 B| 503 B |186 C | 280 <C |28 A |066 B |861 C
Scattered light 29| 2302 A 231 B|425 ¢ |43 A |69 A [100 c |o64 B |1006 B
(diffuse)  [PEARL 30| 2728 A 239 B|55 A [364 B |51 B |156 B 065 B [11.50 A
open field-NO NET 31220 AB| 310 A[559 AB |234 C [324 < [250 A [073 A |727 ¢
Significance * %k %k * * % %k * %k % * % %k * % %k * % %k * % %k
30 | 13917 ¢ 644 B |2231 C |2148 C |2916 C |104 A |074 A |21.82
Total full light 29 | 14506 BC | 653 B|2170 C |2439 B [3358 B [089 C |073 B [22.50
(transmitted) [PEARL 30 | 15211 B 672 AB|2357 B |2408 B [3309 B [098 B [073 AB [22.90
open field-NO NET 3 (17932 A 821 A|2799 A |2854 A |3858 A [098 B |074 A [22.05
Sign’:ficance * %k %k * * % %k * %k % * % %k * % %k * % %k NS

Significance: * p<0.05, ** p<0.01, *** p<0.001, NS= not significant. Significance was established with proc GLM in SAS, type Il SS and Bonferroni as post-hoc test to discriminate means. Same
letters means no difference between treatments.

Data were collected in an experimental shade house and reported as averages across the season from May to September 2016. Open field-no net was measured only as reference (N=3). PAR:
400-700 nm, UV: 305-380 nm, Blue: 410-470 nm, Red: 640-680 nm, Far Red: 690-750 nm.




In both locations, nets reduced the light intensity. Combined PAR, UV, Blue, Red, Far Red
light were always significantly lower compared to the uncovered control (Table 2). PAR and UV
across the season (May to September 2016) were similar for the three colors, while the intensity for
Blue light was the lowest under the red net and Red and Far Red intensities were the lowest under the
Blue net. The scattered light data in both locations showed a higher intensity in the PAR range for the
Pearl net compared to the other colored nets and similar to the uncovered control as reported in
literature (Kong et al., 2013). Blue net showed the lowest amount of scattered light intensity in the
PAR range. Scattered light is the type of light that can reach the inner part of the canopy and
modifying the physiology of the tree and fruit quality.

Blue/Red ratio was significantly (p<0.001) different among the four treatments: the highest
under Blue net as total transmitted light and even more as scattered light, while the lowest values
were registered under the Red net (as reported in literature, Shahak and Gussakovsky, 2004).
Blue/Red ratios for Pearl and the uncovered control fell in between. Those trends in differences were
more enhanced in the scattered light data than the total light. Red/Far Red ratio has a key role in
phytochromes transition in their stages (activated Prr/inactivated Pr) and therefore in how efficiently
the light energy is captured for photosynthesis purposes (Batschauer, 1998). Red/Far Red ratio has the
highest values in the uncovered control followed by Blue net. PAR/UV ratio of scattered light was
significantly different among treatments showing the highest values under the Pearl net and the
lowest in the open field. These results confirmed the beneficial effect of red and pearl nets for
improving light quality in orchards.

Obijective 2. Identify the impact of photoselective anti-hail netting on fruit quality and horticultural
management

Shoot growth significantly increased under the netting compared to the uncovered control. In
2015, shoot growth was approximately 10% higher than the control and in 2016, when the netting
was deployed earlier, growth was more than 25% greater under the netting compared to the
uncovered control. Netting color did not affect shoot growth. Trunk cross sectional area was not
significantly different among treatments (Table 3). However, bloom density was significantly greater
for trees under pearl and red netting and the percentage of flowers set to fruit was greater for trees
under netting than the uncovered control.

Net photosynthesis was greater under netting compared to the uncovered control (Table 4).
This was likely driven by increases in stem water potential and increases in the light harvesting
efficiency of the leaves. More work will be done in 2017 as part of the leveraged WSDA/USDA
Speciality Crop Block Grant that will carry the project through 2017.

Table 3. Net photosynthesis of apple leaves at 120 days after full bloom in Honeycrisp apple under pearl, blue, and
red netting compared to an uncovered control

Net carbon
Treatment assimilation rate
(wmol m2sT)
Control 10.21 b?
Pearl 13.84 a
Red 15.11 a
Blue 15.44 a

Treatment Pr>F 0.0068




Table 4: The effect of nets and fruiting treatments in Quincy 2016 on averaged trunk cross-sectional area, weight of
pruned material, return blossom, fruit set, and crop load of Honeycrisp and statistical results comparing treatments.

Winter Weight of Blossom cluster
Treatment 2016 _woo_d pruned density (no. % Flowe_r
TCSA in winter 2016 cluster/ cm? set to fruit
(cm?) (Ib/tree) TCSA)
Net
Control  5.20 0.41 6.20 b 1006 b
Pearl  5.07 0.37 11.71 a 1585 ab
Blue 4.80 0.30 6.25 b 1582 ab
Red 4.83 0.34 10.47 a 1791 a
Significance NS NS il *
Fruiting trt
Non fruiting 531 a 0.43 a 12.75 a 1012 b
Fruiting 463 b 0.28 b 4.56 b 1971 a
Significance ok falalel ikl
Significance
net*fruit NS NS NS NS

p<0.05, *; p<0.01, **; p<0.001, ***; NS, not significant for Type Il sums of squares
model significance.

Arithmetic means are presented; post hoc tests were done with LSMEANS option and
the Bonferroni adjustment provided letter.

Obijective 3. Evaluate fruit and leaf nutritional balance and fruit quality under different light
conditions.

Fruit size was significantly greater under netting compared to the uncovered control in both
2015 and 2016. Netting reduced sunburn to a comparable level compared to evaporative cooling that
was installed in 2016 (Figure 5). Blue netting had less sunburn than red or pearl. However, that
appeared to come at a cost of slightly reduced color development (Table 6). To see the subtle
differences between colors, another year of data is needed.

Table 5. Fruit size in 2015 and 2016 harvested from trees with even crop loads under pearl, blue, and red netting
compared to an uncovered control.

2015 2016

Control 231 a 366 a
Pearl 274 ¢ 394 b
Blue 252 b 388 b

Red 260 bc 386 b
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Figure 5. The proportion of harvested fruit (%6) belonging to clean, Y1 and Y2 sunburn classes for fruit harvested
from under pearl, blue and red protective netting compared to an uncovered control. 2015 had no evaporative
cooling in the control and 2016 had evaporative cooling for sunburn protection in the control.

Table 6. Soluble solids content and foreground color development on apple fruit harvested from trees under pearl
blue, and red netting compared to an uncovered control

SSC (°Brix) Foreground Color

Control 15.0a 2.63a
Pearl 14.7 ab 2.47 ab
Blue 145D 2.39b
Red 145b 242D
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The project team hosted 4 additional tours to the industry netting experiment in 2016



EXECUTIVE SUMMARY

This project tested the effect of pearl, blue, and red netting on the orchard environment,
physiology and fruit quality of Honeycrisp apples compared to an uncovered control. Environmental
sensors recorded air temperature, relative humidity, wind speed, light intensity, soil temperature and
soil moisture in each treatment through the 2015 and 2016 seasons. In both years, fruit sunburn data
and fruit quality was recorded at harvest and after four months of regular atmosphere storage.
Vegetative growth, flower induction and fruit set was also measured. Plant water status,
photosynthesis and light-use efficiency was recorded throughout the growing season in 2016.

Netting reduces wind speed, even when the sides are not closed. The netting material (sold as
a 22% reduction in light) used reduced light intensity by 20-25% depending on the color or netting.
Netting did not reduce the air temperature of the netting. It altered the spectra and intensity of light
reaching the plant canopy and the soil. These changes in light produced cooler plant canopies, fruit
and soil. This produced higher soil moisture under the netting, more growth and reductions in
sunburn. Depending on the color of netting, the spectra of light reaching the plant canopy is different.
Pearl netting, appearing white but is semi-transparent, scattered the light under the canopy providing
a more uniform light environment and less shadowing (Table 2). It also transmitted more
photosynthetically active radiation relative to UV light compared to other colors or the uncovered
control.

Apple trees cannot use the total light made available on almost all summer days in
Washington State. This excess light can be a cost to the tree as it needs to use energy to deal with this
excess light. In many cases, a reduction in 20-25% light would not cause photosynthetic limitations
that would lead to reduction in carbon assimilation and lower plant productivity. Plant productivity
increased through increased photosynthetic rates, particularly later in the day. The light harvesting
efficiency of trees under netting was higher than trees in the uncovered control. These gains in
productivity led to increased growth shown through a 25% increase in terminal shoot growth and a
15% increase in light interception in tree under netting compared to the uncovered control. Flower
induction was also greater under netting compared to the uncovered control.

Netting reduces fruit surface temperature below the sunburn threshold on days when the
sunburn risk is high. Fruit sunburn was lower under the blue netting than the pearl or red. However,
all netting reduced the incidence of sunburn to the same or lower sunburn severity as when using
evaporative cooling. Fruit size was approximately 10% larger under netting. While this could be a
concern for a cultivar like Honeycrisp, this is an advantage for other cultivars. Furthermore, the fruit
size increase is likely a result of increased soil moisture and a less stressful environment. When
evaporative cooling was not used in 2015, fruit maturity was accelerated outside the netting.
However, when evaporative cooling was used in 2016, there were no differences in fruit maturity at
harvest between netting treatments and the uncovered control. Blue appears to slightly limit color
development but one more year of data is needed to confirm this. Pearl and red netting did not
negatively affect color development in these trials.

As with any new horticultural approach, there are positives and negatives. Reductions in
sunburn, increased plant productivity, hail, and wind protection are major positive aspects of netting.
Increased fruit size and increased shoot vigor can be either positive or negative depending on the
cultivar. Horticultural management could limit some of these potential negative effects of netting and
each operation will need to develop their own strategies to manage their orchards under netting. We
report than netting is a viable alternative for evaporative cooling for sunburn protection and other
environmental stresses.



