
HORTSCIENCE • https://doi.org/10.21273/HORTSCI15545-20

Photoselective Nets Alter Apple Canopy
Air Temperature and Carbon
Translocation during Dormancy and
Budbreak
Alexandra Boini and Enrico Muzzi
Department of Agricultural and Food Sciences (DISTAL), Alma Mater
Studiorum - University of Bologna, Viale G. Fanin 46, 40127 Bologna, Italy

Aude Tixier
UMR 1347 Agro�ecologie, AgroSup/INRA/uB, 21000 Dijon, France

Maciej Zwieniecki
Department of Plant Sciences, University of California, Davis, CA

Luigi Manfrini and Luca Corelli Grappadelli
Department of Agricultural and Food Sciences (DISTAL), Alma Mater
Studiorum - University of Bologna, Viale G. Fanin 46, 40127 Bologna,
Italy

Additional index words. apple, budbreak, dormancy, fruit tree crop, light, photoselective nets,
soluble sugars, spectrum, starch

Abstract. Photoselective nets were used to examine apple shoot physiology during
dormancy and budbreak. Two trials were conducted: one in the field and one in
controlled conditions. In the first, three colored nets (red, blue, and white, shading 20%)
covered sections of single trees, leaving an empty portion as control, from December to
April. The white net increased canopy air temperature compared with the blue one.
Differences were found in carbohydrate seasonal patterns; however, it appeared that soil
temperature had higher impacts on sugar movement in the trees. No differences were
found in bud phenology. In the second trial, cuttings were placed in boxes constructed
with the same-colored nets and monitored from the end of February to April. Results
showed differences in phenology and carbohydrate translocation. The white box
hastened bloom and its cuttings had higher amounts of carbohydrates at the end of the
trial. On the contrary, the blue box delayed bloom while resources were still being
consumed and its cuttings had the lowest amounts of reserves at the end of the trial. These
results add new insights on apple physiology under different light spectra and commer-
cial applications should not be excluded for improving crop management.

Winter survival of temperate fruit tree
crops is the phase of inhibited growth known
as dormancy (Faust et al., 1997), controlled
by mechanisms occurring in the possibly
affected parts of the tree (Campoy et al.,

2011). To date, the classification scheme
proposed by Lang et al. (1987) is the most
used, adopting the terms ‘‘paradormancy’’
(or apical dominance, occurring during the
vegetative period), ‘‘endodormancy’’ (deep
dormancy, occurring during winter), and
‘‘ecodormancy’’ (occurring during late win-
ter and spring).

To overcome winter, woody plant species
depend on adequate reserves (Loescher et al.,
1990). Following the onset of dormancy, low
temperatures and lack of photosynthesis lead
to starch conversion into soluble carbohy-
drates, whose concentration in plant organs
reaches its highest peak in full winter, con-
ferring cold and frost resistance (Hillmann
et al., 2016; Yoshioka et al., 1988). Soluble
carbohydrates will provide energy for main-
tenance respiration in winter, and growth
resumption and development of new organs,
such as flowers and leaves, in spring. Hence,
before and during breaking of dormancy,
conversion of nonsoluble to soluble sugars
takes place (Charrier et al., 2013; Hartmann

and Trumbore, 2016; Tixier et al., 2019) in
the shoots and is followed by translocation to
the buds (Bonhomme et al., 2010; Lacointe
et al., 2004). In fact, trees respond to root-to-
canopy temperature gradients by changing
their local nonsoluble carbohydrate manage-
ment and within-tree redistribution (Sperling
et al., 2017; Zwieniecki et al., 2015), which is
important during periods of low transpiration
and for periods of intense biological activity
[e.g., budbreak in spring (Gordon and
Dejong, 2007)]. Dormancy release initiates
when the soil is colder than the canopy,
implying allocation of nonsoluble carbohy-
drates from the roots to the warmer canopy
(Sperling et al., 2017; Zwieniecki et al.,
2015). Nevertheless, the described alloca-
tions would not occur if chilling is not
fulfilled (Marafon et al., 2011).

Several deciduous woody species bloom
before vegetative development, such as stone
fruits and nuts. Therefore, the early stages of
reproductive growth depend almost com-
pletely on stored carbohydrates (Westwood,
1978). Other species are not totally depen-
dent on reserves. Apple spur leaves are al-
most fully expanded before bloom; however,
the early development of apple flower clus-
ters after budbreak will initially use stored
reserves of carbohydrates and nutrients
(Hansen, 1971; Hansen and Grauslund,
1973). During dormancy, in nonphotoperi-
odic species, such as apple, pear, and
other Rosaceae (Garner and Allard, 1923;
Wareing, 1956), dormancy break is triggered
in reverse order. Of course, species differ in
the level and duration of chilling required for
effective dormancy release (Coville, 1920;
Couvillon and Erez, 1985). Thus, tempera-
ture is considered the most important external
factor acting on dormancy signaling
(Considine and Considine, 2016; Wang and
Faust, 1988).

Light plays a part in regulating tempera-
ture and the hormonal components, occurring
during the end of dormancy. Light induces
transcriptional changes in grapevine quies-
cent buds, suggesting its importance during
bud burst, sugar signaling for growth resump-
tion, and chloroplast biogenesis (Signorelli
et al., 2018). The timing of light application
can have both promotive and inhibitive ef-
fects (Gur, 1985; Samish et al., 1967). Light
quantity manipulation during dormancy and
ecodormancy (Lang et al., 1987) showed
promotive effects for peach (Buchanan
et al., 1977; Freeman and Martin, 1981) and
apricot (Campoy et al., 2010; Ruiz et al.,
2005). An increase in light intensity

Fig. 1. Field experimental set-up.
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accelerated burst of postdormant perennial
buds in spring (Rageau et al., 1998). How-
ever, studies focusing on postblossom
growing season found inhibitory effects in
apple, apricot, and grapevine (Jackson, 1969;
Jackson and Palmer, 1977; Kohlet et al.,
1996; Solomakhin and Blanke, 2008) and
negative impacts of artificial shading on
flower bud weight were found in Japanese
pear during flower bud formation (Ito et al.,
2003). There appears to be no information
about the effect of light spectrum during
dormancy in orchard systems, whereas dif-
ferent qualities of light have been widely
investigated during dormancy in annual spe-

cies, predominantly Arabidopsis thaliana.
Light spectrum in orchards can be modified
with the use of photoselective nets
(Ganelevin, 2008), which alter the transmis-
sion of certain wavebands, compared with
others. Thus, the ratios between various
wavebands change. No research on light
quality manipulation has taken place during
dormancy in orchards; supposedly, due to
the low economic interest in installing anti-
hail systems in the winter period, not to
mention the possible damage that winter
snow can produce to operating netting sys-
tems and the trees below. However, research
highlights positive effects of decreased in-
cidence of solar radiation during dormancy
and ecodormancy (Ruiz et al., 2005) on
orchard productivity in Mediterranean cli-
mates, where there is a potential lack of
chilling units, especially in a context of
climate change. Consequent lower temper-
atures would decrease specific hormonal
activity, in this case, gibberellins (Beppu
et al., 2001), which are known to have
negative impacts on flower bud develop-
ment (Painter and Stembridge, 1972). There-
fore, indirect shading originating from antihail
nets may have positive effects when exiting
ecodormancy, in a relatively warm Mediterra-
nean climate, although the previously men-
tioned studies have been focusing on stone fruit.

This article aimed at studying light spec-
tra manipulation effects on apple dormancy
breaking and carbohydrate management. The
results may give new insights of apple phys-
iology and carbohydrate translocation while
exiting dormancy and budbreak, and of po-
tential applications of photoselective nets
during these periods, for improving manage-
ment practices.

As light quality has proven to modify the
microenvironment in terms of temperature
(Arthurs et al., 2013), there may be effects on
those phenological stages that occur during
ecodormancy and budbreak.

Materials and Methods

Two trials were conducted: one in the
orchard (field conditions) and one in the
laboratory (controlled conditions).

Field trial
Field, treatments, and weather. The trial

took place in an experimental orchard at the
University of California, Davis, where apple
rows (cv. Gibson Golden Delicious) were
alternated with almond rows. Each apple row
was planted in consecutive years and con-
sisted of 15 trees, spaced at 1.8 m along the

row and 4.5 m between rows. The apple
cultivar, as a selection of Golden Delicious,
requires �1200 chilling units (CU) to break
dormancy (Hauagge and Cummins, 1991;
Shaltout and Unrath, 1983). On 20 Dec.
2017, trees were selected from two apple
rows planted in 2011 and 2012. Eight trees
were chosen in the first and seven in the
second one. The trees were trained as open
vase, with four scaffold branches each, facing
the four cardinal points. Three sectors were
covered with three photoselective nets, where
care was taken to avoid stray light, and one
was left exposed, serving as the control (C).
The photoselective nets shaded 20% and
were red (R), blue (B), and white (W)
(ChromatiNet Polysack Plastic Industries,
D.N. Negev, Israel). The manufacturer indi-
cated the W possessed an ultraviolet ab-
sorber. The experiment was set up as a
randomized complete block of four light
treatments (LTs) replicated on all the trees,
which served as blocks (Fig. 1).

Weather data for the trial site (lat. 38�32#8
N, long. 121�46#35 W) and environmental
soil temperature were monitored from the
Cimis (California Irrigation Management In-
formation System) database, starting from
the beginning of Nov. 2017, until the second
half of Apr. 2018. CUs were obtained fol-
lowing the Utah model (Richardson et al.,
1974) and degree days (DD) were calculated,
with 10 �C as the threshold temperature.

Spectral properties analysis. On 19 Jan.
2018 the net light spectra were assessed by a
spectrometer (JAZ-EL200-XR1; Ocean Op-
tics, Largo, FL), covering the band from
ultraviolet to near infrared (NIR) (300–900
nm). The quantification was carried out on
four trees, where all four LTs were facing all
four cardinal points. For each LT, three
measurements were automatically generated.
Reference measurements were also taken
outside the orchard, in full light. Irradiance
values (W·m–2) were converted to mmol·m–2·s–1

photosynthetically active radiation (PAR);
transmittance could then be obtained as the
ratio between the external light input and the
light intensity for each treatment and expressed
as percentage.

Air and stem temperature. On 19 Jan.
2018 thermocouples were installed on three
adjacent trees, in each LT. A needle was used
to pierce a hole through the bark, until
reaching the xylem, and thermocouples were
then glued in place. Each LTs had three
thermocouples: 1) monitoring air tempera-
ture, 2) monitoring stem temperature on the
north side of one shoot, and 3) on the south
side of the same shoot. The sensors were
connected to a CR1000 datalogger (Camp-
bell Scientific Inc., Logan, UT) and values
were collected every 15 min, until the middle
of April. Before placing the system in the
field, all thermocouples were calibrated.

Phenology. From the beginning of March
to the second half of April, bud phenology
was monitored, following the BBCH scale
(Meier et al., 1994). For each LT, the initial
number of monitored buds was 30. Full
bloom was observed on 15 Apr. 2018.

Table 1. Average air and stem temperature values of light treatments in the field.

Light treatments Avg air temp (�C) SE Avg stem temp (�C) SE

Control 9.29 ±0.0698 ab 9.18 ±0.0535 a
Red 9.41 ±0.0727 ab 9.36 ±0.0543 a
Blue 9.07 ±0.0707 a 9.20 ±0.0538 a
White 9.55 ±0.0731 b 9.13 ±0.0533 a

Different letters, within columns, represent significant difference at P < 0.05, using Student’s t test.

Fig. 2. Patterns of light treatment (LT) spectral
transmittance in the field, ranging from 300 to
900 nm. Different letters represent significant
difference at P < 0.05.

Fig. 3. Flower bud phenology evolution of light
treatments in the field, from the beginning of
March to the second half of April. The absence
of letters indicates no significance.
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Carbohydrate quantification. The same
day when applying the LTs (20 Dec. 2017),
10 one-year-old shoots, with an apical flower
bud, were collected randomly in the field and
analyzed for the content of starch and soluble
sugars. This represented T0. After the onset of
light modification, carbohydrate quantifica-
tion was carried out five times: on 31 Jan.
2018 (T1); on 6, 16, and 28Mar. 2018 (T2, T3,
and T4); and on 4 Apr. 2018 (T5). For each
timing, five shoots per LT were collected
randomly.

The method of Leyva et al. (2008) was
used for carbohydrate determination modi-
fied as follows. Bark and wood were sepa-
rated, then dried at 70 �C for 48 h before
being ground into a fine and homogeneous
powder. Three technical replications were
obtained from the powder of each sample.
Soluble carbohydrates were extracted by in-
cubating 25 ± 4 mg of dry material in 1 mL of
acetate buffer (pH 5.5) for 15 min at 70 �C,
followed by centrifuging for 10 min at 15,000
rpm. The supernatant was diluted 1:20 and
quantified using anthrone as a reagent [0.1%
(m/v) in 98% sulfuric acid] by reading ab-
sorbance at 620 nm (A620, Multiskan;
Thermo Scientific, Waltham, MA). The
remaining pellet was further processed to
determine concentrations of starch. The pel-
let was exposed to 100 �C for 15 min and
submitted to enzymatic digestion for 4 h,
with 50 mL of a-amylase (0.25 U) and 50 mL
of amyloglucosidase (1 U), at 37 �C. Once the
digestion was completed, the samples were
centrifuged for 10 min at 15,000 rpm, the
supernatant was diluted 1:20 and quantified
using the method described previously.

In total, four carbohydrate classes were
quantified: wood soluble carbohydrates
(WSC), wood starch (WS), bark soluble car-
bohydrates (BSC), and bark starch (BS).

Statistical analysis. Spectral transmit-
tance variance analysis of the four LTs was
performed for four bands of the spectrum:
ultraviolet (300–380 nm), PAR (380–700
nm), far red (FR) (700–750 nm), and NIR
(750–900 nm). Means were separated by
using the Student–Newman–Keuls (SNK)
test (P < 0.05).

Variability of air and stem temperaturewas
analyzed by analysis of covariance, using a
mixed effect model: the net color was consid-
ered a fixed effect, the tree and the branch
were considered random effects, and radiation
and environmental air temperature were used
as covariates. Differences among least square
means were considered significant when ap-
plying P < 0.05, using Student’s t test.

A two-way analysis of variance
(ANOVA) was performed for phenology
analysis and means were separated using
the SNK test (P < 0.05), using Student’s t
test. The same kind of analysis was used for
evaluating differences in translocation of
carbohydrates among the four LTs in each
sampling time.

To evaluate possible effects of tempera-
ture gradients on carbohydrate dynamics,
among the four LTs, during the sampling
times, a multivariate analysis was performed.

Fig. 4. Dynamics of wood (A) soluble carbohydrates and (B) starch, and bark (C) soluble carbohydrates
and (D) starch, during sampling times for each light treatment, in the field. T1 stands for 31 Jan.; T2 for
6 Mar.; T3 for 16 Mar.; T4 for 28 Mar.; and T5 for 4 Apr. 2018. Different letters represent significant
difference at P < 0.05.

Fig. 5. Multivariate analysis between temperature gradients and light treatments in the different sampling
times, in the field. (A) Principal component analysis performed for temperature gradients 1, 2, 3, and 4.
Each gradient is represented by a vector and its direction indicates the variable contribution to the two
principal factors; the closer the vector to the factor axis, the greater its contribution to determine the
principal component. (B) Canonical component analysis of light treatments in each sampling time,
derived by the principal component analysis. (C) Discriminant correspondence analysis of the effect of
temperature gradients (variables), represented by arrows, on light treatments (LTs) (box plots); the
discriminating power of each variable is confirmed if its arrow is elongated and if the box plots follow
its direction. (D) Discriminant correspondence analysis of the effect of temperature gradients
(variables), represented by arrows, on sampling times; the discriminating power of each variable is
confirmed if its arrow is elongated and if the sampling times follow its direction.
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Temperature gradients were obtained by av-
eraging the hourly temperature values of the
3 d before each sampling date. The selected
gradients were between the following:

� Soil and air temperatures (1)
� Soil and airLT temperatures (2)
� Soil and stemLT temperatures (3)
� StemLT and airLT temperatures (4)

The environmental and biological vari-
ables, sampling times, and carbohydrate clas-
ses, respectively, were analyzed separately,

through a principal component analysis. A
canonical correlation analysis followed,
where the single interactions of LTs and
sampling times were displayed. To evaluate
the single LTs, the effect of temperature
gradients and the distribution of carbohydrate
classes were analyzed with a discriminant
correspondence analysis (DCA), separately.

Laboratory trial
Treatments and laboratory conditions.On

28 Feb. 2018, apple cuttings were collected
randomly from the field (see field trial),

bearing an apical flower bud. The chosen
cuttings belonged to trees that were not
influenced by the field trial. This period
corresponded to �1280 accumulated CU
and �1030 accumulated DDs. In the labora-
tory, the cuttings were shortened to 10 cm
and placed in plastic tubes with 8 mL of tap
water. Then the cuttings were placed in three
boxes covered by patches of the white (W),
blue (B), and red (R) nets, previously de-
scribed, under a white neon lamp perma-
nently left on (F32T8/TL741, 700 series, 32
W; Philips, Amsterdam, The Netherlands), in
a controlled environment, where temperature
and relative humidity were held at 22 to 23 �C
and 30%, respectively. Ten cuttings were put
aside for immediate carbohydrate quantifica-
tion, serving as T0, leaving in each box 20
cuttings. Every 2 to 3 d, bud phenology was
monitored, following the BBCH scale (Meier
et al., 1994). When cuttings reached certain
key phenological stages, five were harvested
for quantification of carbohydrates in the
upper and lower parts. The key phenological
stages selected were as follows: ‘‘green bud
stage’’ (T1) and ‘‘first flowers open’’ (T2)
[nos. 56 and 60, respectively, BBCH scale
(Meier et al., 1994)]. The final sampling
occurred on 3 Apr. 2018, before bloom (TF).

Spectra between 360 and 780 nm for each
box were assessed by a CL-500A spectro-
photometer (Konica Minolta, Chiyoda,
Tokyo, Japan). In addition to the three colors,
an empty one was assessed as reference.
Irradiance values (W·m–2) were converted
to mmol·m–2·s–1; transmittance could then be
obtained as the ratio between the empty box
readings and those for each colored box,
which were then expressed as percentage.

Carbohydrate quantification.On reaching
each key phenological stage, five cuttings
were collected from each box, to determine
carbohydrate amounts in the wood and the
bark. Each cutting was divided in lower and
upper parts; buds were removed to restrict the
analysis to the reserve and transport com-
partments. Wood and bark were separated,
then dried at 70 �C for 48 h. The method used
for quantifying the amount of soluble carbo-
hydrates and starch was the same as that used
in the field trials.

Statistical analysis. Two-way ANOVA
was performed to test differences in the
400- to 700-nm and 700- to 715-nm ranges,
among colored boxes; to detect differences in
phenology evolution during time, among

Fig. 6. Multivariate analysis between carbohydrate classes and light treatments (LTs) at the different
sampling times, in the field. (A) Principal component analysis performed for carbohydrate classes
includingwood soluble carbohydrate (WSC), bark soluble carbohydrate (BSC), wood starch (WS), and
bark starch (BS). Each variable is represented by a vector and its direction and length indicates the
variables contribution to the two principal factors; the longer and closer the vector is to the factor axis,
the greater the contribution to determine the principal component. (B) Canonical component analysis
of LTs in each sampling time, derived by the principal component analysis. (C) Discriminant
correspondence analysis of the effect of carbohydrate classes (variables), represented by arrows, on
LTs (circles); the discriminating power of each variable is confirmed if its arrow is elongated and if the
circle follows its line and direction. (D) Discriminant correspondence analysis of the effect of
carbohydrate classes (variables), represented by arrows, on sampling times (circles); the discriminating
power of each variable is confirmed if its arrow is elongated and if the circle follows its line and
direction.

Table 2. Temperature gradient values, for each light treatment, at the different sampling times.

Temperature gradients (�C)
1 2 3 4

Soil-airLT Soil-stemLT StemLT-airLT
Light treatments

Sampling times Soil-air R B W C R B W C R B W C

T1 0.36 2.73 3.12 2.63 2.85 2.87 3.04 3.16 3.07 –0.14 0.07 –0.53 –0.22
T2 0.82 2.70 3.00 2.53 2.76 2.59 2.75 2.75 2.73 0.11 0.25 –0.22 0.03
T3 2.45 4.38 4.62 4.23 4.42 4.41 4.51 4.63 4.56 –0.03 0.11 –0.40 –0.15
T4 –3.60 –1.88 –1.40 –2.01 –1.65 –1.80 –1.48 –1.49 –1.59 –0.09 0.08 –0.52 –0.06
T5 –0.43 0.20 0.61 0.07 0.40 1.26 1.27 1.28 1.33 –1.06 –0.67 –1.21 –0.93

T1 stands for 31 Jan.; T2 for 6 Mar.; T3 for 16 Mar.; T4 for 28 Mar.; T5 for 4 Apr. 2018. B = blue; C = control; R = red; W = white.
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LTs; and for detecting variations of soluble
carbohydrates and starch, taking into consid-
eration sampling times, LTs, and the location
of sampling.

All the generated means were separated
using the SNK test (P < 0.05).

Results and Discussion

Field trial. The presence of colored nets
influenced air temperature, especially under
B and W nets, the first being significantly
colder than the latter, even if the average
seasonal difference is less than 0.5 �C
(Table 1). Such a variation could be related
to the spectral properties of the nets (Fig. 2).
The two treatments have statistically con-
trasting transmission of ultraviolet, PAR, and
FR, although these wavebands are not re-

sponsible for heat radiation. Solar radiation is
indeed influencing the thermal properties of
the LTs, although in a smaller degree than
those above 900 to 1000 nm. Higher temper-
atures under a white compared with a blue net
have been reported throughout the year, ex-
cept for winter (Basile et al.,2014). On the
other hand, no differences were found in both
air temperature and the amount of scattered
light (Kalcsits et al., 2017; Rajapakse and
Shahak, 2007).

Despite that LTs influenced temperatures,
no difference was detected in bud phenology
(Fig. 3), thus all trees bloomed approximately
the middle of April (data not shown). Al-
though there were significant differences in
carbohydrate dynamics (Fig. 4), the photo-
selective nets did not appear to have strong
impacts on such translocations. In fact, tem-
perature gradient 4 (stemLT-airLT) was
explaining only 24% (Fig. 5A) and the dy-
namics of carbohydrate classes among LTs
(Fig. 6A) did not have such a marked distri-
bution, with the strongest factor explaining
less than 50%. The consistent groupings
based on sampling times (Figs. 5B and 6B),
the similar canonical scores involving LTs
(Fig. 5C), and their strong clustering
(Fig. 6C) further explain the low influence
that spectrum had. This may be justified by
the fact that, although the single tree was
displaying different spectra (Fig. 1), the ef-
fect was not strong enough to have an impact
in the single sections. Phenology evolution
did not seem to be primarily controlled by the
buds, rather than by a central system in the
tree, such as the hormonal component
(Zhuang et al., 2015), which was not influ-

enced by the LTs. The main reason may be
found below the ground (Dong et al., 2001;
Greer et al., 2006). The temperature gradients
including soil (1, 2, and 3; Table 2) were
primarily dictating carbohydrate dynamics
(Fig. 5A–D), even though this observation
may be purely correlative, as no attempt was
made to modify soil temperature. However,
when soil temperature was higher than the
air, especially during T2 and T3 (Table 2),
there appeared to be higher amounts of
starch, in both wood and bark (Fig. 6B–D),
in agreement with Zwieniecki et al. (2015).
On the contrary, when soil temperature was
lower than the air, at T4, a conversion from
nonsoluble to soluble carbohydrates in the
wood had probably occurred (Fig. 6B), as
stated in literature (Gordon and Dejong,
2007; Zwieniecki et al., 2015), an essential
passage in exiting dormancy and activating
budbreak (Park et al., 2009; Signorelli et al.,
2018).

Thus, stronger differences in transloca-
tion of carbohydrates were more evident
among sampling times, which were charac-
terized by different temperature gradients
(Figs. 5D and 6B). DCA in Fig. 6D shows
that the circles defining sampling times are
standing apart, explaining more than 75%,
compared with those representing LTs
(Fig. 6C). However, T5 especially seemed
to have lower quantities of all carbohydrates
(Fig. 4). It is possible that intense metabolic
activities were ongoing, as full bloom would
have occurred soon after, thus the trees might
have been experiencing a depletion of carbo-
hydrates and were in need of sugar remobi-
lization from the lower portions, for budbreak

Fig. 7. Flower bud phenology evolution inside the
boxes; the presence of asterisks indicates sig-
nificant differences at P < 0.05. T1 represents
the first key phenological stage (no. 56, i.e.,
green bud stage); T2 represents the second key
phenological stage (no. 60, i.e., first flowers
open); and TF represents the end of the trial.

Table 3. Variations of soluble carbohydrates and starch during time, for each type of sample and its location, among the light treatments (LTs), in the laboratory.

Time T1 T2 TF T1 T2 TF

Location Down Down Down Up Up Up
Sample (mg·g–1 DW) BSC BSC BSC BSC BSC BSC
LTs R 57.30 a R 49.12 b R 49.63 a R 70.88 a R 58.86 a R 53.50 a

B 54.79 a B 45.69 b B 46.58 b B 65.47 ab B 52.74 b B 51.97 a
W 52.60 a W 64.05 a W 44.73 b W 59.78 b W 63.68 a W 51.80 a

Sample (mg·g–1 DW) BS BS BS BS BS BS
LTs R 9.06 a R 6.47 a R 3.55 b R 8.51 a R 2.29 b R 3.68 b

B 8.49 a B 6.31 a B 3.37 b B 10.96 a B 5.31 b B 3.40 b
W 9.59 a W 8.84 a W 8.60 a W 11.73 a W 14.32 a W 7.14 a

Time T1 T2 TF T1 T2 TF

Location Down Down Down Up Up Up
Sample (mg·g–1 DW) WSC WSC WSC WSC WSC WSC
LTs R 38.09 a R 24.81 b R 22.57 a R 34.53 ab R 22.30 a R 18.70 a

B 31.91 a B 20.91 b B 14.69 b B 29.30 b B 21.94 a B 19.96 a
W 38.37 a W 34.87 a W 13.82 b W 42.38 a W 38.77 a W 20.91 a

Sample (mg·g–1 DW) WS WS WS WS WS WS
LTs R 22.06 a R 7.19 b R 11.01 a R 12.81 ab R 8.87 b R 9.59 a

B 14.72 a B 13.41 a B 2.20 b B 10.49 b B 13.37 b B 4.21 a
W 20.48 a W 15.29 a W 5.28 ab W 21.41 a W 22.87 a W 9.64 a

T0 represents the beginning of the trial; T1 represents the time when the first key phenological stage was reached (no. 56, i.e., green bud stage); T2 represents the
second key phenological stage (no. 60, i.e., first flowers open); TF represents the end of the trial. Different letters, within columns, indicate significant differences
at P < 0.05, using Student’s t test. R = red; B = blue; W = white; BSC = bark soluble carbohydrates; WSC = wood soluble carbohydrates; BS = bark starch; WS =
wood starch.

Table 4. Photosynthetically active radiation (PAR) and far-red (FR) average transmittance values inside the colored boxes.

Light treatments PAR (400–700 nm) (%) SE FR (700–715 nm) (%) SE

Red 67.1 ±1.039 b 85.7 ±1.418 a
Blue 61.4 ±0.895 c 54.5 ±0.875 b
White 85.9 ±1.090 a 85.5 ±1.022 a

Different letters, within columns, represent significant difference at P < 0.05, using Student’s t test.
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(Bazot et al., 2013; Dietze et al., 2014;
Hartmann and Trumbore, 2016; Tixier
et al., 2017a, 2017b). Such consideration
may explain why T5 was not particularly
influenced by any of the temperature gradi-
ents (Figs. 5B–D and 6B–D). Based on these
results, influencing the light microenviron-
ment of only a section of canopy is not going
to impact sugar remobilization. Although
there will be different temperature gradients
between soil and air inside the nets, the whole
tree appears, all the same, to behave as a
single structure, balancing the general re-
sponse. Therefore, the single buds do not
seem to be solely controlling and determining
the translocation activity. To generate clear
differences in transport and remobilization,
the soil and root apparatus and, or, other
parts, such as the trunk, or the canopy, should
be subjected to a treatment strong enough to
significantly influence stem temperature
(Tixier et al., 2017b). As photoselective nets
have shown to alter soil temperature (Kalcsits
et al., 2017), and as apple phenology is
known to be influenced by root-zone temper-
atures (Dong et al., 2001; Greer et al., 2006),
the application of these nets during winter
and early spring could modify the inner
metabolic processes of the tree and modify

tree responses (Loescher et al., 1990; Ruiz
et al., 2005).

Laboratory trial. Variation and transloca-
tion of carbohydrates in the laboratory trial
was more in line with the phenology evolu-
tion. By completely isolating the cuttings and
keeping them in an air-controlled environ-
ment, it was possible to exclude the soil
effect, thus possible temperature gradients.
In these normalized conditions, clear differ-
ences in phenology were seen, where W
anticipated both the phenological key stages
(Fig. 7) and tended to have higher amounts of
carbohydrates, when there were statistical
differences among LTs (Table 3). This LT
might have anticipated the other two because
of the different light environment. Light
spectrum results and analysis (Fig. 8, Table 4)
showed significantly higher transmission of
PAR and FR. Regarding the transmission of
FR (700–715 nm), W had a significantly
higher percentage, compared with R,
whereas B was transmitting the lowest
(Table 4). The possible activation of photo-
receptors dedicated to budbreak and bloom
might be influenced by this waveband range.
Studies demonstrated how bloom could be
promoted by irradiation with FR light (700–
740 nm) (Bagnall et al., 1995; Bj€orn, 2015;

Goto et al., 1991; Lin, 2000). On the other
hand, poor FR light in combination with blue
light applications delayed flowering (Guo
et al., 1998; Halliday et al., 1994). A highly
suitable explanation for anticipated bloom in
FR-enriched environments (i.e., the perceiv-
ing of shade of a nearby competitor) would
allow the plant to fasten its phenology, to
achieve as much light as possible (Devlin
et al., 1999; Yuan et al., 2017), although this
happened in W but not in R cuttings, where
FR was higher in both boxes (Table 4). It
could be speculated that higher PAR trans-
mission in the W box may have, also, taken
part in influencing W bud phenology.

Even though there was a delay of R and B
boxes in phenological evolution, carbohy-
drates were nevertheless consumed
(Table 5). At TF, nearly half the amount of
BS was found in R and B (an average of
4.2 mg DW), compared with W cuttings (an
average of 8.1 mg DW), both in the lower and
upper cutting sections (Table 3), thus starch
had been consumed more quickly. In wood,
W cuttings were significantly moving re-
serves upward (Table 6), unlike R and B.
This trial demonstrated the higher efficiency
of the W treatment in managing carbohy-
drates while exiting dormancy, given a higher

Table 5. Variations of soluble carbohydrates and starch, for each light treatment (LT), type of sample, and its location, during time in the laboratory.

LT R R R R
Location Down Up Down Up
Sample (mg·g–1 DW) BSC BSC WSC WSC
Timings T0 55.35 ab T0 66.75 a T0 105.26 a T0 132.94 a

T1 57.30 a T1 70.88 a T1 38.09 b T1 34.53 b
T2 49.63 b T2 58.86 b T2 24.81 b T2 22.30 b
TF 49.12 b TF 53.50 c TF 22.57 b TF 20.91 b

Sample (mg·g–1 DW) BS BS WS WS
Timings T0 23.29 a T0 25.34 a T0 124.31 a T0 136.84 a

T1 9.06 b T1 8.51 b T1 22.06 b T1 14.11 b
T2 6.47 bc T2 2.29 c T2 8.26 b T2 8.87 b
TF 3.55 c TF 3.80 c TF 12.86 b TF 9.59 b

LT B B B B
Location Down Up Down Up
Sample (mg·g–1 DW) BSC BSC WSC WSC
Timings T0 55.35 a T0 66.75 a T0 105.26 a T0 132.94 a

T1 54.79 b T1 65.47 a T1 31.91 b T1 29.30 b
T2 45.69 b T2 52.79 b T2 20.91 b T2 21.94 b
TF 46.58 b TF 51.97 b TF 14.69 b TF 19.96 b

Sample (mg·g–1 DW) BS BS WS WS
Timings T0 23.29 a T0 25.34 a T0 124.31 a T0 136.84 a

T1 10.06 b T1 10.96 b T1 14.72 b T1 10.49 b
T2 7.41 b T2 5.31 c T2 13.41 b T2 13.37 b
TF 4.46 b TF 4.39 c TF 2.97 b TF 5.92 b

LT W W W W
Location Down Up Down Up
Sample (mg·g–1 DW) BSC BSC WSC WSC
Timings T0 55.35 b T0 66.75 a T0 105.26 a T0 132.94 a

T1 52.60 b T1 57.78 b T1 38.37 b T1 42.38 b
T2 64.05 a T2 63.68 ab T2 34.87 b T2 38.77 b
TF 44.73 c TF 51.79 c TF 13.82 c TF 18.70 b

Sample (mg·g–1 DW) BS BS WS WS
Timings T0 23.29 a T0 25.34 a T0 124.31 a T0 136.84 a

T1 9.59 b T1 11.73 b T1 20.48 b T1 21.41 b
T2 8.84 b T2 14.32 b T2 15.29 b T2 22.87 b
TF 8.60 b TF 7.14 c TF 6.16 b TF 10.45 b

T0 represents the beginning of the trial; T1 represents the time when the first key phenological stage was reached (no. 56, i.e., green bud stage); T2 represents the
second key phenological stage (no. 60, i.e., first flowers open); TF represents the end of the trial. Different letters, within columns, indicate significant differences
at P < 0.05, using Student’s t test. R = red; B = blue; W = white; BSC = bark soluble carbohydrates; WSC = wood soluble carbohydrates; BS = bark starch; WS =
wood starch.
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amount of reserves at the end of the experi-
ment (Table 3). In a wider scenery (like the
field, for example), those extra reserves could
potentially have been used for future needs.
On the other hand, it demonstrated the lower
efficiency of the B net, as this treatment had
the lowest amount of carbohydrates in the
lower parts of the cuttings, indicating it was
using sugars for maintenance respiration. As
growth resumes in spring, the general as-
sumption is that there is a depletion in shoots
and roots of carbohydrate reserves (Loescher
et al., 1990), as demonstrated in many fruit
species, such as apple (McQueen et al., 2004;
Yoshioka et al., 1988), peach (Bonhomme
et al., 2005), Japanese pear (Marafon et al.,
2011), pistachio (Sperling et al., 2015), black
currant (Pagter et al., 2015), sweet cherry
(Kaufmann and Blanke, 2017), walnut

(Lacointe et al., 2004; Tixier et al., 2017a,
2017b), and forestry species (Hartmann and
Trumbore, 2016; Loescher et al., 1990). This
more pronounced depletion in B suggests a
further remobilization of carbohydrates from
the lower parts of the branch, the trunk, or
roots, without dedicating sugars to exiting
dormancy. Nevertheless, B could be useful, if
the aim was to delay bloom for commercial
purposes, such as to avoid late spring frosts,
even at the cost of extra consumption of
carbohydrates (i.e., poorer bud performance
in fruit set). It has to be underlined that these
are hypotheses deriving from results of a trial
conducted in a controlled environment,
where light was not representing the solar
spectrum, and where air temperature was
constant throughout the monitored period,
in the absence of soil. Different findings

may emerge when transferring this setup to
the field. In fact, the possible (even slight)
differences in canopy air temperature the LTs
might provoke and their interactions with soil
temperature, which also may be affected by
LTs (Kalcsits et al., 2017), would possibly
have consequences on the patterns of carbo-
hydrate translocation and potentially on bud
phenology. The two trials could bring interest
on understanding the different ways an or-
chard could be managed, during the dormant
phase.

Light spectrum manipulation influenced
canopy air temperature during dormancy and
budbreak; however, the experimental setup
did not allow obtaining differences in carbo-
hydrate dynamics among the different light
environments. The complexity of the prob-
lem makes it difficult to carry out an exper-
iment capable of removing the unwanted
effects of tree and soil conditions at the same
time. This may be tested in further studies;
the solution chosen for this work would
appear to be difficult to surpass under field
conditions. To this extent, communication
signals between the root apparatus and the
canopy were not strongly influenced by the
different spectra. As temperature gradients
including soil appeared to have the highest
impact on the translocation of sugars in the
trees, it followed that flower bud phenology
was not influenced by the different LTs. On the
other hand, the results of the laboratory trial
suggest the potential of photoselective nets to
improve the efficiency, or modify the timings,
of carbohydrate management and translocation
in apple during ecodormancy and budbreak.

To expand our knowledge about fruit tree
crops responses to light, the study of light

Fig. 8. Spectral (A) irradiance and (B) transmittance patterns inside the colored boxes, ranging from 400 to
720 nm, of each light treatment in the laboratory.

Table 6. Translocation of soluble carbohydrates and starch from the lower to the upper section of the cuttings, during time, for each type of sample, of each light
treatment (LT), in the laboratory.

Time T1 T2 TF T1 T2 TF

LT R R R R R R
Sample (mg·g–1 DW) BSC BSC BSC WSC WSC WSC
Locations Up 70.88 a Up 58.86 a Up 53.50 a Up 34.53 a Up 22.30 a Up 20.91 a

Down 57.30 b Down 49.12 b Down 49.63 b Down 38.09 a Down 24.81 a Down 22.57 a
Sample (mg·g–1 DW) BS BS BS WS WS WS
Locations Up 10.30 a Up 3.70 a Up 4.36 a Up 14.11 a Up 8.87 a Up 9.59 a

Down 9.06 a Down 6.47 a Down 4.17 a Down 22.06 a Down 8.62 a Down 12.86 a

Time T1 T2 TF T1 T2 TF

LT B B B B B B
Sample (mg·g–1 DW) BSC BSC BSC WSC WSC WSC
Locations Up 65.47 a Up 52.74 a Up 51.97 a Up 29.30 a Up 21.94 a Up 19.96 a

Down 54.79 b Down 45.69 b Down 46.58 b Down 31.91 a Down 20.91 a Down 14.69 b
Sample (mg·g–1 DW) BS BS BS WS WS WS
Locations Up 10.96 a Up 5.31 a Up 4.39 a Up 10.49 a Up 13.37 a Up 5.92 a

Down 10.06 a Down 7.41 a Down 4.05 a Down 14.72 a Down 13.41 a Down 2.97 a

Time T1 T2 TF T1 T2 TF

LT W W W W W W
Sample (mg·g–1 DW) BSC BSC BSC WSC WSC WSC
Locations Up 59.78 a Up 63.68 a Up 51.79 a Up 42.38 a Up 38.77 a Up 18.70 a

Down 52.60 b Down 64.05 a Down 44.73 b Down 38.37 a Down 34.87 a Down 13.82 b
Sample (mg·g–1 DW) BS BS BS WS WS WS
Locations Up 11.73 a Up 14.32 a Up 7.67 a Up 21.41 a Up 22.87 a Up 10.45 a

Down 9.59 a Down 8.84 b Down 8.60 a Down 20.48 a Down 15.29 a Down 6.16 b

T0 represents the beginning of the trial; T1 represents the time when the first key phenological stage was reached (no. 56, i.e., green bud stage); T2 represents the
second key phenological stage (no. 60, i.e., first flowers open); TF represents the end of the trial. Different letters, within columns, indicate significant differences
at P < 0.05, using Student’s t test. R = red; B = blue; W = white; BSC = bark soluble carbohydrates; WSC = wood soluble carbohydrates; BS = bark starch; WS =
wood starch.
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manipulation in orchards, during phenologi-
cal phases out of the ordinary, can give
valuable information. Furthermore, possible
practical applications in the field should not
be excluded, allowing improvements of or-
chard management.
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