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Abstract

Knowledge of the tolerance of annual cultures to less intense solar radiation is essential to achieving sustainable and more
productive systems. The objective of this study was to assess grain performance and yield of white oat plants under intensities and
orientations of artificial shading ranges during their growth cycle. The experiments were carried out during the 2020 and 2021
growing seasons, using white oat (Avena sativa L.) cultivar URS Altiva. The study used a completely randomized design, in a
3x2+1 factorial arrangement, with three shading intensities: low (25%), medium (50%), high (75%), two orientations: north/south,
east/west, and additional treatment (control — under full sun). There were losses mainly under high shading intensity, e.g., a
reduction in the Soil Plant Analysis Development (SPAD) and Normalized Difference VVegetation Index (NDVI) at 70 days after
the onset of solar radiation restriction, leading to delayed leaf senescence by 42 days (2020) and 21 days (2021); reduced plant
height by up to 19.1% (2020) and 21.7% (2021); reduced dry weight at pre-harvest (2021) up to 36.1%, in comparison to the
control (274.3 g) and reduction of yield components, number and grain weight. The orientation of the north/south ranges differed
from that of the east/west ones by their detrimental effect on grain growth and yield components. In conclusion, low shading
intensity throughout the cycle on white oat plants did not cause significant damage to plant development and yield, while high

intensity affected them negatively, particularly in the north/south orientation.
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Introduction

White oat (Avena sativa L.) is gaining importance, mainly in
the southern region of Brazil due to its nutritional and
economic values. Increased cultivation of white oat is
reflected by greater grain production and yield (CONAB
2023), release of new cultivars through genetic breeding
programs, a wider range of cultivation systems and use of
crop as pasture for animals (Danielowski et al. 2021). In
addition, white oats are characterized as an optional winter
species in the region, especially because few crops are grown
in the winter after harvest of summer crops (Balbinot Junior
et al. 2009).

Integrated production systems are alternatives for
optimizing production areas (Bi et al. 2019). For example,
integrated crop-forestry systems, in which trees are planted
between bands of annual crops or perennial crops, can
provide short- and long-term financial returns (Burner et al.
2018). Therefore, some local environmental factors may be
affected in these systems, e.g., the incidence of direct solar
radiation, which may vary, especially for plants grown in the

lower stratum or among tree rows. This variation in solar
radiation is due, among other factors, to the sun's position,
time of day, direction of the rows, distance between the trees,
height and shape of the canopy and wind-induced crown
movement (Way and Pearcy 2012; Cordeiro et al. 2015).
Solar radiation is crucial for photosynthetic
performance, which is vital for plants (Stirbet et al. 2020),
because it is responsible for producing the carbohydrates
required for plant growth and development (Taiz et al. 2017).
Crop vyield, in turn, is directly related to the production of
photosynthates by leaves and/or green organs of plants and
their subsequent efficiency to synthesize reserves for grain
development (Goffman et al. 2005). Thus, plants have
internal mechanisms for increasing light use efficiency when
there is low intensity or mechanisms for reducing and
repairing damage induced by more intense light (Nevo et al.
2012). One of these mechanisms is a change in leaf
chlorophyll content in response to low light intensity.
According to Xie et al. (2022), plants that are tolerant to low
light conditions or have shade prevention mechanisms that
present lower a/b chlorophyll ratio and a higher ratio between
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photosystems Il and I; in this sense, they differ from plants
under optimal light conditions.

Assessing the tolerance of white oat crops cultivated
under low solar radiation or shading can provide new
possibilities for cultivation in integrated grain production
systems. However, black oat plants grown together with tree
species under limited solar radiation in integrated systems
presents reductions of leaf area index, growth rate, net
assimilation and leaf weight (Sgarbossa et al. 2020), which
causes a reduction in plant dry matter and yield, when they
are intercropped with native trees (Nicodemo et al. 2016). In
addition, a study evaluating the performance of white oat
grown close to eucalyptus rows in an agroforestry system,
reported an increase in plant yield that was proportional to the
largest distance between the white oat plants and the
eucalyptus plants (Deiss et al. 2016).

With this background, there is a need for studies on the
adaptation and tolerance of white oat to shading, considering
the constant release and use of modern and more productive
cultivars. Thus, the objective of this study was to assess grain
yield performance of white oat plants of the cultivar URS
Altiva under simulated shading conditions (intensities and
directions) throughout the continuous cycle.

Materials and Methods
Setup and conduction of the experiments

The study was conducted at the Center of Agricultural
Sciences (CAV) at Santa Catarina State University
(UDESC), in Lages, Santa Catarina state, under geographic
coordinates 27°52° South latitude, 50°18' West Longitude,
and average altitude of 930 m. The municipality has an
average annual temperature of 15.7°C and precipitation of
1500 mm, according to information from the Climate Atlas
of Southern Brazil (Wrege et al. 2012). The soil of the site is
characterized as an aluminic humic Cambisol with clayey
texture (Embrapa 2013). Weather data on temperature,
precipitation, and solar radiation incident throughout
conduction of the experiments (Fig. 1), was compiled
according to data published by the National Institute of
Meteorology (INMET 2019).

The experiments were carried out on the white oat
(Avena sativa L.) cultivar URS Alltiva in the 2020 and 2021
growing seasons. This cultivar was released in 2015 and is
characterized by early cycle, great height and moderate
lodging resistance (Danielowski et al. 2021). The cultivar
URS Altiva stands out for its high grain yield potential and
hectoliter weight (Carvalho et al. 2023; Lucas et al. 2023).

Sowing was carried out in August 2020 and July 2021.
Fertilization was carried out according to recommendations
of the Soil Chemistry and Fertility Commission (CQFS
2016), based on soil analysis, aiming at 6 t ha™* of grain yield
potential. Soil chemical characteristics determined by
analysis were pH 6.5; SMP index 6.1; phosphorus 18.7 mg
dm3; potassium 173.2 mg dm ; H+Al 4.0 cmol dm3; CEC

pH 7.0 of 18.4 cmol dm3; organic matter 3.1% and base
saturation (V) 48.0%. Fertilization at sowing consisted of 400
kg ha'? of the NPK 5-20-10 formulation; twice N topdressing
fertilization were used (30 kg ha%), split between the tillering
and stem elongation stages.

Weed control during crop development was performed
by hand. Phytosanitary treatment was applied to control
insects and diseases according to technical indications for the
oat (MAPA 2009). Regarding water availability,
complementation was performed through manual irrigation
according to the need of the plants.

The shading structures were made of wood, with 1.5 x
1.5 m width and length, similar to those described by Varella
et al. (2011). These structures differed in terms of distance
between boards (shading intensities) and installation
orientation (direction of boards — east/west or north/south).
The structures were installed at a height of 0.6 and 1.2 m from
the soil level, which was increased as the plants grew taller.

Harvest was performed by cutting the plants present in
the usable plot when the plants of the control treatment (no
shading) were between the hard dough (87) and soft dough
(85) stages in the 2020 and 2021 growing seasons,
respectively (Zadoks et al. 1974). These growth stages were
chosen aiming to escape herbivory by birds.

Experimental design

The experiment used a completely randomized design in a 2
x 3 + 1 factorial arrangement, with two orientations of the
shading bands, north/south (N/S) and east/west (E/W)
directions; three levels of limited solar radiation, namely low
(25%), medium (50%) and high (75%) and additional
treatment (control) with plants grown under full sun. Four
replicates were used, in a total of 28 experimental plots. The
research design was based on research feasibility, related to
number of factors, available space, and regular assessments.
The local conditions were chosen considering the greatest
possible homogeneity of soil and incident solar radiation. The
plants were shaded at stage 11 i.e., when its presented with
the first unfolded blade-shaped leaf, according to the
phenological scale of Zadoks (Zadoks et al. 1974) and they
remained under such conditions until the end of the cycle.
Each usable experimental plot was composed of a 1.0 m row,
with inter-row spacing of 0.20 m, within a larger area 1.2 m
wide and 2.0 m long, containing 10 sowing rows.

Assessments

The plants were assessed at different times. Assessments
were carried out weekly (SPAD, NDVI and height), monthly
(leaf area and dry weight) and after the plants had been cut
(yield components and grain retention on sieves). After the
shading structures were installed over the plants, the
following assessments were made on a weekly basis: plant
height (distance from the base of the plant at ground level to
the end of the last leaf or panicle); indirect chlorophyll
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assessments, based on the SPAD index, using a SPAD
handheld meter (SPAD-502 Plus, Konica Minolta), while
NDVI was determined with an NDVI handheld meter (NDVI
310, PlantPen). The assessments were made in three plants
per experimental unit, previously demarcated throughout the
period, between seven and 70 days after installation of the
structures.

Plant dry weight and leaf area were determined
monthly, 30 and 60 days after shading had been applied. Plant
leaf area was determined by measuring leaf blades with
photosynthetically active tissue, obtained from three plants
per experimental unit, using a bench-top leaf area meter (LI-
3100, Lincoln, Nebraska, USA). After that, the plants (shoot)
were dried in a forced air circulation oven at 65 + 2°C to
constant weight for dry weight quantification using a 0.01 g
precision balance (model BL3200H, Shimadzu, Japan).

For assessment of yield components, the number of
panicles and spikelets was determined by counting the plants
collected in each experimental plot. Subsequently, the plants
were dried at 65 £ 2°C for 72 h in a forced air circulation
oven. The harvest index (HI) was determined by weighing
plant dry matter (corresponding to biological yield),
threshing, and separating and weighing the grains. The
following formula was used (1):

HI (%) = (o) x 100 1)

Where HI is harvest index, GY is grain yield and DWt is total
dry weight (Takeda et al. 1980).

Grain weight or yield was determined after manual
threshing and thousand grain weight (TGW) was determined
by counting and checking the weight of one thousand grains
in each plot. Sieve analysis was made with oblong sieves with
diameters of 0, 1.75, 2.0, 2.2, 2.5, 3.0 mm x 22 mm, followed
by weighing the grains retained on each sieve, with results
expressed as a percentage.

Statistical analysis

The data were submitted to the normality test of the residuals
and homogeneity of variances, and then submitted to analysis
of variance by the F-test at 5% significance. When significant,
the means of the variables shading levels and shading
orientation were compared by Tukey’s test (P < 0.05).
Comparison was made between treatment means using
Dunnett's test (P < 0.05). Results of post-harvest analyses
were presented proportionally to the control, which was a
standard of 100%. The statistical software R (R Core Team
2018) was used.

Results

Chlorophyll indexes

There was variation in the results for the SPAD index (Fig.
2) and NDVI (Fig. 3) of white oat plants assessed over time,
regarding shading levels and orientations (Table S1). This

finding is in line with the weekly assessment performed after
the condition was imposed, for both years (Table S1; Table
S4). The SPAD index in plants under full sun (control) was
higher in the first weeks of assessment performed after the
beginning of shading, while in the final weeks of crop
development, there was an inverse effect, with higher SPAD
in plants under high shading intensity. In 2021, the initial
difference was limited to high shading intensity, particularly
in the north/south orientation (N/S) and at the end of
assessments in the east/west (E/W) one (Fig. 2). It is
noteworthy that at 70 days after the beginning of shading, the
plants were already in stages close to maturity, but in 2021
there was delayed plant maturity.

In general, white oat plants grown under low shading
intensity presented higher means for SPAD index, in
comparison to high intensity, with an increment ranging from
6.6 to 18.0%, depending on the evaluation period. There was
a difference between the orientations at 14, 56, 63 and 70
days; the E/W direction had the highest means for SPAD, in
comparison to the N/S orientation, whose means ranged from
41.2 t0 52.2 and from 38.7 to 49.7, respectively (Table S2).

For NDVI, there was a difference between plants grown
under different shading intensities and control (full sun),
especially in 2020. There was a higher contrast between
treatments and control at 70 days (2020): most of the shaded
plants presented a similar behavior was identified by the
SPAD index (Fig. 2) but higher NDVI than when under full
sun (Fig. 3).

The chlorophyll index, indirectly assessed through
NDVI, had an effect in 2020 at 28, 42 and 63 days, with
significant interaction between the factors shading levels and
orientations. At 28 days, under east/west orientation and high
level of shading, NDVI differed from the other days (means
6.8) with a lower value of 6.5. This also occurred under low
intensity in the N/S shading orientation at 42 days, with a
value of 6.7 and 6.4% less than the means of the other days.
On the other hand, at 63 days the NDVI of white oat plants
was reduced between orientations at the high level of
shading, with a reduction (5.6%) for N/S, and between the
levels: it was lower under low shading intensity (6.9), in
contrast with the high level (7.2) (Table S3).

Growth

Height of the plants grown under different shading levels and
orientations differed from that of the control treatment at the
beginning and end of the cycle. Initially, the shaded plants had
greater height, but at final stages of the cycle, height was lower
as compared to control (plants under full sun). This trend was
confirmed in both the growing seasons (Fig. 4). The height of
white oat plants, evaluated throughout the cycle, had a
significant interaction between shading intensities and
orientations in 2020 and isolated factors in 2021. In the first
growing season, there was significance for plant height among
treatments at 42 days after the start of shading. Plant height
was lower under high shading intensity in the E/W orientation,
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Fig. 2: Evolution of the SPAD index of white oats grown under different shading levels and orientations during the cycle, in the 2020 and

2021 growing seasons

*Bars represent standard error of mean for each treatment; *Same letters do not differ between treatments and control by Dunnett's test (p<0.05)

with reductions ranging from 11.3 to 19.1%. In 2021, there
was a detrimental effect of shading in most assessments, when
the plants were under high shading intensity, with a reduction
of up to 21.7% at the time. Regarding the orientations, the
lowest plant height averages were found for N/S (<6.7%),
compared to east/west (Table S4).

There was an effect for leaf area (LA) and dry weight
(DW) of white oat plants, at 30 and 60 days after the onset of
light restriction, except for LA at 60 days; there was a
difference between the E/W and N/S orientations. The
reduction of LA and DW under high solar radiation ranged

from 3.9 to 45.6 and 46.6 to 92.9%, respectively, under low
light intensity, between the years and the evaluation period
(Table 1). For LA of plants at 30 days (2020), there was a
negative effect of shading at medium and high intensity, with
averages between 93.3 and 108.4 cm?.plant?, compared to
plants under full sun (138.0 cm?.plant™). Similar results were
found in 2021, when LA of shaded plants ranged between
87.6 and 130.8 cm? plant?, compared to the control treatment
in the same year (165.3 cm? plant®). However, there was
higher LA at 60 days (2021), with 296.7 and 289.9 cm? plant™
for E/W and N/S orientations, respectively (Table 1).
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Plant DW differed from the control as it showed lower
results, mainly at medium and high levels of shading,
indicating negative effects of shading at 30 and 60 days and at
pre-harvest. In 2020, DW of white oat plants under medium
and high shading intensities presented the lowest averages at
30 and 60 days after the start of shading. Compared to the
control group (0.8 g plant™), there were reductions by up to
46.3 and 43.7% for the shaded plants at medium and high

intensity levels, respectively (Table 1). In 2021, at both
assessments and at the end of the cycle, the lowest averages
for plant DW were found under high shading level (75%),
with reductions by up to 55.8% (30 days), 28.7% (60 days)
and 36.1% at end of cycle (Table 1). For final DW (2021),
there was an effect for the shading orientations: DW was
increased by 9.1% under the E/W orientation, in comparison
to shading under the N/S orientation (213.7 g) (Table 1).
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Table 1: Leaf area and dry weight of white oat plants grown under different shading levels and orientations during the cycle, in the 2020

and 2021 harvests
Orientation Shading levels
2020 2021
Low Medium High Average Low Medium High Average

Leaf area 30 days (cm? plant™)
East/West 12698 ™ 113.90 98.72 * 11320 ™ 15561 ™ 13079 * 10344 * 129.95 a
North/South 119.31 108.43 * 93.30 * 107.01 12259 * 13261 87.59 * 114.26 b
Average 12315 A 11117 AB 9.01 B 13910 A 13170 A 9552 B
Control 137.96 165.25

Leaf area 60 Days (cm? plant™)

East/West 176.02 ™ 176.22 168.91 17372 a 22867 ns 296.69 * 211.25 24554 ns
North/South 147.64 169.75 158.76 15871 b 211.04 289.90 * 211.99 237.64
Average 16183 ™ 17298 163.83 219.85 B 29330 A 211.62 B
Control 15151 174.41

Dry weight 30 days (g.plant?)
East/West 0.66 " 0.55 * 0.40 * 053 " 0.75 " 0.53 * 043 * 057 ns
North/South 0.63 * 050 * 047 * 053 0.55 0.58 0.31 * 048
Average 0.64 A 052 B 043 B 0.65 A 055 A 034 B
Control 0.80 0.77

Dry weight 60 days (g.plant™)
East/West 317 "o 270 201 * 263 272 ns 277 181 243 ns
North/South 3.05 243 * 2.18 * 255 2.35 254 1.67 2.19
Average 311 A 257 B 2.10 C 254 A 266 A 174 B
Control 3.73 244

Final dry weight (g.plant?)

East/West 209.06 ™* 19319 * 16821 * 190.15 276.05 ™ 238.93 184.69 * 23319 a
North/South 18228 * 17782 * 18099 * 180.36 23291 * 24234 165.98 * 213.74 b
Average 19567 ™ 185.50 174.60 25448 A 24059 A 17533 B
Control 255.16 274.27

“Same lowercase letters in the column and uppercase in the row do not differ by Tukey's test (p<0.05); “means differ from the control by Dunnett's test (p<0.05). ns: non-significant

statistical difference
Yield components

The number of panicles per linear meter in 2021 under low
shading intensity was higher, with 98.6% panicles per linear
meter, while the remaining medium and high levels reached
only 89.3 and 82.6% of the total percentage of panicles for
plants under full sun. The number of panicles of plants shaded
mainly under high intensity (82.6%) differed from that of the
control (100%), with a reduction by 17.4%, regardless of
orientation (Table 2).

For number of grains per linear meter (NG), there was
significance for the interaction between the factors in 2021:
shaded plants were negatively affected, except under low
intensity in the E/W orientation. It was found that under low
shading in the N/S orientation, the number of grains was
lower, compared to E/W and the control, with 72.7% in
comparison to the control with 100% (Table 2). In addition,
with shading in the E/W and N/S orientations under high
intensity, the NG per linear meter was affected, with
percentages of 54.5 and 48.7%, while under low shading, the
percentages were 101.6 and 72.7%, respectively, considering
the NG under full sun as 100%. The NG per linear meter
under low solar radiation level in the E/W orientation
(101.6%) did not differ from that of the control (100%).

The weight of white oat grains per linear meter (WG)
was negatively impacted on the shaded plants in comparison
to the control for both seasons tested, especially under
medium and high intensities (Table S4). In 2021, there was a

difference between intensities; under low shading level, grain
weight had a higher proportion than the other levels, with
78.6%, compared to the control i.e., 100% (Table 2).

In both growing seasons, TGW of white oat shaded
mainly under medium and high intensity levels, in both
orientations, differed from that of the control, indicating a
negative effect of these conditions on thousand grain weight
(Table 2). TGW presented an interactive effect between
shading levels and orientations for the 2020 growing season.
TGW for plants under high shading intensity in both
orientations, and the mean in N/S, presented a lower
percentage in comparison to the other intensities and the
control (100%): 69.6% in E/W (high intensity), and 81.1
(medium intensity) and 78.7% (high intensity) in S/N. In the
second growing season, TGW was 84.3 and 86.9%, for E/W
and N/S, respectively, in comparison to the control (100.0%).

For HI of white oat plants, there was an effect
between shading levels for orientations in 2020, and for
shading intensities in 2021. The HI (2020) under N/S
shading (105.3%) was higher, compared to E/W (97.7%).
Furthermore, in 2021, the HI was 73.4 and 76.1%, for S/N
and E/W, respectively. The HI under low shading intensity
(2021) differed from high intensity, with 84.1 and 67.1%
of the total HI of plants grown under full sun radiations
(Table 2).

For percentage of grain retention on different sieves,
there was a difference for the control (full sun) when
compared to the values found for the shaded plants. The
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Table 2: Percentages of number of panicles and grains, grain weight, thousand grain weight (MMG) and harvest index (HI) of white oats
grown under different shading levels and orientations during the cycle, in the 2020 and 2021 harvests

Orientation Shading levels
2020 2021
Low Medium High Average Low Medium High Average
Number of Panicles per linear meter (% in relation to the control)
East/West 10486 ™ < 101.72 96,46 101,01 "10265 ™ 91,31 8354 9250 ™
North/South 110.38 94.11 87,91 104,87 94,44 8767 8167 87,83
Average 9325 B 10405 AB 11153 A 9855 A 8934 B 82,61 B
Control 100.00 100.00
Number of grains per linear meter (% in relation to the control)
East/West 8632 ™ 9561 8,72 90,22 " 101,64 aA 7552 aB” 5448 aC" 7721 a
North/South 83.02 93.04 97,48 91,18 72,71 bA" 7590 aA" 48,72 aB" 6578 b
Average 8467 ™ 9433 93,10 8717 A 7571 B 51,60 C
Control 100.00 100.00
Mass of grains per linear meter (% in relation to the control)
East/West 7593 ™ 8315 6158 73,55 9063 ™ 6314 * 4502 66,26 ™
North/South 7552 7 7590 7 7550 75,64 66,62 ~ 65,08 41,08 *© 57,59
Average 7572 ™ 7953 68,54 7862 A 6411 B 43,05 C
Control 100.00 100.00
Thousand grain weight (% in relation to the control)
East/West 87.87 aA" 87.06 aA" 69,60 aB" 8151 8887 ™ 8339 * 80,74 8433 ™
North/South 9252 aA 8114 aB" 7866 bB" 84,10 91,34 8558 8379 86,90
Average 9020 A 8410 A 7413 B 90,11 ™ 8448 82,27
Control 100.00 100.00
Harvest index (% in relation to the witness)
East/West 9155 ™ 109.04 92,36 97,65 b 89,73 ™ 7209 ~ 66,34 76,06 ™
North/South 103.97 106.55 105,49 105,34 a 7854 7359 67,90 73,35
Average 97.76 ™  107.80 98,93 8414 A 7284 AB 6712 B
Control 100.00 100.00
“Same lowercase letters in the column and uppercase in the row do not differ by Tukey's test (p<0.05). ns: non-significant statistical difference
2020 2021
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Fig. 5: Sieve retention of grains from white oat plants grown under different shading levels and orientations during the cycle, in the 2020

and 2021 harvests

*Bars represent standard error of mean for each treatment; *Same letters do not differ between treatments and control by Dunnett's test (p<0.05)

percentage of grain retention on 1.75 mm sieves was higher
under high and medium shading intensities, with a mean of
13.8 and 10.2% between orientations, compared to the
control (1.6%). A similar effect was found for non-retained
grains (empty grains), whose percentage under high level was
8.4%, which accounts for an increase by 6.8% in comparison

to the control (Fig. 5). This indicated that the shaded plants
produced small grains.

Grain size assessment through sieve retention (2020)
showed an effect on shading intensities of the sieves of 2.5;
2.2;1.75 and 0, and interaction for sieve diameter of 2.0 mm
(Fig. 5). The grain retention on 2.5 and 2.2 sieves was higher
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under low intensity (21.4%) and differed from the percentage
for high intensity shading (13.3%). In addition, the
percentage of grain retention on 1.75 and O sieves (non-
retained) of shaded plants at medium and high levels was
higher than that of the control, with increases of up to 38.0%,
indicating that grains produced by shaded plants had lower
accumulation of reserves (Fig. 5). This confirmed the results
obtained in the first harvest. In 2021, grain retention
percentage differed between the levels only on sieves of 2.5
and 2.2 mm. Highest retention means were found for the
sieve of 2.5 mm under low intensity (5.2%) and the sieve of
2.2 mm under low (13.5%) and medium (12.3%) intensities
(Table S5), confirming that plants under shading produce
grains with lower accumulation of reserves (Fig. 5).

Discussion

The environments in integrated or forest grazing systems
present dynamic local environmental conditions, changing
the structure of plants, compared to full-sun cultivation. This
indicates that the morphological adaptation capacity of the
species in shaded environments should be included in the
crop management analyses chosen in such a system (Garcez
Neto et al. 2010). It was found that high shading intensity
affected the development and yield of grains, but under low
intensity, there were no significant deleterious effects,
indicating the possible adaptation of the plants to such
condition. This indicated that high shading intensities (75%),
together with N/S orientation, in general, caused damage to
chlorophyll indexes, plant height and plant dry weight, grain
yield and yield components. The white oat plants grown
under full sun (control) showed better performance in
comparison to the shaded plants, especially when compared
to intense shading. For the orientations, the results indicated
that shading provided by E/W simulation bands did not
impair crop development, compared to N/S, which was
disadvantageous to plant development.

Weather conditions that vary throughout the years, such
as precipitation and temperature, also interfere with plant
responses (Matysiak 2006). The sowing time of white oat
crops characterizes the temperature range, length of day and
cumulative thermal sum, which influence the speed of
development and growth, and the earliest cultivars are the
most sensitive to such environmental variations (Sponchiado
2017). It was found that in 2021, there was lower availability
of sunlight and lower average temperature. This fact may
have caused slower plant development and higher yield
losses, compared to 2020 and intensified the condition of
reduced sunlight on plants.

Chlorophyll content is related to the photosynthetic
efficiency of plants, since they are pigments that act in the
photochemical phase of photosynthesis and are specialized in
light capture (Taiz et al. 2017). The assessments of the SPAD
and NDVI showed negative effects of high shading intensity
on the chlorophyll content of the plants immediately after the
onset of light limitation, indicating possible stress by

changing the condition, but with subsequent recovery (Fig.
2-3). Corroborating the present results, Yang et al. (2020)
found that sensitive wheat cultivars under higher shading and
duration intensities presented a reduction in chlorophyll
content and damage to the leaf photosynthetic apparatus.
Wang et al. (2020) found that under a 30 and 50% reduction
in sunlight after heading, corn plants showed a yield
reduction of up to 70%, in biomass accumulation, leaf
chlorophyll, soluble protein content and the activity of
enzymes related to nitrogen metabolism, such as nitrate
reductase, glutamine synthetase and glutamate synthase.
However, these studies have reported an increase in the
translocation of assimilates stored in the vegetative organs in
the previous period.

At the end of the crop cycle, the highest chlorophyli
index in shaded plants may account for delayed leaf
senescence and increased plant cycle. It is known that to
advance the senescence process, there is a need to reduce the
leaf chlorophyll content, because there is a higher rate of
degradation of these pigments (Jespersen et al. 2016). These
findings corroborate those of Yasin et al. (2019), who
reported that some weed species needed a longer period to
start flowering when submitted to reduced daily solar
radiation. Moreover, Inurreta-Aguirre et al. (2018) found that
wheat plants produced in agroforestry systems with a mean
reduction of 50% of solar radiation reached maturity later in
comparison to full-sun cultivation, ranging from days to
week, depending on crop growing seasons. Zhang et al.
(2019) found that the shading of early flowering mutant
plants and premature senescence of rice cultivar caused
delayed leaf senescence and increased yield because there
was less accumulation of reactive oxygen species in these
plants. These results refer to the differences in thermal time,
observed in the agroforestry system, air warming during the
night and air cooling during the day.

A low solar radiation intensity on plants interferes with
their photosynthetic rate (Mu et al. 2010; Li et al. 2014;
Wang et al. 2015; Poorter et al. 2019; Jumrani and Bhatia
2020) and causes reductions in growth (Yasin et al. 2019),
dry weight, and grain yield (Jumrani and Bhatia 2020). The
results for height and dry weight of white oats were impaired
under shaded conditions (especially under high level of
intensity). The initial height of the shaded plants indicated the
effect of stem etiolation. Later, as the cycle progressed, the
shaded plants showed lower height and dry matter
accumulation, in comparison to plants grown under full sun,
a fact that may be related to limited growth resulting from the
use of reserves for grain formation.

A greater height of plants under high shading intensity
at the beginning of development may have been due to
responses to the shadow avoidance syndrome, in which
there is relocation of the photosynthates to promote
greater internode elongation, together with a reduction in
diameter (Stamm and Kumar 2010; Zhang et al. 2020).
These results corroborate those reported by Li et al.
(2010) when testing shading levels of 0, 8, 15 and 23% on

23



Cigel et al. / Intl J Agric Biol Vol 32, No. 1, 2024

a wheat crop from booting growth to maturity, in which the
stems were elongated and had lower dry weight per internode
unit of the plants.

The effects for dry weight accumulation in plants may
be directly related to a reduction in the source-sink ratio
(Asseng et al. 2017). The beneficial effect of the low shading
level may be related to the favorable effect of this condition
to plants for the photosynthetic rate and possibly for a
decrease in saturation (Kanniah et al. 2012). The oat is C3
photosynthetic metabolism plant (Castro et al. 2012),
showing saturation of CO; assimilation under conditions with
30 to 40% of the total radiation, corresponding to 600—900
umol m2s (llic and Fallik 2017). Similar results were found
in weeds under low light intensity conditions (6 to 20% solar
radiation) or under low photosynthetic photon flow density
(PPFD), which gives lower biomass production under such
conditions (Yasin et al. 2019).

Reduction in the number of panicles in plants may be
closely linked to the interference of absence of light over the
leaf production rate in the main stem and leaves in tillers. This
fact was reported by Tilley et al. (2019) for wheat plants,
which showed a lower number of leaves under continuous
shading. This is due to the production of new tillers when
plant reserves are higher than necessary for their growth
(Charles-Edwards 1984). Thus, the accumulation of
photosynthates may have been impaired by the intense
restriction of solar radiation, and limited development of new
tillers in plants, as reported in oat (Dietz et al. 2023) and
Urochloa decumbens and U. brizantha species (Martuscello
et al. 2009).

Continuous solar radiation restriction on the plants
during development affects spikelet pollination (Kobata et al.
2013; Deng et al. 2021) and consequently, grain formation.
Also, there was an increase in the number of empty spikelets
and lower spikelet filling (Wang et al. 2015). These facts can
justify the results for reduced number of grains per linear
meter (NG) of shaded white oat plants (Table 2). Nicodemo
et al. (2016), when growing black oat in integrated crop-
forestry systems, found an increase in plant dry matter,
thousand grain weight, number of grains per panicle and
panicles per square meter, when spaced further apart from
rows of native trees, where the photosynthetically active
radiation available to oats was higher, indicating harmful
effects of high levels of shading when the plants were closer
to the trees.

The weight of white oat grains (quantified per linear
meter of cultivation — WG) under continuous shading was
sensitive to the condition, as well as TGW in both agricultural
years, whose values were decreased at the highest shading
levels. Considering the importance of the source in the
source-sink ratio during plant development and grain
formation, the results can be related to the harmful effect of
limiting the amount of source tissues by imposing the solar
radiation restriction (Asseng et al. 2017). These results may
be due to reduced photosynthetic rate and damage to the
photosynthetic  apparatus, together with  decreased

chlorophyll content and stomatal conductance (Yang et al.
2020). Thus, it may have affected the tillering phase, the
differentiation of the floral primordium, anthesis and grain
filling. These stages are characterized by determination of the
number of panicles per plant, spikelets, and number of grains,
and grain weight, respectively (Danielowski et al. 2021).
Yang et al. (2019) when growing wheat in agroforestry
systems reported that when close to the trees, the plants
reduced their chlorophyll content, leaf area index,
photosynthetic rate and stomatal conductance, plant biomass,
number of grains and thousand grain weight, when compared
to full-sun cultivation.

A reduction in the harvest index (HI) of the shaded
plants indicates that this condition affected the destination of
photosynthates to the grains, as well as the partition of the
vegetative parts to the grains, owing to lower rates for growth
and accumulation of photosynthates in the plants (Labra et al.
2017). Inurreta-Aguirre et al. (2018) found reduction in the
yield of wheat plants when assessing the effect of full-sun and
agroforestry cultivation systems on genotypes, with means of
203.0 and 62.0 g.m™ respectively, in 2016. This can be seen
by the reduction of tillering, spikelets, and number of grains.
In addition, they found variation in the HI values in both
systems and years. Under the agroforestry system, the mean
harvest index was 0.29 and 0.21, while plants under full sun
presented values of 0.23 and 0.28, for 2015 and 2016,
respectively.

Shading, especially at high intensity, has been shown to
be harmful to the development and production of grains by
white oat plants. The condition of continuous limited solar
radiation, that is, during all plant development, may have
directly resulted in the reduction of the source-sink ratio
(Asseng et al. 2017). According to Sandafia and Pinochet
(2011), the reduction in biomass accumulation in plants,
arising from lower interception of photosynthetically active
radiation, has a negative impact on grain yield. This situation
was found to occur in the present work. Therefore, the effects
of shading on white oat plants, on grain yield and yield
components indicated that white oat has mean sensitivity
(dependent on the intensity of light restriction) to the shading
condition during the cycle — a fact that has been confirmed in
two crop growing years.

Conclusion

The chlorophyll index in the leaves (evaluated by optical
sensors) confirms that intense shading results in damage to
photosynthesis with negative consequences to the yield of
white oat grains of the cultivar URS Altiva. A low level of
(continuous) shading during the cycle of white oat plants
does not cause significant damage to their development and
production (leaf area (LA), dry weight (DW), NG, WG,
TGW and HI). Nonetheless, continuous shading of the
plants in the N/S orientation was more harmful to the
production process of white oats than shading in the E/W
orientation.
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