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Abstract

Oats (Avena sativa L.) are a popular crop in Poland, used primarily for animal feed, human
food, and biomass in the energy sector. A three-year field experiment was conducted in
Poland between 2020 and 2022. The experimental factors included hulled oat (Bingo) and
naked oat (Maczo) varieties as well as growth regulators: chlormequat chloride (CCC)
and trinexapac-ethyl (TE). The aim of this study was to investigate the effect of growth
regulators on yield, yield structure components, selected physiological processes, and
canopy architecture indices. This study found that the use of growth regulators resulted in
an average 7.2% increase in oat grain yield. The yield of the Bingo variety increased after
TE application, while that of the Maczo variety increased after CCC and TE application.
Growth regulators also had a beneficial effect on increasing the weight and number of
grains per panicle. Growth regulators, particularly CCC, caused the shortening of the
main shoot and panicle. Both CCC and TE increased the leaf area index (LAI). Among the
physiological parameters, the relative leaf chlorophyll content (CCI) was 2.6% higher after
CCC treatment than after TE treatment, while the photosynthetic index (PI) was higher
after TE treatment (a 2.2% increase compared to CCC). The Bingo cultivar showed a more
favorable response to growth regulators than the Maczo cultivar. The weather conditions
during the oat growing season significantly influenced some of the obtained results.

Keywords: chlormequat chloride; trinexapac-ethyl; hulled oats; plant growth regulators;
grain yield; yield components; chlorophyll; chlorophyll fluorescence

1. Introduction

Plant growth and development regulators (retardants) are synthetic or natural sub-
stances that significantly influence the growth and differentiation of various plant parts.
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these compounds are primarily used to modify plant architecture and improve yield stabil-
ity. Retardants reduce the risk of lodging, improve light capture, and enhance assimilation,
contributing to high-quality yields.

Studies have shown a reduction in plant shoots [3,4] as well as changes in the archi-
tecture of cereal crops [5-8] and oilseed crops [9] with the use of PGRs. The effectiveness
of PGR application is closely related to the variety, dosage, and timing of application,
the spraying method, the stage of growth and development, and other agrotechnical
conditions [10,11].

Commonly used growth regulators include anti-gibberellins, such CCC and trinexapac-
ethyl (TE). These compounds are used in crop production, particularly in intensive farming
systems, to prevent lodging [11-13]. CCC inhibits gibberellin biosynthesis at an early stage,
while trinexapac-ethyl does so at a later stage of growth (the onset of stem elongation
and before the emergence of the flag leaf). CCC was introduced for cereal cultivation in
the 1960s [14,15], while trinexapac-ethyl (TE) was developed several decades later as an
acylcyclohexanedione inhibitor of gibberellic acid 33-hydroxylation [16,17]. Both growth
regulators (CCC and TE) shorten the stem, limit growth, and reduce plant lodging. Their
introduction into cereal agronomic practices has allowed for increased nitrogen fertilization
and a significant increase in grain yield. It has been demonstrated that the application of
growth regulators increases the number of grains produced per unit area in plants, while
reducing biomass [11,12].

In addition to their growth-inhibiting effects, these compounds have a beneficial im-
pact on other plant developmental processes, including photosynthesis. In small amounts,
they modify the functioning of the photosynthetic apparatus and increase the number
of productive lateral shoots in cereals [4,11,18,19] as well as stimulate root growth and
development [20]. Studies indicate that under conditions of prolonged drought stress,
meadow grasses treated with growth regulators maintain stable yield, photochemical activ-
ity, and cellular hydration [21-24]. A positive effect of growth regulators on the yields of
cereals [25-27] and meadow grasses [12] has also been demonstrated.

Oats are a popular cereal crop grown in Poland. Poland is the third-largest producer
of oats in the world, after Canada and Russia. In 2025, the area of oat cultivation in
Poland was 0.515 million ha [28]. The popularity of oats stems from the fact that they are
a phytosanitary crop and are competitive with weeds [29-31]. Oats serve as good preceding
crops for cereals, which account for a very high percentage 64% of the crop structure in
Poland [32]. The most suitable soils for oat cultivation are rye-type and mountain soils.
Thanks to their well-developed root systems, oats can absorb nutrients from deeper soil
layers and from forms that are difficult to access, which makes them more efficient in
utilizing soil resources compared to other cereal species. However, the best oat yields
are obtained on moderately fertile, loamy, or sandy-loamy soils with good drainage and
moderate moisture content [33]. Favorable oat yields are achieved from soils with high
water-holding capacity (the oat transpiration coefficient is high—500).

Oats are also a valuable food crop. The grain is high in dietary fiber, particularly
the water-soluble fraction, including beta-glucans, which have a positive effect on lipid
metabolism and blood glucose regulation [34,35].

Population growth means that cereal yields, including those of oats, should be in-
creased by an average of 25-50% by 2050. Unfortunately, climate change is putting food
security at risk. Grain yields significantly reduce if plants are exposed to unfavorable
environmental factors for a long time, such as high and low temperatures, drought, salinity,
and oxidative stress. Therefore, various methods are used to reduce the negative effects
of environmental stress. One such method is the use of synthetic growth regulators in oat
cultivation, which do not pose a significant environmental threat [36-39].
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Currently, COBORU’s variety selection in Poland includes 35 cultivars of hulled and
2 hull-less oats [40]. The use of growth regulators in cereal cultivation, including oats,
results in shorter stalks, increased stalk diameter and thickness, and longer panicles, which
in turn lead to an increase in the number of grains per panicle as well as the number of
productive spikes [18,41]. Oats’ response to growth regulators varies and depends on the
variety and growing conditions. In Poland, there is a lack of information on the response
of new oat varieties—particularly naked oats—to growth regulators. Therefore, a study
was conducted using two forms of oats—hulled and hull-less—to evaluate the effects of
two growth regulators, CCC and TE, on yield, yield components, the course of selected
physiological processes, and crop architecture indicators.

The research hypothesis adopted in this study was that the use of CCC and TE
preparations positively affects grain yield and its yield-forming characteristics, shortens
the stem and improves physiological indicators, as well as increases the assimilation area
of the canopy.

2. Materials and Methods
2.1. Characteristics of Field Experiment

This research was conducted between 2020 and 2022 as a rigorous field experiment.
The experiment was established at the Experimental Station of the University of Rzeszow,
Faculty of Technology and Life Sciences, in Krasne, near Rzeszéw (50003’ N; 220 06" E)
(Poland). It was a two-factor experiment conducted using the split-plot method with
four replications.

The first factor in the experiment was the varieties recommended for cultivation in this
region of Poland—Maczo (naked oats) and Bingo (hulled oats)—developed by the Strzelce
Plant Breeding Station (IHAR Group, Kutno, Poland). The second factor in the experiment
was the application of CCC (trade name Cycocel 750 SL—BASEF, Ludwigshafen am Rhein,
Germany) and TE (trade name Moddus 250EC—Syngenta, Basel, Switzerland), which were
applied twice during the following plant growth stages: (33-35 BBCH) and (39—42 BBCH),
along with a control plot where no growth regulators were applied. CCC was sprayed at
a rate of 1500 g-ha~! and TE at 100 g-ha~! to the total dose during the growing season
(according to manufacturer’s recommendations) (Table 1).

Table 1. The characteristics of the growth retardants used in the experiment.

Growth Retardant Active Substance Composition
Cycocel 750 SL chlormequat chloride 750 g- L1 65.56%
Moddus 250 EC trinexapac ethyl 250 g-L 7! 25.5%

Chemical sprayings were applied using a pressure sprayer in windless weather. Plant
development stages were determined according to the BBCH scale (Bundesanstalt, Bun-
dessortenamt und Chemische Industrie) used in the EU [42]. Oat grain was sown with
a seeder in the second (in the years 2020 and 2021) and third week of March (2022), at a
spacing of 12.5 cm and a sowing depth of 2.5-3 cm. The number of plants per 1 m? was 550,
and the size of the harvest plots was 18 m2. The forecrop was spring rapeseed. In spring,
NPK mineral fertilizers were sown. Nitrogen rates were 30 kg-ha~! (34% ammonium ni-
trate), phosphorus 60 kg-ha~! (19% P,0Os. superphosphate), and potassium 85 kg kg-ha™~!
(60% KCl, potassium chloride). Plant protection treatments included spraying the leaf
beetle (Oscinella frit L.) with Karate Zeon 050 CS (Syngenta) at a rate of 0.1 L-ha™!.
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Oat grain harvesting occurred in the second (years 2020, 2021) and third (2022) 10-day
periods of August (BBCH 89). Panicle density per square meter was also determined
before harvest.

Meteorological data are presented based on the results obtained from the Meteorologi-
cal Station of the University of Rzeszéw, Poland, located approximately 14 km from the
planned experiment site.

2.2. Description of Soil Conditions

The experiment was established on medium soil. The soil was slightly acidic (pH
KCl from 5.7 to 6.4). The soil organic carbon content ranged from 1.3 to 1.1%. The content
of available nutrients was high for phosphorus (173-198 mg-kg~! soil) and potassium
(224-246 mg~l<g’1 soil), and average for magnesium (Mg) (51-67 mg~kg’1 soil). The content
of copper, manganese, and zinc was average across the study years, while iron was low in
2020 and average in 2021 and 2022 (Table 2).

Table 2. Soil conditions of field experiment.

Parameter Unit 2020 2021 2022
pH in KCL - 6.4 6.2 5.7
Humus Yo 1.3 1.1 1.1
Phosphorus (P,05) 198 188 173
Potassium (K,O) 246 239 224
Magnesium (Mg) 67 51 56
Copper (Cu) mg-kg~! soil 4.6 51 43

Manganese (Mn) 158.1 168.2 165.3
Zinc (Zn) 8.6 10.6 9.6

Iron (Fe) 993.9 1008 1234

2.3. Plant Physiological Measurements and Canopy Architecture

During the growing season, in the morning hours after the dew had subsided, mea-
surements of selected physiological indicators were carried out twice (BBCH 45-50 and
60-70) [42] (5 days after the application of retardants), and the canopy architecture was
assessed. The results are presented as the average of the two measurement dates.

2.3.1. Measurement of Chlorophyll Fluorescence

Chlorophyll fluorescence parameters were measured using a Packet PEA (Plant Effi-
ciency Analyzer) from Hansatech Instrument Ltd., Pentney, UK, which incorporates leaf
clips for dark adaptation. Five randomly selected flag leaves were dark-adapted using the
clips for 30 min. The following parameters were then measured using a fluorometer: maxi-
mum quantum yield of primary photochemistry (Fv/Fo), maximum photochemical effi-
ciency of PSII (Fv/Fm) and the photosynthetic yield index (PI).

2.3.2. Measurement of Relative Chlorophyll Content

Leaf relative chlorophyll content indices (CCls) were measured using a CCM-200plus
instrument (Opti-Sciences, Hudson, NH, USA). Ten measurements were performed on flag
leaves of randomly selected plants at each experimental site.

2.3.3. Measurement of Canopy Architecture

Measurements of canopy architecture indices, i.e., leaf area index (LAI) (m/m) and
mean tilt angle (MTA), were performed using an LAI-2000 instrument (LI-COR, Lincoln,
NE, USA). Measurements were performed four times on each plot.
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2.4. Laboratory Analyses of Yield

Before harvest, 25 oat plants were randomly sampled from each plot to analyze
biometric traits of plants and yield components. The following were analyzed: grain
weight per panicle (g), number of grains per panicle (pcs), main stem length (cm), panicle
length (cm), and 1000-grain weight (g). The 1000-grain weight was calculated using a grain
counter (Sadkiewicz Instruments, Bydgoszcz, Poland) [43]) at 15% grain moisture. Grain
yield per plot was converted to yield per hectare, taking into account 15% grain moisture.

2.5. Statistical Analysis

The experimental results were analyzed statistically. Two-way analysis of variance
(ANOVA) was performed using Statistica 13.3.0 (TIBCO Software Inc., Palo Alto, CA, USA).
The fixed factors were cultivar and growth regulator. Year of study was treated as a random
factor. Significance of differences between individual means was determined using Tukey’s
honestly significant difference (HSD) test at a significance level of p < 0.05.

Pearson’s correlation coefficients (r) were also analyzed to assess the relationship
between yield and physiological parameters and canopy architecture indices. Experimental
variables were verified for conformity with a normal distribution.

3. Results and Discussion

Weather conditions during the growing season of cereals, including oats, influence
yield and yield components. Adequate water supply affects traits such as plant height,
productive tillering, ear length, and thousand-kernel weight [44-47]. Oats are sensitive
to water shortages, especially during the stem elongation (BBCH 30-39) and heading
(BBCH 41-49) stages [48-50]. In the experiments conducted, weather conditions varied
across the study years (Figure 1).
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Figure 1. Weather conditions during growing season for oats in 2020-2022.

In 2020, the highest precipitation was recorded in June—more than twice the long-
term average—but a drought was observed in July (precipitation was 76.5 mm below
the long-term average). The year 2021 was characterized by the most evenly distributed
precipitation during the growing season. Favorable precipitation was recorded in April and
May. It was only slightly below the long-term average for this period. High soil moisture
(though slightly below the long-term average) also persisted in June and July. The least
favorable conditions for oat growth occurred in 2022. It was a dry year, with particularly
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low precipitation observed in May, June, and July. Air temperatures during the oat growing
season in 2020-2022 were high or close to the long-term average.

During the spring months, they were slightly lower. During the summer months, espe-
cially in June and July, they were higher than the long-term average (Table 3). Variations in
yields were observed depending on the year of the experiment. The highest oat grain yields
were obtained in 2021, when precipitation was highest and evenly distributed throughout
the growing season. That year also yielded the most favorable values for thousand-kernel
weight, as well as the number and weight of kernels per panicle, compared to 2020 and
2022. According to Szemplinski et al. [50], oat yields are most strongly influenced by
rainfall during the tillering and stem elongation stages, that is, in April and May, which
was observed in 2021.

Table 3. Grain yield and yield components (average for 2020-2022).

v Panicle Weight of Grain Weight Number of

Cultivar (A) Reti:gz\::l(B) (;J;;;nhYal_ell;i Density 1000 Grains per Panicle Gra.iins per
[pcs for m?] [g] [g] Panicle [pcs]
Control 6.70 £0.70 c 402.0 £25.7b 36.7 £4.96 b 1.59 + 0.21 cd 383 +£3.73a
Bingo CCC 6.97 + 0.66 ¢ 4193 +321c¢ 36.5+4.41Db 1.62 +£0.12d 39.3+4.69 a
TE 731 +043d 4233+ 319c¢ 36.7+517b 191+011e 43.6 £4.68b
Control 426 +0.68 a 3749 £ 583 a 224 +£299 a 127 +0.16 a 43.6 +4.69 ¢
Maczo Y CCC 464+020Db 423.7 +28.7 c 21.8+283a 140£021b 485+ 6.33 ¢
TE 4.61+£033b 400.8 £ 67.6b 22.5s £3.37 a 150 £022¢ 50.4 +5.50 ¢

HSDy <05 A X B ***(0.0000) ***(0.0000) ns. ***(0.0000) **(0.0114)
Bingo 7.00 £ 0.64a 414.8 +309Db 36.6 +4.72Db 1.71£020b 403 +48a
Mean Maczo 451 +047b 399.8a£562a 222+3.00a 1.39£021a 49.0+£552a
HSDy <05 A ***(0.0000) ***(0.0001) ***(0.0000) ***(0.0000) ***(0.0000)
Control 548 £141a 388.40 £46.2a 29.5+£8.34a 143+ 024a 432 £ 6.63 a
Mean CCC 581 +1.28b 421.5+294c¢ 29.2+8.32a 1.51£020b 438+727a
TE 596 £1.43Db 4120 £53.0 ¢ 29.6 £844a 1.71 £ 027 c 469 +6.07b

HSDy, <005 B ***(0.0000) ***(0.0000) n.s. ***(0.0000) ***(0.0000)

2020 523+ 126a 359.2+417a 245+6.33a 153 £023b 416+51a

Year (C) 2021 6.16 = 1.51c 4184+ 169b 325+94c 173 £0.18 ¢ 503 £6.2Db
2022 587+ 191D 4444 +£20.5¢ 312+ 6.54Db 1.39+025a 421 +5.27a

HSDp <005 C ***(0.0000) ***(0.0000) ***(0.0000) ***(0.0000) *** (0.0000)

CxA ***(0.0001) ***(0.0000) ***(0.0000) **0.0221 ***(0.0000)

HSDy<0.05 CxB **(0.0010) ***(0.0000) *(0.0128) n.s. ***(0.0000)
CxAxB n.s. ***(0.0000) n.s. **0.0017 *** (0.0000)

Mean 5.75 £1.37 407.3 +45.6 294 £+ 8.26 1.55 +0.26 44.8 +6.79

Y Naked cultivar, + standard deviation; ***, **, * indicate significant differences at p < 0.001, p < 0.01,
p < 0.05; n. s., non-significant, according to Tukey’s honestly significant difference (HSD) test. Mean
values with different letters in columns are statistically different.

In addition to weather conditions, experimental factors also influenced oat yield
(Table 3).

Both varieties responded to the applied growth retardants with increased yields. For
the Bingo variety, a significant increase of 9.1% compared to the control (without retardant
application) was observed after applying TE. For the Maczo variety, yield increases were
observed following the application of both CCC and TE by 8.2% and 7.6%, respectively.
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Regardless of the variety used, growth retardants resulted in an average yield increase of
7.2% compared to the control (without CCC or TE application). The Bingo variety, due to
its hull content, was characterized by a higher yield than the Maczo variety, by an average
of 35.6%. A significant interaction was found between the year of study and the variety as
well as the year of study and the growth regulator. This indicates that weather conditions
influence oat yields. A positive response of growth regulators to increased yields and
yield components in oats was reported by [51,52] and in wheat by [18]. In studies by
Fernandes et al. [41] on white oats, the application of TE at a rate exceeding 100 g-ha™!
resulted in reduced lodging, an increase in the number of panicles per unit area, and higher
grain yield, which was also confirmed in this study. Different results were obtained by
Rajala and Peltonen-Sainio [53] and Fernandes [41] (up to a TE dose of 100 g~ha_1), who
reported a decrease in oat yield following the application of growth retardants, which
resulted from reductions in the number and weight of grains per ear. In this study, a
positive effect of retardants on yield components was found in panicle density (an increase
in the Bingo variety by an average of 4.8% after the application of both treatments and in
the Maczo variety by 13.0% after the application of CCC and 6.9% after the application of
TE). Grain weight and number per panicle increased in the Bingo variety after applying
TE (by 20.1% and 14.0%, respectively, compared to the control). A more favorable effect of
TE than CCC on these yield traits was also observed (significant increases in grain weight
and number by 17.9% and 9.95% after applying TE). In the Maczo variety, such an increase
(by 6.7%) was observed for panicle grain weight. Regardless of the varieties studied, both
growth retardants used resulted in increases in panicle grain weight and number, and TE
also produced a more favorable effect compared to CCC. The Bingo variety (regardless of
the growth retardants used) achieved higher values for panicle density, 1000-grain weight,
and panicle grain weight compared to the Maczo variety, which was most likely due to its
genetic characteristics (naked-grain oat form). Analysis of variance revealed variation in
yield components depending on the study year. Oat plants achieved the highest panicle
density per square meter in 2022 and the lowest in 2020. The 1000-grain weight and the
number of grains per panicle were the highest in 2021.

Growth retardants reduced the length of the main culm and the panicle length com-
pared to the control (Table 4).

The CCC growth retardant was more effective at shortening the culm and panicle
than TE. In the Maczo variety, greater reductions in main culm length (5.5%) and panicle
length (10.4%) were observed after applying CCC compared to TE. A similar response
in terms of stem and panicle shortening was observed in oats by Rajala and Peltonen-
Sainio [53] and Raja [54], as well as in white oats [41] and rapeseed and winter rye [55,56].
The reductions in stem and panicle growth depended on weather conditions during the
growing season. Interactions with year of study were found. The shortest stems were
observed in 2022 and the shortest panicles in 2021 (Table 5). An influence of weather
conditions on yield variability and yield-determining traits of oats and barley was also
reported by Hakala et al. [49], Sadras and Slafer [57], and Juzon-Sikora et al. [58] in winter
wheat and Ngoune et al. [46].

During the study period, the effect of the growth retardants on the values of the stand
architecture indices LAI and MTA (leaf tilt angle) was also analyzed (Table 5).

Most models for predicting plant growth and development are based on these indices,
particularly LAIL The LAI and MTA indices are primarily used to assess the rate of growth
and biomass accumulation [59,60]. They are influenced by the genetic characteristics of the
variety, agrotechnical factors, and weather conditions during the growing season [61-63].
They are also influenced by growth retardants [53]. In the conducted studies, the LAI was
higher in the Bingo variety than in the Maczo variety (variety factor). It also increased
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(regardless of variety) after the application of both growth retardants compared to the
control. In the Bingo variety, it was higher after TE application (an 11.8% increase compared
to the control), while in the Maczo variety, it was higher after CCC application (an 18.6%
increase). Variance analysis revealed variation across study years. The LAI index was
highest in 2022. The lowest was recorded in 2021.

Table 4. Effect of growth retardant on length of main stem and oat panicle (average for 2020-2022).

Cultivar (A) Growth Retardant (B) Length of the Main Stem [cm] Panicle Length [cm]
Control 96.01 £14.3d 1435+ 155a
Bingo CCC 90.25 £ 13.4 bc 13.47 £ 1.52 ab
TE 90.58 £ 14.7 be 14.7 £ 0.91 bc
Control 94.63 £ 16.01 ¢ 16.05+0.89d
Maczo Y CCcC 8255 £ 15.96 a 1543 £ 1.55¢
TE 86.81 £1543b 1596 +1.44d
HSDy <005 A x B *+*(0.0000) **(0.0067)
Bingo 89.9 £14.17b 1417 +142a
Mean
Maczo 87.36 £15.81 a 1581 +1.31b
HSDp<0.05 A **(0.0011) ***(0.0000)
Control 93.64 £15.2¢ 1520+ 1.51b
Mean CCcC 8570 £ 14.7 a 1472 +19 a
TE 87.6 £15.06 b 15.06 =123 b
HSDy <005 B ***(0.0000) n.s.
2020 96.64 £ 1546 a 1546 +1.70b
Year (C) 2021 85.13 £ 13.66 ¢ 13.66 £1.92a
2022 8293 £15.86b 15.86 £ 0.81b
HSDy<0.05 C ***(0.0000) **(0.0000)
CxA **%(0.0000) % (0.0000)
HSDP§0,05 CxB n. s. n. s.
CxAxB ***(0.0000) **(0.0075)
Mean 87.89 + 14.99 149 £1.59

Y Naked cultivar; ***, ** indicate significant differences at p < 0.001 p < 0.01; n. s. non-significant,
according to Tukey’s honestly significant difference (HSD) test. Mean values with different letters in
columns are statistically different.

There are reports that growth retardants also regulate physiological processes in plants.
Sattar et al. [64] found a positive effect of TE on increasing chlorophyll content in the
leaves of wheat seedlings under laboratory conditions, as did studies on Deschampsia
cespitosa [65], in sugarcane [66], and by Bardnyiova and Klem [67] in winter wheat under
water deficit. In this study on oats, a positive effect of growth retardants on chlorophyll
content in leaves (CCI) and chlorophyll fluorescence parameters (PI, Fv/Fo, and Fm/Fv)
was found (Table 6).

The CCI index of both varieties (compared to the control) increased following the ap-
plication of both CCC and TE. A slightly greater effect was observed after foliar application
of CCC. The Bingo variety achieved a higher CCI index after treatment with both growth
regulators compared to the control. In the Maczo variety, a significant increase (by 7.6%)
was observed after treatment with CCC. Both varieties also responded with an increase in
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the PI. The Bingo variety showed an average increase of 6.7% following the application
of CCC and TE, while the Maczo variety showed an increase of 7.4% following the foliar
application of TE. Regardless of the retardants used, the Bingo variety was characterized
by a higher PI index (compared to the Maczo variety). Indeed, the highest PI was achieved
by the plants in 2021.

Table 5. Oat stand architecture indices (average for 2020-2022).

Cultivar (A) Growth Retardant (B) Leaf Area Index (LAI) [m?-m?] Mean Tilt Angle (MTA) [°]
Control 4.21 £0.3050 a 59.9 + 6.049 ab
Bingo CCC 4.63 + 0.4970b 575+ 4.823 a
TE 471 +£0.276 b 58.2 +£4.709 a
Control 3.53 +0.5228 a 61.0 £ 4.945 bc
Maczo ¥ cce 419 +0.6180 b 63.3 + 5.443 ¢
TE 4.00 £0.4292 b 59.8 + 4.812
HSD, <005 A x B +5+(0.0000) *+ (0.0000)
Bingo 4.52 4+ 0.422533 b 58.5 +5.184 a
Mean Maczo 3.91 + 0.585370 a 614 +5141b
HSDp<0.05 A ***(0.0000) ***(0.0001)
Control 3.87 £ 0.5453 a 60.5 +5.433 a
Mean CCC 441+ 0.5927b 60.4 +5.842 a
TE 4.35 4+ 0.5036 b 59.0 £ 4.724 a
HSD, <.05 B +4+ (0.0000) ++ (0.0000)
2020 3.87 £ 0.5119a 53.7 £2431a
Year (C) 2021 4.16 £ 0.6702b 644 +2971b
2022 4.60 +0.302 c 61.7 +£2.796 c
HSD, <05 C 5+ (0.0000) *£ (0,0000)
CxA ***(0.0000) n.s.
HSDp§0~05 CxB n. s. n. s.
CxAxB n.s. n.s.
Mean 4.21 £+ 0.592383 60.0 + 5.321

Y Naked cultivar; ***, indicate significant differences at p < 0.001; n. s., non-significant, according to
Tukey’s honestly significant difference (HSD) test. Mean values with different letters in columns are
statistically different.

Positive effects of CCC and TE were also observed in terms of an increase in the Fv/Fo
ratio in the Maczo variety, but this was not statistically significant. Chlorophyll fluorescence
measurement is one of the methods for detecting changes in the overall bioenergetic
conditions of photosynthetic organisms, particularly under abiotic stress [21,68-71]. The
PI and Fv/Fo increase under the influence of TE [67], a phenomenon also observed in
this study. A significant interaction with the year of the study was identified. Oat plants
in 2022 exhibited the highest chlorophyll content in their leaves, a result influenced by
favorable weather conditions during the growing season, as also reported in studies by
Murkowski [72].
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Table 6. Physiological characteristics of oats (average for 2020-2022).
Growth Chlorophyll Photosynthetic Mafdmum Q'uantum Maximul?
Cultivar (A) Retardant Content Indices Index Yield of Pru-nary P.h(-)tochemlcal
(B) (CCh ®D) Photochemistry Efficiency of PS II
Fv/Fo Fv/Fm
Control 437 £527b 44+021b 350+ 0.17 a 0.80 £ 0.013 a
Bingo CCC 46.7 £5.23 ¢ 47+048c 3.45+0.13a 0.81 £0.013 a
TE 47.0+5.30c¢ 48+047c 3.56+0.20a 0.81 £0.011a
Control 425+477a 41+037a 347 +0.18a 0.81 £ 0.006 a
Maczo Y CCC 46.0 £5.17 c 42+051a 3.63 +0.20 ab 0.80 £0.014 a
TE 43.3 +4.95 ab 44 +0.50b 3.62+0.24 ab 0.81 £0.011a
HSDp<p.05 A x B ***(0.0000) **(0.0021) n.s. n.s.
Bingo 458 +532b 47 +043Db 350+ 0.17 a 0.81 +0.012a
Mean Maczo 439 +£5.06 a 42+047a 357+022a 0.81 £0.011a
HSDp<p.05 A ***(0.0000) ***(0.0001) n. s. n.s.
Control 431+496a 43+034a 349 +0.18a 0.81 +0.012 a
Mean CCC 464+ 5.10c 45+0.56b 354+019a 0.81 £0.013 a
TE 452 +536b 46+0.54c 359+022a 0.81 £0.011a
HSDy <005 B ***(0.0000) ***(0.0000) n. s. n.s.
2020 393+177a 40+032a 344+014a 0.80 £ 0.010 a
Year (C) 2021 4444+200b 49+0.37c¢ 358 +022b 0.81 £0.011a
2022 51.0 +£2.30c¢ 44+028Db 3.59 +£0.19b 0.82 £ 0.013 a
HSDp <05 C ***(0.0000) ***(0.0000) **(0.0053) *(0.024)
CxA ***(0.0000) *** (0.0006) n.s. n.s.
HSDy<0.05 CxB n.s. **(0.0000) **(0.0035) n.s.
CxAxB n.s. ***(0.0000) n.s. n. s.
Mean 448 +5.24 44+ 0.50 3.54+0.19 0.81 4+ 0.012

Y Naked cultivar; ***, **, *, indicate significant differences at p < 0.001 p < 0.01 and p < 0.05; n. s.,
non-significant, according to Tukey’s honestly significant difference (HSD) test. Mean values with
different letters in columns are statistically different.

This study also analyzed the correlations between yield and its components, crop
architecture indices, and chlorophyll fluorescence parameters (Figure 2).

A very strong positive effect on yield was demonstrated for 1000-grain weight (0.95),
a strong effect for panicle grain weight (0.67), and a strong effect for panicle length (0.59).
A moderate effect was observed for the number of grains per panicle (0.50) and panicle
density per 1 m? (0.39). Among the analyzed crop architecture indices, a high correlation
with grain yield was observed for LAI (0.57). A positive effect was also observed for
relative chlorophyll content (r = 0.42) and the PI (0.66). A high correlation was also found
between panicle density per 1 m? and relative chlorophyll content (r = 0.84) as well as
between 1000-grain weight and PI (r = 0.68). The results obtained confirm the hypothesis
that oat grain yield is determined not only by yield-related traits (weight and number
of grains per panicle) but also by physiological parameters such as relative chlorophyll
content and certain chlorophyll fluorescence indices, as has also been reported by other
researchers [73-76].
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Figure 2. Correlation coefficients (r) between analyzed parameters (n = 72). (LAl—leaf area in-
dex, MTA—mean tilt angle, CCI—relative chlorophyll content, PI—photosynthetic yield index,
Fv/Fo—maximum quantum yield of primary photochemistry, Fv/Fm—maximum photochemical
efficiency of PSII).

4. Conclusions

The objective of this study was to evaluate the effect of growth regulators (CCC and
TE) on yield, yield structure characteristics, crop architecture, and selected physiological
parameters of two varieties of oats: hulled and hull-less oats. The results only partially
confirm the hypothesis that CCC and TE use positively affect grain yield and some yield
structure traits. Both regulators (regardless of the variety) increased grain yield, plant
density per square meter, and grain weight per panicle. TE application also increased the
number of grains per panicle. However, no effect of the growth regulators on 1000-grain
weight was found. Both regulators shortened stem length and increased the LAI with a
stronger effect observed after CCC use. Among the analyzed physiological parameters, the
beneficial effect of the growth regulators, regardless of oat variety, was confirmed only for
the relative chlorophyll content (CCI) and the PIL. The relative chlorophyll content in the
leaves was higher after the application of CCC, while the photosynthetic yield index (PI)
was higher after the application of TE. A varied varietal response to the action of growth
regulators was also recorded.

The Bingo variety responded better to the growth regulator TE than to CCC in terms
of yield, grain number, and grain weight per panicle. The Maczo variety achieved sig-
nificantly higher panicle density per square meter after foliar spraying with CCC and
grain weight per panicle after TE application. Compared to Bingo, the Maczo variety
demonstrated greater stem and panicle shortening after CCC than after TE application.
Of the physiological parameters analyzed, the Maczo variety had a significantly higher
CCI after CCC application and a higher PI after TE. The Bingo variety (in terms of CCI
and PI) responded similarly to CCC and TE. However, the results of this study do not
fully reflect the response of oats to growth regulators. To thoroughly elucidate the complex
phenomenon and the impact of retardants on oat yield, its components, and physiological
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parameters, agronomists, breeders, physiologists, and geneticists should conduct further
research to address this issue, particularly with new varieties. This will help optimize oat
production and increase the efficiency of grain and straw production in the feed, food, and
energy sectors.
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