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IMPACTS OF THERMAL STRESS ON SOYBEAN CROPS!
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OS IMPACTOS DO ESTRESSE TERMICO NA CULTURA DA SOJA
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ABSTRACT

Agriculture has been increasingly affected by climate change, which compromises soybean production, es-
pecially due to thermal stress, responsible for reducing plant growth and productivity. Given this, this study
evaluated the efficiency of a plant stimulant, applied in different concentrations, in mitigating the effects of
thermal stress during the reproductive phase of soybeans. The experiment was conducted in a completely
randomized block design in a 4 x 2 factorial arrangement (four doses of stimulant X two shading conditions)
with subdivided plots. Physiological, biochemical, and yield parameters were analyzed. The results indicated
that the stimulant reduced leaf temperature by up to 3.09 °C under high temperatures, promoting an increase
in photosynthetic pigments and increasing the activity of antioxidant enzymes. This effect contributed to an
increase in yield components, even under different shading conditions. The study demonstrates the potential of
these sustainable tools to increase soybean resilience to abiotic stress and improve its productive performance.
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RESUMO
A agricultura tem sido cada vez mais afetada pelas mudangas climaticas, que comprometem a produgdo de soja,

especialmente devido ao estresse térmico, responsavel por reduzir o crescimento e a produtividade das plantas.
Diante disso, este estudo avaliou a eficiéncia de um estimulante vegetal, aplicado em diferentes concentragoes,
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na mitigacdo dos efeitos do estresse térmico durante a fase reprodutiva da soja. O experimento foi conduzido
em delineamento em blocos casualizados completos em um arranjo fatorial 4 % 2 (quatro doses de estimulante
X duas condigdes de sombreamento) com parcelas subdivididas. Foram analisados parametros fisiologicos,
bioquimicos e de rendimento. Os resultados indicaram que o estimulante reduziu a temperatura das folhas em
até 3,09 °C sob altas temperaturas, promovendo um aumento nos pigmentos fotossintéticos e aumentando a
atividade das enzimas antioxidantes. Esse efeito contribuiu para o aumento dos componentes de rendimento,
mesmo sob diferentes condi¢oes de sombreamento. O estudo demonstra o potencial destas ferramentas
sustentaveis para aumentar a resiliéncia da soja ao estresse abiotico e melhorar seu desempenho produtivo.

Palavras-chave: Bioinsumos, Estresse abiotico; Glycine max L.; Temperatura foliar.

1 INTRODUCTION

Global food security faces increasingly complex challenges, exacerbated by population growth
and rapid urbanization. The current climate scenario poses unprecedented challenges to the Brazilian
agricultural sector, with soybeans (Glycine max (L.) Merrill) being among the most affected crops.
The intensification of climate change poses greater challenges to agricultural production and requires
mitigation actions because these phenomena are associated with substantial productivity losses
(Escobar et al., 2020).

In Rio Grande do Sul, the increasing occurrence of abiotic stress, including prolonged droughts,
heavy rains, and thermal stresses throughout the soybean cycle, is a growing concern (CONAB, 2024).
To address these challenges, the Brazilian government launched the National Bioinputs Program (NBP)
through Decree No. 10,375 on May 26, 2020 (Brasil, 2020). The program aims to stimulate environmen-
tally responsible agricultural research and technology. Additionally, adopting agricultural practices that
preserve natural resources in soybean production is essential to achieving the United Nations’ goals of
ensuring resilient production systems and promoting sustainable agriculture (ONU, 2022).

In this challenging scenario, the plant stimulant emerges as a promising alternative.
Formulated with combinations of macro and micronutrients, microorganisms, and biologically active
compounds, stimulants aim to optimize plant nutritional efficiency, strengthen stress resistance, and
increase productivity (Baltazar ef al., 2021). Stimulants can regulate plant metabolic processes, facili-
tating adaptation to stress and inducing the synthesis of endogenous antioxidants to protect against
oxidative damage caused by thermal stress (Tadele; Zerssa, 2023). However, few studies have ex-
plored their effectiveness in mitigating the effects of thermal stress.

The objective of this study was to evaluate the effectiveness of a plant stimulant applied at differ-

ent concentrations in mitigating the effects of thermal stress on soybeans during the reproductive phase.
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2 MATERIALS AND METHODS

The experiment was conducted during the 2022/2023 harvest season in Arroio Grande,
Santa Maria, Rio Grande do Sul, Brazil (29°41°35.63’S, 53°41°46.51” W). According to the Brazil-
ian Soil Classification System (Santos et al., 2025), the soil is a typical sandy, eutrophic, haplic
Planosol for this region. Biomonte Assessoria, Consultoria, Pesquisa e Desenvolvimento Rural
Ltda. provided the experimental area.

The Brasmax Garra IPRO soybean cultivar was chosen for its widespread use in Rio Grande do
Sul, as highlighted during the 43rd Southern Region Soybean Research Meeting (2023), and for its history
of success on local properties, particularly in floodplain environments. This tall, indeterminate-growth
cultivar is recommended for floodplain areas and irrigated locations, maximizing yields under these condi-
tions. Sowing took place in November with 45 cm between rows and 14 seeds per linear meter.

The experimental design was in randomized blocks (RBD), in a 4 x 2 factorial scheme, with
subdivided plots and four replications. The main plots received four doses of stimulant (0; 13.3; 26.6;
and 40 mL per plot), applied via spraying with a knapsack sprayer. Each experimental plot measured
2 m in width by 6 m in length, totaling 12 m? The doses were expressed per plot, since applications
were performed directly to each experimental unit under field conditions. The doses were defined
based on the methodological approach adopted in studies with biostimulants in soybeans and ad-
justed to the experimental conditions of the present study (Meyer et al., 2021; Prieto et al., 2017).
The control treatment (C) received only distilled water. The plant stimulant, which is classified as a
liquid mineral and mixed fertilizer composed of plant polymers, nitrogen, phosphorus, zinc, copper,
nickel, and magnesium, was applied at the phenological stage R1-R2, which is the beginning of flow-

ering. The sub-plots were carried out with and without shading using a 75% shading net.

2.1 EVALUATION OF PHYSIOLOGICAL AND BIOCHEMICAL PARAMETERS AND
PERFORMANCE COMPONENTS

To investigate the effects of thermal stress on soybeans, physiological, biochemical, and pro-
ductive variables were evaluated during the period between phenological stages R1 and RS.

Climatic Conditions: Climatic conditions during the experimental period were evaluated
based on data from the INMET (Brazilian National Institute of Meteorology) in the region where the
study was conducted.

Plant temperature in the upper third of the canopy: Temperature measurements were taken
with a UNIT-T® (model DSC 36) professional thermal imager in the middle portion of the canopy,
specifically on the last trifoliate leaf. Temperature assessments were conducted between 11 a.m. and

12 p.m. at two-day intervals. Periodic adjustments were made according to local rainfall to ensure
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data accuracy. Each treatment was evaluated on one plant per subplot, totaling 10 temperature mea-
surements per treatment.

Photosynthesis: Photosynthesis measurements were taken after applying the plant stimu-
lant treatments. Two plants from the central region of each subplot (with or without shading) were
randomly selected. A Li-COR (IRGA) infrared gas analyzer was used to measure CO: assimilation
(A - pmol CO2 m™2 s7"), stomatal conductance to water vapor (Gs - mol H:O m s™), and transpiration rate
(E - mmol H-0 m2 s™). Measurements were taken in the middle third of the soybean plants, specifically
on the last fully developed leaf. Evaluations were performed on a sunny day between 7:30 and 10:30 a.m.

Photosynthetic pigments and enzymatic activity: Leaf samples weighing 3 g were collect-
ed from the central region of each subplot (with or without shade cloth) for biochemical analysis.
To evaluate antioxidant activity, the leaves were initially macerated in liquid nitrogen. Then, a 0.5 g
sample was mixed with 3 mL of 0.05 M sodium phosphate (pH 7.8) buffer containing 1 mM EDTA
and 2% (w/v) PVP for homogenization. The extract obtained was centrifuged at 13000 x g for 20 min
at 4 °C, and the supernatant was used to measure enzyme activity and determine protein concentration.
Guaiacol peroxidase (POD) activity was quantified using guaiacol as a substrate, according to the proto-
col described by Zeraik et al. (2008). For superoxide dismutase (SOD), quantification was performed by
spectrophotometry, according to the method described by Giannopolitis and Ries (1977). For the extrac-
tion of total chlorophyll and carotenoids, the procedure described by Hiscox and Israelstan (1979) was
followed, with quantification based on the equation by Lichtenthaler (1987). Fresh leaf samples (0.05 g)
were incubated at 65 °C in dimethyl sulfoxide (DMSO) until complete extraction of the pigments.
The absorbances of the extracted solutions were analyzed in a spectrophotometer at wavelengths of 663,
645, and 470 nm, corresponding to chlorophyll a, chlorophyll 5, and carotenoids, respectively.

Yield components: The number of racemes and flowers in stages R2-R3, the number of pods in
stages R7-R8, and the weight of one hundred grains (WHG) were evaluated according to the method-

ology of Musana et al. (2020) from five plants randomly selected per plot in an area of 5 m
2.2 DATA ANALYSIS

Initially, the data were analyzed for normality of residuals and homogeneity of variances us-
ing the Shapiro-Wilk (p<0.05) and Bartlett’s tests (p<0.05), which confirmed that the statistical as-
sumptions were met. Then, the data were subjected to an analysis of variance (ANOVA) to determine
the potential effects of the treatments and their interactions. When the F test detected a significant
effect (p<0.05), complementary analyses were performed. These included applying the Scott-Knott
multiple comparison test (p<0.05) to the shading factor and performing polynomial regression ad-
justments to the stimulant dose factor. These analyses and graphs were created using R software
(R Core Team, 2022) and the ExpDes packages (Ferreira; Cavalcanti; Nogueira, 2021), Mass
(Venables; Ripley, 2002), ggplot2 (Wickham, 2016) and cowplot (Wilke, 2020).
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3 RESULTS AND DISCUSSION

During the experimental period, climatic conditions were favorable for soybean development
(Figure 1). The average air temperature was 24.9 °C, ranging from 23.2 to 39.0 °C, within the ideal
range of 20 to 30 °C for the reproductive period (Floss, 2022; Zheng et al., 2024). However, tempera-
tures above this ideal range, especially during critical reproductive stages, can compromise grain
filling, resulting in significant productivity losses (Kim ef al., 2026).

Figure 1 - Air temperature: minimum (T min.), average (T avg.), and maximum (T max.) (a);

accumulated precipitation (mm day) and global solar radiation (MJ m™2 day ™) (b) during the
experimental period (21/01/2023 to 28/02/2023).

50
a ---A--- Tmin. —e— T mean —& -T max

40 -
o
(0]
£ 30
<
5
o
5 20
et
<

10

o+

PP PP PP PP PP P PP PP PP PP P
ARV VA VIR VI VS VS VA O O N A O O O N O A O O
TP LT FIFIFIFIF PPy @@

A A A A S A @R @D AP OB D AR A AP

50 50

b = Radiation — € - Rainfall
—.‘>\‘ w
5 40 A %
£
:
= 30 4 5
z RO TR PR =
= |  I\/ \ I\ =
520 \ g <
3 P =
= / 3
= / N
: 5
Z 10 <
Q ~—
<

0

P FPFPFP P PP LFPPLPFPFPEP P PP
ANV VA VA Vi VS VS VS P A O QN O O N O O 0
S 6\6\ SN A A S N

N N AN AN\ AN SN SN SN NN N N R S A A Sl Sl

Experimental Period

Source: INMET (2023)




DlSCIPLINAR A Disciplinarum Scientia. Série: Naturais e Tecnolégicas 258
u IENTl Santa Maria, v. 27, n. 1, p. 253-270, 2026

The average solar radiation of 23.2 MJ m2 day ! was sufficient for photosynthesis and biomass
accumulation (Reis et al., 2020; Raza et al., 2021). However, the accumulated precipitation (155 mm)
was lower than the 240 mm recommended by Radin, Schonhofen and Tazzo (2017) for an adequate
crop yield in Rio Grande do Sul. However, the regularity of the precipitation maintained soil moisture,
preventing water stress, as reflected by adequate leaf temperatures throughout the evaluations.

The average leaf temperature was 31.45 °C. Without shading, temperatures ranged from 31.04

to 32.42 °C between stimulant doses; with shading, they ranged from 30.89 to 31.79 °C (Figure 2).

Figure 2 - Average leaf temperature of soybean plants grown under four doses of stimulant (mL per plot) and two
shading conditions: with shade cloth (no stress) and without shade cloth (with stress), over ten evaluation periods.
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In general, leaf temperature was higher in the absence of the plant stimulant (dose 0), particularly
during the fourth evaluation period. The use of the product during this period resulted in a 3.09 °C re-
duction in leaf temperature under unshaded conditions. During periods of high temperatures, the stimu-
lant reduced leaf temperature; previous studies of similar products did not demonstrate this reduction
(Repke et al., 2022b). These products act on physiological mechanisms that favor thermal regulation and
protect plants against abiotic stresses (Del Buono, 2021; Nawaz et al., 2022; Johnson; Joel; Puthur, 2024).

This response is supported by Carillo ef al. (2025), who report that biostimulants enhance
plant cooling capacity by improving metabolic regulation and water use efficiency under stress condi-

tions, contributing to greater thermal tolerance.
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Some studies indicate that an increase of 1 °C in temperature reduces productivity by 1 to 6%,
while an increase of 100 mm in precipitation is associated with a variation of 0.2 to 1% in soybean
harvest (Silva et al., 2023). Additionally, a 1 °C increase in the global average temperature would
reduce wheat production by 6.0%, rice production by 3.2%, corn production by 7.4%, and soybean
production by 3.1% (Zhao et al., 2017). Therefore, it is plausible that the stimulant contributed to the
reduction in leaf temperature since a 1 °C decrease can significantly impact the thermal comfort
and physiological performance of plants, preventing damage caused by excessive heat. The results
also highlight the importance of the environmental context. Under ideal conditions, the effects of the
stimulant may be subtle, but in challenging environments, they are more evident.

The analysis of variance did not identify significant interactions between the doses and shad-
ing for the physiological variables. Furthermore, no significant effects of the doses or shading on net
assimilation rate, stomatal conductance, transpiration, or water use efficiency were observed. Overall,
the average values of these variables were 36.81 umol CO> m™2 s for net assimilation rate, 0.15 mol
H20 m™ s for stomatal conductance, 7.09 mmol H.O m2 s™* for transpiration, and 5.21 mol CO2 mol
H>O" for water use efficiency.

The absence of significant stimulant effects may be associated with favorable environmental
conditions and cultivar size, which provided natural shading and greater moisture retention. In con-
trast, studies conducted under stressful conditions reported positive effects of stimulants on soybeans,
including increased CO: assimilation, stomatal conductance, and photosynthetic efficiency. These
results indicate greater carbon use capacity (Repke et al., 2022a; Repke et al., 2022b). These results
reinforce the idea that the effects of the stimulant are more evident in pronounced environments.

No significant interaction between doses and shading was observed for pigments and bio-
chemical variables. When analyzing the main effects, a significant effect of the doses was observed
for chlorophyll a (Cl-a), total chlorophyll (Cl-Total), and carotenoids (CAR). A significant effect of the
shading factor was observed for chlorophyll a, chlorophyll b, hydrogen peroxide content (H20-), and
peroxidase enzyme activity (POD) (Figure 3). No significant effects of the studied factors were ob-
served for superoxide dismutase (SOD), with an overall average of 267.75 (U mg ™ of protein) obtained

throughout the experiment.
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Figure 3 - Chlorophyll a (a), chlorophyll & (b), hydrogen peroxide (c), and peroxidase (d) contents in
soybean leaves grown under two shading conditions: with shading and without shading.
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The results underscore the intricate relationship between environmental conditions and plant
physiology, with the stimulant serving as a mediator. The positive influence of the doses on chloro-
phyll a (Cl-a), total chlorophyll (Cl-Total), and carotenoids suggests beneficial effects on photosynthe-
sis and protection against oxidative stress. The increase in these variables in the shading treatments
is explained by the reduction in light intensity, which favors greater chlorophyll synthesis and opti-
mizes light absorption. This ensures adequate photosynthesis rates are maintained (Taiz; Zeiger, 2017;

Shafiq et al., 2021).




DISCIPLINAR A Disciplinarum Scientia. Série: Naturais e Tecnolégicas 261
u IENTl Santa Maria, v. 27, n. 1, p. 253-270, 2026

Similar responses have been reported by Carillo ez al. (2025), who highlight that biostimulants act
through metabolic regulation, enhancing antioxidant activity and contributing to the mitigation of oxida-
tive damage, particularly under environmental stress conditions such as variations in light and temperature.

Shaded plants showed greater pigment accumulation, a mechanism associated with maximiz-
ing light capture and antioxidant protection (Hu; Ding; Zhu, 2020; Sun et al., 2022; Taiz; Zeiger, 2017).
Additionally, temperature influences the physiological regulation of plants, and shading creates a favorable
microclimate. This is evidenced by reduced oxidative stress, as shown by lower H-0O: concentrations and
peroxidase activity (Figure 3). These results align with studies on Ascophyllum nodosum-based biostimu-
lants, which enhance photosynthetic pigments and mitigate oxidative stress (Cordeiro ef al., 2024).

Analysis of the stimulant doses revealed cubic responses for chlorophyll a (Cl-a), chlorophyll b
(Cl-b), and carotenoids, with maximum technical efficiency occurring at doses between 31.33 and 33.74 mL
per plot (12 m?) and minimum effi ciency occurring at doses between 11.46 and 13.54 mL per plot (12 m?)

(Figure 4). This evidence demonstrates the relationship between dose and physiological effect.

Figure 4 - Chlorophyll a (a), chlorophyll 4 (b), and carotenoid (c) contents of soybean leaves grown under four
doses of plant stimulant: 0, 13.3, 26.6, and 40 mL per plot (12 m?). PMET]!: point of maximum technical efficiency;
PMET?2: point of minimum technical efficiency.

a) b)
257 Y = 1.66 - 0.06x + 0.003x2 -0.0001x*> R>= 0.99 = 055 Y =3.91-0.19x +0.011x2 - 0.0002x* R>=0.99
T’\ PMET! = 33.01 mL per 12 m? Tm PMETI = 33.74 mL per 12 m?
< 204  PMET2=11.46 mL per 12 m? D s O PMET2 = 12.68 mL per 12 m?
=) =~ 0.6
S S |3
O 8 o o
= 1.5 3 [e] 8
g ] g 8 ° o
3 o \:./ 0.4 § o
= 1.0+ z
) =
% '—‘o 0 2 -
5 0.5 5
= =
@) 3
e
0.0 0.0
T T T T T ' T : : | .
0 10 20 o 40 0 10 20 30 40
Doses of plant stimulant (mL per 12 m?) Doses of plant stimulant (mL per 12 m?)
c)
0.5+
Y =0.36-0.011x + 0.0006x? -0.00001x*> R?*=0.99
g PMET! =31.33 mL per 12 m?
204  PMET2=13.54 mLper 12m®
2
2 8 : ]
0.3 8
en 8 o 8
on
é 8
- 0.2
]
§S)
=
8
2 0.1
<
O
0.0+
T T T T T
0 10 20 30 40

Doses of plant stimulant (mL per 12 m?)

Source: Authors (2026)




DISCIPLINAR A Disciplinarum Scientia. Série: Naturais e Tecnolégicas 262
u IENTl Santa Maria, v. 27, n. 1, p. 253-270, 2026

No interaction between doses and shading was observed for yield components. However,
the number of pods (NPP), grains (NGP), and flowers per plant (NF) increased with higher doses.
These results underscore the significance of plant nutrition in relation to environmental conditions
in determining crop yield.

Productive performance is associated with the presence of macro- and micronutrients in the stimu-
lant (N, Mg, P, K, Zn, Cu e Ni), which are essential for processes such as protein synthesis, photosynthesis,
energy metabolism, osmotic regulation, stomatal control, enzyme activation, disease resistance, vegetative
growth, and stress tolerance (Ye; Tian; Jin, 2022; Wang et al., 2022; Castro et al., 2020; Tian et al., 2021,
Ahmed et al., 2023; Floss, 2022; Taiz; Zeiger, 2017; Stanton et al., 2022; Guirola-Céspedes; Gonzalez-
Suéarez; Ley-Chong, 2023). Additionally, plant stimulants favor phytohormone production and reduce oxi-
dative stress, promoting balanced growth and higher yields (Floss, 2011; Johnson; Joel; Puthur, 2024).

Plants grown without shading had a higher number of pods, grains, and flowers (Figure 5),
which confirms the importance of light for yield (Lopes; Lima, 2015; Wu et al., 2025). Greater energy
availability favors the allocation of carbohydrates to reproductive structures, increasing productivity
(Xu et al., 2024). However, although shading increases the content of photosynthetic pigments, this does

not necessarily translate into greater photosynthetic efficiency (Timpmann; Rétsep; Freiberg, 2023).

Figure 5 - Number of pods per plant (a), number of grains per plant (b), hundred-grains weight (c),
and number of flowers per plant (d) in soybeans grown under two shading conditions.
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The biochemical adaptations of plants in response to shading, such as increased antioxidant
production and adjustments to optimize light capture, demonstrate the complexity and adaptability of
plant response mechanisms to environmental conditions (Yang et al., 2018; Fan et al., 2019; Rahimi
et al., 2021). Thus, the results of these productive variables emphasize the importance of considering
not only the amount of light, but also how plants respond biochemically to variations in light under
adverse conditions.

Plants grown under high light intensity are more efficient at converting solar energy into bio-
mass. In the long term, when exposed to low light conditions, they adapt by increasing antioxidant
production and adjusting gene expression to increase the number and size of photosynthetic anten-
nae. This allows them to capture more light and compensate for the lower availability of solar energy
(Folta; Carvalho, 2015; Paradiso; Proietti, 2021).

Shading can also reduce transpiration rates, affecting water and nutrient absorption. This can
result in lower biomass accumulation and consequently reduced crop productivity (Gong et al., 2015;
Li et al., 2024). Conversely, full sun exposure increases photosynthesis and biomass production in
legumes, favoring reproductive development and higher yields (Mitache et al., 2024). These findings
align with previous research emphasizing the importance of light in regulating photosynthesis and
plant development. Light availability is a critical factor that can limit or promote plant growth and
influence nutrient use efficiency (Wu et al., 2025).

Plant height did not vary between treatments (1.34 m). This can be attributed to the ability
of soybeans to maintain a stable height under different conditions by prioritizing the allocation of
resources to reproductive organs in response to different light levels and doses. Hormonal regulation,
including gibberellin and auxin levels, plays a crucial role in maintaining plant height regardless of
environmental variations (Lopes; Lima, 2015; Floss, 2022; Ma; Freitas; Dias, 2022).

When analyzing the influence of shading alone, superior productivity was observed in plants
grown in full sun (without shading) (Figure 6). Soybean plants exposed to direct sunlight had a higher
number of pods, grains, hundred-grain weight, and flowers per plant. These results align with previ-
ous research emphasizing the importance of light in regulating photosynthesis and plant development.
Full light increases photosynthetic efficiency and influences the synthesis of growth hormones, such
as auxins and gibberellins, which promote cell division and the development of reproductive organs

(Souza et al., 2022; Wei; Wang; Yu, 2023).
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Figure 6 - Number of pods per plant (a) and number of grains per plant (b) in soybeans grown under four doses of
plant stimulant: 0, 13.3, 26.6, and 40 mL per plot (12 m?). PMET1: maximum point; PMET2: minimum point.
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The absence of significant interaction between the doses and shading indicates that these fac-
tors influence soybean productivity components independently. The condition without shading was
more favorable for production, and different stimulant doses adjusted productivity by varying the
number of reproductive organs.

According to the literature, temperatures above 30 °C during the reproductive phase of le-
gumes result in flower abortion, pollen and ovule infertility, compromised fertilization, and reduced
seed filling. This reflects a significant drop in grain productivity (Sher et al., 2024; Mehmood et al.,
2025). In the present study, greater flower maintenance was visually observed with the use of the
stimulant, suggesting that it contributes to heat resilience.

When analyzing the influence of doses on the variables number of pods per plant and num-
ber of grains per plant, quadratic responses were observed with increasing doses, reaching maxi-
mum technical efficiency values of 23.66 and 24.42 mL per plot (12 m?), respectively (Figure 6).
For the number of flowers, the response to doses was cubic, with maximum and minimum efficiency

points at 11.15 and 26.96 mL per plot (12 m?), respectively.
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High doses can result in nutritional imbalances or toxicity, reducing yield; this explains the
quadratic and cubic models observed (Rouphael; Colla, 2020). Thus, the positive effects of the stimu-
lant are associated with the action of nutrients and modulation of physiological and biochemical pro-
cesses that confer greater tolerance to thermal stress.

Despite the consistent results, further research is needed to better understand how the plant
stimulant works, particularly under severe thermal stress conditions. The observed responses indicate
high product efficiency and suggest that positive effects can be achieved with lower doses, a hypoth-
esis to be evaluated in future studies. Additionally, integrating plant stimulants with beneficial micro-

organisms can enhance plant tolerance to thermal stress.
4 CONCLUSIONS

This study demonstrates the potential of plant stimulants to increase the resilience and productivity
of soybeans, particularly in scenarios involving abiotic stress. Under high temperatures, a reduction of up
to 3 °C in leaf temperature was observed, and under more stable conditions, a reduction of about 1 °C was
observed. These reductions optimize plant development. This decrease positively impacts photosynthetic
capacity, biochemical variables, antioxidant activity, and chlorophyll and pigment content, resulting in
improved crop productivity, which underscores the relevance of these stimulants for soybean production.

The results suggest that the stimulant is a promising tool for managing soybeans in adverse
climatic conditions and contributes to food security and sustainable production. Additionally, the
results reinforce the effectiveness of using this tool to prepare plants for stressful events and mitigate

the effects of thermal stress, ensuring significant productivity benefits in the face of climate change.
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