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Abstract: Application of biostimulant in the form of a spraying requires appropriate selection of
technical parameters. One of the key factors in ensuring that the liquid is sprayed correctly is the
choice of suitable spray nozzles. This study investigated selected technical parameters of seaweed
biostimulant spray applications as a factor for plant biometrics, crop quality and yield, and the
economic viability of production. This objective was achieved by conducting a two-year field
experiment involving spraying soybean plants with a biostimulant containing seaweed extract. The
spraying was carried out with two types of nozzles (standard and air-injector), for which the droplet
size and the degree of plant coverage were tested at 4.0 MPa. The surface tension of the spray liquid
and the area and volume of the droplets were tested. The height of soybean plants, the height and
the position of the first pod, the number of pods, seed yield, and the weight of 1000 seeds were
measured. The physical properties of the liquid sprayed on the plants and the type of nozzles used
were factors affecting the height of the first pods, plant height, and protein content. The application
of biostimulants using standard nozzles is more economically advantageous compared to nozzles
with an air-injector.

Keywords: nozzles; spraying; surface tension; biostimulant; soybean; standard nozzles; air-injector

1. Introduction

Crop spraying is one of the most commonly used treatments in crop production. The
selection of appropriate technical parameters of the spray treatment is very important and
should be matched to the substance we apply to the plants [1–3]. This is vital especially
during development of sustainable food production systems and is a crucial issue for
protecting the environment while providing healthy food. As agricultural land shrinks due
to climate change and increasing urbanisation, and as we approach the limits of the genetic
potential of crops, research has been carried out to find new cultivation technologies and
make existing ones more effective [4]. One way to improve the economic viability of crop
production is to use plant-based biostimulants to enhance plant protection against biotic
and abiotic stress. The application of biostimulants has been shown to improve—or at least
stabilise, in adverse conditions—crop quality and yield [5].

Under Regulation (EU) 2019/1009, biostimulants are defined as “products that stimu-
late plant nutritional processes regardless of the nutrient content of the product, whose sole
purpose is to improve one or more of the following characteristics of the plant or its rhizo-
sphere: nutrient use efficiency, abiotic stress tolerance, quality characteristics, availability
of limited nutrients in the soil or rhizosphere” [6].
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According to the new definition, biostimulants are considered to be new modulators
of plant life processes, adding to the effects provided by fertilizers, growth regulators, and
pesticides. The underlying mechanisms of biostimulants and their bioactive compounds
consist of simple, direct correlations between nutrient uptake and the effects of single plant
hormones. The defining feature of these products is that they eliminate the nutritious effect
in plants. It involves using a low dosage of the preparation, which is usually higher for
most nutrients [7].

Extensive research has been conducted into the use of biostimulants in agriculture and
horticulture. Numerous studies have found that there are differences in how individual
plant species, and even varieties, respond to biostimulants [8–13]. The use of seaweed
biostimulants has been investigated extensively in recent years. Field and pot experiments
have confirmed the positive effects of seaweed extract on metabolism and morphological
traits, as well as plant yields [1,14–20]. Biostimulant studies rely primarily on soil or foliar
application. It is usually more advisable to employ the latter method since soil application
requires substantial amounts of both the biostimulant and water.

Application in the form of spraying requires the proper selection of technical pa-
rameters [21]. One of the key factors in ensuring that the liquid is sprayed correctly is
the choice of suitable spray nozzles [22]. Spray nozzles—as well as their condition and
working pressure—are critical for spraying quality, which, in turn, plays a fundamental
role in the effectiveness of various agrochemicals, including biostimulants, and—in the
case of pesticides—on the degree of environmental pollution [2,23–26]. While natural
biostimulants cause no environmental pollution concerns, they pose significant problems
with spray drift, which affects the amount and distribution uniformity of the liquid [27–29].
Spray nozzle type is a considerable factor in spray drift [30–32]. Spray drift reduces active
substance coverage expressed as droplet count and weight per unit of plant surface area,
or as plant surface coverage (%). Active substance coverage is a determining factor in the
biological efficacy of spray application [33,34]. One way to reduce spray drift is to use
air-injector nozzles. Unlike standard flat-spray nozzles, they provide a significant reduction
in drift. However, these nozzles also have a negative impact on plant coverage [35,36].
Air-injector nozzles may cause runoff from plants, compromising the biological efficacy
of the preparation. Flowing natural biostimulants from plants do not cause soil pollution.
However, it may reduce their effectiveness. Therefore, it was hypothesised that the tech-
nical parameters of the biostimulant spray are determinants of soybean seeds’ yield and
biometric traits of plants. Accordingly, this study investigated selected technical parameters
of seaweed biostimulant spray application as a factor for plant biometrics, crop quality and
yield, and the economic viability of production.

2. Materials and Methods
2.1. Field Experiments

Field experiments were conducted at the Experimental Farm of the University of Life
Sciences in Lublin, which is located in Czesławice, Lublin Province. Soybean Abelina cv.
was cultivated in 2020 and 2021. The experiment makes use of randomised-block design
with four repeated measures on 20 m2 experimental plots. Seeds were sown on 10 May
2020 and 10 May 2021, with row spacing of 30 cm and in-row spacing of 4.0 cm. The
Kelpak SL biostimulant was applied to the plants in each growing season by double spray
application in phases BBCH 14-15, i.e., a minimum of three-leaf stage, and BBCH 61, i.e., at
the beginning of blooming. The biostimulant was dissolved in tap water at a concentration
of 1%, with an operating dose of 300 L·ha−1. Soybean plants sprayed with water were used
as controls. Spraying was performed with an AgroMax P161 tractor sprayer at a pressure
of 4.0 bar and with an operating speed of 4.8 km h−1. Two types of spray nozzles were
employed: Agroplast 120 03 (AP12003) standard nozzle (Figure 1a) and Agroplast 6MSC
(6MS03C) air-injector nozzle (Figure 1b).
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Figure 1. Nozzles tested: (a) AP12003; (b): 6MS03C.

2.2. Droplet Size and Coverage

Plant coverage was measured with water-sensitive papers placed on soybean plant
leaves. The coverage analysis was performed with the use of water-sensitive papers and
Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA). The degree of
plant coverage was measured during the treatments. The droplet size and spectrum were
measured with a HELOS/R laser diffractometer (Sympatec GmbH, Clausthal-Zellerfeld,
Germany) with a measuring range of R3 to R7 (0.1–8750 µm).

2.3. Physical Properties of the Spray Liquid

The surface tension was tested on a Drop Shape Analyzer (DSA30 KRÜSS GmbH,
Hamburg, Germany) using the hanging drop method. Drops were dispensed by the device
controlling the program. Then, using the input data, the program automatically determined
the contours of the hanging drop shape and calculated the surface tension according to the
Young–Laplace equation. For each liquid sample analysed, 40 measurements were taken at
25 ◦C.

2.4. Yield, Biometrics, and Economic Viability

In phase BBCH 89 (mature pods) (Figure 2), the plants were harvested, and plant
height, first pod height, pod count, seed yield, and 1000 seed weight were determined.
Protein content and fat content were measured. Protein content was determined using the
Kjedahl method by multiplying the percentage of nitrogen by a factor 6.25 [37], and fat con-
tent was determined using acid hydrolysis (Extraction System B-811, BÜCHI Labortechnik
AG, Flawil, Switzerland) [37].

The economic effect of biostimulant application was calculated based on the value
of the resulting yield increase and the cost of biostimulant application [38]. The value of
the yield increase (EUR·ha−1) was evaluated as a product of the average price of soybean
seeds in a given study year and the difference between the seed yield from the combination
with the biostimulant and the seed yield from the control combination. The costs of the
treatment with the biostimulant (EUR·ha−1) were computed as a sum cost of purchase of
the extracts, cost of water used for the treatment, and cost of performing the treatment. The
average price for the seeds was determined from market offers (363.64 EUR·t−1 in 2020
and 510.64 EUR·t−1 in 2021). The cost of Kelpak biostimulant (12.50 EUR·L−1 in 2020 and
12.77 EUR·L−1 in 2021) was taken as the average price from the 3 stores offering it. The cost
of water was the average price of 1 m3 (2.35 EUR·m−3) in Lublin Province. The cost of the
procedure was the average price of the plant spraying service (14.15 EUR·ha−1). Revenue
from cultivation was calculated as the product of the yield and the price of soybeans in a
given research year. The change in revenue was calculated as the ratio of the revenue from
the cultivation with biostimulant application to the revenue from the control.
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Figure 2. Soybeans at harvest stage BBCH 89.

2.5. Statistical Analysis

The results were subjected to statistical treatment using Statistica 13.3 software (TIBCO
Software Inc., Palo Alto, CA, USA). The Shapiro–Wilk test was performed to test for normal
distribution. Tukey’s range test was employed to estimate the significance of differences
between mean values, with a significance level of p < 0.05.

3. Results and Discussion

Consistent with the assumptions, droplet spectrum measurements demonstrated
differences in droplet count and size between the two types of nozzles (Figures 3 and 4). At
a liquid pressure of 0.40 MPa, the AP12003 sprayer produced finer droplets compared to
the 6MS03C sprayer.
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Figure 4. 6MS03C sprayer’s droplet spectrum at a pressure of 0.40 MPa.

Significant differences were found between both concentrations in plant coverage with
the seaweed extract biostimulant (Table 1). Air-injector nozzle sprayers provided smaller
plant coverage. Plants sprayed with tap water had a smaller liquid coverage compared to
those sprayed with the biostimulant. Although no significant coverage differences were
identified between concentrations, a higher biostimulant concentration could be seen to
increase plant coverage. This is attributable to the reduced surface tension caused by
the biostimulant’s presence in the water. Significant differences in surface tension were
identified between tap water and the mixture of water and seaweed biostimulant (Table 1).
Differences were also noted in droplet area and droplet volume (not the dosed volume).
The surface tension is a factor in the droplet spectrum, which, in turn, plays a role in plant
coverage. The role of the surface tension, among other factors, in plant coverage was
investigated by Yu et al. [39]. They found that a reduction in the surface tension could
increase plant wetness. Xu et al. [40] came to a similar conclusion, demonstrating that
the surface tension influenced plant wetness. The positive effects of the reducing surface
tension noted in these studies have been corroborated by other studies [41], which found
changes in droplet behaviour on the leaf surface, potentially improving plant coverage and
distribution uniformity [42].

Table 1. Physical properties of the working liquid and plant coverage.

Liquid

Physical Properties
Coverage [%]

Surface Tension
(mN m−1) Area (mm2) Volume (µL)

AP12003 6MS03C

Water 71.46 ± 0.84 a 43.41 ± 0.73 a 28.83 ± 0.67 a 32.76 ± 3.32 b 22.56 ± 2.31 b
Seaweed extract 64.35 ± 0.93 b 38.62 ± 0.69 b 24.55 ± 0.72 b 65.79 ± 4.92 a 42.12 ± 2.42 a

Values not sharing a common letter indicate significant difference at p ≤ 0.05.

An important factor in the mechanical harvesting of soybean is the first pod height.
Harvester-caused losses are smaller when the first pod is higher. The present study involv-
ing the application of a seaweed biostimulant with two types of spray nozzles revealed that
both standard (AP12003) and air-injector (6MS03C) nozzles had a positive effect on first
pod height (Table 2). Although no significant differences in first pod height were found
between the two types of nozzles, it was noted that, with standard-nozzle application, the
height was 19% greater, on average, than with air-injector nozzle application. Studies by
Szparaga et al. [10] showed that first-pod height is influenced by plant height, probably
due to the increased internode distances on the stem. Tanase et al. [43] had similar observa-
tions. They found that improved soybean height could be attributed to the application of
biostimulants containing, among others, phenolic compounds.
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The two-year study described here has demonstrated that there is a significant correla-
tion between the biostimulant application technique and plant height. Plants sprayed with
the biostimulant using standard nozzles (AP12003) were 9 percent taller, on average, than
plants sprayed using air-injector nozzles. It is important to stress here that both types of
application led to a substantial increase in plant height relative to the control combination
(spraying with tap water). Research corroborating the positive effects of extracts from
various seaweeds on soybean growth spans more than a dozen years. Multiple studies
have proven that the application of seaweed extracts increases plant height by a dozen to
several dozen percent, mainly as a function of concentration [34–46].

The two-year study presented here found that biostimulant application led to an
increase in pod count regardless of the nozzle used. Conversely, 1000 seed weight was
found to differ between biostimulant applications using a standard nozzle and an air-
injector nozzle (Table 2). These differences could be attributed to the larger quantity of pods
and, consequently, seeds. Studies by Kocira et al. [47] have demonstrated that while a higher
pod and seed count causes 1000 seed weight to decrease, it nevertheless has a beneficial
effect on yield. The present study has corroborated this—the yield was significantly higher
after biostimulant application despite a lower 1000 seed weight.

Protein concentration in soybean seeds was higher after biostimulant application using
standard nozzles (Table 3). Biostimulant application with air-injector nozzles did not have
a significant effect on protein content in soybean seeds. No significant differences were
found in fat content between soybean seeds from plants treated with the biostimulant and
plants treated with tap water (Table 3). Basile et al. [48] and Rouphael and Colla [49] have
noted that this effect could be due to the modification of plant physiological processes
by biostimulants.

The application of a seaweed-extract biostimulant had a positive effect on economic
viability (Figure 5). The average annual increase in income from soybean sales, resulting
from biostimulant application using standard nozzles, in comparison to air-injector nozzle
application, was 34% higher. It should be noted that the application with both types of
nozzles led to an increase in income from soybean sales in each year of the study. The
economic aspects of using biostimulants were addressed by Nowosad et al. [20], who
concluded that the increased yield and the relatively low cost of biostimulant application
were the critical advantages of this solution. Santoso et al. [50] claimed that the use of
biostimulants would allow farmers to profit more from higher yields. Previous research by
the authors of this study has also proven that biostimulant application in soybean and bean
cultivation is an economically viable solution [10,17]. Literature on the economic effects of
biostimulant application is scarce. This is probably due to the focus being more on yield
quality as a factor offsetting expenditures from the use of biostimulants. Some elements of
economic aspects are discussed in Zarzecka et al. [51] and Mystkowska [52].
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Table 2. Soybean biometrics (mean ± SD).

Characteristic

2020 2021 Mean 2020–2021

Control
Seaweed Extract

Control
Seaweed Extract

Control
Seaweed Extract

AP12003 6MS03C AP12003 6MS03C AP12003 6MS03C

First-pod height [cm] 9.8 ± 1.32 b 13.4 ± 1.49 a 11.3 ± 1.21 a 10.4 ± 1.05 b 14.1 ± 1.23 a 11.8 ± 1.33 a 10.1 ± 1.74 b 13.8 ± 1.83 a 11.6 ± 1.91 a
Plant height [cm] 88.8 ± 3.35 c 108.9 ± 3.56 a 98.6 ± 3.32 b 80.6 ± 3.42 b 103.9 ± 3.08 a 96.3 ± 3.26 a 84.7 ± 5.42 c 106.4 ± 4.05a 97.4 ± 3.21 b

Pod count 15.3 ± 1.04 a 17.5 ± 1.24 a 17.2 ± 1.11 a 14.0 ± 1.05 b 16.9 ± 1.40 a 16.4 ± 0.92 a 14.6 ± 1.17 b 17.2 ± 1.23 a 16.8 ± 0.93 a
1000 seed weight [g] 208.0 ± 2.71 a 198.4 ± 3.23 b 205.3 ± 2.46 ab 204.3 ± 2.22 a 194.5 ± 2.56 b 202.4 ± 2.54 a 206.2 ± 3.00 a 196.5 ± 3.37 b 203.8 ± 2.77 a

Yield [g m−2] 273.1 ± 11.78 b 337.7 ± 17.59 a 325.2 ± 8.79 a 261.5 ± 15.76 b 364.7 ± 15.64 a 346.8 ± 7.14 a 267.3 ± 13.99 b 351.2 ± 20.98 a 336.0 ± 13.83 a

Values not sharing a common letter indicate significant difference at p ≤ 0.05.

Table 3. Protein and fat content in soybean seeds (mean ± SD).

Characteristic

2020 2021 Mean 2020–2021

Control
Seaweed Extract

Control
Seaweed Extract

Control
Seaweed Extract

AP12003 6MS03C AP12003 6MS03C AP12003 6MS03C

Total protein [%] 32.52 ± 1.36 b 36.41 ± 1.78 a 35.74 ± 2.03 ab 33.16 ± 2.08 b 38.34 ± 2.73 a 37.13 ± 2.98 ab 32.84 ± 2.19 b 37.38 ± 3.16 a 36.44 ± 3.16 b
Total fat [%] 17.21 ± 1.42 a 17.79 ± 1.55 a 17.24 ± 1.76 a 17.63 ± 1.36 a 17.28 ± 1.83 a 17.81 ± 2.01 a 17.42 ± 1.62 a 17.04 ± 2.14 a 17.53 ± 2.31 a

Values not sharing a common letter indicate significant difference at p ≤ 0.05.
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4. Conclusions

The results of the two-year experiment indicate that the application of a seaweed-
extract biostimulant has a positive effect on soybean plant biometrics, seed yield, and
protein content. The study found that the physical properties of the liquid sprayed on
plants and the type of sprayer used were both factors for first-pod height, plant height,
and protein content. Furthermore, biostimulant application using standard nozzles proved
to be more economically beneficial compared to air-injector nozzles. We have concluded
from our study that the physical properties of the working liquid and the type of spray
nozzle—allowing the best possible plant coverage—are critical factors for plant biometrics
and seed yield.

Author Contributions: Conceptualization, A.K., B.H., F.R., S.P., A.P. and S.K.; methodology, A.K.,
B.H., S.P., A.P. and S.K.; software, A.K., M.K., S.P. and S.K.; validation, A.K., B.H., S.P., A.P., E.L.
and S.K.; formal analysis, A.K., B.H., F.R., S.P., A.P., E.L. and S.K; data curation, A.K., S.P., A.P. E.L.
and S.K.; writing—original draft preparation, A.K., B.H., F.R., S.P., A.P., E.L. and S.K.; writing—
review and editing, A.K., B.H., F.R., S.P., A.P., E.L. and S.K.; visualization, S.P., M.K. and S.K.; project
administration, S.K. All authors have read and agreed to the published version of the manuscript.

Funding: The project is co-financed by the Polish National Agency for Academic Exchange, grant
number PPN/BWA/2019/1/00011. Bilateral exchange program of scientists between the Republic of
Poland and Belgium Wallonia-Brussels.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available by contacting the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, C.; Li, S.; Wu, X.; Wang, Y.; Kang, F. Analysis of Droplet Size Uniformity and Selection of Spray Parameters Based on the

Biological Optimum Particle Size Theory. Environ. Res. 2022, 204, 112076. [CrossRef]
2. Griesang, F.; Ferreira, M.D.C.; Spadoni, A.B.; Della Vechia, J.F.; Santos, R.T.D.S.; dos Santos, C.A. How do the Droplet Spectrum

Uniformity and Spray Volume of Flat-Fan Nozzles Influence Fungicide Spray Distribution Quality in Soybeans? Eng. Agríc 2022,
42, e20210122. [CrossRef]

3. Sayinci, B.; Demir, B.; Açik, N. Comparison of Spray Nozzles in Terms of Spray Coverage and Drop Distribution Uniformity at
Low Volume. Turkish J. Agric. For. 2020, 44, 262–270. [CrossRef]

4. Hoek, A.C.; Malekpour, S.; Raven, R.; Court, E.; Byrne, E. Towards environmentally sustainable food systems: Decision-making
factors in sustainable food production and consumption. Sustain. Prod. Consum. 2021, 26, 610–626. [CrossRef]

5. Kaur, H.; Chahal, S.; Jha, P.; Pandey, D.K.; Arencibia, A.D.; Kumar, V. Biostimulants, the cinderella for plant development. In
Biostimulants for Crops from Seed Germination to Plant Development; Academic Press: London, UK, 2021; pp. 61–72. [CrossRef]

6. Regulation (EU) 2019/1009 of the European Parliament and of the Council of 5 June 2019. Available online: https://eur-lex.
europa.eu/eli/reg/2019/1009/oj (accessed on 11 December 2022).

7. Du Jardin, P.; Xu, L.; Geelen, D. Agricultural Functions and Action Mechanisms of Plant Biostimulants (PBs). In The Chemical
Biology of Plant Biostimulants; John Wiley & Sons: Hoboken, NJ, USA, 2020; pp. 1–30. [CrossRef]
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