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Abstract: The aim of the study was to investigate the effect of foliar fertilization on the morphological
and mechanical properties of pea seeds (Pisum sativum L.) and to determine the dependences between
the morphological features and chemical composition of pea seeds and their susceptibility to mechan-
ical damage. Field experimentation was carried out in 2015-2017 (south-eastern Poland, 49°59' N,
21°57" E). Micronutrient conventional fertilization (N1) and organic fertilizer (N2) were tested on
eight pea cultivars. The mechanical parameters assessed included compression force (Fp), relative
deformation (DR), and energy (Ep). Application of foliar fertilizer increased the strength of seeds
and their ability to resist mechanical damage under quasi-static loads. The seeds of plants fertilized
with N1 were more resistant to mechanical damage than the seeds of plants fertilized with N2. Seeds
with larger dimensions, mass, density, and a more spherical shape were damaged under the action of
less force and energy, and they deformed less. Seeds with higher protein, fat, ash, and K content and
lower NFE, Fe, Zn, and Cu content were more resistant to mechanical damage. The mathematical
models created provide knowledge about the impact of foliar fertilizer on the mechanical properties
of seeds.

Keywords: pea seed; foliar fertilizer; physical characteristics; mechanical properties; susceptibility to
damage; chemical composition of seeds

1. Introduction

Pea is an important legume plant grown in many regions of the world [1,2]. It is used
as a source of commercial protein, fibre, and starch in various food products [3-5]. Apart
from the food and forage function, the cultivation of peas brings significant environmental
benefits. Peas are characterized by low fertilizer application requirements, effective use of
water, and a relatively low production cost [6-8]. Cultivated as a catch crop it improves soil
fertility [9,10]. It tolerates low temperatures well during germination and growth and is
therefore an excellent alternative for cool regions, which are unsuitable for the production
of soybeans and beans [4,11]. Considering the high protein content and lack of genetic
modification [12], as well as the fact that pea protein is not a common allergen, unlike other
proteins such as egg, milk, wheat gluten, soy, or nuts [13], pea seeds are a raw material
with wide opportunities in food processing.

The use of soil fertilizers in plant cultivation is more common and more effective with
nutrients that are required in larger amounts. Deficiency of nutrients may result from their
insufficient amount in the environment or from their inability to be taken up by the roots
and absorbed into the plant under unfavorable conditions [14,15]. In a situation where
nutrient uptake from the soil is difficult, foliar fertilization may be an alternative and highly
effective method of providing missing macro- and micronutrients to plants [14-18]. Its
most important function is in interventions to supplement nutrient deficiencies during
the growing season in order to correct poor plant nutrition caused by intensive plant
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growth, drought, or agrotechnical errors. The availability of macro- and micronutrients,
such as Ca, S, Mg, K, N, P, and Fe, is of key importance for the proper life processes of
plants, which directly affects their growth and yield. Only part of the total amount of
nutrients introduced by the fertilizer that is applied is effectively used by plants, and the
efficiency of their absorption differs depending on the element [19]. Although plants need
micronutrients in relatively very small amounts, their deficiencies cause major disturbances
in physiological and metabolic processes in the plant [20,21].

Plant productivity can be increased by the use of appropriate fertilization, using
chemical, organic, and biological fertilizers [15,22]. In modern agriculture there is a search
for technological solutions to increase yield, but also to improve crop quality [23,24],
therefore biostimulants are used more frequently. Their use allows biomass production
to be increased, gives plants natural strength, and also improves the nutritional quality
of food plants [25-27]. Natural biostimulants are obtained from biological material and
synthetic biostimulants are structurally similar and functionally identical to biological
material [28,29]. The group of natural biostimulants includes preparations based on free
amino acids or humic compounds and substances [30-34].

In modern agriculture there is a desire to obtain increasingly higher yields and qual-
ity, but also to reduce losses during the production and processing of raw materials.
An understanding of the mechanical properties of agricultural and food products is of
interest to experts in agriculture and the food industry. The impact of the working parts of
machinery on the properties of raw material during harvesting, transportation, storage,
reloading, cleaning, or processing is extremely important and has been noted by many
researchers [35-39]. Legume seeds are more susceptible to mechanical damage than ce-
reals and oilseeds, and the related monetary losses are much higher compared to similar
amounts of cereals because of the higher market price of legume seeds. The study of me-
chanical properties is the basic measurement of the texture and elasticity of the biological
material [40]. Early identification of factors that affect damage to raw material enables
timely decisions on the production flow to be taken in order to reduce significant economic
losses [41-44]. Many studies have been carried out on the mechanical properties of various
seeds, including the seeds of legumes such as soybeans [45-51], lentils [52], and vetch [53]
in recent years. Most reports in the specialist literature show the influence of humidity on
the mechanical parameters of seeds of many plant species [35,54,55]. Lower destructive
forces are observed with a higher moisture content in seeds [56-58]. However, there are not
many publications on the effect of foliar fertilization on the mechanical properties of seeds.

The aim of this research was to investigate the effect of foliar fertilization on the
morphological and mechanical properties of pea seeds (Pisum sativum L.). The research
was also aimed at determining the dependence between the morphological features and
chemical composition of pea seeds and their susceptibility to mechanical damage. The
results obtained can be considered a useful tool when the harvesting, transportation, and
processing of pea seeds is developed and optimized.

2. Materials and Methods
2.1. Experimental Site and Field Experiment

A 3-year field experiment (2015-2017) was conducted in the Experimental Station of
Podkarpacki Agricultural Advisory Centre in Boguchwata (south-east Poland; 49°59' N,
21°57' E). According to the WRB (World Reference Base for Soil Resources) classifica-
tion [59], the soil type was Haplic Cambisol (Eutric) formed from loess. At the start of the
experiment, topsoil characteristics were as follows: pHppo 6.73, pHicy 5.7, Crot 1.09 g-kg ™!,
content of P05 32.9mg-100 g !, K,033.6 mg-100 g1, Mg 4.68 mg-100 g~ !, Fe 1321 mg-1000 g~ *,
Mn 166 mg-1000 g~ !, Zn 7.56 mg-1000 g~!, Cu 7.39 mg-1000 g}, and B 0.69 mg-1000 g~ !.

The first factor was the cultivar and included semi-leafless cultivars of pea: Akord,
Batuta, Cysterski, Ezop, Lasso, Mecenas, Mentor, and Tarchalska. The second factor was
foliar fertilization: C-control (without fertilizers), N1-conventional fertilizers, and N2-
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organic fertilizer. A two-factor field experiment was set up in a randomized complete block
design and consisted of 24 combinations in 4 replications, in each year of study (n = 288).

The total area of each replicate plot was 16.5 m?. The forecrop was winter wheat.
N, P, and K fertilizer was applied prior to sowing at 35, 26, and 75 kg-ha~!, respectively.
The sowing (100 seeds-m~2) took place at the end of March and beginning of April and
harvested at the end of July and beginning of August (BBCH 97).

Each fertilizer was applied in accordance with the manufacturer’s recommendations
(Table 1).

Table 1. The terms and doses of foliar fertilizers applied in the experiment.

Foliar Fertilizers

Fertilizer Characteristics Term and Dose

2.0% Ntot; 0.3% Mg; 5.0% S,‘
0.15% B; 0.05% Cu; 0.20% Fe;

0.10% Mn; 0.50% Zn; 1.25% C; Inflorescence
BioFol Plex Biostimulator 5.0% extract from algae; traces of emergence (BBCH
complexed with humic plant hormones, betaine 51-55), 2.0 L-ha~!
acids (C5H11NO»), amino acids,
thiamine
Conventional 15.0 g/L Ktot; 127.0 g/L MgOrot; Flowering (BBCH
ili : . tot, . tots
fertilizer BioFol Mag 50.0 g/L Niot 61-65), 1.0 L-ha-!
43.3%S03 tot; 5.0% Cu Inflorescence
GranuFol CuMan Crystalline fertilizer elementary; 25.0% Mn emergence (BBCH
elementary 51-55), 0.52 kg-ha~!
Liquid fertilizers Inflorescence
MultiFol Mag complexed with humic  3.84% NO3™-N; 12.25% MgOxot emergence (BBCH
acids 51-55), 1.5 L-ha~!
9'00/00 NO™-N; 02 4.5% C.°rg; tqtal 1. Inflorescence
' Enzymatic >50%, free >2.0% L-amino acids emergence (BBCH
Organic Natural Crop SL L-amino acid (GLY, PRO, HYP, GLU, ALA, 51-55), 1.0 L-ha~!
fertilizer ARG, ASP, SER, HIS, LYS, LEU, -
concentrate II. Flowering (BBCH

VAL, PHE, ILE, THR, TYR, CYS,

_ a1
MET) 61-65), 1.0 L-ha

By using foliar fertilizers, the following amounts of nutrients were applied on a per
hectare basis:

— Conventional fertilizers: 131 g of N, 378 g of Mg, 239 g of S, 0.42 g of B, 27.4 g of Cu,
0.56 g of Fe, 130.3 g of Mn, 1.4 g of Zn, 3.5 g of C, 14 g of extract from algae and traces
of plant hormones, betaine, amino acids, and thiamine;

—  Organic fertilizer: 10.9 g of N, 29.6 g of C, and 1360 g of total amino acids.

2.2. Weather Conditions

Weather data was obtained from the Meteorological Station of the Agricultural Ad-
visory Centre of Podkarpackie voivodeship in Boguchwata. Meteorological conditions
in pea growing seasons were characterized on the basis of monthly precipitation totals,
average air temperatures (Figure 1), and Sielianinov’s hydrothermal index (K) described by
Skowera et al. [60] (Table 2). K is defined as the coefficient of provision of water in plants
(Equation (1)):

M

where:

K—value of hydrothermal coefficient,

P—signifies the monthly sum of rainfall,

Y t—monthly sum of air temperatures >0 °C from a given month.
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Figure 1. The hydrothermal index (K) during the growing season of pea. Sielianinov index (K):
K < 0.4 extremely dry (ed), 0.4 <K < 0.7 very dry (vd), 0.7 <K < 1.0 dry (d), 1.0 < K < 1.3 relatively
dry (rd), 1.3 < K < 1.6 optimal (0), 1.6 < K < 2.0 relatively humid (rh), 2.0 < K < 2.5 humid (h),
2.5 <K < 3.0 very humid (vh), and K > 3.0 extremely humid (eh).

Table 2. Morphological features of pea seeds depending on the variety, fertilization, and years of research.

Dimensions (mm) ici i Densit
Variables Sphe;rl(:lty Weight (k ensit Z)
Length Width Thickness (%) (mg) gm
Akord 712+ 046 6724+ 053f 591+055d¢ 921 +39de 221 +414 147 +£0.162
Batuta 7.06+ 0343 636 +045° 5.88 + 0.54 4 90.9 + 4.5bc 218 + 28 <d 1.57 +£0.19¢
Cysterski ~ 7.08 £ 0502  6.22 +0.572 5.68 & 0.59 2 89.0 +£4.82 202 + 352 1.52 £ 0.16 b¢
Cultivar Ezop 7.04+0422  662+046°  6.04+055¢ 93.1+34°¢ 226 +339¢ 153 +0.16Pd
Lasso 7.08+040% 645+0559 583+0.62b¢ 908+ 44bc  212b+31€ 1.50 £+ 0.152b
Mecenas  7.04 £0.463 629 +0453 576+ 0573 90,0+ 452 206 + 34 b 1.52 4 0.20 bc
Mentor 698+0392 6454+050°4 573+0603 91.1+38¢d 211 4 33 be 1.55 4 (.15 cde
Tarchalska 7254+ 050¢ 653 +0.529¢ 595+ 0.609¢ 905+ 5.1b¢ 233 4+ 56 ¢ 1.56 + 0.16 de
Control 719 +£043° 648 +051P 591 +067P 904 +492 225 434 ¢ 1.55 +0.18P
Fertilization N1 698 +£0452 637 +0.552 5.74 + 0.48 2 90.8 £4.12 207 + 362 1.53 +£0.173b
N2 7.06 £ 042>  653+051P 5.89 +0.59b 91.6+42P 217 +33b 151+0.172
2015 7254+ 041¢  6.61 £049¢ 630+ 053¢ 924+40¢ 232 4+ 34°¢ 1.46 +0.162
Year 2016 6.89+0412 62540522 5.81 +044b 915+42Pb 198 + 332 1.49 +0.132
2017 710+ 0.44% 651 +051P 544 + 0432 889 +452 219+ 30b 1.63 +0.17P
Maen 7.08 + 0.08 6.46 £ 0.17 5.85 + (.12 90.9 +1.25 216 + 10.4 1.53 +0.17

* Statistical data are expressed as means £ SD. Means in a column followed by different letters show significant differences (p < 0.05)

according to the Tukey test.

A very variable distribution of meteorological conditions was observed during re-
search, especially in terms of precipitation. This is confirmed by the hydrothermal index
(K) calculated over the years of the experiment (Figure 1). During the research, the average
hydrothermal index (K) for the period March—-August assumed lower values compared
to the long-term average (1980-2010). In March-August, the hydrothermal conditions
in 2015 were described as relatively dry, in 2016 they were considered optimal, and in
2017 they were considered relatively humid, with a significant variation in hydrothermal
conditions in individual months. Extreme hydrothermal conditions, i.e., extremely dry and
very dry conditions (for which K values are in the range lower than 0.7) occurred in June
and August 2015 (K = 0.17, K = 0.30, respectively) and June 2016 (K = 0.69), while very
humid and extremely humid conditions (values above 2.5) occurred in March 2015 and
2016 (K = 2.87, K = 2.79, respectively).
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2.3. Sample Preparation

The initial moisture content of the pea seed samples was analyzed using the ASAE
5352.2 [61] standard by drying the seeds in a laboratory oven. The samples were placed
in an oven with a constant temperature of 103 °C for 72 h, then they were cooled in a
desiccator, weighed again, and the water content of the seeds calculated. The amount of
distilled water added was calculated by Equation (2) [62,63]:

My — M;

Ww = Ws 00—,

@

where:

Wy—distilled water weight (g),

Ws—dry sample weight (g),

Mjp—final moisture content of sample (%),
M;—initial moisture content (%).

Then seed samples were prepared with the desired moisture level (13%) by adding the
calculated amount of distilled water and were then sealed in separate polyethylene bags.
The seeds were kept in a refrigerator at 5 °C for 7 days to enable an even distribution of
moisture to be obtained [64]. Before each test, the samples were put outside the refrigerator
for some time to equilibrate their temperature with ambient conditions [65].

2.4. Evaluation of Pea Seed Properties and Compression Parameters

The parameters of the seeds with a moisture content of 13% were tested. For each
treatment, 20 seeds were randomly selected and the average values of all 20 tests were
reported. Before loading, the seeds were measured (length, width, and thickness—tolerance
0.01 mm), and weighed (tolerance 0.001 g) and then the sphericity coefficient (sphericity)
¢ (%) and density (kg-m~2) were calculated. The degree of sphericity (¢) can be expressed
as Equation (3) [66—-68]:

Q=

9 = 7(”\2[) 100% 3)

where:
¢—sphericity (%),
L—Ilength (mm),
W—width (mm),
T—thickness (mm).
The density of individual seeds was calculated as the ratio of their weight and volume
determined from the formula for the volume of a sphere with a diameter equal to the
arithmetic mean of the length, width, and thickness of the seed.

2.5. Measurement of Mechanical Properties

The strength of individual seeds when resisting mechanical damage was determined
under quasi-static load conditions using a Zwick/Roell Z020 testing machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany) in accordance with the methodology [51,69]. The load
was applied perpendicularly to the plane of the cotyledon division, with a constant speed
value v = 0.17 mm-s~!. The individual seed was loaded between two parallel plates of
the machine perpendicular to the plane of division of the cotyledons and compressed
at a constant speed value of v = 0.17 mm-s~! until rupture occurred. The following
parameters indicating the strength of the resistance of the seeds to mechanical damage were
investigated: The destructive force Fp causing the fracture of the sample, the maximum
deformation D at the moment of fracture (mm), and the destructive energy Ep needed
to destroy the sample (J). The relative deformation Dr was calculated as the ratio of the
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maximum deformation D and the thickness of the seed according to the following formula
(Equation (4)) [70,71]:

D
D = 7100% @)

where:

Dgr—relative deformation (%),
D—maximum deformation (mm),
T—thickness of seed (mm).

2.6. Chemical Composition of Seeds

Crude protein, crude fat, crude fibre, and ash were determined by AOAC International
methods [72]. Crude protein was determined by the Kjeldahl method from the total nitro-
gen content and a conversion factor (Nx6.25) using a VEPL DK 6 Heating Digester (VELP
Scientifica, Usmate, Italy) and a semi-automatic distillation unit UDK 132 (VELP Scientifica,
Usmate, Italy). The crude fat was determined by the Soxhlet method using an ANKOM
XT15 extractor (ANKOM Technology, Macedon, NY, USA). Crude fibre was determined
by the Henneberg—-Stohmann method, with an ANKOM 2000 automatic fibre analyzer
(ANKOM Technology, Macedon, NY, USA) and ash was determined by combustion in a
SNOL 8.2/1100 muffle furnace at 600 °C. Nitrogen free extract (NFE) was calculated from
Equation (5):

NFE% = 100% — (%CP + %CFa + %cCFi+ %A) (5)

where:

NFE—nitrogen free extract,
CP—crude protein,
CFa—crude fat,
CFi—crude fiber,

A—ash.

The content of potassium, calcium, magnesium, sodium, iron, zinc, manganese, and
copper in pea seeds was determined using an atomic absorption spectrophotometer, after
prior mineralization in a solution of concentrated nitric acid (10 cm®) and hydrogen perox-
ide (2 cm?), using Speedwave Digestion (Berghof, Eningen, Germany). Phosphorus was
determined using a Marcel Media spectrophotometer (Marcel Media SA, Zielonka, Poland).

2.7. Statistical Analysis

Statistical analysis was done on a randomized complete block design applying an
analysis of variance (ANOVA) using TIBCO Statistica 13.3.0 (TIBCO Software Inc., Palo
Alto, CA, USA). In order to determine and verify dependence, a post-hoc Tukey test was
performed at a 5% level of significance. Pearson’s correlations at p = 0.05 and multiple
regression analysis with stepwise selection of variables for the parameters examined were
calculated. The regression equation was given using Equation (6):

Y=a+b01X]+b0Xo+... +bpXp 6)

3. Results

According to statistical analyses, the cultivar, foliar fertilization, and weather condi-
tions in the years of research significantly influenced the morphological features of pea
seeds (Table 2). The Tarchalska cultivar had the longest seeds and highest weight, the
Akord cultivar had the widest seeds, while the Ezop cultivar had the thickest and most
spherical seeds, and the Baton cultivar had the seeds with the highest density.

Applying N1 fertilizer treatment resulted in a significant reduction in the weight,
length, and width of seeds compared to the control sample, but did not affect their sphericity
and density, while applying fertilizer treatment N2 significantly decreased the weight,
length, and density of seeds, and increased their sphericity. The dimensions of the seeds
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also depended on the hydrothermal conditions. The highest values of the measured
characteristics were found in 2015, except for density, which was the lowest that year. The
seeds with the smallest weight, length, and width were obtained in 2016, and the seeds
with the lowest thickness and sphericity values in 2017.

Regardless of the fertilizer applied and the year of research, the Fp value ranged from
326 N (Tarchalska cultivar) to 346 N (Batuta cultivar), Ep from 58.0 mJ (Akord cultivar)
to 59.4 mJ (Batuta cultivar), and Dy from 5.80 mm (Akord cultivar) to 6.05 mm (Lasso
cultivar). Foliar fertilization improved the strength of pea seeds to resist mechanical
damage, significantly modifying the parameters discussed (Figure 2A-C, Tables 5S1-53).
By analyzing the values of Fp, Ep, and Dy, it was proved that after applying both N1 and
N2 fertilizer treatments, the values of these parameters were significantly higher compared
to the control sample. The seeds of plants treated with the N1 fertilizer treatment were more
resistant to mechanical damage than the seeds of plants with treated with N2 treatment.
However, no significant influence of the research year was found in the measurements of
the strength parameters of seeds of the pea cultivars tested in the experiment (Figure 2A-C,
Tables S1-54).
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Figure 2. Average values of mechanical parameters depending on the cultivar, fertilizer treatment, and year of research:
(A)—Destructive force Fp (N), (B)—destructive energy Ep (m]), and (C)—relative deformation Dg (%). Statistical analysis
was carried out separately for each factor (cultivar, fertilization, and year). Means followed by different letters show
significant differences (p < 0.05) according to the Tukey test. The differences are marked with letters a—c.

The fertilizers applied modified the chemical composition of pea seeds (Table 3).
Compared to the control, the N1 fertilizer treatment significantly increased the protein,
fat and ash content, and reduced the NFE content in the seeds, while the N2 fertilizer
treatment only increased the protein content. The fertilizer treatment also had an effect
on the content of micro- and macronutrients in the material analyzed. The seeds obtained
from plants fertilized with treatment N1 contained the most K, with the least K after the
N2 fertilizer treatment. The use of both variants of fertilizer treatment (N1 and N2) resulted
in a significant reduction in the amount of Fe, Zn, and Cu in seeds, but it had no significant
effect on the content of P, Ca, Mg, Na, and Mn.

Table 3. Chemical composition of pea seeds depending on foliar fertilization.

. Fertilization
Nutrients
Control N1 N2
Protein 255 + 11.7 2% 261 +£11.1"b 258 +11.43b
Organic Fat 153 +5.102 18.6 +3.40° 1534+ 5402
components and Fiber 55.7 +9.20 2 56.7 + 10.7 2 56.5 4+ 11.12
ash (g-kg™ 1) Ash 32.6 + 6.50 2 36.9 + 7.36 P 32.7 +5.892
NFE 642 +£22.0P 626 +25.02 638 +22.02b
P 3.63 £ 0452 347 +£0502 341+ 0.462
Macronutrients K 9.40 + 0.60 2P 9.67 +£0.82b 921 +0.742
(&kg ) Ca 0.41 +0.102 043 +£0.102 0.41+0.092
Mg 1.11+0.162 1.09 +£0.102 1.04 + 0.082
Na 0.009 + 0.003 2 0.010 £ 0.003 2 0.009 + 0.003 2
Fe 54.7 +£10.1P 47.7 4+ 6.402 48.0 £5.50 2
Micronutrients Mn 12.7 £2.902 124+1.702 11.6 +2.402
(mg-kg~!) (ppm) Zn 358+ 7.10b 30.0 £5.502 30.7 + 7.50 @
Cu 455+ 0.70b 393 +0472 4.06 + 0.69

* Statistical data are expressed as means + SD. Means in a row followed by different letters show significant

differences (p < 0.05) according to the Tukey test.

The strength properties determined from measurements of the seeds of the pea cul-
tivars were negatively correlated with their biometric features (Table 4). Fp was very
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highly correlated with length (r = —0.784) and highly correlated with thickness, weight,
and density (r = —0.581, r = —0.529, and r = —0.552 respectively). High negative correlation
was also found between Ep and length and width (r = —0.508 and r = —0.654 respectively).
In contrast, high positive correlation was found between Ep and thickness and density
(r =0.554 and r = 0.533 respectively). On the other hand, the strength of the correlation
between Dg and the morphological features of pea seeds was weak or medium.

Table 4. Correlation coefficients (r) between the strength parameters of pea seeds and their morpho-
logical features.

. Strength . . - . .
Variables Parameters Length Width Thickness  Sphericity Weight Density
Fp —0.784 0.034 —0.581 0.273 —0.529 —0.552
Cultivar Dr —0.045 —0.386 0.083 —0.222 —0.208 0.081
Ep —0.508 —0.654 0.554 —0.408 —0.483 0.533
Fp —-0.792 0.037 —0.972 0.896 —0.675 —0.967
Fertilization Dr —0.565 0.345 —0.997 0.989 —0.413 —0.998
Ep —0.597 0.308 —0.999 0.983 —0.449 —1.000
Fp —0.999 —0.990 0.022 —0.149 —1.000 0.031
Year Dr —0.519 —0.350 0.890 —0.941 —0.474 0.894
Ep —0.739 —0.599 0.726 —0.807 —0.702 0.732

Significant at p < 0.05. Correlations: 0.0 < Ir| < 0.1—slight correlation; 0.1 < Irl < 0.3—weak correlation;
0.3 < Irl < 0.5—medium correlation; 0.5 < |r| < 0.7—high correlation; 0.7< Ir| < 0.9—very high correlation;
0.9 < Irl< 1.0—almost full correlation; |r| = 1—full correlation.

It should be noted that the strength properties of seeds depended more strongly on
fertilizer treatment and years of research than on varietal characteristics, as was proven
by higher values of correlation coefficients. Looking at the different fertilizer treatments
used, Fp, Dg, and Ep were closely positively correlated (almost fully) with the sphericity
coefficient (r = 0.896, r = 0.989, and r = 0.983 respectively), and negatively with thickness
(r=-0.972,r=-0.997, and r = —0.999 respectively) and seed density (r = —0.967, r = —0.998,
and r = —1.000 respectively), while with the research years: Fp was correlated with length,
width and seed weight (r = —0.999, r = —0.990, and r = —1.000 respectively).

The strength properties of pea seeds, as averaged over the years of research, were
negatively correlated with their biometric properties (except for thickness and density).
Almost perfect or perfect correlation was shown between Fp and the length, width, and
weight of seeds (r = —0.999, r = —0.990, and r = —1.000 respectively) and between Dr and
sphericity (r = —0.941). Very high or high correlation was also found between Ep and the
morphological characteristics of the seeds.

The influence of chemical composition on the strength parameters of seeds was
stronger for the different fertilizer treatments and years of research than for the cultivars,
except for fat and ash (Table 5). In the case of the different fertilizer treatments, the
strongest correlations were between Fp, D, and Ep as well as fibre (r = 0.870, r = 0.674, and
r = 0.702 respectively), between Fp and protein content (r = 0.665), while for years of research,
Fp, Dg, and Ep correlated with fat content (r = 0.797, r = 0.910, and r = 0.990 respectively).

The strength parameters in pea seeds were also determined by their macronutrient
content, while fertilizer treatment and weather conditions in the years of research had a
stronger impact than cultivar on the values of the parameters examined (Table 6). As far
as the fertilizer treatment factor is concerned, the greatest force of dependence (perfect or
almost perfect correlation) and the negative direction of the impact were shown between
Fp, DR, and Ep, as well as P (r = —1.000, r = —0.960, and r = —0.970 respectively) and Mg
(r=—-0918,r = —0.996, and r = —0.991 respectively). On average, for the years of research,
the highest strength of dependence with a positive direction of interaction were shown
between the parameters Fp, Dg, and Ep, as well as the Ca content (r = 0.883, r = 0.833, and
r = 0.955 respectively), Mg (r = 0.996, r = 0.556, and r = 0.767 respectively), and Na (r = 0.808,
r=0.902, and r = 0.987 respectively). An almost perfect correlation with a negative direction
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of interaction was also demonstrated between the D and Ep and K content (r = —0.996 and
r = —0.931 respectively).

Table 5. Correlation coefficients (r) between the strength parameters of pea seeds and the content of
organic components and ash in the seeds.

Strength

Variables Protein Fat Fiber Ash NFE
Parameters

Fp 0.423 —0.539 0.444 0.726 —0.669

Cultivar Dr 0.212 —0.103 —0.265 0.332 —0.069
Ep —0.385 —0.137 —0.037 —0.135 0.493

Fp 0.665 0.250 0.870 0.280 —0.485

Fertilization Dr 0.401 —0.062 0.674 —0.031 —0.190

Ep 0.437 —0.023 0.702 0.008 —0.228

Fp 0.758 0.797 0.250 0.577 —0.665
Year Dr —0.214 0.910 —0.733 —0.444 0.341
Ep 0.070 0.990 —0.512 —0.174 0.063

Significant at p < 0.05. Correlations: 0.0 < Irl < 0.1—slight correlation; 0.1 < Irl < 0.3—weak correlation;
0.3 < Irl < 0.5—medium correlation; 0.5 < Ir| < 0.7—high correlation; 0.7< Ir| < 0.9—very high correlation;
0.9 < Irl< 1.0—almost full correlation; | r| = 1—full correlation.

Table 6. Correlation coefficients (r) between the strength parameters of pea seeds and the content of
macronutrients in seeds.

Variables Strength  Phosphorus Potassium Calcium Magnesium  Sodium

Parameters P K Ca Mg Na
Fp —0.095 0.164 —0.146 0.197 0.068
Cultivar Dgr 0.159 0.464 0.276 —0.123 —0.220
Ep —0.482 —0.396 —0.183 —0.480 0.269
Fp —1.000 —0.169 0.339 —0.918 —0.216
Fertilization Dr —0.960 —0.466 0.032 —0.996 —0.508
Ep —0.970 —0.431 0.071 —0.991 —0.474
Fp 0.871 —0.396 0.883 0.996 0.808
Years Dr —0.019 —0.996 0.833 0.556 0.902
Ep 0.263 —0.931 0.955 0.767 0.987

Significant at p < 0.05. Correlations: 0.0 < Ir| < 0.1—slight correlation; 0.1 < Ir| < 0.3—weak correlation;
0.3 < Irl < 0.5—medium correlation; 0.5 < Ir| < 0.7—high correlation; 0.7< Ir| < 0.9—very high correlation;
0.9 < Irl< 1.0—almost full correlation; Ir| = 1—full correlation.

The variable that had the strongest impact on the strength of the correlation between
the content of micronutrients and mechanical parameters of the seeds tested was the
fertilizer treatment, following the weather conditions in the years of research and pea
cultivar (Table 7). In the case of pea cultivars, a high correlation was only found between
Fp and Dy and Zn content (r = 0.528 and r = 0.526 respectively), as well as between Dy
and Fe (r = 0.609). Considering the variable fertilizer treatment, all micronutrients marked
in pea seeds had an influence on the strength parameters of seeds (almost perfect or very
strong correlation), and the direction of these dependences was negative. The strongest
dependence (almost perfect correlation) was obtained between Fp and the content of Fe
and Zn (r = —0.953 and r = —0.926 respectively) and between Dr and Ep as well as Mn
content (r = —0.985 and r = —0.978 respectively). In addition, over the years of research an
almost perfect correlation with a positive direction of dependency was shown between Dr
and Ep as well as Mn content (r = 0.999 and r = 0.945 respectively) and Fp and the content
of Zn (r = 0.988).
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Table 7. Correlation coefficients (r) between the strength parameters of pea seeds and the content of
microelements in seeds.

. Strength Iron Manganese Zinc Copper
Variables Parameters Fe Mn Zn Cu
Fp 0.430 0.440 0.528 0.306
Cultivar Dr 0.609 0.406 0.526 0.469
Ep —0.072 —0.286 —0.338 —0.097
Fp —0.953 —0.884 —0.926 —0.891
Fertilization Dr —0.812 —0.985 —0.764 —0.706
Ep —0.834 —0.978 —0.789 —0.733
Fp —0.898 0.432 0.988 0.703
Years Dr —0.040 0.999 0.608 —0.292
Ep —0.319 0.945 0.807 —0.011

Significant at p < 0.05. Correlations: 0.0 < Ir| < 0.1—slight correlation; 0.1 < Ir| < 0.3—weak correlation;
0.3 < Irl < 0.5—medium correlation; 0.5 < Ir| < 0.7—high correlation; 0.7< Ir| < 0.9—very high correlation;
0.9 < Irl< 1.0—almost full correlation; I r| = 1—full correlation.

In order to identify the independent variables that have an impact on the mechanical
parameters of seeds, the method of progressive multiple regression was used. The research
shows a strong dependence between the mechanical parameters Fp, Dg, and Ep examined
and the foliar fertilization applied (Table 8). The models showed good correlation with
the explanatory variables. In the equations presented, the values obtained indicate the
significance of the estimated regression parameters, with the equations characterized by
high coefficients of determination R?.

Table 8. Regression equation for mechanical properties of pea seeds dependent on fertilizer treatment.

Strength

Fertilization Regression Equation (N = 24) R?
Parameters

y =443.6232 * — 0.3289 NFE + 28.4667Density * — 1.4539Cultivar ** — 11.5601P * +
26.3420Mg * + 1.1204Ash

y =1079.77 *** — 0.56NFE * — 1.28Fe *** + 14.58Mg + 0.58Sphericity — 1138.43Na * +
Fp N1 0.81Fiber ** + 2.01Zn *** — 73.53Width ** — 5.99P — 484.50Density + 788.85Weight ** — 0.95
17.14Cu ** — 1.67Ash * + 0.96Cultivar

y = 457.574 *** + 2.104Zn *** — 14.934Lenght * — 0.560Protein *** + 2283.436Na *** +
9.913P ** + 0.792Sphericity — 16.483Cu * + 0.511Fat

Control y = 6.0496 *** + 0.0161Fat * — 21.0789Na — 0.0065Fiber — 0.6274Mg * + 0.0101Zn 0.47
y = 6.35363 *** — 1.16344Mg ** + 0.00676Fat + 0.06400K — 0.00906Fe + 0.00658Zn +

Control 0.88

N2 0.88

Dr N1 0.00469Fiber + 0.37720Density 0.65
N2 y = 5.914817 ** + 0.116167K * — 0.031154Ash ** — 0.091189Mn * + 0.121273P + 0.012811Zn 055
+ 0.005388Fiber )
Control y =151.1381 ** — 0.1333NFE *** — 0.0527Protein * + 2.3395Cu *** — 1.7349P — 0.86
0.3091Lenght — 0.2398Ash * — 0.0295Fe + 8.5723Density * — 0.3934Mn* ’
E N1 y =125.633 *** + 2.915Density—0.164 Fat * — 1.297K ** + 0.037Fe — 0.635Sphericity ** 0.76
b 274.978Na * + 0.050Zn + 7.429Mg — 4.538Ca :
N2 y =105.6475 *** + 6.0873Weight — 0.1550Protein *** + 2.0472P *** — 1.6873Lenght — 0.84

4.5094Density — 0.1188 Fat * 176.0050Na * — 0.4142Mn * + 0.7384K* + 0.0460Fe
Significant at: * p < 0.05. ** p < 0.01. *** p < 0.001.

4. Discussion

The quality of food products depends on the chemical and physical properties of
the raw materials, as well as the parameters of their processing. Seeds are widely used
in the farm and food industry. They have different shapes, sizes, microstructure, and
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rheological and surface properties that have an impact on the processing and final quality
of the products. The weight, shape, and size of the seeds are important parameters for seed
cleaning and transport. The shape and physical dimensions of seeds are important for the
sorting, screening, and separation processes [35].

In the experiment, the pea cultivars tested varied significantly in their seed morphol-
ogy features and this is confirmed in the literature. Rybiriski at al. [73] showed that the
variability of the physical properties of legume seeds depends on a wide range of external
factors, as well as on their species and cultivars. They noticed not only a wide range
of variation between species, but also between cultivars within species of legume. The
cultivars analyzed in the experiment were characterized by moderate uniformity. Taking
into account the size of the pea seeds used and examined by Sadowska et al. [74], these
seeds can be included in the medium size and weight category. The dimensions of the
pea seeds also depended on the hydrothermal conditions. The seeds were bigger and
weighed more in the years when hydrothermal conditions were defined as humid in May,
while in June, when plants were setting pods and filling with seeds, the conditions were
classified as extremely dry (2015) or dry (2017). In 2016, when droughts occurred in May
and June, the seeds had the smallest weight, length, and width. Other authors also stated
that in the cultivation of peas [17] and white lupin [18] the effects of foliar fertilization are
closely related to weather conditions, therefore it cannot be clearly indicated whether these
treatments have a positive effect on the yield and weight of 1000 seeds in every year.

In the experiment, despite significant differences between cultivars taking into con-
sideration the morphological features of the seeds, they did not differ significantly in
resistance to mechanical loads expressed as Fp, Ep, and Dg. Therefore, the results of our
research do not confirm the results of other authors [73,75,76] who showed the existence of
significant differences between pea cultivars in the strength of seed resistance to mechanical
deformation, even if there is similar geometrical parameters.

The change in mechanical behavior is influenced by the physical properties of the
compressed seeds [77,78], which was confirmed in these studies. The larger seeds with
higher density and weight were damaged by lower Fp and Ep and were less deformed.
This dependence was demonstrated for different fertilizer treatments and years of research.
Kuzniar et al. [79] showed that the seeds of cultivars belonging to different species of
legumes (narrow-leaved and yellow lupins, faba bean, and soybean) that had greater
weight and thickness were less susceptible to mechanical damage. In the experiment by
Rybinski et al. [76], bean seeds were broken with less force (355 N) but more energy and
were more deformed, probably because of their higher moisture content. According to
other data, the average value of the maximum force for field peas is 440 N [73]. Shahbazi
et al. [80] assessed mechanical damage to cowpea seeds with a moisture content ranging
from 9.65 to 25% and showed that a higher speed caused a significant increase in the mean
values for damage from 4.42 to 33.58%. Rybinski et al. [81] assessed the morphological and
mechanical properties of the seeds of chickling pea (Lathyrus sativus L.). The authors show
a wide range of variability in the parameters examined. The largest ranges of variation
were noted for Fp, DR, and Ep. The strength parameters were related not only to the
geometrical features of the seeds, but probably also to genetically determined changes in
the seed microstructure.

Interest in using pea seeds is high because of their nutritional, environmental, and
economic value [82,83]. The chemical composition of pea seeds is an important element
that has an impact on the further processing of the seeds. The literature shows a positive
reaction of legumes to fertilization with macro- and micronutrients [84-86] however there
are only a few studies on the effect of foliar fertilization on the mechanical properties of
seeds. It is important to obtain information on whether the chemical composition of the
seeds has an impact on their resistance to mechanical stress, and if so, to what extent. In the
experiment, the strength properties of the seeds of the pea cultivars studied were less
correlated with their chemical composition than with their morphological characteristics.
This weak correlation proves that the chemical composition of seeds has a smaller influence
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on mechanical damage than their dimensions. The influence of chemical composition on
the strength of seeds was stronger for the different fertilizer treatments applied and the
years of research than for the pea cultivars. Seeds with a higher content of protein, fat, ash,
and K, as well as a lower content of NFE, Fe, Zn, and Cu were more resistant to mechanical
damage. Kuzniar et al. [51] showed a similar influence of protein and ash content on
soybeans. Seeds with higher protein and ash content cracked with higher Fp and Ep and
were therefore more resistant to damage, while seeds containing more fat and fibre were
more susceptible to quasi-static loads. Different results are presented by Rybinski et al. [76],
according to which an increase in tension in the seeds at the moment of disruption is
more probable if the seeds contain less protein and fat. Taking into consideration the
fertilizer factor, the greatest degree of dependence (perfect or almost perfect correlation)
and the negative direction of the impact were shown between Fp, DR, and Ep, as well
as P and Mg. Moreover, it was shown that the increase of Fe, Mn, Zn, and Cu content
in pea seeds had an impact on their strength parameters (almost perfect or very strong
correlation), and the direction of these dependences was negative. The highest degree of
dependency (almost perfect correlation) was obtained between Fp and the content of Fe
and Zn, and between D and Ep and the content of Mn. Other authors also indicate a
significant influence of the element content of seeds on their strength parameters. Shahbazi
et al. [80,87] showed a significant effect of the content of P and Fe in the foliar fertilizer
applied and the interaction between these components in the mechanical damage of seeds.
Contrary to our experience, their fracture toughness increased with increasing P and Fe
content. In other studies, Shahbazi et al. [87] showed that the Fe dose and moisture as well
as the interaction of these two variables significantly influenced the susceptibility to the
fracture of wheat grain. Increasing the Fe dose from 0 to 2 L ha~! by foliar fertilization
resulted in a significant decrease in the mean value of damage from 66.19 to 36.69%. The
maximum rate of reduction of seed damage in conjunction with higher moisture was
obtained with higher Fe doses. Shahbazi et al. [88] also found a decrease in the amount of
damage to triticale grains (from 32.6 to 17.0%) linked to higher doses of Zn.

The ambiguity of the dependences obtained between the chemical composition and
the strength parameters of the seeds is a good reason for further research in this field.
The regression equations that have been developed to describe precisely the percentage
destruction of pea seeds under static load depending on the fertilizer treatment enable
one to understand the mechanical properties of seeds and the factors that determine
such properties. The early identification of these factors enables timely decisions on the
production flow to be made in order to reduce significant economic losses.

5. Conclusions

The use of conventional (N1) and organic (N2) fertilizers increased the resistance
of pea seeds to mechanical damage under quasi-static loads. The N1 fertilizer treatment
had a stronger influence and reduced the length, width, and weight of seeds, and the
N2 fertilizer treatment significantly reduced their length, mass, and density, and increased
sphericity. Seeds with larger dimensions, weight, density, and had a more spherical shape
were damaged under the action of lower force (Fp) and energy (Ep) and deformed less
(DR). Seeds with a higher content of protein, fat, ash, and K, as well as a lower content
of NFE, Fe, Zn, and Cu were more resistant to mechanical damage. The data presented
indicate that foliar organic fertilizers are an alternative to inorganic fertilizers and are an
important step towards sustainable and ecological agriculture. The regression models
developed provide knowledge on the development of the mechanical properties of seeds
under the influence of foliar fertilization. This knowledge can be used during the design of
the harvesting, storage, and processing of seeds.
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