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Abstract. The aim of this paper is to present the method of using thin layer drying under 

controlled conditions, to obtain variable moisture diffusion coefficient expression of wood 

drying. The obtained relationship parameters can then be used for a larger sample drying process 

simulation. This paper includes the theoretical study of changes of moisture content determination 

in wood in response to high temperature of the drying air (105 °C). A 1-D diffusion model with 

a variable concentration-dependent diffusion coefficient is considered. This problem is solved, 

using the differential scheme. Paper described theory and experimental results of wood drying by 

the high temperature at 105 °C. For studies have selected five types of wood: oak (Quercus 

robur), beech (Fagus silvatica), spruce (Picea abies), scots pine (Pinus silvestris), and larch 

(Larix decidua). Experimental measurements and modelling results are given. 

 

Key words: wood pieces, oven, natural convection, mass diffusion coefficient. 

 

INTRODUCTION 

 

The aim of this paper is to present the methodology of determination of the mass 

diffusion coefficient of wood by thin-layer drying kinetics and show some results of this 

measurement. Using a wood measurement of a small wood sample in drying process, it 

is possible to obtain information on the diffusion coefficient depending on the moisture 

concentration in the sample. Wood heat treatment is a compulsory technological process 

for gluing materials, plywood, building materials and so on. This process is energy-

intensive, complex and long-lasting, and therefore it is necessary to scientifically justify 

it. The usual drying methods are based on low-temperature convective drying and the 

drying process lasts long time (Simpson, 1983). To reduce the drying time without 

decreasing the quality of wood, the drying temperature of product is above the boiling 

point of water. This paper describes the experiments and experimental results of wood 

drying at 105 °C. 

This research is focused on the most important wood used as a timber or in the 

industry in European conditions. The tested samples are made from spruce (Picea abies), 

scots pine (Pinus silvestris), larch (Larix decidua), oak (Quercus robur) and beech 

(Fagus silvatica). 

https://doi.org/10.15159/AR.19.006
https://doi.org/10.15159/AR.19.006
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There are some research studies that are limited to ‘catching’ the drying curves 

(Hua et al., 2016; Anisimov et al., 2017). One of the basic drying parameters is the 

diffusion coefficient. Knowing its value and using Fick's second law is possible to 

predict moisture concentration change in timeand get the moisture distribution in the 

sample during drying. The several fundamental multiphase models has been compiler 

and shown how these models can be applied to the wood drying process (Ciegis & 

Starikovicius, 2002). The mass transfer process is studied in four widely used Central 

African tropical woods using a climatic chamber permanently maintained at 59% air 

relative humidity (Simo et al., 2016). This study shows that diffusion coefficient 

correlate with the density of wood by an exponential function. 

Mass diffusion coefficients for pine, oak, spruce, beech and larch are calculated at 

initial samples moisture 14% wet basis (Aboltins et al., 2017a) drying at a 

temperature105 °C. These results show, that average diffusion coefficients in first 10 

drying hours are higher more that 20% than average diffusion coefficients in all drying 

time - 24 hours. For example, for spruce this difference reaches 21%, for larch 25% and 

oak only 16%.These results show that water diffusion coefficient depends on the water 

concentration in wood sample. 

The main objective of this article was to using thin-layer drying kinetics of wood 

for determination of coefficient of diffusion. This paper includes the theoretical study of 

changes of moisture content determination in wood in response to high temperature of 

the drying air. The aim of this research was to investigate theoretical background of 

wood drying by high temperatures and determination of changed diffusion coefficients. 

 

MATERIALS AND METHODS 
 

The tested samples are made from five types of wood: oak (Quercus robur), beech 

(Fagus silvatica), spruce (Picea abies), scots pine (Pinus silvestris), and larch (Larix 

decidua). 
 

 
 

Figure 1. Bigger and smaller samples of wood used for drying measurement. Bigger samples on 

upper row and smaller samples on bottom row: A – oak (Quercus robur); B – beech (Fagus 

silvatica); C – spruce (Picea abies); D – scots pine (Pinus silvestris); E – larch (Larix decidua). 

 

To be able to study different way of drying up the water from the wood, two 

samples of each type of wood were examined (larger and smaller length) (Fig. 1). Small 

samples are cut from the large sample perpendicular to the fibres direction. The wood 

Bigger 

Smaller 

A B C D 
E 
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density depends not only on moisture content of the wood but also on growth conditions. 

The exact dimensions and properties of tested samples are measured and presented in 

Tables 1 and 2. The length of the sample is measured in the direction of the fibres. 

 
Table 1. The characteristics of bigger wood 

samples used for drying measurements 

Type  

of  

wood 

 Weight  

 (g) 

Density  

(kg m-3) 

Sample 

profile  

(mm x mm) 

Length  

(mm)  

Oak  229.35 725 93 x 33 103 

Beech  367.18 720 100 x 60 85 

Spruce  190.96 450 67 x 68 93 

Pine  100.00 535 55 x 34 100 

Larch   295.21 590 88 x 65 88 
 

Table 2. The characteristics of smaller wood 

samples used for drying measurements 

Type  

of 

wood 

Weight  

(g) 

Density  

(kg m-3) 

Sample 

profile  

(mm x mm) 

Length  

(mm)  

Oak 46.33 725 93 x 33 21 

Beech 110.99 720 100 x 60 25 

Spruce 48.90 450 67 x 68 24 

Pine 18.39 535 55 x 34 18 

Larch  79.17 590 88 x 65 23 
 

 

The determination of wood moisture was carried out by gravimetric method, that is 

direct method and the results are very accurate. There was used for drying of samples of 

wood the electric oven Memmert UNB with automatic control of temperature and natural 

flow of air inside the chamber. Samples were weighed on the digital laboratory balance 

KERN-440-35N with maximum load weight 400 g and with resolution 0.01 g. The 

experiments lasted 30 hours, measurements were made every 1.25 hours. No charges in 

samples weight after 24 hours were observed. This indicates that the water in the samples 

has been removed. Wood moisture is determined on a wet basis. 

Using the experimental data with natural convective drying method in the 

laboratory conditions under high temperature 105 °C (near the boiling point of water) 

there were calculated the theoretical drying coefficients, useful for description and 

modelling of the drying process, calculated theoretical results of moisture removal and 

compared with experimental results obtained from the measurements. The results of 

drying of different samples dimensions and small mass of wood pieces are compared. 

The obtained results of this research are parameters, which can be used for the future 

research work and for improvement of the whole drying process. This destructive 

method of measurement can be also used for laboratory control of another method of 

measurement, e.g. non-destructive sensor tests, based on other physical principles 

(capacitive or resistive) sensors (Papez & Kic, 2013). 

 

Mathematical model with changing coefficient of diffusion 

In order to determinate the effective moisture diffusion in solid wood is used mass 

maintenance law usually presented in the following form: 

𝜕�̃�

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝑔𝑟𝑎𝑑�̃�) (1) 

D – coefficient of diffusion (𝑚2𝑠−1),  �̃�(𝑥, 𝑦, 𝑧, 𝑡) – concentration of moisture in wood 

in wet basis (g 100-1g-1), x,y,z – space coordinates (m), t – time (s). 

Since the diffusion of vapours in wood fibre direction is several times greater than 

in radial and tangential ones (Aboltins et al., 1999) and surface of fibre direction of  
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samples is greater that surfaces of radial and tangential directions, we choose 

1-dimentional model with Dxin fibre direction (diffusion in a plane sheet  �̃�(𝑥, 𝑦, 𝑧, 𝑡) ≈
𝑐(𝑥, 𝑡). 

𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷𝑥

𝜕𝑐

𝜕𝑥
)   (2) 

There is case, where diffusion occurs through all surfaces of samples and is possible 

to assume that the diffusion coefficient Dx depending from concentration c i.e. 

Dx = D(c). For modelling assumed that in the moment t = 0 concentration of moisture 

in sample of wood is constant 𝑐𝑠. The water vapour concentration on surfaces is constant 

𝑐(𝑥, 𝑡) = 0 during drying time. The diffusion process in this case can considered as 

symmetrical situation and get mathematical problem: 

 
𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷(𝑐)

𝜕𝑐

𝜕𝑥
)       − 𝑙 < 𝑥 < 𝑙, 𝑡 > 0   (3) 

 𝑐|𝑡=0 = 𝑐𝑠 (4) 

 𝑐|𝑥=−𝑙 =   𝑐|𝑥=𝑙 = 0 (5) 

where 2l – islength of sample in x direction. 

Choose the simplest and widely used for small concentrations linear (Fox et al., 

1968; Rowland, 1984) relationship 𝐷(𝑐) = 𝑎 + 𝑏 ∙ 𝑐(𝑥, 𝑡) and mathematical problem 

(3)–(5) transforms as (6)–(8): 

 
𝜕𝑐

𝜕𝑡
= 𝑎

𝜕2𝑐

𝜕𝑥2
+ 𝑏

𝜕

𝜕𝑥
(𝑐

𝜕𝑐

𝜕𝑥
)     − 𝑙 < 𝑥 < 𝑙, 𝑡 > 0 (6) 

𝑐|𝑡=0 = 𝑐𝑠 (7) 

 𝑐|𝑥=−𝑙 =   𝑐|𝑥=𝑙 = 0 (8) 

Analytical solution to the problem (6)–(8) does not exist. Moreover, not know the 

coefficients a and b of expression of D(c). These expression’s coefficients a and b we 

define from experimental data. For solving (6)–(8) we can use difference schemes 

(Samarskii 1988; Aboltins & Morozovs, 2003). 

If take condition (5) as 𝑐|𝑥=−𝑙 = 𝑐|𝑥=𝑙 = 𝑐0 and use substitution  
𝑢(𝑥, 𝑡) = 𝑐(𝑥, 𝑡) − 𝑐0 is obtained Cauchy problem (6’)–(8’) 

 
𝜕𝑢

𝜕𝑡
= (𝑎 − 𝑏 ∙ 𝑐0)

𝜕2𝑢

𝜕𝑥2
+ 𝑏

𝜕

𝜕𝑥
(𝑢

𝜕𝑢

𝜕𝑥
)        − 𝑙 < 𝑥 < 𝑙, 𝑡 > 0 (6’) 

𝑢|𝑡=0 = 𝑐𝑠 −   𝑐0 (7’) 

𝑢|𝑥=−𝑙 = 𝑢|𝑥=𝑙 = 0 (8’) 

As shown the systems (6)–(8) and (6’)–(8’) differ only with constant coefficients. 
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RESULTS AND DISCUSSION 

 

For solving (6) – (8) we discretize the region of space-time where we want to obtain 

a solution. For discretization and numerical calculation have been taken domain  

Ω = ((𝑥, 𝑡): 0 ≤ 𝑥 ≤ 2𝑙, 0 ≤ 𝑡 ≤ 𝑇). We have put a bound on time T because in 

practise we only solve a problem up until a finite time. Discretizing means defining a 

lattice of points in this space-time region by 

𝑥𝑖 = 𝑖ℎ, 𝑡𝑗 = 𝑗𝜏,      𝑖 = 0,1, … , 𝑁, 𝑗 = 0,1, … , 𝐾,      
where the fixed numbers h and τ are the spatial and temporal step sizes, respectively. 

Here, h=2l/N and τ=1/K. The integer N is the number of subintervals in 0 ≤ 𝑥 ≤ 2𝑙  
and K is the number of time steps to be taken. Using forward difference approximation 

for the first and second derivates (Samarskii 1988; Aboltins & Morozovs, 2003) Cauchy 

problem can solve as difference problem (9)–(11): 

𝑐𝑖
𝑗+1

− 𝑐𝑖
𝑗

𝜏
= 𝑎

𝑐𝑖−1
𝑗

− 2𝑐𝑖
𝑗

+ 𝑐𝑖+1
𝑗

ℎ2
+ 𝑏

𝑐𝑖+1
𝑗 𝜕𝑐

𝜕𝑥
− 𝑐𝑖−1

𝑗 𝜕𝑐
𝜕𝑥

2ℎ
, 

 

𝑖 = 1,2, … , 𝑁 − 1;             𝑗 = 0,1, … , 𝐾 

(9) 

𝑐𝑖
0 = 𝑐𝑠,         𝑖 = 0,1,2, … , 𝑁 (10) 

𝑐0
𝑗

= 𝑐𝑁
𝑗

,          𝑗 = 1,2, … , 𝐾 (11) 

Solve 
1j

ic  from (9), 

𝑐𝑖
𝑗+1

= 𝑐𝑖
𝑗

+
𝑎𝜏

ℎ2
(𝑐𝑖−1

𝑗
− 2𝑐𝑖

𝑗
+ 𝑐𝑖+1

𝑗
) + 

+
𝑏𝜏

2ℎ2
((𝑐𝑖+1

𝑗
)

2
− 𝑐𝑖

𝑗
(𝑐𝑖−1

𝑗
+ 𝑐𝑖+1

𝑗
) + (𝑐𝑖−1

𝑗
)

2
), 

 

𝑖 = 1,2, … , 𝑁 − 1;         𝑗 = 0,1,2, … , 𝐾 

(12) 

 

The difference Eq. (12) gives the approximate solution at the node (𝑥𝑖, 𝑡𝑗+1) in 

terms of approximations at three earlier nodes. 

To solve the problem (10) – (12) need to determine the values a and b for each tree 

type. These values can be determined from experimental data of small samples of each 

type of wood. This determination methodology is similar to the drying rate determination 

(Aboltins, 2013). Assume that Dx = const. If Mt denotes the amount of diffusing moisture 

which has come out from the material at time t, and M∞ the corresponding quantity after 

infinite time, then (Crank, 1956): 

 
𝑀𝑡

𝑀∞
= 1 − ∑

8

(2𝑛 + 1)2𝜋2
exp (−

𝐷𝑥(2𝑛 + 1)2𝜋2𝑡

4𝑙2
)

∞

𝑛=0

 (13) 

The first we must estimate Dx. Looking at the series (13), it converges very fast. 

The first member (n = 0) of series (13) is selected for estimation of approximated Dx, 

taking into account inaccuracy of this assumption at the beginning of drying process 

(Aboltins et al., 2017b): 
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8

𝜋2
∙ exp (−

𝐷𝑥 ∙ 𝜋2𝑡

4𝑙2
) = 1 −

𝑀𝑡

𝑀∞
 (14) 

Since only smaller samples (Fig. 1) are used in the experiment, it is assumed that 

thickness of the samples has small effect on the diffusion coefficient and it is not taken 

into account. Right-hand side of the Eq. (14) known (experimental data at time = 𝑡𝑘,  

k = 1,2,…,ko) and is possible to express coefficient of diffusion 𝐷𝑥 = 𝐷𝑥
𝑘 for each 𝑡 = 𝑡𝑘 

and 𝑀𝑡 = 𝑀𝑡𝑘
: 

𝐷𝑥 = −
4𝑙2𝑙𝑛 (

𝜋2(𝑀∞ − 𝑀𝑡)
8 ∙ 𝑀∞

)

𝜋2 ∙ 𝑡
 

(15) 

Computed coefficient values corresponding to the literature considered (Shubin, 

1990; Simo et al., 2016). The calculation results for four types of wood shown  

Figs 2–5: 
 

 

  

 

Figure 2. Water diffusion coefficient depending 

from moisture concentration in sample of pine. 

 

Figure 3. Water diffusion coefficient depending 

from moisture concentration in oak sample. 

 

  
 

Figure 4. Water diffusion coefficient depending 

from moisture concentration in larch sample. 

 

Figure 5. Water diffusion coefficient depending 

from moisture concentration in spruce sample. 

 

Using the experimental data processing (Figs 2–5) it is possible to determine the 

expressions  𝐷(𝑐) = 𝑎 + 𝑏 ∙ 𝑐(𝑥, 𝑡) constants a and b for each tree species examined. 

Using problem’s (6)–(8) numerical solution (10)–(12) and calculated diffusion 

coefficients for oak 𝐷(𝑐) = (0.004 + 0.0009 ∙ 𝑐(𝑥, 𝑡)) ∙ 10−6 and spruce  
𝐷(𝑐) = (0.0048 + 0.0016 ∙ 𝑐(𝑥, 𝑡)) ∙ 10−6samples (Fig. 3, Fig. 5) the moisture 
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concentration distribution inside longer samples is possible calculated. Results for 0.1 m 

length samples are shown at Fig. 6. 
 

 
 

Figure 6. Comparison of moisture content distribution in oak and pine samples at different drying 

time. 

 

It should be noted that in this case it is considered that the water removal takes 

place only in the longitudinal direction. Since the drying occurred at 105 °C, it is then 

assumed, that moisture concentration on surface is zero Eq. (11). Of course, in real 

situation at lower temperatures, we must take into account equilibrium moisture content 

and capillarity at higher wood moisture. It will also produce amore complicated 

mathematical model with more unknown parameters. 

The effect of moisture concentration on the diffusion coefficient of spruce wood is 

almost 2 times higher than of oak wood, which could be explained by different wood 

densities. As density of oak is higher as spruce wood moisture diffusion goes quicker in 

spruce. It means the spruce wood dry quicker as oak wood (Fig. 6). 

 

CONCLUSIONS 

 

The proposed methodology, originally used for determination of drying coefficient 

of wood and can be used to determinate diffusion coefficient depending from 

concentration. 

Using offered difference scheme is possible calculate moisture distribution in solid 

body at different drying time. 

Using the proposed methodology, more accurate results will be achieved if the 

cross-sectional area / perpendicular to the direction of the capillary / is greater than the 

lateral surface area, or if the side surfaces are isolated. 
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It is necessary to realize different measurements in variable wood moisture range 

in order to specify changes of moisture diffusivity. 
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Abstract. The effects of important process parameters on mechanical response during the 

densification of an industrial food powder were investigated and important phenomena described 

using the power rule. The factors studied had highly significant effects on mechanical response. 

The effects of the models in predicting the behaviour of the system were also highly significant. 

The findings are of relevance to processing and handling of food powders. 

 

Key words: applied pressure, strain, deformation, compressibility, bulk density. 

 

INTRODUCTION 

 

Important stages during compression or compaction of food powders include 

particle reorganisation, elimination of fluid components and deformation of solid 

elements to achieve compact forms (Faborode & O’Callaghan, 1986; Faborode, 1989). 

These are accompanied by formation of bond bridges and relaxation of the compressed 

matrix when the applied load is disengaged (Pietsch, 2005; Imole et al., 2014). Several 

material or equipment and process factors influence mechanical response within the 

matrix (Laskowski et al., 2005; Wongsiriamnuay & Tippayawong, 2015), some of which 

interact considerably with one another (Halliday & Smith, 1997). Careful selection of 

study factors can minimize the size and likelihood of unexplained events (Halliday & 

Smith, 1997). Uniaxial compression of solid particulates is significantly influenced by 

the depth of product charge (Divišová et al., 2014) but the effects vary as the capacitive 

dimensions of the product compression device. The aspect ratio relates depths of charge 

to diameters of compression gadgets and provides basis for generalising observed effects 

which may are considered when modelling powder compaction systems. Energy 

expended during mechanical compaction of food powders is significantly absorbed by 

the biomaterial as strain (Tomas, 2004; Suescun-Florez et al., 2015). Energy absorption, 

however, cannot be a function, only, of stress intensity but also a function of the rate at 

which strain occurs (Russell et al., 2014), which is of direct importance to process 

efficiency. In uniaxial compression of food materials, the time rate of deformation may 

https://doi.org/10.15159/AR.19.020
https://doi.org/10.15159/AR.19.020
mailto:akangbe@tf.czu.cz
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be employed to vary the rate of occurrence of strain (Bagley etal., 1988). In this study, 

the effects of applied pressure, deformation rate and equipment aspect ratio on 

mechanical response during the compaction of carob powder were investigated. 

 

MATERIALS AND METHODS 

 

Carob (Ceratonia siliqua L.) powder, purchased in Czech Republic, was used for 

this study. The material had average particle size of 0.5 mm and initial bulk density of 

711.69 ± 26.55 kg m-3. 

The compression device used is of the 

form shown in Fig. 1. It consists essentially 

of a cylindrical die, a base plug and a 

piston. The die bore diameter was 25 mm 

and wall thickness was about 40 mm. The 

base plug is of solid steel, 95 mm in 

diameter and stepped inwards 

diametrically, 25 mm from its top, 35 mm 

from its circumference. The smaller end of 

the base plug fits closely in the die. A solid 

piston of 25 mm diameter, 200 mm long 

compresses the material in the die. The 

device was mounted on the ZDM 50 

universal test rig and loaded compressively 

through a hemispherical disc. 

Measures of the test powder 

corresponding to some aspect ratios were 

fed into the die. The piston was inserted 

and the device engaged with the load 

source. Pressure was gradually applied on 

 

       
 

Figure 1. Schematic view of the product 

compression device showing the base plug, 

BP, compressed powder, CP, applied load, 

F, piston, P and cylindrical vessel, V. 

 

the material  until a maximum value was attained. Two pressure levels were selected as 

maxima for this study, that is 50 and 100 MPa. The loads were applied at three rates of 

deformation – 5.5, 10 and 14.5 mm min-1. Three aspect ratios (0.5, 1.0 and 1.5) were also 

used, being ratios of the depths of material in the die to its bore diameter. These 

constituted 18 treatments and, in three repetitions, 54 experimental runs – a full factorial 

concept in a completely randomised design. The tests were conducted under a laboratory 

condition of 20 °C. Data acquisition was done using the TiraTest software developed by 

TIRA GmbH, Schalkau, Germany. Sample masses were acquired using the Kern 440–

35N (Kern & Sohn GmbH, Stuttgart, Germany) top-loading type weighing balance. 

For any treatment condition, a degree of deformation of the compressed material is 

attained. The highest value of deformation during each test was defined as δc (mm). For 

an established initial depth of product, δo (mm) in the compression chamber, the amount 

of strain induced, ϵ (–), was determined using Eq. 1. 

𝜖 =
𝛿𝑐

𝛿𝑜
 (1) 

The rate of strain was obtained as the ratio of this strain to the time required to effect the 

indicated deformation. The initial bulk density, ρb (kg m-3) of the batch of carob powder 
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used was determined as the mass of the sample of carob powder to the known volume 

of a cylinder it fills, freely (Mohsenin, 1986). The initial volume of compressed material, 

v (mm3) may be determined as (Eq. 2). 

𝑣 =
𝜋𝐷2

4
× 𝛿𝑂 (2) 

Upon compression, given an internal die diameter, D (mm), compressed material 

volume, vc (mm) and a known product mass, ms (g), the bulk density of the compressed 

material, ρc (kg m-3) may be determined using Eq. 3. 

𝜌𝑐 =
𝑚𝑠

𝑣𝑐
 (3) 

The volume of the compressed product, vc (mm3) was calculated using Eq. 4. 

𝑣𝑐 =
𝜋𝐷2

4
× 𝛿𝑓 (4) 

where δf (mm) – final height of the compressed material in the compression chamber. 

The energy required for an indicated amount of deformation may be determined as 

the area below the force – deformation curve. This was computed numerically by 

applying the trapezoidal rule (Eq. 5). 

𝐸 = ∑ [(
𝐹𝑛+1 + 𝐹𝑛

2
) × (𝛿𝑛+1 − 𝛿𝑛)]

𝑛=𝑖−1

𝑛=0

 (5) 

where n – subdivisions of the deformation axis or incremental deformation, as logged by 

the test equipment (Akangbe & Herak, 2017); FN – force required for a deformation, 

δn (mm). With respect to the volume of material compressed, specific energy demand, 

Ev (J mm-3) may be calculated as follows (Eq. 6). 

𝐸𝑣 = 𝐸
𝑣⁄  (6) 

The specific power requirement, �̇� is therefore the time rate of expenditure of this 

energy, determinable using Eq. 7. 

�̇� =
𝐸𝑣

𝑡⁄  (7) 

where t – deformation time, s. 

Numerical computations and graphical plots were done in MS Excel. Test data were 

subjected to the analysis of variance using the completely randomised design model in 

Genstat. Means were compared using Duncan’s multiple range test. 

 

RESULTS AND DISCUSSION 
 

The main effects of pressure, deformation rate and aspect ratio on all mechanical 

response parameters were highly significant (P < 0.001), except for the effect of the 

levels of pressure considered on the rate of strain (P = 0.493) and those of the time rate 

of deformation on specific energy (P = 0.08). Significant effects were also observed at 

the first levels of interaction of the factors studied (Table 1). For instance, except for the 

effects on deformation and strain, which were not significant (P = 0.387 and P = 0.194, 

respectively) the interaction of the time rate of deformation and aspect ratio had highly 

significant effects (P < 0.0029) on all mechanical response parameters. Except for the 
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rate of strain, no significant effects on response parameters were attributable to the 

second level of interaction of the parameters studied. 
 

Table 1. Effects of deformation rate and aspect ratio on response variables 

Response 

parameters 

Source of variation 

𝑝 𝑟𝑑 𝑟𝑎 𝑝 × 𝑟𝑑 𝑝 × 𝑟𝑎 𝑟𝑑 × 𝑟𝑎 𝑝 × 𝑟𝑑 × 𝑟𝑎 

Deformation, δ 0.001** 0.001** 0.001** 0.011* 0.001** 0.387ns 0.028* 

Strain, ϵ 0.001** 0.001** 0.001** 0.066ns 0.001** 0.194ns 0.158ns 

Strain rate, ∈̇ 0.493ns 0.001** 0.001** 0.901ns 0.658ns 0.001** 0.884ns 

Sp. energy, Ev 0.001** 0.08ns 0.001** 0.003 0.001** 0.001** 0.001** 

Sp. power, �̇� 0.001** 0.001** 0.001** 0.001** 0.001** 0.001** 0.349ns 

BDCM, 𝜌𝐶  0.001** 0.001** 0.001** 0.329ns 0.317ns 0.029* 0.277ns 

Gain, 𝐺𝜌 0.001** 0.001** 0.001** 0.329ns 0.317ns 0.029* 0.277ns 

ns = not significant at the 5% level; * = significant (at the 5% level); ** = highly significant (at the 

1% level). 

 

Figure two shows the force–deformation details of compressed powder given a 

maximum applied pressure of 100 MPa. The profiles are curvilineal, typical of 

biomaterials (Blahovec, 1982; Yan & Barbosa‐Cánovas, 1997). Packing improved with 

incremental application of compressive load (Raji & Favier, 2004). Higher amount of 

deformation was occasioned by an increase in pressure from 50–100 MPa (Table 2). The 

higher the pressure, the higher will be the deformation that may be achieved. Higher 

rates of deformation resulted in increased deformation. These effects were, however, 

similar at deformation rates of 10 and 14.5 mm min-1 (Table 3). As the aspect ratio 

increased, deformation also increased (Table 4) and was significantly higher with every 

increase in the aspect ratio. 
 

 

 

Figure 2. Force – deformation profiles of carob powder at applied pressure of 100 MPa, aspect 

ratios (ra) of 0.5, 1.0 and 1.5 and deformation rates of 5.5, 10 and 14.5 mm min-1. 
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More strain was induced at higher pressure (Table 2) and at higher rates of 

deformation (Table 3); although similar amounts of strain were induced at 10 and 

14.5 mm min-1. The highest amount of strain was obtained with the least aspect ratio 

(Table 4). 

 
Table 2. Main effects of applied pressure on mechanical response parameters 

Response Parameters 

Applied pressure, 𝑝 (MPa) 

50 100 

Deformation, δ (mm) 10.5b 11.4a 

Strain, ϵ (-) 0.427b 0.465a 

Strain rate, ∈̇ (S-1) 0.0045a 0.0081a 

Specific energy, Ev (MJm-3) 4.70b 4.71a 

Power, �̇� (kJm-3S-1) 49.7b 83.2a 

Bulk density of compressed material, 𝜌𝐶  (kgm-3) 1246.0b 1337.0a 

Gain in bulk density, 𝐺𝜌 (%) 75.1b 87.9a 

Mean values are compared row-wise. Similar alphabets indicate homogeneous subsets. Significant effects 

are valid at the 5% level of significance. 

 
Table 3. Effects of the time rate of deformation on mechanical response 

Response Parameters 

Deformation rate, 𝑟𝑑 (mm min-1) 

5.5 10 14.5 

Deformation, δ (mm) 11.69b 12.11a 12.21a 

Strain, ϵ (-) 0.4728b 0.4909a 0.4968a 

Strain rate, ∈̇ (S-1) 0.0045c 0.0081b 0.0117a 

Specific energy, Ev (MJm-3) 6.924a 6.794a 6.924a 

Power, �̇� (kJm-3S-1) 65.6a 108.8b 162.3a 

Bulk density of compressed material, 𝜌𝐶  (kgm-3) 1361b 1429a 1416a 

Gain in bulk density, 𝐺𝜌 (%) 90.8b 100.3a 98.5a 

Mean values are compared row-wise. Similar alphabets indicate homogeneous subsets. Significant effects 

are valid at the 5% level of significance. 

 
Table 4. Effects of aspect ratio on mechanical response 

Response Parameters 

Aspect ratio, 𝑟𝑎 (-) 

0.5 1.0 1.5 

Deformation, δ (mm) 6.46c 11.67b 17.88a 

Strain, ϵ (-) 0.5170a 0.4667c 0.4767b 

Strain rate, ∈̇ (S-1) 0.0132a 0.0066b 0.0044c 

Specific energy, Ev (MJm-3) 7.35a 6.85b 6.44c 

Power, �̇� (kJm-3S-1) 183.3a 95.2b 58.4c 

Bulk density of compressed material, 𝜌𝐶  (kgm-3) 1534a 1374b 1299c 

Gain in bulk density, 𝐺𝜌 (%) 115.0a 92.6b 82.1c 

Mean values are compared row-wise. Similar alphabets indicate homogeneous subsets. Significant effects 

are valid at the 5% level of significance. 

 

Volumetric strain – estimated as axial strain in constrained configurations – may 

be expressed in direct proportion to increments of pressure (Raji & Favier, 2004). 

Void capacity is lost progressively, and is strain dependent; there is evidence that this 
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effect is pulsatile and accounts for two notable phases during compaction (Ozbay & 

Cabalar, 2016). 
 

 
 

Figure 3. Rates of strain in the compressed powder as functions of the aspect ratio at 50 and 

100 MPa and deformation rates of 5.5, 10.0 and 14.5 mm min-1. 

 

Non-recoverable strain is a consistent component of induced strain (O’Dogherty, 

1989). Higher rates of strain were occasioned at higher deformation rates and lower 

aspect ratios (Tables 3 and 4). This relationship is shown in Fig. 3. The rate of 

deformation is an important determinant of the rate of strain. High rates of strain 

have been associated with stiffer compacts (Sarumi & Al-Hassani, 1991). The strain 

rate, ∈̇ (𝑠−1) may be expressed as a power function of the equipment’s aspect  

ratio, 𝑟𝑎 (-), at every level of deformation (Table 5). 

∈̇= 𝑘𝑟𝑎
𝑛 (8) 

where 𝑘 – proportionality constant, s−1; 𝑛 – exponential constant, (-). 
 

Table 5. Estimated parameters of strain rate and specific power as functions of the aspect ratio 

Pressure 

(MPa) 

Deformation rate 

(mm min−1) 

Strain rate, ∈̇ (s−1)  Specific power, �̇� (Jm−3s−1) 

k (s−1) n (-) 𝑅2 k (s−1) n (-) 𝑅2 

50 5.5 0.0037 -0.9990 1.0000  38.7910 -1.0680 0.9928 

10.0 0.0066 -0.9930 1.0000  66.3140 -1.0880 0.9968 

14.5 0.0096 -0.9960 1.0000  96.5020 -1.1380 0.9967 

100 5.5 0.0037 -0.9980 1.0000  64.8650 -1.1430 0.9990 

10.0 0.0066 -0.9930 1.0000  112.1500 -0.9400 0.9970 

14.5 0.0096 -0.9900 1.0000  167.8900 -0.9460 0.9906 

 

Increasing the applied pressure raises energy expenditure (Table 2), as does 

lowering the aspect ratio (Table 4). Energy demand decreased per unit volume of 

material compressed as aspect ratio became larger. The time rate of expenditure of 

energy increased as deformation rate increased (Table 3) and as the aspect ratio was 

lowered. Specific power requirement is therefore lower at lower rates of deformation 
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and higher aspect ratios, indicating patterns for energy efficiency during powder 

compaction. Similar results were reported for related densification systems (Akangbe et 

al., 2018). There are indications (Mittal & Puri, 2005) that rate dependent compression 

response is non-linear. Considerable amount of the energy required for compaction is 

absorbed as plastic deformation (Kulig et al., 2015), translocation of product particles 

being the dominant initial activity. Fluid pressure builds up within the matrix and is lost, 

repeatedly over the span of strain. Two positions are reported on fluid pressure build up 

and loss during uniaxial compression of food materials namely, repeated (Ozbay & 

Cabalar, 2016) and progressive (Stasiak et al., 2012). A fourth element of energy is 

responsible for relaxation in the matrix after compaction. Specific power requirement 

was observed to be a power function of the aspect ratio (Eq. 9), at all rates of deformation 

(Fig. 4) 

�̇� = 𝑘𝑟𝑎
𝑛 (9) 

where �̇� – time rate of expenditure of energy, Jm−3s−1; 𝑟𝑎 – aspect ratio, (-); 

𝑘 – constant of proportionality, s−1; 𝑛 – exponential constant, (-). Parameters of this 

equation are presented in Table 5, for the different rates of deformation considered. The 

power law has been used to describe similar relationships such as that between the ratio 

of in-die to relaxed material density and aspect ratio (O’Dogherty & Wheeler, 1984; 

Kronbergs et al., 2013). 
 

 
 

Figure 4. Specific power requirement as a function of the aspect ratio, 50 and 100 MPa of applied 

pressure and deformation rates of 5.5, 10.0 and 14.5 mm min-1. 
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rate of deformation. Bulk density was significantly higher in material compressed at 

100 MPa than those compressed at 50 MPa and represented 88% gain at applied pressure 

of 100 MPa over initial values, compared to gains of 75% at 50 MPa. 
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Given associated bulk moduli (Johnson et al., 2013), applied pressure considerably 

determines achievable deformation, with positive correlation to energy requirement for 

resulting compacts (Adapa et al., 2013). Powder compacted at the least aspect ratio 

(Table 4) had the highest value of bulk density, which was 1,534 kg m-3. Gains in bulk 

density increased significantly as aspect ratio was lowered. 

 

CONCLUSIONS 

 

Effects of applied pressure, deformation rate and aspect ratio on mechanical 

response during the compaction of carob powder were investigated. Main effects of each 

factor had highly significant effect on mechanical response. Strain rate and specific 

power requirement were found to be power functions of the aspect ratio at all rates of 

deformation investigated. Whereas achievable degrees of compaction are higher at lower 

aspect ratios, energy use efficiency improves with larger aspect ratios. These findings 

are of direct relevance to processing of food powders into preferred product forms as 

well as their handling, transport and storage.  
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Abstract. Given the effects of climate change and its significant consequences on plant 

productivity, it is necessary to evaluate the enzymatic responses of the most important crops such 

as wheat (Triticum durum L.). We examined the response of foliar peroxidase activity, nitrate 

reductase, and glutamine synthetase to experimental increments of temperature (+2 °C) under 

field conditions following conventional agricultural practices. Foliar samples, in both control and 

warming treatments were taken during growth, tillering and flowering phenophases to test the 

peroxidase activity. Similarly, nitrate reductase, glutamine synthetase activities, and glutamine 

content were measured during the heading phenophase. Due to the effects of experimental 

warming, peroxidase activity significantly increased. The nitrate reductase activity was also 

higher in the warming treatment, suggesting a high nitrogen metabolism efficiency. Whereas, the 

increase observed in the glutamine synthetase activity, and consequently the glutamine content, 

evidenced a biochemical signal of an early senescence due to the effect of warming. 

 

Key words: Triticum, warming, nitrogen metabolism, Yaqui Valley. 

 

INTRODUCTION 

 

Warming is one of the most stressing factors for plant productivity (Asseng et al., 

2017). Every year, a significant amount of land is abandoned because species do not 

tolerate heat-stress conditions and, when they show some tolerance, their genetic 

potential is not fully expressed (Argentel-Martínez et al., 2017). Warming is a common 

stress in agricultural ecosystems that is often ignored by producers (Siebers et al., 2017) 

but it has a significant impact on agricultural yield reductions (Xin et al., 2016). 

The most common warming effects on plant physiology, consist in modifications 

of growth patterns and affectations to phenology, however all physiological process are 

closely tied to cellular metabolism (Ramani et al., 2017; Garatuza-Payan et al., 2018). A 
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single heat wave can alter the activity of the enzymatic system that modulates both, the 

synthesis and the degradation processes of macromolecules needed for plant yield 

(Mphande, et al., 2016). Under such stressing conditions, plants might turn on various 

enzymatic and non-enzymatic mechanisms for tissue and organ protection, to guarantee 

seed formation, as a final phase of the biological cycle (Baxter et al., 2014). 

For example, the peroxidase participates in the antioxidative defense system, when 

reactive oxygen species are synthesized following stress. The importance of the study of 

nitrate reductase and glutamine synthetase activities lies on the variation of nitrogen use 

efficiency (NUE), mainly at the most critical wheat phenophases such as heading and 

flowering, when considerable amounts of nitrogen are necessary to ensure a good 

fertilization and seed formation (Majláth et al., 2016). The N required for the synthesis 

of proteins that accumulate in wheat pollen comes mainly from remobilization of N 

previously assimilated and accumulated into the leaves. N remobilization occurs through 

the phloem (and occurs actively) mostly in the form of aminoacids (Zhang & Du, 2016). 

In this way, N remobilization efficiency from leaves becomes the main factor of grain 

protein concentration at the end of the crop cycle. This process is affected by abiotic 

stresses such as heat. Despite of the importance of this theme, there are not abundant 

reports about its regulation. It is known that remobilization processes are regulated by 

internal factors (biochemical and molecular), with an important role in nitrogen 

metabolism, highlighting the role of glutamine synthethase (GS) family (Tian et al., 

2016), and by external factors (abiotic stresses) such as heat, drought and salinity 

(Hoffman et al., 2016). 

In the Yaqui Valley, Sonora, one of the main wheat production sites of México and 

across the world, increments of about 2 °C are expected in the next 50 years (Navarro-

Estupiñan et al., 2018), likely bringing profound effects on wheat yields as suggested by 

modelling synthesis studies (Mendoza-Ochoa et al., 2018). An important step for the 

adoption of agronomical strategies to adapt to climate change consist in carrying detailed 

studies about the enzymes involved in plant protection and nitrogen metabolism. Such 

information will allow to explain the variability of physiological and agronomic 

responses to climate change scenarios in commercial varieties. In this context, the 

present study aimed to evaluate the peroxidase, nitrate reductase and glutamine 

synthetase activity in the commercial crystalline wheat variety CIRNO C2008, under 

experimental warming conditions in the field, in the Yaqui Valley, Sonora, Mexico. 

 

MATERIALS AND METHODS 

 

Experimental area location 

The experiment was carried out during the crop cycle of December 2016 to April 

2017, under field conditions, at the Technology Transfer Experimental Center (CETT-

910) of the Instituto Tecnológico de Sonora (ITSON), located at 27°22'0.4''N and 

109°54'50.6''W (UTM: 607393.24 m E; 3027508.34 m N). During the cropping cycle 

mean daily temperatures were in the range of 8° to 24 °C with the lowest temperatures 

occurring during December and January. Accumulated rainfall was less than 25 mm with 

two events occurring in February. The wind speed did not exceed 3 m s-1. The 

experiment was established on a vertisol soil with 25 years of crop management. Soil 

characteristics previous to sowing are shown in Table 1. 
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Table 1. Soil characteristics and mineral composition  

pH 
M.O 

(%) 

CE 

(dS m-1) 

Cations (meq L-1) Anions (meq L-1) 

K Na Ca  Mg SO4 CO3 HCO3 Cl 

7.1 1.7 1.96 1.13 8.7 7.8 5.23 4.59 0.85 3.34 5.7 

 

Treatments and temperature control 

Two treatments were established: T1: increase of 2 °C with respect to the ambient 

temperature of the crop canopy (Warming treatment); and T2: ambient temperature of 

the crop canopy (Control treatment) as described previously by Garatuza-Payan et al. 

(2018). Shortly, treatments were distributed following a completely randomized 

experimental arrangement. To increase the crop canopy temperature, a T-FACE system 

designed by Kimball (2015) was mounted. Six 1000 W thermal radiators were used per 

plot (model FTE-1000, 245 mm long x 60 mm wide, built by Mor Electric Company 

Heating Association Inc. Comstock Park, MI, EEU.). The radiators were deployed on 

five triangular equilateral structures of 5.2 m on each side (Fig. 1). Two radiators were 

installed on each side of the triangular structures forming a regular hexagon that 

effectively raised the temperature in a 3 m diameter circle on each plot. To control the 

temperature, infrared temperature sensors were installed (ITSR Apogee Instruments Inc., 

Logan, UT, USA) in both control and warmed plots. The ITSR sensors were coupled to 

a data logger (CR1000 Campbell Sci, Inc. Logan, UT, USA) that send a voltage signal 

to an interface (MAI-05V, Avatar Instruments) which, in turn, translates the signal from 

volts to milliamps into a dimmer (Attenuator A1P-24-30-S05, Avatar Instruments). This 

dimmer controlled the current delivered to heaters, so that the amount of emitted heat 

increases or decreases depending on the temperature difference between the warmed and 

control plots, through the proportional integrative and derivative routine described by 

Kimball (2015). 
 

 
 

Figure 1. Aerial image of de experimental site where triangular structures were placed containing 

six thermal radiators each one. 
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Plant material and Agronomic management 

CIRNO C2008 wheat variety was used as experimental model, which is classified 

as a crystalline or hard wheat (Triticum durum L.). It originated from a segregating 

selection of interbreeding SOOTY-9 / RASCON-37 // CAMAYO, carried out in the 

International Center for the Improvement of Maize and Wheat (CIMMyT). This variety 

was released for crop extension since 2008 (Figueroa-López et al., 2010) and still 

maintains genetic stability of yield components (Argentel-Martínez et al., 2018). 

The sowing was carried out with a SUB-24 drill on December 8, 2016, in a vertisol 

soil (Bockheim et al., 2014), forming three rows for each furrow, using a seed density of 

170 kg ha-1. Background fertilization was carried out applying 250 kg ha-1 of urea 

+ 100 kg ha-1 of monoammonium phosphate (MAP), 11-52-00. Three irrigations were 

applied with an average water depth of 14 cm and irrigation intervals of 25 days. Two 

additional nitrogen applications of 50 kg ha-1 of urea were applied before the second and 

third irrigations (growth and heading phenophases). A slight presence of aphids 

(Schizaphis graminum) was observed during tillering phenophase using the Muralla Max 

(ia Imidacloprid + Betaciflutrin) pesticide for control, at a dose of 0.20 L ha-1. Weed 

control was done manually before irrigations. 
 

Peroxidase activity (POD) 

Peroxidase activity was measured according to the continuous method similar to 

the one described by Maehly & Chance (1954). The enzyme extract was obtained with 

a sample of 0.25 g of leaf fragments sampled from 15 plants per repetition at each 

treatment, which were homogenized in a mortar, with 5 mL of Tris-HCl buffer pH 7.4. 

The homogenate was centrifuged at 12,900 rpm during 15 min and the supernatant was 

used to determine POD activity. The oxidative substrate was made of Guaiacol  

(2-Methoxyphenol, Catechol monomethyl ether, Pyrocatechol monomethyl ether) 

(0.5 mL) and hydrogen peroxide at 30% (0.1 mL). The POD extract (0.1 mL) was mixed 

with the oxidative substrate (0.25 mL) to measure absorbance at 470 nm. This reaction 

was used to define enzymatic activity units (UEA) where one unit was the change of 

0.01 in the absorbance reading for one minute and is reported by per gram of fresh 

weight. This assay was done during growth, tillering and heading phenophases, when 

51% of plants showed similar characteristics. 
 

Nitrate reductase activity (NR) 

The Jaworsky (1971) methodology was used for NR measurement during the 

heading phenophase. In a final volume of 2 mL of the reagents, 0.8 mL of phosphate 

buffer (100 mM of K2HPO4 / KH2PO4, pH 7.5), 0.2 mL of 100 mM KNO3, 0.2 mL of 

10 mM cysteine, 0.2 mL of 2 mM NADH, were mixed together with 0.6 mL of 

enzymatic extract (see above). The NR activity was stopped by the addition of 0.1 mL 

of 1 M zinc acetate after 30-min incubation of samples in the dark at 30 °C. 

Subsequently, to eliminate the precipitate formed after the addition of zinc acetate, the 

samples were centrifuged at 12,000 rpm for 15 min. The NR activity data were expressed 

in (μmol NO2
- g FW-1 h-1). 
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Activity of glutamine synthetase (GS) 

The extraction of the GS was carried out following the method of O'Neal & Joy 

(1973) during heading phenophase. For this, an amount of 0.5 g of fresh plant material 

(a sample from fragments of 15 plants by repetition at each treatment) was homogenized 

with 5 mL of 0.2 M HEPES buffer, pH 7.9. The homogenate was centrifuged at 

16,000 rpm for 20 min, and the obtained supernatant was used to measure GS activity. 

The enzymatic activity was determined by the method described by Slawky & Rodier 

(1988). The extracted material was centrifuged at 11,000 rpm, for 10 min., then a 50 μL 

sample was taken from the resulting supernatant to quantify the inorganic phosphorus 

(Pi) from the enzymatic use of ATP which was determined using the colorimetric method 

of vanadomolydophosphoric (Hogue et al., 1970), at a wavelength of 430 nm and against 

a standard curve of K2HPO4 (5–100 μM) and it was expressed in μmol GS s-1 g-1 FW. To 

determinate glutamate concentrations (mg g-1 FW), a blank per omission of the 

enzymatic extract and glutamate was used, where the corresponding volumes were 

replaced by the HEPES buffer. 
 

Statistical analysis 

For POD activity data comparison, we implemented a two way analysis of variance 

using a factorial arrangement, based on a linear model of fixed effects, taking as sources 

of variation the phenophases (growth, tillering and heading) and treatments (Warming 

and Control) (Fisher, 1937). Treatment means were compared by the Tukey multiple 

comparison test for p < 0.01 (Tukey, 1960). Statistical indicators: coefficient of 

determination without adjustment (R2) was determined for the isolated factors and the 

phenophase-treatment interaction. The coefficient of variation (CV) was also 

determined. 

For the NR, GS activities the mean of a total of 6 repetitions from each treatment 

and its standard deviation were determined, which were compared by a theoretical 

distribution of probabilities for continuous quantitative variables of t-Student for 

p < 0.01. For all analyzes the statistical package ESTATISTICA, version for Windows 

(StatSoft, 2014) was used. 

 

RESULTS AND DISCUSSION 

 

Peroxidase activity (POD) 

Peroxidase activity increased significantly from the tillering phenophase in the 

warming (Fig. 2) compared to the control treatment. This result suggests that during the 

initial growth phenophase the warming treatment did not affect the enzymatic activity. 

This result could be related to the protective mechanisms of macromolecules reserve to 

avoid biological oxidations during its mobilization towards the reproductive organs 

(Yoneyama et al., 2016). 

Highly significant differences in POD activity were obtained between the 

phenophases of warmed plants and such increase was more than double (Fig. 2). The 

observed increase in control plants during the heading phenophase, denotes the 

beginning of biological oxidation processes in plants induced by stress (Djanaguiraman 

et al., 2018). On the other hand, a high POD activity indicates the arrival of adverse 

conditions that affect cellular dynamics (Rached-Kanouni & Alatou, 2013). The 

variability found in POD activity was explained up to 61% by the warming effect, while 
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a 23% was explained due to changes in phenophases. There was also a significant 

interaction (warming treatments x phenophases, p = 0.05), although its contribution to 

total POD variability was only 15%. POD plays an important role in the symplastic 

hydrogen peroxide (H2O2) level regulation by its conversion to H2O together with the 

regeneration of NADP+ (Kumar et al., 2015). Several studies have shown that POD 

activity increases during exposure to high temperatures in rice and maize (Xin et al., 

2016; Matos-Trujillo et al., 2017). 
 

 
 

Figure 2. Peroxidase activity during Growth, Tillering and Heading phenophases.  

R2: Determination coefficient without adjustment for: Treat (treatments) Pheno (phenophases) 

and Treat-Pheno (interaction). SD: Standard deviation. 

 

There are also evidences that in corn (Zea mays) exposed to drought and saline 

stress the peroxidase activity increases significantly causing the formation of superoxide 

radicals (O2
-) (Mittler, 2017). The superoxide radical and its reduced product H2O2

- are 

potentially toxic when combined with a hydroxyl radical (OH-), and are also known as 

reactive oxygen species (ROS) (Zhang et al., 2017; Hasanuzzaman et al., 2018). The 

plant species that show drought and salinity stress tolerance have an efficient active 

system (Goyal & Asthir, 2016) that avoid oxidative damage as a function of peroxidase 

activity (Argentel-Martínez et al., 2017). 
 

Nitrate reductase activity during heading phenophase 

The NR activity varied significantly between treatments, showing the highest 

activity in the warming treatment (Fig. 3). This result demonstrates that increased heat 

did not negatively affect plant capacity for assimilation and reduction of nitrogen and 

actually promoted NR activity. A high NR activity in plants indicate faster 

transformation kinetics of oxidases to reduced forms of nitrogen, therefore, to the 

formation of proteins. The NR is the first enzyme involved in N-NO3 assimilation and it 

is essential for plant growth. In most herbaceous plants, reduction of N-NO3 occurs in 

both the root and the shoot (Han et al., 2017). More particularly, N-NO3 reduction occurs 
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in the cytosol and the resulting NO2
- is transported to the interior of chloroplasts, where 

it is reduced to NH3 by NR. When there is a supply of N-NH4
+, and with the participation 

of α-oxoglutarate, N is directly assimilated into chloroplasts to form glutamate through 

the activity of glutamine synthetase (GS) which has been localized in both roots and 

leaves in multiple species of cereals (Tian et al., 2016). 

 

 
 

Figure 3. Nitrate reductase activity in wheat in the Control and heat treatments. SE: standard 

error. 

 

Glutamine synthetase activity in the heading phenophase 

The GS activity also significantly increased under warming conditions (Fig. 4, a), 

and this response led to the increase of glutamine content (Fig. 4, b), a metabolite that is 

generally the main substrate of remobilization of protein nitrogen during reproductive 

stage in cereals (Yoneyama, et al., 2016). These results verify that under warming, the 

observed early senescence occurs through protein metabolic translocation, which 

suggests a reduction of the biological crop cycle (Zandalinas et al., 2018). The GS 

activity is directly involved with the ureids and asparagine biosynthesis and with some 

other reactions of normal cell metabolism. In addition, it may have a close relationship 

with the self NR synthesis, so the differences in activity of (GS) can be directly or 

indirectly correlated to the NO3
- assimilation efficiency of roots (Yang et al., 2017). The 

increase in GS activity generally forces an imbalance of glutamine / glutamate ratio, also 

causing a reduction in the glutamate content. Glutamate is the most abundant amino acid 

in wheat plants phloem during the vegetative stage, while glutamine is the predominant 

amino acid during reproductive stages, mainly during grain filling. This behavior suggest 

that GS would act as a repressor of nitrogen compounds transport in vegetative stages 

and also, as a promoter during reproductive stages. The promoter effect would have a 

positive consequence in protein accumulation in grains (Kaur & Kaur, 2017). The GS 

activity is an appropriate parameter to reveal the degradation of reserve protein and the 

end of the nitrogen assimilation processes in leaves. From this increase in enzymatic 

activity, the nitrogen mobilization, mainly from amino acid origin, is high and rapid, 

cascading in foliar senescence (Fernando et al., 2017). 



29 

 
 

 
 

Figure 4. a) Glutamine synthetase activity and b) glutamine content during heading phenophase. 
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Abstract. One of the principal problems in the harvesting of potatoes is the cleaning of the lifted 

heap from soil and plant impurities. The low quality in the performance of this harvesting work 

process operation is the main cause of the withdrawal from fields of considerable amounts of 

fertile soil. In order to facilitate choosing the optimal parameters for the new design of the spiral 

potato heap cleaning unit, a mathematical model of sieving the soil impurities through its cleaning 

spirals has been developed. The obtained analytical expressions have been solved with the use of 

a PC and the results have been used for plotting the graphic relations between the parameters of 

the examined process of a variable-mass body’s motion on the surface of a spiral, which have 

made it possible to select the optimal design and kinematic parameters of the spiral cleaning unit 

under consideration. The obtained graphic relations indicate that the rate of sieving in the spiral 

separator depends on many factors, including the initial mass, the design dimensions (spiral’s 

radius, helix angle etc.), the frictional properties of the surface, the angular parameters of the 

position of the potato heap elements on the spiral’s surface, and the angular velocity of the 

rotational motion of the spiral roll itself. 

 

Key words: cleaning, digging, mathematical model, potato, spiral roll. 

 

INTRODUCTION 

 

The industrial production of potatoes is among the energy and material intensive 

sectors in the agricultural industry, in view of the fact that just with regard to its energy 

costs per unit of output product it exceeds the production of grain crops 4 to 5 times 

(Vasilenko, 1996). The most undeveloped area in the mechanized technologies of potato 

production is its harvesting, in particular, the achievement of the standard quality in the 

output product. Therefore, in the further development and improvement of the tools for 

potato harvesters and the optimization of their parameters it is necessary, first of all, not 

only to provide for reducing their material and energy intensity, but substantially raise 

the quality of the potato tubers lifted from the soil as well (Misener & McLeod, 1989; 

https://doi.org/10.15159/AR.19.073
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Peters, 1997; Bishop et al., 2012; Ichiki et al., 2013; Guo & Campanella, 2017; Wang et 

al., 2017). 

The accomplished theoretical and experimental investigations (Bulgakov et al., 

2018a) as well as the numerous trials of various types of potato harvesters (Petrov, 2004) 

have proved that the high quality of the cleaning of potato tubers from soil and plant 

impurities is achievable, when a considerable amount of the soil and other heap 

components (haulm residues, rootstock, hardened soil bodies, stones etc.) is separated 

from the tubers in the process of digging the potato bed or immediately after their lifting. 

In that case a significant mass of the dug heap will not be fed into the harvester together 

with the potato tubers. However, the widely used elevators, the units for loosening and 

breaking the dug bed installed immediately after the passive and active vibrational type 

lifting tools, screens, clod smashers, while demonstrating sufficient transporting 

capacity, have relatively low separating performance. As a result of that, considerable 

quantities of soil impurities and plant residues are still fed into the potato harvesters and 

reach their other separating tools. 

At the same time, the various kinds of cleaning tools in the majority of potato 

harvesters, such as agitators, open-web elevators, grading screens as well as drum and 

rotary separators mostly perform what is known as passive or without power driven 

separation’ of impurities (Petrov, 2004). That implies that despite the fact that these tools 

can vibrate, be equipped with various actuators (for example, rotary-vane, auger etc.), 

perform other types of forced motions, the removal of impurities in them is not directly 

intended and enforced. Even though various cleaning forces, which have different lines 

of action and magnitudes, are applied to potato tuber bodies as well as to the 

accompanying impurities, in the majority of cases the up-to-date separators of impurities 

from potato heaps do not establish the conditions for exactly their positive capture and 

forced evacuation from the separation zone. Therefore, in the well-known separation 

facilities (Feller et al., 1987), the impurities are not always suitable for their efficient 

separation, especially in the conditions of wet soil, which heavily clogs almost all 

separating spaces. When the dug heap contains rootstock and other plant residues (dry 

and green), they close the said separating gaps even more. Moreover, the currently 

known potato heap separators can feature such sieving gaps, which do not rule out the 

entrapment and damaging of potato tuber bodies. 

The design and process schematic model of the discussed spiral unit (Bulgakov et 

al., 2018b) for cleaning the potato heap from impurities is presented in Fig. 1. 

In this potato heap cleaning unit (Fig. 1) with driven cantilevered spirals 5, its 

cleaning surface features large-area sieving gaps formed by the spacing between the own 

turns of the spirals 5 and the spacing between the coils of the adjacent spirals 5. Overall, 

such a considerable increase of the effective separating area (i.e. the total area of all 

sieving gaps) relative to the total area of the whole cleaning surface not only provides a 

marked increase in the throughput capacity of the cleaning machine under consideration, 

but also facilitates the improvement of the quality indicators of its performance. For 

example, the fast and efficient sieving of the soil and plant impurities that fall down 

through the horizontal cleaning surface outside from the cleaning unit results in the 

increase of the time of contact between the potato tubers themselves and the turns of the 

spirals 5, which improves the cleaning of their side surfaces from the stuck soil. 

Moreover, the absence of a shaft inside any of the spirals 5 ensures the unobstructed 

passing down of all impurities input with the heap and also eliminates the wrapping of 
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plant residues, which would be possible in case the drive shafts resided inside the 

spirals 5. The hollow interior space inside each spiral 5 enables raising significantly its 

capacity of positively transporting all the mass of the soil and plant impurities that have 

fallen here towards the output (cantilever) end of the spiral 5 and discharge it through 

the open end to the field surface. At the same time, the bodies of potato tubers cannot 

enter the interior spaces of the spirals 5. 
 

 
 

Figure 1. Schematic model of the potato heap separator of improved design: a – top view, 

b – side view; 1 – feeding conveyor; 2 – cantilevered spiral springs of cleaning rolls; 3 – power 

axle; cleaning roll; 4 – hub; 5 – spirals; 6 – protective apron;  7 – discharge conveyor. 

 

In order to prevent the caking of the soil on each cleaning roll 2 and avoid complete 

sealing of the gaps between the spirals 5 with wet soil, the spirals are positioned with 

certain overlapping, i.e. the turns of the spiral 5 of each roll 2 partially enter the gaps 

between the turns of the spiral of the adjacent roll 2. 

The work process of the spiral cleaning unit under consideration progresses as 

follows. The mass of the heap of the potato tubers dug out from the soil together with a 

considerable quantity of soil and plant impurities is fed by the conveyor 1 and arrives to 

the separating surface formed by the spirals 5 rotating in the same sense. Due to that 

rotation, the said mass of the potato heap is further transported along the coils of the 

spirals 5 (i.e. along their centrelines) and during that motion smaller soil impurities 

immediately spill through the separating gaps between the coils of the spirals 5. When 

the soil mass enters in greater quantities, it can fall down, but be accumulated in the 

interior spaces of the spirals 5, which will result in the situation, where the bottom inside 

surfaces of the spirals 5 are also unable to sieve the soil impurities down and outside of 

the cleaning unit at their full capacity. But the coil of each spiral 5 will transport the 

impurities already contained inside the spiral, which have been detained in the interior 

space of the spiral, and they will be positively transported to its free cantilever end and 

in the same way always, without exception fall down and outside of the cleaning unit. 

The arrangement of cleaning rolls 2 so that their spirals 5 overlap provides for the spirals 

5 mutually cleaning each other from the stuck wet soil. 

The undertaken experimental laboratory and field studies of the spiral separator 

(Bulgakov et al., 2017) mounted on the test unit modelling a single-row potato-digger 

have shown the high efficiency of its operation. 
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The research objective of this study was to determine theoretically the optimal 

design and kinematic parameters of the potato heap cleaning unit that ensure the efficient 

evacuation of soil impurities. 

 

MATERIALS AND METHODS 
 

It is obvious that the satisfactory progress of the separation process, i.e. the sieving 

of the elements of the potato heap in the spiral separator to a considerable extent depends 

on the dimensions of the heap elements - soil impurities fed to the spiral cleaning unit 

(Krause & Minkin, 2005). For that reason, an important factor in the said process is the 

reduction of the size of the said heap elements resulting from their displacement on the 

working surface of the spiral cleaning unit (Holland-Batt, 1989). 

In view of the fact that the soil clods of different size input together with the potato 

tubers are the principal component of the potato heap lifted from the soil, the research 

into the process of sieving the potato heap elements, i.e. the soil impurities, which is 

equivalent to reducing the mass of the soil clod moving along the working surface of the 

spiral cleaning unit as a result of its dynamic (force) interaction with the said spiral 

surface is of considerable interest. As a consequence of the said interaction, the mass 

separated from the soil clod sifts without fail through the gaps in the working spirals and 

thus the continuously fed stream of the heap with potato tubers is overall cleaned from 

the accompanying mass of soil impurities. 

In view of the aforesaid, it is reasonable to give consideration to a single soil clod 

moving on the separating spiral surface of the spiral cleaning unit as a variable mass 

body under the effect of the system of forces arising as a result of the interaction between 

the said body and the working surface of the spiral cleaning unit. For that purpose, the 

first step is to generate an equivalent schematic model, in which the conditions described 

above are represented (Fig. 2). This aim can be achieved by considering two cleaning 

spirals. In this case, the equivalent schematic model contains two driven spiral springs 1 

and 2 installed as cantilevers at points D and D1, their longitudinal axes being parallel to 

each other, which are in rotational motion at same angular velocities of ω and in the 

same sense. The spiral springs 1 and 2 are shaped like cylinders with the same radii of 

R, their coils have the same helix pitches of S and the same hands of helix (right-handed 

looking from the cantilever end of the spiral, which is shown by the arrows) and the 

springs are positioned so that they overlap. The helix angle (angle between the plane of 

the spiral’s cross-section and the helical line) of spirals 1 and 2 is the same and is equal 

to γ. The centres of the spiral springs 1 and 2 are designated by the points O and O1 

respectively. 

The particle (arbitrary-shape clod) of soil designated M in the equivalent schematic 

model is considered to be a variable-mass body, which at an arbitrary instant of time t is 

situated on some turn of spiral 1, and is in contact with the turn at the point K. 

In order to investigate the process of motion of the said body M on the surface of 

the spiral cleaning unit, the principles of the dynamics of the variable-mass body 

movement are to be applied. For the purpose of generating the differential equation of 

the variable-mass body movement, it is necessary to choose the three-dimensional 

Cartesian coordinate system xOyz. The point of origin of the system of coordinates xOyz 

(point O) is located on the longitudinal axis of the spiral 1, the axis Oz is aligned along 

the longitudinal axis of the spiral 1, the axes Ox and Oy are situated in the plane of cross-
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section of the spiral 1, in which case the axis Ox is directed horizontally to the right and 

perpendicular to the axis Oz, the axis Oy is directed vertically up and perpendicular to 

plane zOx. The described system of coordinates is assumed absolute (fixed) and the 

movement of the above-mentioned variable-mass body M is assumed to take place in 

this system of coordinates. 
 

 
 

Figure 2. Equivalent schematic model of interaction between soil particle from potato heap with 

surface of spiral cleaning unit: 1 – first cleaning spiral; 2 – next cleaning spiral. 

 

Apart from the coordinates x, y and z, which define the position of the variable-

mass body M on the cleaning surface, taking into account the fact that the spiral 1 has a 

shape of cylinder, additional parameters are introduced – the angles α0 and α, which 

define the position of the variable-mass body M in the cross-section of the spiral 1. The 

said cross-section passes through the point K of contact between the soil clod M and the 

turn of the spiral 1 and crosses the axis of the spiral 1 at the point O´. 

Hence, α0 is the angle that indicates the initial (at t = 0) position of the point K of 

contact between the soil clod M and the turn of the spiral 1 in the cross-section under 

consideration. Then, the angle α0 + α indicates the position of the point of contact K of 

the soil clod M at an arbitrary instant of time 𝑡. The angle α0 is measured from the 

horizontal half line O´Q, which is parallel to the axis Ox, in the same direction, in which 

the spiral 1 rotates (clockwise). The angle α is measured in the same direction after 

measuring angle α0. Under the given conditions, if t = 0, then also α = 0. 

 

RESULTS AND DISCUSSION 
 

It is assumed that the length of the spiral 1 is equal to L. Also, the current value of 

the mass of the body under consideration M is assumed to be a function of time, i.e. 

m = m(t), its initial value being equal to m0. 
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The next step is to designate the forces acting on the variable-mass body M. They 

are, first of all: �̅� – weight force of the variable-mass body. The force is applied at the 

body’s centre of mass, directed vertically downwards and has the following magnitude: 

 G m t g  , (1) 

where g – acceleration of gravity; �̅� – force of friction. It is directed at a tangent to the 

surface of the spiral and along the helical line (at an angle of 𝛾 with the plane of cross-

section of the spiral), applied at the point of contact K, is vectored opposite to the relative 

velocity of the body M and, as is known, has the following magnitude: 

F f N  , (2) 

where f – coefficient of sliding friction of the body on the surface of the spiral; 

�̅� – normal reaction of the working surface of the spiral; �̅� – acceleration force of the 

oscillatory motion of the spiral, which arises due to the deflection of the longitudinal 

axis of the spiral caused by the weight of the potato heap fed onto the cleaning surface. 

The magnitude of the force T can be determined as follows. 

As a result of the deflection of the longitudinal axis of the spiral 1, the centre of 

each cross-section of the spiral becomes displaced from the axis Oz by a certain distance 

varying from zero at the beginning of the spiral (point O) to a certain maximum distance 

at the cantilever end of the spiral. The magnitude of this displacement at a specific cross-

section will be designated A. Thus, when the spiral rotates about the axis Oz at an angular 

velocity of ω, its deflected longitudinal axis circumscribes in space a certain surface of 

revolution, the cross-sections of which (perpendicular to the axis Oz) are concentric 

circles with their centres lying on the axis Oz. In the earlier mentioned specific cross-

section the radius of such a circle is equal to A. Therefore, the centre of the said cross-

section moves on the above-mentioned circle with a radius of A. In view of the smallness 

of the A value, it can be assumed that the centre of the cross-section oscillates during the 

operation of the unit following the sinusoidal law with an amplitude of A about the axis 

Oz along the diameter of the said concentric circle with a radius of A. 

Accordingly, it can be assumed that the law of the oscillatory motion of the cleaning 

unit’s spiral in its radial direction can be represented by the following expression: 

 0sinl A t    , (3) 

where  𝑙 – deflections of the cross-section centre from the axis 𝑂𝑧  at an arbitrary instant 

of time 𝑡; А – amplitude of oscillation; 𝜔 – angular velocity of the spiral’s rotation (it is 

assumed to be pre-set and have a fixed value). 

By taking the first derivative of the expression (3), the following is obtained: 

 0cosl A t      & . (4) 

The acceleration of the spiral’s oscillatory motion is equal to the first derivative of 

the expression (4) or the second derivative of the expression (3): 

 2

0sinl A t    && . (5) 

Hence, the value of the force T  is finally determined by the following formula: 

     2

0sinT m t l m t A t       && . (6) 
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The force 𝑇 at an arbitrary instant of time t is vectored normally to the spiral’s 

helical line. 

In order to generate the differential equation of motion of the variable-mass body 

M, the principle of the linear momentum of a particle in its differential form (Bulgakov 

et al., 2018c) is to be used: 

 
1

n

k

k

d
mV F

dt 

 , (7) 

where m – mass of the particle (in this particular case the mass of the body M), m = m(t) 

in the general case; �̅� – velocity of the particle, �̅� = �̅�(𝑡) in the general case; 

1

n

k

k

F


  – 

vector sum of the forces acting on the particle (body M) at an arbitrary instant of time t. 

After substituting all above-listed forces into the expression (7), the following is 

obtained: 

   
d

m t V t G N F T
dt

 
    

  

 
(8) 

or 

dV dm
m V G N F T

dt dt
      (9) 

As the mass of the body on the surface of the spiral cleaning unit with the passage 

of time t decreases, the following can be stated: 

0
dm

dt
  

(10) 

Taking into account (10), the expression (9) can be written in the following form: 

dV dm
m G N F T V

dt dt
     . 

(11) 

The last member of the sum in the expression (11), that is −�̅�
𝑑𝑚

𝑑𝑡
, represents the 

reactive force �̅�  generated by the change (in this case, decrease) of the body’s mass. As 

a result of the mass decrease, this force �̅� is vectored together with the displacement of 

the body and serves to increase its acceleration. Since the variable-mass body M moves 

on the cylindrical surface, the said force �̅� is also directed at a tangent to that surface, 

which is shown in Fig. 2. 

Thus, the expression (11) is the differential equation of motion of the variable-mass 

body – particle M (soil clod), on the surface of the spiral of the cleaning unit in the vector 

form. 

The next step is to write the differential equation (11) in its projections on the axes 

of the Cartesian coordinate system xОyz. 

Prior to doing that, it is to be noted that, since the projections of the vector of 

velocity V  on the coordinate axes Оx, Оy and Оz are equal to x&, y& and z& respectively, 

the projections of the vector of force �̅�
𝑑𝑚

𝑑𝑡
on the mentioned coordinate axes are equal to 

dm
x

dt
& , 

dm
y

dt
&  and dm

z
dt

&  respectively. Taking into account also the earlier statement about 
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the direction of the friction force vector �̅�, it can be concluded that the projection of the 

said vector on the plane of cross-section of the spiral is equal to �̅�cosγ, while on the axis 

Oz it is equal to -Fsinγ.  

In view of the last remark as well as the obtained schematic model of forces (Fig. 2), 

the vector equation (11) in the projections on the assumed coordinate axes is resolved 

into the following system of differential equations: 

   

 

   

 

0 0

0

0 0

0

cos cos sin

cos ,

sin cos cos

sin ,

sin .

mx N F

dm
T x

dt

my N F

dm
T y mg

dt

dm
mz F z

dt

    

 

    

 




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   


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

&&

&

&&

&

&& &

 

(12) 

Taking into account the fact that in the general case the variable-mass body (soil 

clod) can move (slip) relative to the cylindrical surface of the spiral, the value of angle 

α is equal to: 

 t    , (13) 

where φ – angle, through which the variable-mass body can move in the cross-section of 

the spiral relative to its surface. 

It is obvious that the value of the angle φ depends on many factors, especially taking 

into account the oscillatory motion of the spiral due to the existence of eccentricity 

resulting from the deflection of the longitudinal axis of the spiral. The said angle φ can 

change both with regard to its value and its sign as a consequence of the change of the 

normal reaction N, and, accordingly, the force of friction F f N  , also under the action 

of the weight force G. There are grounds for suggesting that the angle φ in the most 

general case is a random variable. 

Taking into consideration the expressions (1), (2) and (6) as well as the above 

statements about the angle α, which has a value of α = (ωt + φ), the system of differential 

equations (12) can be transformed into the following representation: 
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Thus, the system of differential equations (14) of the motion of the variable-mass 

body M (soil clod) in the most general view has been obtained. The determination of the 

angle φ for this system involves considerable difficulties for the reasons indicated earlier. 

It ought to be noted that the obtained system of differential equations (14) has been 

generated for describing the motion of a single (isolated) soil clod. 

However, considering the fact that the discussed soil clod is inside the heap stream, 

i.e. surrounded by other elements of the heap, the mass (and, accordingly, the inertia) of 

which in total considerably exceeds the mass of the single soil clod under consideration, 

also, the total force of friction of which again considerably exceeds the force of friction 

of the said soil clod, it can be assumed in a first approximation that this soil clod slips in 

the cross-section of the spiral insignificantly and, therefore, it can be assumed within the 

practically sufficient accuracy that φ ≈ 0. That results in the assumption that the angle α 

is equal to α = ωt, which to some extent simplifies the system of differential equations 

(14). Hence, after assuming the conditions stipulating that φ = 0, the following system 

of differential equations of motion is obtained: 
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(15) 

Since the rate of the soil clod mass reduction with the passage of time, i.e. the value 
𝑑𝑚

𝑑𝑡
 is of prime importance at this stage, it has to be determined with the use of the system 

of differential equations (15). 

For that purpose, the following is to be done. First, from the first two equations of 

the system (15) the expressions for the derivative 
𝑑𝑚

𝑑𝑡
 are found and, after equating them 

to each other and then making a number of simple transformations, the expression for 

determining the normal reaction N is obtained in the following form: 

B
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C
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(17) 

and 
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(18) 

The value of dm

dt

 is also to be found from the third equation of the system (15). It 

is equal to: 

sindm mz f N

dt z

 
 

&&

&

. 
(19) 

After that, the value of the normal reaction N in accordance with the earlier obtained 

expression (16) can be substituted into the formula (19). The following is obtained: 

sin
B

mz f
dm C

dt z

 

 

&&

&

, (20) 

where B and C are determined with the use of the expressions (17) and (18) respectively. 

Considering the earlier made assumption about the sufficiently small displacement 

(slipping) of the soil clod M in the cross-section of the spiral relative to its surface, it can 

be assumed within the practically acceptable accuracy that the movement of the body on 

the surface of the spiral is described in this way. In view of the fact that the displacement 

of the soil clod M is effected under the action of the turn of the spiral, the equation of 

which is a helical line equation in the parametric form, it can be represented, according 

to (Ye et al., 2017), as follows: 
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(21) 

Hence, it is possible to determine the projections of the velocity and acceleration 

of the soil clod M onto the axes x, y and z of the Cartesian coordinate system. 

At the beginning, the projections of the velocity of the said body M on the 

respective coordinate axes in the assumed coordinate system xOyz are to be determined. 

For that purpose, the equations (21) are differentiated with respect to the time t. The 

result is as follows: 
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(22) 

Further, after differentiating the components of the expression (22) with respect to 

the time t, it becomes possible to obtain the values of the projections of the spiral turn 

acceleration on the respective coordinate axes: 
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(23) 

In view of the assumption that the body M moves on the working surface without 

slipping, which assumption, as indicated earlier, can be made within the practically 

sufficient accuracy, there are good reasons to conclude that the acceleration of the body 

М is equal to the acceleration of that turn of the spiral, on which the body resides at the 

current instant of time. 

Substituting the obtained values (22) and (23) into the expressions (17) and (18) 

respectively, the following is arrived at: 
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(24) 

and 
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(25) 

Further, substituting the values of z& and z&& found in (22) and (23) into the equation 

(20), the following is finally obtained: 

2 sin
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f
dm C

dt S

 



 

 


 (26) 

where the values of B and C are determined in accordance with the expressions (24) and 

(25) respectively. 

Thus, the differential equation of the variation (in this case decreasing) of the mass 

of the soil clod M with the time t under the action of the forces shown in the equivalent 

schematic model (Fig. 2) taking into account the design and kinematic parameters of the 

spiral potato heap cleaning unit has been obtained. 

Solving and analysing the solution of the obtained differential equation enables 

finding the rational design and kinematic parameters of the cleaning unit that ensure the 

efficient reduction of the mass of the soil clods arriving together with the potato heap 

lifted from the soil and fed onto the top cleaning surface of the spiral cleaning unit. 

The differential equation (26) is nonlinear. It can be solved only with the use of 

numerical methods and the assistance of a PC. 

In order to perform the numerical computation, the first step is to write down the 

initial conditions required for solving the problem. 
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At t = 0: 

m = m0; 

0
4
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0 0siny y R   ; 

0 0
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0 0sinx x R   & & ; 

0 0cosy y R   & & ; 

0
2

S
z z 


  & & . 

For the PC-assisted numerical computation, the design and kinematic parameters 

of the spiral potato heap cleaning unit of our design that has been tested in production 

conditions and subjected to laboratory and field laboratory experimental investigations 

have been used. The main parameters of the potato heap cleaning unit input in the PC-

assisted numerical computation have been as follows: 

m0 = 0.2 kg; R = 0.15 m; S = 0.035 m; γ = 20○; ω = 10, 20, 30, 40, 50 rad∙s-1; 

f = 0.5; A = 0.005 m. 

On the basis of the results of solving the differential equation (26) on a PC with the 

use of the specially developed programme in the Mat Lab environment, the diagram of 

the function m = m(t) presented in Fig. 3 has been plotted. 

 

 
 

Figure 3. Reduction of soil clod mass m = m(t) as function of time t at different values of spiral 

roll’s angular velocity  : 1 – ω = 10 rad∙s-1; 2 – ω = 20 rad∙s-1; 3 – ω = 30 rad∙s-1; 

4 – ω = 40 rad∙s-1; 5 – ω = 50 rad∙s-1. 

 

As is seen from the graphs shown in Fig. 3, when the angular velocity ω of rotation 

of the spiral roll increases, the mass 
0m
 
of the soil clod fed to the top working surface is 

reduced at a higher rate. That is, at ω = 10 rad∙s-1 the mass of the soil clod decreases from 

its initial value of 
0m  = 0.2 kg to zero in 0.07 s, at ω = 20 rad∙s-1 the soil clod mass falls 
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from a value of 
0m  = 0.2 kg to zero in 0.05 s, at ω = 30 rad∙s-1 – in 0.035 s, at 

ω = 40 rad∙s-1 – in 0.030 s, at ω = 50 rad∙s-1 – in 0.025 s. Therefore, it is obvious that the 

separating capacity (rate of separation) of the spiral cleaning unit increases together with 

the increase of the angular velocity ω of rotation of the spiral roll. 

At the same time, the value ∆𝑚(𝑡) = 𝑚0 − 𝑚(𝑡) represents the mass of the soil 

sieved through the surface of the spiral separator at an arbitrary instant of time t. 

In Fig. 4 and Fig. 5, the diagrams that represent the three-dimensional relations 

between the time t of the separation of a soil clod with a mass of m0 and the radius of the 

spiral R and the amplitude of the oscillations of the spiral A, as well as the radius of the 

spiral R and the helix angle of the spiral γ respectively are shown. 

 

 
 

Figure 4. Relation between time t of separation of soil clod with mass m0 and radius R of spiral 

and amplitude A of oscillations of spiral. 

 

 
 

Figure 5. Relation between time t of separation of soil clod with mass m0 and radius of spiral R 

and helix angle of spiral 𝛾. 
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It can be concluded from the graph shown in Fig. 4 that with the increase of the 

spiral roll’s radius R from 0.10 m to 0.30 m the time of the complete disintegration of 

the soil clod and, accordingly, its final sieving out is reduced from 0.04 s to 0.01 s, which 

gives evidence of the substantial effect that the radius R of the spiral has on the 

disintegration of the soil arriving to the working surface of the cleaning unit. At the same 

time, the increase of the amplitude of the oscillatory motion of the spiral from 0.005 m 

to 0.025 m has only an insignificant effect on the process of breaking down the soil clod 

and, accordingly, on the separation rate. 

As is seen from the graph shown in Fig. 5, with the increase of the helix angle γ of 

the helical line of the spiral from 10○ to 30○ the time t of the separation of the soil clod 

under consideration at a spiral radius of R = 0.28 m decreases from 0.028 s to 0.005 s, at 

R = 0.10 m – from 0.075 s to 0.026 s. Hence, a greater value of helix angle γ in the spiral 

of the spiral roll contributes to the improvement of the separating capacity of the spiral 

cleaning unit. 

In Fig. 6 – Fig. 8, the diagrams of the relations between the residual mass m on the 

surface of the cleaning roll and the radius R of the spiral, its helix angle 𝛾 and the 

amplitude A of the oscillations of the spiral in the process of the unit’s operation are 

presented. 
 

 
 

Figure 6. Relation between residual mass  𝑚 = 𝑚(𝑅) and radius R of spiral. 

 

As is evident from the graph plotted in Fig. 6, the increase of the radius R of the 

spiral to 0.30 m ensures the virtual absence of the residual mass m in the soil clod 

residing on the surface of the spiral cleaning unit. 
 

 
 

Figure 7. Relation between residual mass 𝑚 = 𝑚(𝛾) and helix angle γ of spiral. 
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The diagram shown in Fig. 7 indicates that the increase of the spiral’s helix angle γ 

similarly provides for the virtual absence of the residual mass m of the soil clod on the 

surface of the cleaning roll. 
 

 
 

Figure 8. Relation between residual mass m = m(A) and amplitude A of oscillations of spiral. 

 

However, the variation of the amplitude A of the oscillations of the spiral does not, 

as is obvious from the graph presented in Fig. 8, produce any substantial effect on the 

reduction of the residual mass m of the soil clod fed onto the surface of the spiral roll in 

the spiral cleaning unit. 

 

CONCLUSIONS 

 

1. A mathematical model of the process of sieving the elements of the potato heap 

lifted from the soil in the spiral cleaning unit has been generated. 

2. The differential equation of the process of gradually reducing the mass of the soil 

clod fed to the working surface of the spiral cleaning unit considering it as a function of 

the time of the soil clod’s movement on the spiral of the cleaning roll has been generated 

taking into account the design and kinematic parameters of the cleaning unit. 

3. The PC-assisted calculations carried out in the Mat Lab environment have shown 

that the increase of the angular velocity of rotation of the spiral roll results in the 

considerable decrease of the time, in which the process of reducing the mass of the 

investigated soil clod is completed. That is, when the angular velocity changes from 10 

to 50 rad∙s-1, the time of complete sieving out decreases from 0.07 to 0.025 s. 

4. The increase of the spiral’s radius R also leads to the significant reduction of the 

time t  spent for the complete sieving out of a single soil clod. Thus, when the spiral’s 

radius R increases from 0.10 m to 0.30 m, the time of complete sieving out becomes 

reduced from 0.04 s to 0.01 s. 

5. The increase of the cleaning spiral’s helix angle γ has a substantial effect on the 

process of the complete sieving out of soil clods. When the said helix angle increases 

from 10○ to 30○, the time spent for the complete sieving out of the soil at R = 0.10 m is 

reduced from 0.75 s to 0.026 s, at R = 0.28 m – from 0.028 s to 0.005 s. 

6. It has also been established that the change of the spiral’s radius R and its helix 

angle γ has a substantial effect on the residual mass of the soil clod. The amplitude A of 
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the oscillatory motion of the spiral has an effect of no significance on the residual mass 

of the soil clod.  

7. Therefore, the rational design and kinematic parameters of the spiral cleaning 

unit that provide for the high-rate separation of the potato heap have been theoretically 

substantiated. 
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Abstract. The objective of this study was to develop a prototype solar heater using alternative 

materials and then to compare its thermal efficiency against that of two other commercial solar 

heating systems when heating the floor of piglet housing. To evaluate the thermal heaters, 

temperature sensors were installed in the inlet and outlet of each floor and the thermal reservoir. 

The results showed good performance, however the thermal efficiency of the alternative heater 

was lower than the conventional systems. However, due to the construction of this solar collector 

with alternative materials its cost was relatively low and its operation is easier than the other 

conventional heater, therefore this heater is a good alternative to use for small livestock producer. 
 

Key words: swine, solar energy, reusable materials, prototype. 

 

INTRODUCTION 

 

Pig farming is an activity that requires a lot of dedication from the breeder to 

achieve good productivity levels and, consequently, satisfactory economic results. 

External environmental factors and the microclimate inside the pig houses have direct 

and indirect effects on pig production, with temperatures outside the zone of thermal 

comfort leading to reduced productivity, with consequent economic damage to the 

operation (Pandorfi et al., 2015). 

The productive and reproductive performance of pigs depends on the management 

system employed, which involves the system chosen for breeding, nutrition, health and 

facilities. These facilities, which require the larger part of initial fixed investment, are 

built on the basis of cost and management efficiency, with the comfort of the animal 

sometimes being neglected (Tolon & Nääs, 2005). 

In the case of the maternity stage, this problem is heightened by the co-existence 

within it of two categories with very different environmental requirements. On the one 

hand there is the sow which must be cooled, and on the other hand, piglets, which must 

be heated. The range of temperatures for thermal comfort of the piglets during the first 

https://doi.org/10.15159/AR.19.001
https://doi.org/10.15159/AR.19.001
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days of life is between 32 and 34 °C, whereas for the mother the within the band of 16 

to 21 °C (Renaudeauet al., 2003; Johnson et al., 2009). Thus, to uphold good animal 

welfare by maintaining both the piglets and sows in thermal comfort presents the 

producer with a major problem. He is required, in a small physical space, to provide two 

different microenvironments or otherwise the performance of both the pigs and the 

piglets will be compromised (Pandorfi et al., 2005, Morello et al., 2018). 

In general, the supplemental heating of piglets in maternity and nursery phase 

requires significant energy on the farm. Thus, there is a need for further research to 

minimize consumption without harming animal welfare or damaging the environment. 

Alternative solar heating systems have started to be implemented in agricultural, 

greenhouse and animal facilities over the last few years, with the objective to save energy 

consumption Aiming at the possibility of replacing conventional systems with 

alternative systems, some prototypes of low-cost systems solar heating have been 

developed and studied. Studies show that rather than conductors, non-conductive 

alternative materials may well be used in solar heater operation (Kudish et al., 2002). 

Several researchers have been working in the search for methodologies used in 

heating farrowing shed floors for piglets, seeking greater energy efficiency, welfare and 

productive performance of these animals (Kudish et al., 2002; Silva et al., 2005; Sarubbi 

et al., 2010; Fernandes et al., 2011; Seok Mun et al., 2015; Tamvakidis et al., 2015). This 

work will consider solar-energy as a water heating alternative, as this could have great 

applicability in agriculture and could be used to heat farrowing areas in the maternity on 

a pig farm. 

The objective of this study was to evaluate the thermal efficiency and economic 

characteristics of an alternative solar heater prototype by comparing it with two other 

commercial solar heaters in order to determinate the feasibility of use of this kind the 

heaters for small livestock producers. The application of the systems is in the heat of 

thermal floors usually present inside farrowing shelters for piglets. 

 

MATERIALS AND METHODS 

 

Construction and installation of solar collectors 

The entire study was conducted at the Federal University of Lavras, in the gantry 

of the Department of Engineering, latitude 21° 14” S longitude 45° 00” W and altitude 

920 m, with climate, according to the Köppen classification, classified as Cwa (humid 

temperate with dry winter and rainy summer). 

For this, we built a solar water heater prototype using alternative materials (ASWH) 

and compared it with a conventional solar water heater (CSWH). 

The conventional solar water heater 1 (CSWH1) had a solar collector plate of PVC, 

painted matt black, and a thermal reservoir fabricated from high density polyethylene 

and coated with thermal interface material. 

The conventional solar water heater 2 (CSWH2) had a solar collector of glass plate, 

made of extruded aluminum, with internal fins painted in matte black to absorb radiation 

and transfer it to internal piping. The thermal reservoir had components of internal 

cylinder, pipes manufactured with stainless steel, and rigid expanded polyurethane. 

More details can be seen in Fig. 1. 

The prototype of solar water heaters manufactured with alternative materials 

(ASWH) was built with PVC pipes and connections (1/2” diameter), PET bottles and milk 
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cartons (Tetra Pak®). In this prototype, 

the PET bottles were intended to 

protect the interior of the collector 

from external interference, such as 

winds and changes in air  

temperature. 60 bottles of polyethylene 

terephthalate (PET) transparent 2 

liters were used. For this the cap and 

bottom of each bottle were removed. 

Tetra Pak® boxes were opened at the 

top and bottom, leaving them 

flattened. To maintain the standard in 

all the boxes, a cutting jig was used. 

The thermal properties of these 

material are show in the Table 1 

(Scheirs et al., 2003). 

 

 
 

Figure 1. Assembly diagram of conventional 

solar heaters (CSWH1 and CSWH2) and 

alternative (ASWH). Legend: 1 – Protective 

Shelter; 2 – Water pump; and 3 – Heated cement 

floor. 

 

Table 1. Average efficiency of thermal reservoirs tested in this study 

Thermal Properties PET bottles Milk cartons  

Specific heat J K-1 kg-1 1,200–1,350 1,340–1,400 

Thermal conductivity W m-1 K-1 0.15–0.40 0.078–0.760 

 

They were then folded in order to take advantage of the side creases of the package 

and two cuts were made on top, diagonally, to make it possible to fit the internal 

curvature of the PET bottle, also giving support to the box, and keeping it straight and 

in contact with the PVC pipe. Tetra Pak® boxes were painted matte black to absorb heat 

which is retained within the bottles to then be transferred to the water through the PVC 

pipes which were also painted matte black. In the ASWH assembly process, we used 

10 columns with PVC pipes for hot water with 6 bottles in each column, the last bottle, 

cut just below the upper nozzle (Fig. 2, a). 
 

   
 

Figure 2. (a) Alternative solar heater prototype mounted and (b) the process of building 

alternative hot water tank, and (c) cement floors. 

 

In an alternative construction of the hot water reservoir, a 50 liter fiberglass water 

tank was used, covered with polystyrene plates (3.0 cm) Silver Tape and a self-adhesive 

asphalt and aluminum blanket (0.25 cm) to protect the Polystyrene boards from the 

a) b) c) 



52 

weather (Fig. 2, b). Four 20 mm holes were made in the reservoir, two holes being for 

circulation of water from the thermal reservoir to the solar collector and the other two 

holes for water circulation from the heat reservoir to the floor. 

To test the three water heating systems three concrete floors (1:3 mix) have been 

built in the dimensions of 74.0 cm long, 46.0 cm wide by 7.0 cm high (Fig. 2, c). The floors 

were based on the same design characteristics used on floors present in a pig maternity. 

To reduce the heat dissipation at the base of the floors, we used 30 mm polystyrene 

boards. A 20 mm galvanized steel pipe was placed on each floor, forming a coil, to 

evenly distribute heat from the water inside the floor. The floors were left in places with 

shade and covered with plastic sheeting, and were daily moistened to prevent cracks. 
 

Instrumentation and data collection 

To test and evaluate the heating efficiency of the two water heating systems four 

thermocouple sensors (K type, precision ± 1.0 °C) with digital display were used in each 

system, being allocated to the entrance and exit of the heat tank and to the entrance and 

exit of the floor. The floors were placed inside a wooden shed with fibro-cement tile 

cover to prevent direct incidence of solar radiation on the floor surface. We used a small 

low-flow water pump (mod. ZC-T40, voltage 12 V and 1.05 A) in each system for 

recirculating hot water. To control the pump drive in each system, a digital controller 

was used - thermostat (Tholz® and Mod. 601 N) designed for solar heating applications, 

which operated to control water flow  through the temperature  differential between the  

entrance to the floor (Tep) and the 

thermal reservoir (Ter). So every 

time the gradient between Tep and 

Ter was higher than 5.0 °C, the water 

pump was activated. 

Water temperature data (input - 

Ter and output - Tsr of the tank and 

input - Tep and output - Tsp of the 

floor, sensors 1, 2, 3 and 4, 

respectively), surface temperature of 

the floor and climatic data were 

collected for 10 non-consecutive 

days in July during the hottest time 

of day (9:00 to 16:00 h), the interval 

between collections being fifteen 

minutes (Fig. 3). We used an 

infrared laser digital thermometer 

(Instrutemp®, mod. ITTI 550 and 

precision ± 2.0 °C) for measuring 

the temperature of the floor surface, 

which were collected at nine 

equidistant points. 

 

 
 

Figure 3. Scheme for installation of temperature 

sensors Legend: 1 – Solar Collector; 2 – Water 

reservoir (boiler); 3 – Controller (thermostat); 

4 – Water pump; 5 – Floor; 6 – Sensor 1 (Ter); 7 – 

Sensor 2 (Tsr); 8 – Sensor 3 (Tep); 9 – Sensor 4 

(Tsp). 

Source: the authors. 

Environmental climate data (air temperature, relative humidity, irradiance, wind 

speed, and wind direction) were collected at the meteorological station of the National 

Institute for Space Research (INPE) located about three hundred meters from the place 

of study. 
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Mathematical model for calculation of efficiency 

With the water temperature data (input and output of the thermal reservoir and 

entrance and floor exit) surface temperature of the floor and climatic data from this study, 

we calculated the amount of heat (Qu, kcal) required to heat a given volume of water 

using equation 1, as suggested by Siqueira et al. (2008) and Sprenger et al. (2007). 

Qu = m ∙ Cp ∙ t (1) 

where m – volume of water to be heated (kg); C – Specific heat of water (kcal kg-1 °C);  

Δt – variation in temperature between water and environment (°C). 

The heating efficiency (η) of each collector was calculated by Eq. 2 

(Struckmann, 2008): 

 =  
Qu

A ∙ I
 (2) 

where η – instantaneous thermal efficiency of the collector; Qu – useful energy gain 

(kcal); I – intensity of solar radiation, incident on the aperture plane of the solar collector 

(kcal m-2); A – area of the solar collector (m2). 
 

Experimental design and statistical analysis 

The experiment was conducted following a randomized block design (RBD) with 

a factorial scheme of 3 x 8 (3 treatments and 8 blocks). Measurements were made for 10 

days, and every day was considered as a block. Replicates were performed every 15 min 

for each treatment. The mean response variable inlet water temperature and output of the 

thermal reservoir and entrance and exit to floor, surface temperature of the floor and 

microenvironment climate data were compared by Tukey test (P < 0.05). All statistical 

analysis was performed using the statistical program Statistical Analysis System 

(SAS, 1992). 

 

RESULTS AND DISCUSSION 
 

During the trial period the average air temperature remained at 21.9 ± 3.7 °C, with 

an average relative humidity of 60.4 ± 5.0%, solar radiation of 391.2 ± 207.8 W m-2 and 

air velocity of 1.7 ± 0.8 m s-1. 

Fig. 4 shows, the inlet water temperature behavior in the hottest hours of the day of 

(Ter) and outlet (Tsr) of the thermal reservoir. It was found that CSWH1 and ASWH 

systems showed no significant differences in the average values of Ter (p < 0.05, Tukey). 

The results show that during the day the behavior of Ter in these two systems is similar 

throughout the study period, with small variations (Fig. 4, a). The largest values of 

Ter were observed in the CSWH2 system (40.05 ± 3.2 °C), where the average value of 

Ter remained above 40 °C most of the time, and the mean variation of Ter in the CSWH2 

system from the others was 4.8 °C. 

It was found that all systems showed significant differences in the mean values of 

Ter (p < 0.05, Tukey). In ASWH and CSWH1 systems, there was a growing trend in 

values of Tsr which remained a stable trend between 13:00 and 15:30 (Fig. 4, b). The 

highest average value of Tsr was observed in the CSWH2 system (43.6 ± 2.6 °C), 

followed by CSWH1 (35.6 ± 3.7 °C) and ASWH (33.4 ± 3.5 °C). 
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Bortoletto et al. (2012), evaluating a solar heating system with an alternative 

thermal reservoir and comparing with a conventional system, found mean temperature 

of incoming water in the reservoir 55.9 and 81.5 °C respectively. 

Pereira et al. (2000), evaluating a solar collector constructed of alternative materials 

and compared with a conventional system found mean water temperature in the reservoir 

of alternative and conventional systems of 35.4 °C and 45.4 °C respectively. 

 

  
  

 

Figure 4. Mean and standard deviation of temperature (a) input (Ter) and (b) output (Tsr) reservoir 

water (in °C) during the collection period. 

 

Fig. 5 shows the inlet water temperature (Tep) and outlet (Tsp) from the floor. The 

mean of Tep in the tested treatments showed significant differences (p > 0.05, Tukey). In 

CSWH2 system, it presented higher mean values of Tep, reaching values greater than 

45 °C after 13:00. The system presented CSWH1 Tep value slightly larger than the 

ASWH system. The average value of Tep CSWH2 the system was 43.5 ± 2.5 °C, 

followed by CSWH1 systems (35.1 ± 2.8 °C) and asthma (33.8 ± 2.5 °C). 
 

  
  

 

Figure 5. Mean and standard deviation of temperature (a) input (Tep) and (b) output (Tsp) floor 

(°C) during the collection period. 

 

There was a significant difference between the mean values of Tsp for the evaluated 

systems (p > 0.05, Tukey). The results show a trend similar to the behavior of Tsr of 

a) b) 

a) b) 
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CSWH1 and ASWH systems during the study period, although the ASWH system 

presented a lower mean (33.4 ± 4.5 °C) in view of the difference of the constructive 

characteristics of each system. This is due to the quality of materials with low thermal 

insulation used in the thermal reservoir. The mean Tsp of the CSWH2 system had 

different behavior when compared to other systems evaluated in this study (Fig. 5, b). 

The fluctuation in the average values of Ter Tsr Tep and Tsp over the study period 

was due to the variation in the activation of the water pump by the controller (thermostat) 

that was activated every time the difference Tep and Ter was greater than 5.0 °C. This 

difference is probably related to heat loss in the pipes leading the water from the heat 

reservoir to the floor, and in this case better insulation on these tubes is recommended. 

The results show that early in the day, Ter and Tep of ASWH and CSWH1 systems 

were close to the average values of the air temperature. Probably the thermal insulation 

of these systems is not sufficient to minimize heat loss during the night. 

The comparison between 

treatments shown in Fig. 6 is the mean 

result of floor surface temperature (Ts) 

of each rated heating system. 

According to the results, significant 

differences were found between the 

mean Ts in all heating systems, by 

Tukey test, considering a nominal 

value of 5% probability. The mean and 

the standard deviation of the floor 

surface temperature for CSWH1, 

CSWH2 and ASWH systems were 

33.2 ± 2.8 °C, 36.5 ± 2.7 °C and 31.4 ± 

2.9 °C respectively. In general, one can 

say that for the thermal comfort zone 

for piglets in the farrowing phase, the 

three treatments are recommended, but 

it should be remembered that these 

data are daily averages. 

 

 
 

Figure 6. Analysis of variance between the 

temperature values of the floor surface in this 

study. Means followed by letter are not 

statistically different from each other by the 

Tukey test at 5% probability. 

Fig. 7 illustrates the behavior of Ts in each rated heating system. Heat distributions 

were verified in different shades of colors on the surface of the floors in the evaluated 

systems. The regions at the top and bottom are regions with lower values of Ts, 

considered cooler, which correspond to the location in and out of the protective shelter. 

These regions may be cooler by air currents and by the fact that the heat does not heat 

those locations, due to the positioning of the water pipe being situated in the central part 

of the floor. The light tones correspond to the heat emitted by the pipe water in these 

locations. This may be an indication that, to increase the thermal efficiency of the shelter, 

one can recommend the use of two sources of heating. 

Quiniou et al. (1999), evaluating different heating systems for pigs, states that 

heated farrowing sheds with underfloor heating by circulating water through a hybrid 

system (solar panels, biogas, LPG and electricity gas) had the highest average 

temperatures and the largest gain of weight of piglets, providing better thermal comfort 

for the piglets and higher revenues from the sale of piglets. 
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To keep sows and piglets in their thermal comfort zones in conventional maternities 

is challenging, even in thermally controlled environments due to the comfortable 

temperature of the sows being situated in the range of 22 °C (Sulzbach et al., 2016), 

while for the piglets it is within the range 29–34 °C (Lossec et al., 1998; Renaudeau, 

2001; Sulzbach et al., 2016). While in sows, heat stress has adverse behavioral, and 

physiological productivity effects (Lossec et al., 1998; Quiniou, et al., 1999; Renaudeau, 

2001; Penereiro et al., 2016; Sulzbach et al., 2016), in piglets a drop in body temperature 

of 2 °C to 4 °C during birth, if not provided with a source of enough heat, means a 

hypothermic condition may occur, reducing strength and milk intake, and eventually can 

mean death (Lossec et al., 1998). 
 

  
  

 
 

Figure 7. Mean surface temperature values (Tsr, °C) of the floors heated by different heating 

systems: a) CSWH1, b) CSWH2 and c) ASWH. 

 

Fig. 8 shows the variation of the efficiency of the solar collectors in function during 

the evaluated period. It is noticed that as the solar radiation rises, the temperature 

gradient of inlet water temperature and outlet reservoir increases, increasing the 

efficiency of the collector. According to Incropera et al. (2011), this is due to the 

retention of heat inside these two surfaces, because the glass allows the passage of visible 

light waves and is opaque infrared radiation, so the radiation emitted by the absorber 

plate does not pass through the glass thereby increasing its temperature. 

As can be observed in Fig. 8, it is possible to verify the influence caused by the 

wind in determining the thermal efficiency of each collector studied. As expected, the 

a) b) 

c) 



57 

more intense winds significantly affect the ASWH and CSWH1 collector yields when 

compared to CSWH2. The use of the glass cover in the CSWH2 collector, which causes 

the accumulation of radiation emitted by the surface of the solar collector, maintaining 

for a longer time the thermal energy inside the pipes that exchange this energy with the 

water, avoiding the energy loss due to the action of the wind to the environment. 
 

 
 

Figure 8. Efficiency of the thermal reservoirs tested during the time of study. 

 

With the results obtained in each heating system in Table 2, where the inlet (Ter) 

and outlet (Tsr) water temperatures in the reservoir are explicitly listed, it is possible to 

find cumulative amount of heat (Qac), collector area (Ac), mean solar radiation (ΣI) and 

average efficiencies of each system (η) calculated by Eq. 2. According to Table 2, it can 

be seen that the variation between Ter and Tsr in the CSWH2 system is greater. The 

amount of heat (Qac) and collector area in CSWH1 and CSWH2 system are virtually equal. 

However, for the same amount of 

solar radiation (ΣI) incident in the 

experimental area, the CSWH2 

system efficiency is higher, but when 

the efficiency is compared with 

others researchs like made by Seok 

Mun et al. (2015), who found The 

average was 64.8% and others 

systems as develomented by 

Tamvakidis et al. (2015), founded the 

alternative systems could have 

generated between 50–70% the 

energy that required the farrowing 

during the warm periods. 

Probably, this greatest value in 

heating  efficiency is due  not only to  

 

Table 2. Average efficiency of thermal reservoirs 

tested in this study 

 System 

 CSWH1 CSWH2 ASWH 

Ter (°C) 33.4 37.0 31.4 

Tsr(°C) 36.7 43.7 33.0 

Qac (Kw) 0.34 0.33 0.25 

Ac (m²) 1.73 1.70 1.30 

ΣI (kW m-2) 0.391 0.391 0.391 

η(%) 10.9 22.5 7.0 

Total value (R$) 1,618.31 2,452.58 891.36 

Legend: inlet water temperature (Ter) and outlet (Tsr) the 

reservoir, amount of accumulated heat (Qac), Collector 

area (Ac), the sum of mean solar radiation (ΣI) and 

average efficiencies of each system (η). 

 

the type of material used in this system, it is also due to the protective glass on the solar 

collector that this system has and which provides a better absorption of solar radiation, 

where the heat of the sun, picked up by the collector of the CSWH2 system is transferred 

to water circulating within its copper pipes. 
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As can be seen from Table 2, the ASWH system did not show good efficiency, 

however, when comparing the total cost of the heating efficiency of each system, we can 

conclude that the ASWH system is an alternative for replacing the conventional system 

and decreasing final cost, and the maintenance can be performed with few tools and in 

situ. Another alternative for increasing the heating efficiency of this system is to increase 

the area of the solar collector. 

According Penereiro et al. (2016), assessing the heating efficiency of a solar heater 

constructed of alternative materials (PVC) and comparing with a conventional system 

(metal) mentions that thermal efficiency in the conventional metal solar heater is higher 

(14.4%) than that inferred in the solar heater of PVC. 

 

CONCLUSIONS 

 

Due to the weather conditions recorded at this stage, the solar heating systems that 

were more suitable in function of thermal efficiency were the conventional solar water 

heater with solar glass plate collector (CSWH2), followed by conventional solar water 

heater with solar collector of PVC (CSWH1) had the best results, follow by the solar 

water heater manufactured with alternative materials (ASWH). 

According to the technical and economic analysis, it was verified that the lowest 

efficiency cost for the period studied was for the CSWH1 (US$/% 14.99) system, followed 

by the CSWH2 system (US$/% 27.25) and ASWH system (US$/% 31.83), respectively. 

The results showed that the alternative system has a thermal efficiency lower than 

the conventional, however the construction of solar collectors using alternative materials 

stands out for its strong social and environmental nature, due to the construction cost 

being relatively low and the operation easy and it can be constructed and used by 

livestock producers for heating purposes. 
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Abstract. This study proposes the application of the Life Cycle Assessment (LCA) and economic 

evaluations conducted on different cereal production systems in semi-arid environments. Two 

different crop management systems of durum wheat were analysed by distinguishing Continuous 

Cropping (CC) and Crop Rotation (CR) with vetch, that are conducted through two different 

levels of crop intensification (in terms of tillage and fertilization strategies): Conventional (Conv) 

and Conservative (Cons). The resulting four scenarios were examined using LCA methodology 

to assess the environmental impacts, and the Production Cost (PC) analysis to estimate the 

economic results. Overall, the findings of this research provide an opportunity to identify 

sustainable crops management strategies. 

 

Key words: crop management systems, life cycle assessment (LCA), cost production analysis. 

 

INTRODUCTION 

 

Among crops for food use, cereals represent one of the most important groups in 

the world agricultural economy since they play a fundamental role both in human 

nutrition, with the production of starchy grains for the flours used in numerous food 

preparations, and in animal feed used as fodder. 

In terms of harvested area, grain is the most cultivated cereal in the world mainly 

as soft wheat (Triticum aestivum L.) and durum wheat (Triticum turgidum ssp. durum). 

Today, wheat cultivation represents, overall, the first crops in terms of the arable surface 

in the world, accounting 220.11 million of hectares, and the third (after sugarcane and 

maize) in terms of production quantity, with 749.46 million tonnes (Faostat, 2016). Asia 

and Europe intercept around 77% of the worldwide production; in particular, India, 

China, Russian Federation, France, Ukraine, Pakistan, and Germany are in the first 

positions, by covering 50% of production.  In Europe, the cultivation of wheat represents, 

overall, the most important agricultural production with 62.52 million hectares and 

250.13 million tons (Faostat, 2016). 

It is undoubted that, in coming decades, the request of land for food, fibre, and fuel 

will continue to increase rapidly. In this sense, the search for an equilibrium between 

https://doi.org/10.15159/AR.19.011
https://doi.org/10.15159/AR.19.011
mailto:anna.deluca@unirc.it
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agricultural harvests to meet demand from a growing world population and minimizing 

environmental impacts represents an everlasting challenge in sustainable agricultural 

production. 

Agricultural practices are responsible both to sustain and to degrade the 

environment (MEA, 2005); therefore, it is increasingly urgent to reaffirm the necessity 

to preserving soil, water, biodiversity and ecosystems and improving resilience to 

climate change in a long-term perspective. Starting from the American Agronomy 

Society’s definition of sustainable agriculture (Weil, 1990), in the last thirty years, this 

concept, while remaining substantially unchanged, it has enriched itself with contents on 

practical solutions for the achievement of its objectives (De Luca et al., 2015). According 

to several scholars, the need for eco-compatible crops management is increasingly 

growing, particularly in regards to agronomic practices, soil processing, and fertilisation 

strategies (Montemurro et al., 2008; Rabbinge & Bindraban, 2012; Bindraban et al., 

2015). 

Among all the sustainable practices, conservation agriculture (CA) is widely 

recognized to be able to cause positive outcomes on organic matter, soil proprieties, and 

to reduce environmental risks (Montemurro & Maiorana, 2015), and at the same time, 

to sustain yield and crop quality. CA considers the coexistence of three main elements 

related to minimize soil disturbance, maintenance of permanent soil covers, and crop 

rotations (Gonzalez-Sanchez et al., 2015). According to Montemurro (Montemurro et 

al., 2008; Montemurro & Maiorana, 2014), continuous cropping systems in some 

Mediterranean areas, like Southern Italy, are still widespread, especially for cereal 

production; for these contexts, or similar, the contribution of CA practices has been 

largely studied (Montemurro & Maiorana, 2015), but to the authors’ best knowledge, 

specific analysis to measure environmental impact indicators are few implemented. 

Therefore, just as the effects of the use of chemical inputs, loss of crop and livestock 

genetic diversity through the spread of monocultures have been studied with greater 

reliability, in the meantime it needs verify the real effects of sustainable practices applied 

for meeting agricultural productivity and environmental goals. 

To this aim, the use of innovative methods for assessment of sustainability can 

represent a powerful tool to increase the knowledge about new paradigms of agricultural 

production processes (Sands & Podmore, 2000). Life Cycle Assessment (LCA) method 

(Rebitzer et al., 2004; Guinée et al., 2011; Falcone et al., 2017; 2018) allows to 

investigate the sustainability issues through a conceptual model, based on the deepening 

of all impacts that a product or a service generates during its whole life cycle, related to 

all sustainability components, from design to disposal of the used product. Based on a 

standardized framework, the LCA represents, then, the tool more appropriate to compare 

transparently in different methods to achieve the same product, in order to choose the 

most sustainable (Brankatschk & Finkbeiner, 2015). However, an assessment of 

sustainability cannot be distinct from the profitability evaluation, a factor that mainly 

affects decision making in business activity, in the absence of specific constraints. 

Despite several studies exist on impacts of cereal crops evaluated by means of LCA, 

the specific issue on modeling crop rotations is very topical, as confirmed recently by 

Brankatschk (2019), who tries to give an answer to the numerous open questions related 

to this topic. To confirm this, carrying out a survey on the main web search engines of 

scientific literature (Scopus, ScienceDirect, Google Scholar, etc.), it emerges as few 

works exist and, therefore, that this issue needs to be further explored. 
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However, among the published article existing, Nemecek et al. (2007), performed 

one of the first case studies on LCA applied to crop rotations, with the aim to underline 

the environmental impacts linked to the introduction of grain legumes in the crop rotation 

systems. Later, results of applications carried out by Hayer et al. (2010), Kulshreshtha 

et al. (2013), Naudin et al. (2014) and Nemecek et al. (2015) suggested the intercropping 

of a legume crop in rotations in order to reduce environmental burdens, while 

Brankatschk & Finkbeiner (2014; 2015) and Goglio et al. (2018) have focused on 

methodological aspects related to the LCA modeling of crop rotations. In this context, 

the issue of environmental impacts of CA techniques has been treated as a problem in its 

own right and there is a very limited number of studies that have deepened it (Sparrevik 

et al., 2012); furthermore, none specific LCA analysis exists on crop rotation systems 

with conservative agricultural practices. 

In particular, this study aimed to evaluate the environmental impacts of four wheat 

management systems with LCA methodology that by now is widespread, increasingly, 

in agro-food studies (Abeliotis et al., 2013; Cerutti et al., 2014; Notarnicola et. al, 2015). 

Furthermore, an economic appraisal was performed through a Production Cost (PC) 

analysis (Gresta et al., 2014; Bernardi et al., 2017; Stillitano et al., 2017a), in order to 

compare the results of the different crop scenarios in terms of profitability performances. 

 

MATERIALS AND METHODS 

 

Experimental design 

Data used in this research were obtained from a multidisciplinary three-year field 

experiment conducted in Foggia (Southern Italy) in collaboration with the Agricultural 

Research Council. Details of these experimental trials are available on Montemurro and 

Maiorana (2014). The experimental design involved four scenarios: the cultivation of 

durum wheat (W) – Triticum durum Desf. – grown in Continuous Cropping 

Conventional (CCConv) and Continuous Cropping Conservative (CCCons); and wheat 

in alternation with vetch (V) – Vicia sativa L. – conducted with Crop Rotation 

Conventional (CRConv) and Crop Rotation Conservative (CRCons) techniques. In 

particular, conventional management entailed soil tillage at 40–50 cm depth with mineral 

nitrogen fertilization, while conservative management required soil tillage at 15–20 cm 

depth with organic-mineral nitrogen fertilization. 

For each scenario examined, quantitative data of the three-year of experimentation 

are related to hectare and are adapted to farm context in the Apulia region (South Italy). 

To assess the environmental and economic sustainability the typologies and quantities 

of inputs and outputs were directly observed (as primary data) for the establishment of a 

single inventory, useful for further elaborations. Inventory data were monetized 

considering the current market prices, to determine the economic results of different crop 

scenarios. 
 

Environmental analysis 

The environmental dimension of sustainability was analysed using the LCA 

methodology according to ISO norms (ISO, 2006a; 2006b), ‘an objective process to 

evaluate the environmental burdens associated to a product, a process, or an activity by 

identifying energy and materials usage and environmental releases, and to evaluate 

opportunities to achieve environmental improvements’ (SETAC, 1991). Four steps are 
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necessary to implement a rigorous LCA study (ISO, 2006a). Primarily, the phase of goal 

and scope definition should be carried out, including a clear statement on the 

specification of Functional Unit (FU) – i.e. the measurement unit to which all inputs and 

outputs data are related – as well as of system boundaries, data quality, limitations and 

procedures of allocation. 

In this research, a system boundary from the ‘cradle to gate farm’ was chosen and 

in order to incorporate the interactions within the scenarios, all inputs and outputs of the 

three-years of experimentation were considered (Fig. 1). 

In order to appraisal the environmental impacts of different soil management 

systems, the hectare of land was chosen as FU. This choice allows to evaluate the 

potential environmental impact in an area per time, but it would lead the decision-makers 

to undertake critical actions for the economic sustainability of the individual farms. In 

this sense, the use of a functional unit related to the mass, allows connecting directly the 

impacts generated from the cultivation processes to the product for which such impacts 

were generated. However, in the case of complex cultivation systems, like rotations, 

cannot be used this type of functional unit, because of the different yield per hectare of 

the crops which succeed. 
 

 
 

Figure 1. Production systems analysed with the detail of input per unitary operation and growing 

phase. 
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The use of a ‘financial type’ functional unit could be a good choice, combining 

different aspects related both to produced mass and to the economic value of this; 

however, this choice is strongly influenced by the performances agricultural markets. 

Furthermore, the use of a financial functional unit may cause double accounting 

problems in the economic sustainability evaluation phase. 

In terms of data quality, primary data on quality and quantities of inputs really used 

in the experimentations were considered for the environmental and economic 

assessment. Data were converted to productive scale multiplying quantity used in the 

experimental parcel for the quotient of ratio ‘hectare/experimental parcel surface’. 

In particular, data on the foreground processes as seeds, fuels, fertilisers, herbicides 

and, water consumption were obtained directly from on-field trials and were collected 

during three years for each experimental hypothesis (Table 1). Referring to the load and 

fate of fertilisers due to their dispersion, the assessment of the emissions was carried out 

by using Brentrup et al. (2000) and Nemecek & Kägi (2007). To quantify the fuel 

combustion emissions, the suggestions by Nemecek & Kägi (2007) were followed, while 

for the emissions related to the dispersion and fate of the pesticides, the assumptions of 

Margni et al. (2002) were used. Data on background processes as the production phases 

of fuel, fertilisers and, pesticides were found in the Ecoinvent V.3.0 database, the most 

used Life Cycle Inventory dataset in the world. None allocation procedure were 

considered. 

The compilation of Life Cycle Inventory (LCI) was performed by the collection of 

primary, secondary and tertiary data related to background and foreground processes. 

The calculation of incoming and outgoing flows (e.g. energy, materials, and emissions) 

was carried out in function of the FU chosen, as well as the validation of data quality. 

Three-year average data were used, considering a triangular distribution for primary 

data, in order to assess the uncertainty of Life Cycle Impact Assessment (LCIA) results. 

The LCIA represents the third step and consists of quantifying potential 

environmental impacts, through the selection of impact categories and, for all of them, 

relevant indicators and characterization models. 
The elaborations were performed using SimaPro 8.1 software and choosing as 

impact assessment method the ReCiPe midpoint (Pré, 2014), one of the method most 

appropriate for the evaluation of agricultural production processes thanks to the number 

of indicators closely related to cultivation processes. For example: Marine and 

Freshwater eutrophication and Terrestrial acidification, influenced by the use of 

fertilizers; Marine, Freshwater and Terrestrial Ecotoxicity as well as Human Toxicity, 

influenced by the dispersion of pesticides and herbicides; Agricultural and Urban land 

occupation as well as Natural land transformation, influenced by the type of crop 

cultivated. The impacts assessment phase only includes the results of characterisation. 

The final phase is the interpretation of results that highlight the hotspots of life 

cycle analysed and it allows formulating suggestions to improve the production process. 

Uncertainty analysis was performed by applying the Monte Carlo sampling technique 

(Sonnemann et al., 2003). In particular, the analysis was carried out using SimaPro 

software, running 1,000 iterations (Niero et al., 2015). For secondary data, the 

distribution considered in the Ecoinvent database was held (Niero et al., 2014). LCIA 

and Interpretation phases will be discussed in the results section. 
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Table 1. Components of inventory (inputs and outputs for each scenario analysed) 

Description Input/output 

Scenarios 

CCConv CCCons 

CRConv CRCons 

1st year 2nd year 3rd year 1st year 2nd year 3rd year 

Wheat  Vetch Wheat Wheat Vetch Wheat 
Deep tillage 

Diesel L ha-1 

22 ± 1.5 - 22 ± 1.5 22 ± 0.35 - - 22 ± 0.35 - 
Surface tillage  

 
9 ± 0.8 - - - 9 ± 1.2 - - 

Harrowing 11 ± 1 
Rotary tillage  11 ± 0.85 
Seeding 6 ± 2 

Seed kg ha-1 200 ± 1.5 200 ± 1.5 200 ± 1.5 130 ± 0.5 200 ± 1.5 200 ± 1.5 130 ± 0.5 200 ± 1.5 

Fertilisation Diesel L ha-1 2.8 ± 0.3 
Diammonium phosphate 

(N18%-P2O546%) kg ha-1 
200 ± 20   200 ± 20   200 ± 10       

Urea (N 46%) kg ha-1 150 ± 10 - 150 ± 10 - 100 ± 5 - - - 
Azoslow (N 29%) kg ha-1 - 250 ± 15 - - - 250 ± 15 - 150 ± 10 
Nitrogen-phosphorus 

(N9%-P2O524%) kg ha-1 
- 300 ± 10 - - - 300 ± 10 - 300 ± 10 

Triple superphosphate 

(P2O546%) kg ha-1 
- - - 200 ± 25 - - 200 ± 25 - 

Weeding Diesel l ha-1 3.13 ± 0.2 
Erbitox® E30  

(MCPA 230 g L-1) L ha-1 
2.5 ± 0.2 2.5 ± 0.2 2.5 ± 0.2 - 2.5 ± 0.2 2.5 ± 0.2 - 2.5 ± 0.2 

Harvesting Diesel L ha-1 21.0 ± 2.5 21.0 ± 2.5 21.0 ± 2.5 27.0 ± 3.0 21.0 ± 2.5 21.0 ± 2.5 27.0 ± 3.0 21.0 ± 2.5 
Waste HDPE kg ha-1 0.7 ± 0.06 1.1 ± 0.05 0.7 ± 0.06 0.4 ± 0.05 0.6 ± 0.03 1.1 ± 0.05 0.4 ± 0.05 0.96 ± 0.04 
Yield (1st year) 

t ha-1 

3.29 ± 0.3 2.6 ± 0.3 3.3 ± 0.3 - - 2.67 ± 0.3 - - 
Yield (2nd year) 2.62 ± 0.25 2.17 ± 0.25 - 2.00 ± 0.25 - - 1.68 ± 0.22 - 
Yield (3th year)  2.88 ± 0.2 2.5 ± 0.2 - - 3.2 ± 0.3 - - 2.74 ± 0.3 
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Economic analysis 

In order to highlight the economic performance of the four production systems for 

durum wheat under study, the total production costs and revenues, referred to 1 ha of 

cultivated surface, were evaluated as in other studies (Pardo et al., 2009; Sartori et al., 

2005; Sgroi et al., 2014; Vach et al., 2016). The economic analysis was conducted using 

data from the field trials concerning all inputs, machinery, and labour involved in 

agriculture operations, from pre-seeding to harvesting, and assuming the real wheat crop 

management performed widely by local farmers. For the latter purpose, the farm data 

have been collected through face-to-face interviews with farmers and privileged 

stakeholders of the durum wheat supply chain. Then, correction coefficients were 

calculated to convert the experimental data into real data. Input prices and all cost items 

refer to the year 2015. 

The production cost analysis was carried out by dividing the total cost into its 

variable and fixed components. The first component depends on the activity undertaken, 

while the second one is linked with the farm structure (Peris Moll and Juliá Igual, 2006). 

In this study, variable costs included all inputs used in the production process such as 

seeds, fertilizers, pesticides, fuel and lubricants consumption of machinery ownership 

(specific costs), the rental cost of machinery for harvesting, labour cost needed during 

field operations and interests on advance capital. 

Within the fixed costs, ownership costs of machinery and equipment, and land 

investments (i.e. depreciation, insurance, repairs, and maintenance), interests on capital 

goods, taxes, rent for land use and administration overheads were taken into account 

(Bernardi et al., 2017; Stillitano et al., 2017b; Strano et al., 2017; Stillitano et al., 2018). 

This analysis allowed to investigate those activities more affecting the production and 

profitability, in order to reduce production costs and improve profit margins, as 

suggested by Mohamad et al. (2013), Tudisca et al. (2013), Testa et al. (2014) and Iotti & 

Bonazzi (2015). 

Specifically, regarding inputs cost, it was calculated taking into consideration each 

environmental input considered in LCA inventory and pricing them according to the 

current market. Rental cost of machinery for harvesting operation was evaluated 

considering current tariffs charged by firms hire. Labour cost was assessed in terms of 

opportunity cost and was equalised to the employment of casual workers for manual and 

mechanical operations by assuming local current hourly wage as the basis (Strano et al., 

2015; Stillitano et al., 2016). Interests on advance capital and capital good were 

determined by applying an interest rate equal to 4.5% and 2%, respectively. To evaluate 

the rental cost for land use, the local rental prices were considered. Administration 

overheads were estimated as 5% of the Gross Production Value (GPV), which 

corresponds to the annual total revenues. In particular, total revenues (TR) for each 

production system took account of both the market value of the crop, obtained by 

multiplying the yield for its market price, and the EU Agricultural Policy subsidies. The 

average selling prices of durum wheat and common vetch were referred to 2017 crop 

year and provided by the Italian public institution for the monitoring of agricultural 

market (ISMEA, 2017). According to Pardo et al. (2009) and (2014), the main purpose 

of such analysis was to consent right understanding of the importance of each combined 

crop management system, i.e. in terms of cropping systems, soil tillage, and fertilization 

techniques, to final farm profitability. Therefore, to compare the profitability of the 

durum wheat production under the different crop management strategies investigated, 
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specific economic indicators were used, such as gross margin (GM) and net profit (NP) 

(Tatlidil et al., 2005; Banaeian et al., 2011; Nave et al., 2013; Tudisca et al., 2014). Gross 

margin was calculated by subtracting the variable costs to the total revenues (TR), while 

the net profit was determined as the difference between GPV and total production cost 

(Table 2). 
 

Table 2. Economic indicators used 

Economic 

Indicators 

Description  

TR Total Revenues GPV + EU subsidies € ha-1 

TC Total Production Cost * Sc + Ch + T + S + W + I + Lp € ha-1 

NP Net Profit TR - TC € ha-1 

GM Gross Margin TR - (Sc + W + I) € ha-1 

EC Energetic Cost (Fuel cost + Fertilization cost) / Sc % 
* Sc: Specific costs; Ch: Depreciation, maintenance, and insurance charges; T: Taxes; S: Salaries;  

W: Wages; I: Interest; Lp: Land profit. 

 

RESULTS AND DISCUSSION 

 

Life Cycle Assessment results 

Results of impact characterization are described grouping the different impact 

categories according to the areas of protection where they have a negative impact, in a 

cause-and-effect perspective. In this sense, the connection between the impact category 

and the areas of protection was performed according to the ReCiPe Method (Goedkoop 

et al., 2013). The first six impact categories listed in Table 3, are related to Human Health 

protection area, except for Climate Change which has environmental effects also on the 

Ecosystems area. Comparing the four experimental scenarios, CRConv shows better 

performances in five out of six impact categories. In particular, expressing impacts on 

Human Toxicity in kg 1.4-Dichlorobenzene equivalent, the CRConv emits 1,061.20 kg, 

versus the worst scenario (CCCons) that emits 1,303.29 kg. The same ranking can be 

observed for Ionising Radiation, Photochemical oxidant formation, Particulate matter 

formation, and Climate Change, where the CRConv is on average better than CCCons 

about 23.7%. For this area of protection, Crop Rotation (CR) scenarios result generally 

better than Continuous Crop (CC) scenarios, excluding for Ionising Radiation where the 

second better scenario was CCConv. This result can be explained by a greater amount 

of fertilizers used in conservative scenarios. In particular, the higher impacts in human 

health area of protection can be attributable to fertilizers production (Fig. 2). The only 

impact category where CRCons represents the low pollutant scenarios was Ozone 

Depletion due to the higher impact in this category of nitrogen fertilizer. 

As already mentioned, Climate Change represents a bridge category in the ReCiPe 

method, because are attributed to it negative effects both on Human Health and on the 

Ecosystems areas (Table 3). In this category, the CRConv scenario gets the best 

performance, followed by the CRCons scenario, penalized by a large use of fertilizers. 

For the terrestrial ecotoxicity indicator as well, the best scenario was CRConv, but the 

highest percentage of impact can be attributed to seeding, which represents in each 

scenario about 80% (Fig. 2), in particular, due to the seed production. In relation to 

terrestrial acidification, the better scenario was CRCons, thanks to the lower emission of 

slow-release fertilisers used in conservative scenarios. For Agricultural Land Occupation 
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too, the CRCons gained the best performance, though the difference with CRConv 

scenario is not considerable. It is significant to underline that this impact category by 

herself does not represent a comprehensive indicator of land use, providing only the 

surface occupied during the life cycle. The same consideration should be applied to 

Urban Land Occupation and Natural Land Transformation. In the first case, the scenario 

CRConv have lower impacts because of the smaller quantity of fertilizers used, input 

which represents the highest contributor in this impact category due to the fertilizers 

production plant; for the second indicator the best performance of CRCons scenario can 

be attributed to tillage operations, as already seen for Agricultural Land Occupation. The 

different tillage techniques in terms of land transformation and/or land occupation derive 

from different quantities of inputs utilized, and not from different types of land use. A 

comprehensive land use assessment must consider a broader set of specific indicators 

(e.g., soil erosion, biotic production, etc.). 

 
Table 3. Life Cycle Impact Assessment through ReCiPe Midpoint method 

Impact Category Unit CCConv CCCons CRConv CRCons 

Ozone Depletion kg CFC-11 eq 6.64E-04 6.04E-04 4.72E-04 4.33E-04 

Human Toxicity kg 1,4-DB eq 1.23E+03 1.30E+03 1.06E+03 1.11E+03 

Ionising Radiation kBq U235 eq 4.50E+02 5.47E+02 4.49E+02 5.12E+02 

Photochemical Oxidant Formation kg NMVOC 2.32E+01 2.63E+01 2.01E+01 2.23E+01 

Particulate Matter Formation kg PM10 eq 1.76E+01 1.81E+01 1.38E+01 1.41E+01 

Climate Change kg CO2 eq 4.54E+03 4.88E+03 3.44E+03 3.67E+03 

Terrestrial Ecotoxicity kg 1,4-DB eq 3.53E+00 3.64E+00 3.03E+00 3.10E+00 

Terrestrial Acidification kg SO2 eq 7.94E+01 7.56E+01 5.58E+01 5.20E+01 

Agricultural Land Occupation m2a 3.10E+04 3.10E+04 3.09E+04 3.09E+04 

Urban Land Occupation m2a 3.61E+01 4.54E+01 3.47E+01 4.09E+01 

Natural Land Transformation m2 1.48E+00 1.39E+00 1.07E+00 1.01E+00 

Marine Ecotoxicity kg 1,4-DB eq 3.08E+01 3.30E+01 3.06E+01 3.21E+01 

Freshwater Ecotoxicity kg 1,4-DB eq 2.02E+01 1.74E+01 1.30E+01 1.18E+01 

Marine Eutrophication kg N eq 8.76E-01 1.11E+00 1.49E+00 1.65E+00 

Freshwater Eutrophication kg P eq 2.80E+01 3.08E+01 2.49E+01 2.68E+01 

Fossil Depletion kg oil eq 1.72E+03 1.57E+03 1.22E+03 1.13E+03 

Metal Depletion kg Fe eq 4.73E+02 4.53E+02 3.94E+02 3.84E+02 

Water Depletion m3 6.51E+01 7.17E+01 8.55E+01 8.98E+01 

 

In relation to the categories of Marine Ecotoxicity and Freshwater Eutrophication, 

the best results are obtained by CRConv while, in Marine Eutrophication and Freshwater 

Ecotoxicity categories, the best results are obtained respectively by CCConv and 

CRCons scenarios. It should be noted that while for the Marine Ecotoxicity, Freshwater 

Ecotoxicity and Freshwater Eutrophication indicators the main hotspot is the 

fertilisation, for the Marine Eutrophication indicator, the impacts have to be attributed 

also to seeding, and in particular to fertilisers used for seed production. 

The last three categories are related to resources depletion and are mainly interested 

by fertilisation, seeding and tillage operations. In relation to Fossil and Metal Depletion, 

the CRCons scenario has the better performance thanks to the lower impact in fertilisation 

and tillage operations, while for Water depletion CCConv gains the best performance 

thanks to lower impacts linked to the fertilisers production. In relation to Fossil and Metal 
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Depletion must be underlined the influence of machinery, diesel (Lovarelli & Bacenetti, 

2017; Lovarelli et al., 2017) and urea production (Bacenetti et al., 2016) (Fig. 2). 
 

 
 

Figure 2. Environmental impacts per scenario per agronomic operation. 
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More in detail, by analysing LCA results, for all scenarios considered and for each 

agronomic operation (Figs 2 and 3), it is shown that the fertilisation, which account, on 

average, for 68.8% on each impact category, represents the crop operation most 

impactful for all environmental indicators, according to Schneider et al. (2010). This is 

not true for Agricultural Land Occupation, Marine Eutrophication and Terrestrial 

Ecotoxicity indicators. For the latter, the most impactful operation is represented by 

planting operation, in particular, by seed production that weights, on average, 87.9% on 

Agricultural Land Occupation, 63.5% on Marine Eutrophication and, 80% on Terrestrial 

Ecotoxicity. 
 

 
 

Figure 3. LCA results for agronomic operation. 

 

In cropping rotation scenarios, the introduction of vetch allows avoiding a large 

amount of environmental impact, approximately 36% less, due to the reduction of 

fertilizers, especially thanks to nitrogen fixation process, according to Nemecek et al. 

(2008) and Ryan et al (2008). However, although in absolute values, these scenarios 

have a diesel consumption lower than continuous crop ones, in percentage terms, fossil 

fuels represent the second most important impact factor (in respect to a decrease of 

fertilization influence on impacts), mainly due to the soil management and harvesting 

operations. 

The uncertainty analysis performed through 1000-runs Monte Carlo simulation 

(Table 4) allowed analysing the toughness of results for each Impact Assessment 

Category, by considering the probability distribution of LCI parameters. 

In particular, two different insights were carried out in order to assess the robustness 

of inventory. A preliminary a Monte Carlo analysis has been carried out for each scenario 

by considering only the distribution of primary data; a subsequently Monte Carlo 

analysis has been performed considering both primary and secondary data distribution. 
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Table 4. The coefficient of variation (%) of results depending on the distribution of primary (P) 

and secondary (P+S) data 

  CCConv CCCons CRConv CRCons 

Impact Category P  P+S P  P+S P  P+S P  P+S 

Ozone Depletion 1.94 23.84 1.07 23.25 0.90 23.17 1.12 24.74 

Human Toxicity 1.96 286.57 0.97 268.98 1.27 259.00 1.39 305.03 

Ionising Radiation 1.64 106.67 0.98 108.73 1.49 95.67 1.62 139.13 

Photochemical Oxidant Formation 1.38 4.30 1.04 5.23 1.05 5.27 1.09 4.97 

Particulate Matter Formation 1.50 3.21 0.92 3.38 0.99 6.29 1.06 10.54 

Climate Change 1.83 6.80 1.00 5.96 0.91 5.24 1.11 6.08 

Terrestrial Ecotoxicity 0.47 13.48 0.41 12.93 0.36 12.90 0.38 13.97 

Terrestrial Acidification 2.16 2.65 1.30 2.30 1.03 7.33 1.26 12.42 

Agricultural land Occupation 0.37 7.65 0.33 7.89 0.27 6.98 0.27 8.81 

Urban Land Occupation 1.70 8.95 1.18 9.58 1.24 9.45 1.35 8.51 

Natural Land transformation 1.99 49.00 1.09 47.21 0.94 51.28 1.15 55.94 

Marine Ecotoxicity 1.88 51.32 0.95 49.27 1.63 40.53 1.69 43.08 

Marine Eutrophication 1.32 6.01 0.80 7.03 0.42 8.95 0.73 7.57 

Freshwater Eutrophication 1.81 51.59 0.95 41.43 1.86 21.67 1.98 27.07 

Freshwater Ecotoxicity 1.73 63.23 0.90 58.88 1.17 54.94 1.28 58.97 

Fossil Depletion 2.00 14.34 1.10 11.71 0.95 10.41 1.16 12.44 

Metal Depletion 1.81 30.51 1.13 30.09 1.16 22.59 1.19 27.69 

Water Depletion 0.85 184.77 0.52 179.20 2.06 134.62 2.07 149.12 

 

The uncertainty assessment considering only primary data underlined a good 

significance level of results with a coefficient of variation, on average, lower than 1.5%. 

Considering also the distribution of secondary data, the uncertainty of results for Ozone 

Depletion, Natural Land Transformation, Marine Ecotoxicity, Freshwater Eutrophication, 

Freshwater Ecotoxicity, and Metal Depletion categories was found to be appreciable. 

Instead, for Human Toxicity, Ionising Radiation and, Water Depletion categories, the 

uncertainty was found to be very high. 

These results depend on the quality of some inventory data that possess, 

intrinsically, a high degree of uncertainty, being modeled on the average values of a 

given process. 
 

Economic performances of different scenarios 
In Table 5, the results of economic indicators obtained from PC analysis are 

reported. The results show that the cropping rotation scenarios record the best 

performance in terms of both total production cost and energetic cost compared to the 

continuous cropping ones. In particular, CRCons scenario has the lowest TC and EC 

indicators with 1,829.46 € ha-1 and 78.33%, respectively, followed by the CRConv with 

1,887.14 € ha-1 (+3.2%) and 79.90% (+0.7%). This is mostly caused by the lower cost 

related to the inputs employed in crop rotation, which accounts for around 49% to the 

total production cost for both scenarios with rotation. Within the input costs (or specific 

costs), the main contributors are the fertilization and fuel costs estimated at 48.42% and 

29.91%, respectively, for the CRCons scenario, while these amount to 45.22% and 

33.68% for the CRConv scenario. Likewise, Vach et al. (2016) found the highest fuel 

consumption in all crops cultivated under conventional tillage. 
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Table 5. Results of economic analysis 

Scenarios 
TC, 

€ ha-1 

EC, 

% 

TR, 

€ ha-1 

NP, 

€ ha-1 

GM, 

€ ha-1 

CCConv 2,101.90 80.38 3,084.60 982.70 1,554.01  

CCCons 2,192.45 82.64 2,719.80 527.35 1,067.29 

CRConv 1,887.14 78.90 2,732.19 845.05 1,368.43 

CRCons 1,829.46 78.33 2,415.00 585.54 1,080.49  

 

However, in terms of benefit indicators, the CCConv scenario achieves the best 

performance. In particular, it is observed for TR, NP and GM indicators the higher values 

equal to a three-year total amount of 3,084.60 € ha-1, 982.70 € ha-1 and 1,270.18 € ha-1, 

respectively. This scenario is able to maximize the remuneration of entrepreneur. 

Therefore, it represents the most profitable crop management system. The high value of 

TR indicator can be explained, on one hand, by the higher wheat yield equal to 

8,790.00 kg ha-1, on the other hand by the amount of European subsidies, e.g. 325 € ha-1 

year-1 for wheat against 181 € ha-1 year-1 for vetch in crop rotation. Conversely, in terms 

of TR, the CRCons scenario shows the worst performance with an amount equal to 

2,415.00 € ha-1, mainly due to the lower total production yield equal to 7,090.00 kg ha-1 

of which 5,410.00 kg ha-1 are wheat. However, it should be noted that, in CRCons 

scenario, an increase of grain yield equal to 2.6% is reached, likely due to the capability 

of leguminous crops to increase soil fertility. 

This latter result endorses the findings by Montemurro & Maiorana (2015), who 

highlighted a possible improvement of wheat yield, mainly when in rotation with 

leguminous crops compared to the continuous cropping. Similarly, Calzarano et al. 

(2018) confirmed that under conservation agriculture higher yields are reached, also due 

to the improved nutrient availability achieved by including fava beans in the rotation. 

For the remaining scenarios, the values of TR ranging from 2,732.19 € ha-1 

(CRConv) to 2,719.80 € ha-1 (CCCons). The CCCons scenario reaches the worst 

performance in terms of NP and GM indicators estimated at 46.3% and 31.3% lower 

than the best scenario (CCConv). 

 

CONCLUSIONS 

 

In modern agricultural crop production, get to maintain farm income and reduce 

environmental impacts is a prerequisite for sustainable agriculture. To obtain useful 

recommendations for farmers in selecting crop management systems that combine 

environmental and economic benefits, key measurement methods are needed. In this 

work, LCA and production cost analysis were used in order to assess the environmental 

and economic performance of different cereal production methods. The environmental 

results highlighted that the crop rotation with conventional management (CRConv) 

obtain better performances in almost all impact categories. The economic finding 

showed that CRCons scenario reached the lowest total production costs, followed by 

CRConv, although in terms of benefit indicators the CCConv scenario achieves the best 

performance. An evaluation in the long period should highlight some benefits of 

conservation agriculture in environmental and economic terms. The growing interest 

towards the vegetable proteins could cause an increase of leguminous grain price 

encouraging crop rotations. 
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Abstract. The present study was done seven elite tomato lines (Solamun lycopersicum L.) of 

determinate and indeterminate growth with good yield potential and good combining ability, 

using diallel fashion without reciprocals to produce 21 F1s. General combining ability (GCA) and 

Specific combining ability (SCA) analysis were conducted, with Diallel-SAS, assessing six yield 

and component traits. Results showed highly significant differences (p ≤ 0.01) among genotypes, 

as well as in GCA and SCA effects in all the characteristics that was assessed, with the exception 

of Days to First Cut. The results revealed that variance contribution to the yield attributed to the 

crossings had more non-additive effects (SCA) than additive effects (GCA). Furthermore, Line 

D4 had the greatest effect on yield in terms of GCA, as well in AFW (Average Fruit Weight), 

NFP (Number of Fruits per Plant) and PD (Polar Diameter) followed by D3 and K3. These lines 

can be used as donor parent in future tomato-breeding program. Hybrids K3×D4, R1×Y53, 

D3×IR13 and F3×Y53 had the highest level of SCA, with average yields of 93 t ha-1. These 

potential hybrids could be exploited at commercial level after critical testing. 

 

Key words: Combining ability, genetic effects, tomato, yield. 

 

INTRODUCTION 

 

Tomato (Solanum lycopersicum L.) is the vegetable crop with the highest demand 

and the greatest economic value in the world. Tomato trade and production have 

particular importance in tropical, subtropical and mild regions of the world, for both, 

fresh and processing markets (Meena et al., 2017). Mexico ranks 11th in global tomato 

production, with 3,055,861 tons and a total planted surface area of 48,394 hectares in 

2017(SAGARPA-SIAP, 2015). 

Parental selection in any plant-breeding program is one of the most important 

decisions that breeders must make (Broem & Miranda, 2005). Current biometric 

techniques enable us to select the right parental lines for hybrid seed production. The 

technique of diallel analysis developed and illustrated by Jinks & Hayman (1953) 

provides a guide to assess the relative reproductive potential of the parents. This 

technique is widely used to identify good parents. Based on the information gathered 

about the combining ability and genetic effects, were can combine the selected lines to 

https://doi.org/10.15159/AR.19.002
https://doi.org/10.15159/AR.19.002
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exploit their hybrid vigor through the accumulation of non-additive genetic effects or by 

using cultivars that have accumulated additive genetic effects (Saleem et al., 2013). 

The information about the General Combining Ability (GCA) and the Specific 

Combining Ability (SCA) is of great importance in breeding programs, in order to select 

the right parents for hybrids development. GCA indicates the average effect that a line 

gives to its crosses; measured as the general mean deviation. GCA is an expression of 

the additive genetic effects. SCA refers to a deviation from the foreseen behavior due to 

the general combining abilities of the parents, reflecting non-additive genetic effects 

(Sprague & Tatum, 1942). The combining ability is an effective tool that provides useful 

genetic information to select parents for the development of hybrid (Chezhian et al., 

2000). 

Development of hybrids and varieties for better yield and quality traits requires 

identification of good specific and general combiners. Combining ability studies provide 

reliable information for selection of parents for hybrid combination by revealing the 

nature and magnitude of gene actions involved in expression of quantitative traits 

(Agarwal et al., 2017). 

In any hybridization program, recognition of the best combination of two (or more) 

parental genotypes to maximize variance within related breeding populations, and as a 

result the chance of recognizing superior transgressive segregants in the segregating 

populations, are the most critical challenge to plant breeders. Since the combining ability 

was introduced in 1942, it has been widely adopted in plant breeding to compare 

performances of lines in hybrid combinations (Fasahat et al., 2016). 

Saleem et al. (2013) were able to identify tomato lines with good general combining 

ability, and therefore they are suitable for breeding high-yield tomato genotypes. On the 

other hand, López et al. (2012), Gabriel et al. (2013), Kumar et al. (2013) found high 

positive GCA values in the yield variables of tomato genotypes, leading to the selection 

of those genotypes with the highest yields. 

The purpose of this research work was to select elite tomato lines with different 

growth habits (determinate and indeterminate) to develop the right hybrids to grow in 

open field, by identifying parental lines with good combining ability through diallel 

analysis. 

 

MATERIALS AND METHODS 

 

Genetic material 

Seven lines of tomato was used as determinate (K3, Y53) and indeterminate (R1, 

F3, D4, D3, IR13) growth and its twenty-first direct potential F1 crosses, according to a 

diallel design involving the parents (Method 2 by Griffing (1956)). These lines came 

from the plant breeding department of ‘Universidad Autónoma Agraria Antonio Narro’ 

(UAAAN) and they were selected due to their yield potential ant their tolerance to 

Fusarium oxysporum f.sp. lycopersici. 

Seeds of the evaluated genotypes was deposited in 200-cell polystyrene boxes filled 

with commercial Peat-Moss substrate (one seed per cavity). 

Seedlings of 40 days old was planted five plants of each line in four-litter pots under 

greenhouse conditions following the regular agronomic management given to tomato 

crops (Ha, 2015). Was obtained twenty-one F1 crosses using the methodology of 

Argerich & Gaviola’s (1995). 
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Experiment initiation 

Twenty-eight genotypes (progenitors and F1 crosses) was transplanted at open field 

after the seedlings developed three to four true leaves and reached 25 cm in height. 

The experimental field belongs to UAAAN and it is located in Saltillo, Coahuila, 

at 25°21'18.74"N at 101°1'48.45" O, height 1,780 mamsl, 417 mm of annual rainfall; 

mean monthly temperature of 12 and18 °C and semi-arid climate (INEGI 2012). 
 

Assessed variables 

Four central plants was evaluated with full competition per treatment and a 

repetition, recording the values of the number of days until the first cut (DFC), equatorial 

diameter (ED), polar diameter (PD): five fruits per cut of each parent and crosses which 

were determined equatorial and polar diameter with the help using a vernier caliper 

gauge; number of fruits per plant (NFP) sum of fruits harvested in four cuts; average 

fruit weight (AFW): weight of the fruits of the central plants divided by the total number 

of fruits; fruit weight per plant (FWP) and yield (Y): the yield of fruit of four central 

plants was determined, extrapolated to tons per hectare (t ha-1) considering a planting 

density of 33,300 plants per hectare. 
 

Genetic model 

In order to calculate the general and specific combining ability was used method 2 

model I by Griffing (1956), including parents and direct crosses, with [p(p + 1)]/2 

combinations. Was used the following analytical model for the combining ability: 

Xijk = µ + gi + gj + sij + bk + (gb)ijk+1/bc∑∑eijk. 

Where: Xijk = observed phenotypic value; μ = general experimental mean;gi y 

gj = GCA effect of the parents, sij = SCA effect in crossesi x j (sij = sji);bk = effect of k 

block; (gb)ijk = effect of the interaction between genotype ij and k block; 1/bc 

∑∑eijk = residual effect of ijk. 
 

Statistical analysis 

Diallel-SAS procedure (Zhang & Kang, 2003) of the SAS Version 9.0 statistical 

program was used for the analysis of the genetic effects of GCA and SCA. Was also 

conducted a variance analysis and a mean comparison Tukey’s test, p = 0.05 to assess 

the yield component variables. 

The experimental unit included six plants in 2 m-long furrows, with 90 cm between 

furrows and 30 cm between plants, in a randomized block experimental design with three 

replicates. 

 

RESULTS AND DISCUSSION 
 

Diallel analysis 

Found highly significant differences (p ≤ 0.01) was observed in the genotypes, as 

well as in the GCA and SCA effects for all the assessed traits; except for Days to the 

First Harvest (Table 1). The variance contribution to the yield attributed to crosses 

included more non-additive effects (SCA) than additive effects (GCA) (67.3% y 32.7% 

respectively).The proportions for the effects of SCA and GCA were calculated based on 

the sum of squares with respect to the proportion they occupy when the crosses are 

partitioned into these effects. 
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Table 1. Mean squares of diallel analysis from seven parental tomato plants and their twenty-one 

crosses to assess their yield traits 

Source  

of  

variation 

Degrees 

of 

freedom 

Days  

to first 

cut 

Equatorial 

diameter 

(mm) 

Polar 

diameter 

(mm) 

Fruit 

average 

weight  

(g) 

Number  

of fruits 

per plant 

Fruit 

weight  

per plant 

(g) 

Yield  

(t ha-1) 

Repetitions 2 8.36 0.78 0.90 1,425.95 51.15 0.12 131.83 

Genotypes 27 7.85 1.87** 0.63** 707.65** 110.74** 1.85** 2,024.44** 

GCA 6 14.82 2.47** 1.29** 1,131.57** 121.24** 2.73** 2,984.59** 

SCA 21 5.86 1.70** 0.45** 586.53** 107.73** 1.60** 1,750.11** 

Error 54 11.66 0.25 0.12 169.48 15.22 0.14 160.06 

Total 110 48.57 7.09 3.41 4,021.19 406.11 6.46 7,051.04 

C.V. 
 

4.17 8.85 6.71 14.85 15.82 17.58 17.60 

*, ** significant at 5% and 1% level, respectively. 

 

Statistical difference observed in the genotypes can be due to parental genetic 

diversity, leading to the identification of crosses with significant yields, which is 

indispensable to measure the traits’ behavior through their hybrids. Therefore, the 

significance of these genotypes validates the mean square subdivision of the specific and 

the general combining abilities. 

The importance of non-additive and additive genetic effects related to the equatorial 

diameter, polar diameter, average fruit weight, number of fruits per plant, fruit weight 

per plant and tomato yield traits was shown by the statistical difference as revealed in 

GCA and SCA effects. Akram et al. (2012), Saleem et al. (2013) and Aisyah et al. (2016) 

reported similar results by using different parents and environments. 

Yield’s variance contribution attributed to genotypes coming mostly from non-

additive effects shows the relative importance of these effects in yield expression. The 

superiority of non-additive effects may be due to the dominance deviation variance, as 

genetic background of the resulting heterosis expression by the hybrid combination 

between parents with great genetic diversity. Souza et al. (2012) found high heterotic 

responses for fruit yield and the number of fruits per plant, with values up to 49.7% 

and 47.1%, respectively, in fifteen tomato genotypes at Itatiba, Sao Paulo, Brasil. 

Martínez et al. (2016) assessed the heterotic behavior of 40 crosses from 10 S5 lines 

from tomato collections. In terms of fruit yield, mean heterosis varied from 21.8 to 

111.2%, while fruit average weight was 13 to 80.7%. 

Non-additive type of effects were greater than additive effects for fruit weight per 

plant, number of fruits per plant and average fruit weight. These values are an important 

tool in the selection of the best breeding method. However, the strategy of breeding by 

selection, hybridization or, breeding by selection followed by hybridization, depends on 

the rate of additive variance and the dominance of the studied population, versus total 

genetic variation (Reyes et al., 2004). 
 

Effects of general combining ability (GCA) 

Genotypes D4, R1 and D3 showed the highest negative effects without significant 

differences in Days to the First Cut. On the other hand, IR13 and R1 showed the highest 

positive effects with highly significant differences (p ≤ 0.01) for equatorial diameter. 

Regarding the number of fruits per plant, lines D4 and K3 showed the highest positive 

values, with significant differences. Line D4 had the highest positive effects and highly 
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significant differences (p ≤ 0.01) in terms of polar diameter, average fruit weight, fruit 

weight per plant, number of fruits per plant and yield (Table 2). 

 
Table 2. Effects of the general combining ability (GCA) of seven tomato lines on yield traits 

Genotypes  

Assessed variables  

Days  

to first 

cut 

Equatorial 

diameter 

(mm) 

Polar 

diameter 

(mm) 

Average 

fruit weight 

(g) 

Number  

of fruits 

per plant 

Fruit weight 

per plant  

(g) 

Yield  

(t ha-1) 

K3 0.02 -0.30** -0.11 -4.07 1.59* 0.07 2.49 

R1 -0.31 0.18* -0.06 0.25 -1.03 -0.06 -2.31 

F3 0.61 -0.06 0.02 -3.10 -0.66 -0.15* -5.18* 

Y53 0.61 -0.10 -0.09** 3.77 -0.55 0.02 0.87 

D4 -0.75 -0.31** 0.47** 11.39** 3.03** 0.54** 17.89** 

D3 -1.05 0.04 -0.16 0.74 1.11 0.10 3.34 

IR13 0.87 0.55** -0.06 -8.97** -3.48** -0.51** -17.10** 

*, ** significant at 5% and 1% level, respectively. 

 

The effects of general combining ability are a reflection of the parental ability to 

express a trait in their offspring. The values obtained for GCA effects show the parental 

potential to transfer some of their traits to their crosses. In this study, Line D4 seemed to 

be a very good source of germplasm for future breeding programs, due to the positive 

values found in the general combining ability related to polar diameter, average fruit 

weight, fruit weight per plant, number of fruits per plant and yield. López et al. (2012), 

Gabriel et al. (2013), Kumar et al. (2013) found high positive GCA values in yield 

variables of tomato genotypes. They selected the genotypes with the highest potential to 

start a breeding program. 
 

Effects of the specific combining ability (SCA) 

The effects of the specific combining ability represent deviations of the foreseen 

behavior according to a simple additive model; reflecting non-additive genetic effects. 

Concerning the estimation of SCA (sij) effects on diallel crosses (Table 3), in days 

to the first cut, crosses K3×Y53 and R1×D4 showed the highest negative effects with 

values of -2.027 and -1.99 respectively, without significant differences. The results 

indicated that these hybrids are the earliest with less days to the first cut. 

Hybrid F3×IR13 showed the highest positive values with highly significant 

differences (p ≤ 0.01) on equatorial diameter and polar diameter variables. Crosses 

Y53×IR13, F3×D3 also had polar diameter values. Crosses K3×D4 and R1×Y53 had the 

highest positive values with highly significant differences (p ≤ 0.01) in the number of 

fruits per plant and fruit weight per plant. 

Crosses K3×D4, R1×Y53 and K3×D3 had the highest positive yield values (60.09, 

43.54 and 18.97 respectively), in contrast with the highest negative values shown by 

crosses Y53×D3 and Y53×D4. 

The specific combining ability reveals the best combination of crosses among 

genotypes for the development of hybrids having the desired traits. The results showed 

consistently good combinations that can express such traits. 

Crosses with high yields can be the result of the additive effects of both parents, as 

well as the interaction of dominant alleles of one parent, with the recessive alleles of the 
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other parent. Negative effects of the specific combining ability lead to superior parents 

to the development of inferior hybrids, or vice versa, due to complex interaction systems, 

in particular the supplementary systems, which are responsible for the expression of 

traits (Falconer, 1981). 

 
Table 3. Effects of the specific combining ability (SCA) of twenty-one F1 tomato hybrids on 

yield traits 

Crossing 

Assessed Variables 

Days  

to  

first cut 

Equatorial 

diameter 

(mm) 

Polar 

diameter 

(mm) 

Average  

fruit weight 

(g) 

Number  

of fruits  

per plant 

Fruit weight 

per plant  

(g) 

Yield  

(t ha-1) 

K3×R1 0.56 0.29 0.10 11.66 -0.88 0.12 4.31 

K3×F3 -0.69 0.42 0.14 5.80 -3.92 -0.21 -6.97 

K3×Y53 -2.02 0.26 -0.10 -13.94 1.62 -0.24 -7.93 

K3×D4 1.00 0.15 0.07 13.46 13.37** 1.82** 60.09** 

K3×D3 1.30 0.50 0.09 15.91* 1.62 0.57** 18.97** 

K3×1R13 -0.62 -0.44 0.27 4.38 -4.77* -0.29 -9.84 

R1×F3 -0.02 0.55* 0.16 7.24 2.03 0.35 11.56 

R1×Y53 -1.69 0.54* 0.31 15.77* 9.25** 1.32** 43.54** 

R1×D4 -1.99 0.21 0.07 -5.95 1.00 -0.11 -3.76 

R1×D3 1.63 0.08 -0.14 -11.86 -3.07 -0.54** -18.07** 

R1×IR13 -0.28 -0.75** 0.40* 5.39 -2.48 -0.09 -3.04 

F3×Y53 0.37 0.35 -0.14 0.20 6.22** 0.56** 18.62** 

F3×D4 -1.25 -0.65** -0.21 1.34 -1.37 -0.06 -2.09 

F3×D3 -0.95 -0.26 0.54** -25.94** 3.55 -0.47** -15.75** 

F3×IR13 1.78 0.62* 0.52** -14.07 -1.18 -0.34 -11.49 

Y53×D4 -0.25 0.58* 0.23 -0.40 -8.48** -0.95** -31.68** 

Y53×D3 0.71 0.22 -0.10 -20.18** -10.22** -1.23** -40.57** 

Y53×IR13 -1.21 -1.28** 0.64** 10.93 -1.96 0.04 1.46 

D4×D3 0.41 0.38 0.11 5.57 2.51 0.38* 12.77* 

D4×IR13 -1.50 -1.37** 0.08 -16.12* 3.77 -0.15 -5.21 

D3×IR13 -1.21 -0.48 -0.20 -3.09 10.03** 0.70** 23.11** 

*, ** significant at 5% and 1% level, respectively. 

 

Research on diallel crosses indicated that high yield simple crosses have at least 

one of the lines with high GCA (gi) and the two lines produce high positive SCA (sij). 

On the other hand, simple crosses with low yield have both lines with low GCA and the 

two lines produce negative SCA effects (sij) of high absolute value (Reyes et al., 2004). 

High SCA values in any variable indicate that hybridization will be the best method 

to make the best use of such variable. We can use genetic variance more efficiently by 

taking advantage of the dominance or epistatic effects. In that regard, Peña et al. (1998) 

affirm that when SCA is positive and shows a high value, both parents are good 

candidates to produce families, populations or lines in a breeding program, aiming 

towards specific targets. 

Specific combining ability (SCA) is the manifestation of non-additive component 

of genetic variance and associated with interaction effects, which may be due to 

dominance and epistatic component of genetic variation that are non-fixable in nature 

(Basavaraj et al., 2015). Hence among 21 hybrids (Table 3) K3×D4, R1×Y53 and 

K3×D3 are identified as the good specific combiner with high per se yield. 
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Yield analysis 

According to the results of this study, line Y53 had the highest yield value of 

55 t ha-1 followed by D4 with 54.4 t ha-1 (Table 4). On the other hand, hybrids Y53×D4, 

F3×IR13 and Y53×D3 had the highest yield values, compared to the total number of 

assessed crosses, with 93.5, 69.8 and 68.6 t ha-1 respectively, and they were superior to 

the most productive parents (Y53, D4 y K3). 

 
Table 4. Mean comparison of seven tomato lines and their 21 crosses for yield traits, using 

Tukey’s test 
 

Assessed Variables 

Lines Average fruit weight 

(g) 

Number of fruits  

per plant 

Fruit weight per plant 

(kg) 

Yield 

(t ha-1) 

K3 96.47 cd 17.33 eg 1.67 fh 53.50 eh 

R1 111.47 ab 13.00 gh 1.45 fj 46.41 fk 

F3 74.17 gj 21.00 ce 1.55 ei 49.81 ei 

Y53 68.00 il 25.33 bc 1.72 dg 55.06 dg 

D4 91.13 cf 18.67 ef 1.70 dh 54.41 dh 

D3 95.97 dc 17.33 eg 1.66 eh 53.24 eh 

IR13 16.70 a1 11.00 h 1.28 hl 41.09 hl 

Crosses     

K3×R1 95.40 cd 18.33 ef 1.75 cf 55.97 cf 

K3×F3 99.90 bc 17.33 eg 1.74 cg 55.59 cg 

K3×Y53 93.29 ce 21.00 ce 1.96 be 62.70 be 

K3×D4 70.10 hk 24.33 bd 1.71 dg 54.70 dg 

K3×D3 64.17 jl 18.00 ef 1.15 il 36.97 il 

K3×IR13 56.60 l 17.00 eg 0.96 l 30.78 l 

R1×F3 121.06 a 12.00 h 1.45 fk 46.53 fk 

R1×Y53 122.53 a 11.33 h 1.38 fk 44.41 fk 

R1×D4 60.53 lk 18.33 fe 1.10 jl 35.29 jl 

R1×D3 62.83 jl 18.33 fe 1.15 il 36.81 il 

R1×IR13 116.80 a 11.33 h 1.33 hl 42.55 hl 

F3×Y53 69.30 hl 20.33 de 1.41 fk 45.10 fk 

F3×D4 96.47 cd 18.33 ef 1.76 cf 56.41 cf 

F3×D3 81.87 eh 26.00 b 2.12 bd 67.73 bd 

F3×IR13 80.20 fi 27.33 b 2.18 b 69.86 b 

Y53×D4 85.23 dg 34.33 a 2.92 a 93.58 a 

Y53×D3 77.67 gi 27.68 b 2.15 bc 68.69 bc 

Y53×IR13 74.30 gj 25.68 b 1.91 be 61.14 be 

D4×D3 77.33 gj 19.00 ef 1.43 fk 45.81 fk 

D4×IR13 75.70 gj 19.33 e 1.46 fj 46.76 fj 

D3×IR13 71.20 hk 14.68 fh 1.04 lk 33.25 kl 

Different superscripts denote statistical significance at P = 0.05 by Tukey’s post-hoc test. 

 

Regarding the behavior of genotypes involved in fruit yield analysis, six genotypes 

exceeded the average tomato yield (56 t ha-1) in Mexico. Chernet & Zibelo (2014) 

reported average yields of 56.07 t ha-1 in nine tomato varieties of Tigray, Ethiopia. In 

contrast, Nguyen & Nguyen (2015) reported 33.3 t ha-1 in Thai Nguyén, Vietnam. 

With regard to these results Zewdie et al. (2000) mentioned that based on the ACG 

of parents can predict the contribution that each towards their progeny. This allows you 
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to select plants that combine the superior characteristics of the parents, also predict the 

crosses with the greatest potential. 

In this essay, one of the parental hybrid lines with the best yield, showed high GCA 

and high yield, meaning that genes with additive effects influenced the expression of this 

trait. It is worthwhile mentioning that this cross showed SCA negative values, despite 

having the best yield among assessed crosses. On the other hand, despite the cross with 

the best SCA was among high yield crosses, it was not the best among the assessed 

genotypes; may be because the parents had lower GCA values that affected yield. 

Since both additive and non-additive variances were found to be important in the 

genetic control of all 4 yield component characters in the present study, the use of a 

population improvement method in the form of diallel selective mating (Jensen, 1970) 

or mass selection with concurrent random mating (Redden & Jensen, 1974) might lead 

to release of new varieties with higher yield in tomato (Solanum lycopersicum L.). 

 

CONCLUSIONS 

 

The estimations on general and specific combining abilities provided information on 

the breeding potential of seven tomato parents and their F1 crosses. These values represent 

an important tool in the selection of the breeding method. Genotypes D4, D3, K3 showed 

good yield potential and can be further utilized in future tomato-breeding program. 
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Abstract. Cod liver which is extracted in significant amounts from fish during the process of 

gutting and harvesting by fishing vessels in the North Atlantic and Barents Sea is a very valuable 

raw material for producing ‘natural’ tinned foods that have not undergone any additional 

treatment and which do not have any additional ingredients, but its use is limited due to lipid 

instability in long-term storage in a frozen state. The authors advise that the production and use 

of pre-treated semi-finished products which are based on the use of cod liver is managed by means 

of a microwave-cooking process which results in a product that is more stable for frozen storage. 

Any semi-finished fish oil product that is extracted during microwave processing can also be used 

in food production. 

The variants that can be included in using these semi-finished products are discussed here when 

it comes to the technology that is involved in functional multicomponent products (such as natural 

and paste tinned foods with the addition of sauces, vegetables, mushrooms, meat, and fish protein 

isolate). 

 

Key words: tinned foods, cod liver, functional products, meat and fish products, polyunsaturated 

fatty acids. 

 

Terms and abbreviations: 

Generalised sensory score – a complex of sensory characteristics joined together into one value 

by considering their significance, and recalculated to percentage values according to (2); 

MCSCL – Microwave cooked semi-finished cod liver product; 

Full-grade protein – protein containing all essential amino acids in adequate quantities (the scores 

for all amino acid must be no less than 100%); 

FPI – fish protein isolate; 

PUFA – polyunsaturated fatty acids; 

SCLO – Semi-finished cod liver oil product; 

TG – triglycerides. 
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INTRODUCTION 

 

Fish oils have a wide range of use both in terms of therapeutic and prophylactic 

purposes in the food industry, as well as in veterinary and medicinal fields. Fish oil is 

obtained during the processing either of fish liver (from the Gadidae family) or whole 

fish (herring, capelin, etc) (Rzhavskaya, 1976). 

Fish oil is a rich source of ω-3 polyunsaturated fatty acids (PUFA), and fat-soluble 

vitamins (Petracci et al., 2009). It is known that fish oils from fishes which are caught in 

the northern seas are richer in valuable components than those from fish which live in 

warm water (Rzhavskaya, 1976). 

Fatty acids of the ω-3 group have a very high biological value as well as therapeutic 

and prophylactic effectiveness against a series of diseases, especially cardio-vascular 

ones (Marventano et al., 2015). An optimum ratio between ω-3 and ω-6 is not absolutely 

clear at present, but nowadays researchers recommend increasing it to at least 1:4; some 

researchers refer to a range between 1:4 and 4:1 (Simopoulos, 2011). 

Fish (‘Food enrichment with Omega-3 fatty acids’, 2013) and marine products 

(Patten et al., 2017) are a traditional and extremely well-known source of ω-3 PUFA. 

Including PUFA (especially ω-3) in the composition of functional foods during 

their creation and production clearly holds a very high level of importance. 

One of the main producers of the aforementioned valuable components is cod liver. 

The feature of its lipids is the high amount of PUFA (46.7–47.4%). The eicosapentaenoic 

(18.8–19.4%) and docosahexaenoic (19.1–19.6%) acids dominate amongst the 

polyenoic acids. Monounsaturated fatty acids form between 30–33% of cod liver oil, and 

almost half of them consist of oleic acid, while 25% are formed of palmitoleic 

(Konstantinova et al., 1997) 

However, the hydrolytic and then oxidative processes occur even during long 

periods of frozen storage for products that are rich in ω-3 PUFA (Jacobsen, 2015), 

because free fatty acids are much less stable when it comes to oxidation than are 

triglycerides (TG). 

It is possible to protect PUFA not only by storing the oil itself for a short time, but 

also by producing and storing the sterilised tinned foods from raw, chilled, or fresh-

frozen cod liver (Gladyshev et al., 2009). It was experimentally proved that fatty acids 

are comparatively stable under high temperatures used during the sterilisation of tinned 

foods in the absence of oxygen (Karlsdottir, 2016). So producing delicious tinned cod 

liver is the most acceptable way of processing cod liver. One of the most popular tinned 

foods in the northern basin is ‘natural cod liver’, which can be produced from raw, 

chilled, or frozen liver. 

The proportion of liver in the cod is known to be about 5% (Konstantinova et al., 

1997). Considering that the total catch of cod in the northern basin alone is more than 

500,000 tons, it is possible to calculate the total volume of extracted cod liver, which is 

around 25,000 tons. But it is impossible to immediately process this large volume of cod 

liver on the fishing vessels themselves or in the onshore factories, so the most part of 

caught liver goes to freezing. Thanks to this, the production of high quality tinned cod 

liver which comes from frozen raw materials is actually quite a demanding task, 

especially in light of increasing demand for such a product. 

However, the frozen storage of cod liver results in the occurrence of negative 

processes which are related to lipid hydrolysis, followed by oxidation. It was noticed 
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that the acid value significantly increases during frozen storage; moreover, the growth 

of peroxide value, the content of hydroxy acids, and aldehydes were all also noted. 

Sensory tests of natural tinned foods which came from frozen cod liver have confirmed 

a rancid taste and the dark colour of the product’s surface due to oxidised lipids. 

Moreover, a significant quantity of free oil has been found in each tin which can result 

in quality being decreased. Another problem is related to any increase of the liquid 

content of the tinned foods (Volchenko et al., 2013). 

It is possible to partially prevent such degradation in frozen cod liver using surface 

heating (blanching) before freezing, but the texture both of such semi-finished products 

and the resultant quality of tinned foods was poor (Grokhovsky & Volchenko, 2003). 

Therefore it is reasonable to use volume heating for this purpose. 

It can be seen that the high quality of tinned foods that use such cod liver can only 

be provided by means of the utilisation of frozen storage at a temperature that is not 

higher than minus 18 °C and not for a period of more than one month. Therefore, the 

most valuable tinned foods that are in high demand can either be obtained from raw cod 

liver direct from the fishing vessels themselves, or from chilled cod liver with a storage 

time of four days, or from frozen liver with a very short storage time. All of this results 

in something of a headache for many producers, especially when taking into account the 

time it takes to ship frozen cod liver from possibly far-flung fishing areas to onshore 

canning facilities (Volchenko et al., 2013). 

Tinned cod liver is traditionally consumed in small amounts due to its very high oil 

content (even despite the extremely high nutritional value of such oil), and the minimal 

content of protein and water with a complete absence of carbohydrates, so it is not a 

particularly good way of consuming it when it has been separated from the liver 

‘residue’. It can also be used as a raw material for producing a wide range of functional 

resources, mostly culinary (salads, fillings, etc). Despite its unique biochemical 

characteristics, tinned cod liver has a specific taste and flavour, one which serves to 

decrease the attractiveness of the product. So research that is directed towards the 

development of new forms of food items that can mask these specific characteristics are 

also of some importance. 

All of these problems make it quite reasonable to conduct research that can be 

directed towards finding ways in which cod liver and its oil can be placed in frozen 

storage for extended periods of time, and for finding a rational use for this raw material 

when it comes to producing functional foods. 

For that reason the goal of this research is to develop a form of technology that can 

be used in cod liver processing and which can preserve the quality of the cod liver in its 

frozen state for a longer period of time, and to find ways of using the obtained semi-

finished products for the production of new, functional food items which have a high 

biological value. 

 

MATERIALS AND METHODS 

 

Preparing the raw materials 

Blue whiting (Micromestius poutassou) was caught by the fishing company, JSC 

Murmansk Trawl Fleet OAO, in the central eastern Atlantic, subsequently being frozen 

and shipped to the port of Murmansk. It was stored at a temperature that was no higher 

than minus 18 °C. The vegetables, salt, and spices were purchased on the local market. 
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The chilled liver of Atlantic cod (Gadus morhua), which is shipped out by fishing 

companies all year round, was used as the source of the PUFA. 
 

Producing fish protein isolates (FPI) 

FPI was obtained by dissolving the muscle tissue of blue whiting in an alkaline 

solution, followed by sedimenting the protein in the isoelectric point and in a slightly 

acidic solution (Gholam, 2008). The temperature of the alkaline dissolution was 98 °C, 

while the pH level was 11.75. The isoelectric sedimentation was provided at a 

temperature of between 40–50 °C, while the pH was about five (the maximum for the 

sediment). 
 

Choosing and preparing the reagents 

All of the reagents that were used in this research were of an analytical grade (or 

higher). The standard samples of fatty acids were marked ‘for chromatography’. 
 

Analytical methods 

The Kjeldahl method (FAO, 2003) uses Selecta Bloc Digest and Selecta Pro-Nitro 

modules (Spain). The nitrogen content that was obtained was recalculated to the raw 

protein value (P) using the following formula: 

P=N × 𝐾𝑃 (1) 

where N – total nitrogen content; 𝐾𝑃 – recalculation coefficient, and 𝐾𝑃 = 6.25 for fish 

and some other products (Kondratyeva & Garkotina, 2014). 

The lipid content in the samples of raw material, FPI, and foodstuffs which were 

produced from them (in the form of tinned foods) was determined by using a Selecta 

DET/GRAS extractor (Spain) by using the Soxhlet method (de Castro & Priego-Capote, 

2010). 

The fatty acid composition of lipids was determined by using the high-performance 

liquid chromatography method (HPLC), with an Agilent 1100 (USA) following the 

saponification of lipids with an alcohol solution of 2N KOH and pre-column derivatisation 

with bromophenacyl bromide and triethylamine (Gratzfeld-Huesgen, 1997). 

The volume of secondary products from the lipid oxidation was estimated by means 

of the aldehydes content (by reaction with benzidine) which was recalculated to 

cinnamic aldehyde (Holm et al., 1957). 

The acid value for lipids was determined after their extraction using a mixture of 

chloroform and ethyl alcohol by titration with 0.1M NaOH (phenolphthalein was used 

as an indicator). The peroxide value was determined by titration of the iodine displaced 

with peroxides from the potassium iodide with 0.01M sodium thiosulphate (Chakrabarty, 

2003). 

Sensory studies were carried out using the response scales (ISO 4121:2003) for the 

following characteristics: taste, odour, texture, state of product (large or small pieces, 

coarse or fine mince, etc), and colour. Tinned foods were checked for any absence of 

defects, and were opened and prepared prior to a sensory analysis being carried out. 

Every value was estimated using a five-point scale (between 1 to 5), considering the 

significance coefficients that were determined with the expert method. The result was a 

‘generalised sensory score’ q, %, which was determined by the following formula: 
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𝑞 =
∑ (𝐵𝑖 − 𝐵𝑚𝑖𝑛) ⋅ 𝐾𝑆𝑖

𝑖=𝑛
𝑖=0

∑ 𝐾𝑆𝑖
𝑛
𝑖=0 ⋅ (𝐵𝑚𝑎𝑥 − 𝐵𝑚𝑖𝑛)

∙ 100 (2) 

where 𝐾𝑆𝑖 – the significance coefficient of i-th sensory value; 𝐵𝑖 – the average mark by 

all tasters for the i-th sensory value; 𝐵min   – minimum possible mark from the 

scale (1); 𝐵max – maximum possible mark from the scale (5); and n – number of sensory 

values in the scale. 
 

Experimental planning and statistical data processing 
The one-factor experimental design was also used. It contained five levels of factor 

variants. Statistical data processing (regression analysis) was carried out using an 

Oakdale DataFit 9.1. Common statistics were also used (involving a determination of 

confidence interval using the t criterion). All of the experiments were carried out in no 

less than three parallels. 
 

Experimental order 

The cod liver specimens were processed using a preliminary microwave treatment. 

The authors advise that such a treatment be used before freezing the cod liver in order to 

be able to prevent disadvantages arising – such as lipid oxidation during frozen storage 

and extra liquid oil from being collected in packaging tins – according to preliminary 

experiments. This method makes it possible to keep the partial integrity of the semi-

finished product, and to make inactive lipolytic enzymes in the entire volume which 

would result in a slowing down of the hydrolytic and oxidative processes. It is also 

possible to select a lipid excess fraction following microwave cooking to be able to 

prevent any undesirable oil separation during the tinned food sterilisation process. 

Preliminary experiments have determined the most acceptable mode of microwave 

treatment for the liver, with a layer that is no thicker than 40 mm for 2.5 minutes at the 

specific power setting of 2000W kg-1 according to the inherent features of the microwave 

heating process (a thicker layer results in less uniform heating) and the sizes of cod liver 

being processed (less thickness requires additional cutting which results in a 

decreasingly impressive appearance). The microwave-cooked semi-finished cod liver 

product (abbreviated as MCSCL) was produced using this mode, and then was frozen 

and stored at a temperature of minus 18 °C in polymeric packaging for further research. 

The tinned analogues of natural tinned cod liver were produced from the MCSCL. 

The sensory characteristics of this product have met the requirements that have been set 

out for the assortment of such tinned foods that are produced from chilled cod liver. 

The semi-finished cod liver oil product (SCLO) which was separated during the 

microwave treatment was stored at a temperature that was no higher than plus 10 °C and 

for no more than a period of twelve months. 

MCSCL (including frozen materials that were stored for a period of less than four 

months) was used in the production of tinned foods which are very similar to natural 

tinned cod liver in terms of composition and the method of production being used. 

However, such a single-component form of production is not the only possible way 

in which processing can be handled, and is not even the most optimum way of doing it. 

Enriching such tinned foods with carbohydrates and proteins can be seen as being quite 

reasonable, by adding vegetables, mushrooms, tomato and sour-cream sauces, meat,  

and FPI. 
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The small assortment of tinned foods that are based on MCSCL with different 

sauces being added (sour-cream, and tomato and sour-cream), and with additional 

ingredients being added (champignons) was also developed. A new form of fish and 

vegetable tinned food was also developed which included minced MCSCL, vegetables 

(onion and carrot), champignons, and tomato and sour-cream sauce. 

This brand new form of tinned food – tinned paste from cod liver and meat – has 

been developed during experimental research. The optimisation of its composition has 

been carried out during this research. Preliminary experiments proved that such tinned 

foods have excellent sensory characteristics despite the probably high cost of producing 

them. The optimum composition of such foods has been further developed following 

these preliminary experiments. The proportion of the main ingredients was around 60% 

despite different ratios being used. Other ingredients included vegetables (carrot and 

onion), and tomato and sour-cream sauce; their proportions have not been changed. 

 

RESULTS AND DISCUSSION 
 

Developing the technology involved in microwave-cooked, semi-finished cod 

liver products (MCSCL) 
The hydrolytic and oxidative processes being used in the MCSCL have been 

researched. The objective characteristic of hydrolysis is the acid value, so it is this that 

has been determined in most experiments. Oxidative spoilage has been estimated by 

means of the content of the primary oxidation products (peroxides and hydroperoxides) 

and secondary products (aldehydes). 
 

 
 

Figure 1. Dynamics for aldehyde content changes during the frozen storage of the cod liver. 
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The regression of aldehyde content on storage time was carried out. An equation 

for the total content of aldehydes was increasing by an insignificant amount during storage 

and did not exceed 7mg% of cinnamic aldehyde (Fig. 1), so the dynamics both for 

hydrolytic and primary oxidation products has been researched. The results for the 

comparative experiment in terms of storing frozen cod liver and MCSCL are shown in 

Fig. 2. 

 
 

 
 

Figure 2. Dynamics for acid (a) and peroxide (b) values during frozen storage. 

 

It can be seen that the use of the microwave method for cod liver treatment before 

being placed into frozen storage is rational in terms of slowing down the process of 

hydrolytic and oxidative spoilage in this raw material. Therefore the recommended shelf 

life at a temperature of no higher than 18 °C is no more than four months. A higher shelf 

life will result in undesirable acid values (6 mg KOH g and higher), the increase of the 

peroxide value (15 mmol 1/2O/kg and higher). This shelf life is also proven by 

microbiological tests (Volchenko et al., 2013), as shown on Fig. 3. 
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Figure 3. Dynamics of microbiological growth in the MCSCL. 

 

Developing new forms of tinned foods with MCSCL 

The experiment which 

involved optimisation has been 

carried out according to the plan 

shown in Table 1. The results of this 

experiment are shown in the same 

table. 

It is reasonable to use the 

regression method to process the 

results of Table 1. The regression 

equation for quality level versus 

meat proportion is as follows: 
 

 

Table 1. Plan for and results of experiments for 

optimising meat and cod liver ratios 

Probe 

no 

Meat (pork) 

proportion 

(of net mass), 

% 

MCSCL 

proportion 

(of total mass), 

% 

Generalised 

sensory 

score,  

% 

1 20 40 93.9 ± 6.4 

2 40 20 88.2 ± 7.7 

3 30 30 86.1 ± 10.3 

4 10 50 88.5 ± 8.5 

5 25 35 92.6 ± 7.3 
 

𝑞 = 𝑎 ⋅ 𝑥3 + 𝑏 ⋅ 𝑥2 + 𝑐 ⋅ 𝑥 + 𝑑, (3) 

where a = 0.0038; b = -0.3; c = 7.0; and d = 45 – regression coefficients. 

Analysis of the regression Eq. (3) shows that the best levels of quality can be found 

in the case of a meat proportion of 17.3% of the net mass of prepared tinned foods. 

Moreover, there is a clear trend for a new maximum to appear in which the proportion 

is above 35% meat content, but tinned foods of such a high meat content would be closer 

to meat pastes which are outside the scope of the current research. 

It is reasonable to not just meat as raw materials, but also fish (in the form of FPI) 

because fish protein is more widely available on the market, while also being no worse 

– and often better – than meat protein. 

The authors have developed FPI technology from the muscle tissue of blue whiting, 

which has protein that is full-grade in terms of its quality, meaning that it contains all of 

the amino acids (both essential and non-essential) that are required for the human 

organism (Derkach et al., 2017). The experiment has been carried out to determine the 

optimum composition of tinned paste which is produced from MCSCL with the addition 

of FPI. The plan for this experiment and the accompanying results are shown in Table 2. 
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The results of this experiment 

can be described by the same Eq. as 

(3), but with different regression 

coefficients: a = 0.0084; b = -0.443; 

c = 6.05; and d = 69.0. 

The maximum generalised 

sensory score can be found in a 

9.26% proportion of FPI, so it is 

reasonable to include between  

9–10% of FPI in the composition. 

 

Table 2. Plan for and results of experiments in 

optimising FPI and cod liver ratios 

Probe 

no 

FPI 

proportion 

(of net mass), 

% 

MCSCL 

proportion 

(of total mass), 

% 

Generalised 

sensory 

score,  

% 

1 2 58 79 ± 10 

2 5 55 90 ± 9 

3 10 50 93 ± 8 

4 20 40 80 ± 18 

5 30 30 78 ± 16 
 

 

Developing tinned food from SCLO 

As SCLO is a by-product of the microwave technology that is involved in the 

production of MCSCL, it is reasonable to develop a complex of technologies for making 

use of it such as, for example, in tinned foods by enriching them with fatty acids which 

include PUFA. New groups of compositions in multicomponent tinned foods with SCLO 

have been developed for this very purpose. One such group includes tinned pastes that 

are based upon vegetable ingredients (carrot), and SCLO. The one-factor experiment for 

estimating the maximum acceptable proportion of SCLO in the product has been carried 

out in order to be able to optimise composition. The plan for and results of this 

experiment are shown in Table 3. 

 
Table 3. Plan for and results of experiments for optimising SCLO proportions 

Probe no 
Carrot proportion  

(of net mass), % 

SCLO proportion  

(of total mass), % 

Generalised sensory 

score, % 

Proportion of free 

liquid in the tin 

1 35 35 53 ± 19 10.6 

2 40 30 51 ± 25 8.9 

3 50 20 58 ± 22 3.5 

4 55 15 61 ± 22 1.3 

5 60 10 67 ± 13 0.35 

 

Data processing results are shown for the following regression equation for a 

generalised sensory score (q) versus SCLO proportion (x): 

𝑞 = 𝑎 + 𝑏 ⋅ 𝑥2 + 𝑐 ⋅ 𝑥3, (4) 

where a = 71.8; b = -0.065; and с = 0.0014 – regression coefficients. 

The equation adequately describes the generalised sensory score changes; 

regression coefficients are significant with a confidence level of 0.9 (higher confidence 

levels are not required for sensory tests as subjective methods). 

The regression equation for the proportion of the free liquid part (ωO) versus SCLO 

proportion is as follows: 

𝜔𝑂 = 𝑑 ⋅ 𝑥3 + 𝑓 ⋅ 𝑥2 + 𝑔 ⋅ 𝑥 + ℎ (5) 

where d = -9.7·10-4; f = 0.0694; g = -1.09; and h = 5.25 – regression coefficients. 

The equation adequately describes the free liquid part’s proportion changes; 

regression coefficients are significant with a confidence level of 0.9. 
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Therefore the acceptable quality of the product can be achieved in the case of an 

SCLO proportion that is no higher than 10%. A more precise choice of SCLO dosage 

value should be taken by means of objective reasoning. It is obvious that the free liquid 

part is practically absent if the SCLO proportion is less than 10%. 
 

Characteristics of the finished products 
The quality estimation for single and multicomponent tinned foods based on 

(or with the use of) MCSCL have been carried out. They include: 

– ‘Blanched cod liver’ – single-compound MCSCL-based tinned foods using the 

technology involved in the processing of natural tinned cod liver; 

– ‘Liver and carrot paste’ – multicomponent minced MCSCL-based tinned foods 

with the addition of carrot, tomato, and sour-cream sauce; 

– ‘Liver and mushroom paste’ – multicomponent minced MCSCL-based tinned 

foods with the addition of champignons, carrot, tomato, and sour-cream sauce; 

– ‘Vegetable and mushroom paste’ – multicomponent tinned foods which employ 

the use of minced cabbage, champignons, carrot, tomato, and sour-cream sauce with the 

addition of SCLO; 

– ‘Carrot and mushroom paste’ – multicomponent tinned foods which employ the 

use of minced champignons, carrot, tomato, and sour-cream sauce with the addition of 

SCLO; 

– ‘Cod liver and meat paste’ – multicomponent minced MCSCL-based tinned 

foods, with non-fatty pork, tomato, and sour-cream sauce; 

– ‘Cod liver and protein paste’ – multicomponent minced MCSCL-based tinned 

foods with the addition of FPI, tomato, and sour-cream sauce. 

Figs 4–5 show the profiles for the sensory evaluation of the tinned foods in question. 

An analysis of the data shown in Fig. 4 shows that tinned foods that are produced 

using chilled cod liver (reference) are almost the same as tinned foods that are produced 

using MCSCL, according to characteristics such as oil colour, taste, and aroma. Such 

characteristics as surface colour, texture, and product state (which are not as important 

as the previous characteristics) are insignificantly higher for reference. 

 
 

Figure 4. Comparative sensory evaluation of traditional tinned foods and MCSL-based tinned 

foods. 
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Figure 5. Comparative sensory evaluation of multicomponent MCSCL-based tinned foods, and 

with SCLO added. 

 

When comparing the sensory characteristics of tinned pastes that are produced 

according to different recipes, it is possible to conclude that ‘liver and carrot paste’ 

dominates all other pastes. 

Table 4 contains the separate characteristics of the chemical composition of the 

different tinned foods. 

 
Table 4. Food value for tinned foods that contain MCSCL or SCLO 

Tinned food 
Content,% Energy value,  

kcal Lipids Proteins 

‘Blanched cod liver’ 63 5.0 587 

‘Liver and carrot paste’ 11.6 4.5 122 

‘Liver and mushroom paste’ 8.5 5.1 97 

‘Vegetable and mushroom paste’ 14.0 6.2 151 

‘Carrot and mushroom paste’ 13.7 5.5 146 

‘Cod liver and meat paste’ 52.8 6.5 501 

‘Cod liver and protein paste’ 56.1 7.4 535 

 

The composition of fatty acids (Table 5) for semi-finished cod liver oil products 

(for comparison) and those for separate tinned foods has been determined in order to be 

able to evaluate the biological value of the selected tinned foods. 

The results in this table show that tinned foods are rich in ω-3-PUFA, so MCSCL 

and SCLO can improve the ratios of ω-3:ω-6 in humans (which figures are considered 

to be increased to at least 1:4). Increasing the proportion of linoleic acid and decreasing 

the ω-3:ω-6 ratio can be explained by frying the ingredients with vegetable oil. 

Physical, chemical, biochemical, and microbiological experiments have shown that 

tinned foods which are produced using MCSCL and SCLO can be characterised not only 

by good sensory marks, but also with high food and biological values. 
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Table 5. The composition of fatty acids 

Fatty acid 

Content, % from the total of fatty acids 

SCLO 
‘Blanched 

cod liver’ 

‘Vegetable and 

mushroom paste’ 

‘Liver and 

mushroom paste’ 

Saturated, including: 14.65 16.02 16.0 14.47 

Lauric 0.02 0.02 0.14 0.03 

Tridecanoic 0.15 0.02 0.02 0.01 

Myristic 3.06 2.93 3.06 2.98 

Pentadecanoic 0.785 0.73 0.71 0.63 

Palmitic 7.825 8.82 8.38 7.91 

Margarine 0.825 0.86 0.75 0.62 

Stearic 2.13 2.64 2.93 2.285 

Monounsaturated, including: 54.52 51.26 50.2 53.47 

Myristoleic 0.095 0.1 0.12 0.09 

Palmitoleic 7.81 7.26 6.6 7.575 

Heptadecenoic 0.555 0.6 0.44 0.445 

Oleic 23.89 25.3 24.33 23.91 

Gadoleic 15.345 12.38 13.04 14.93 

Erucic 6.815 5.62 5.67 6.52 

PUFA, including 30.83 32.72 33.8 32.06 

Hexadecadienoic 0.51 0.38 0.42 0.54 

Hexadecatrienoic 0.365 0.27 0.31 0.29 

Linoleic 2.4 2.45 10.0 9.17 

Linolenic 3.22 3.59 2.73 2.62 

Octadecatetraenic 0.25 0.25 0.2 0.17 

Eicosadienoic 0.27 0.27 0.21 0.21 

Eicosatrienoic 0.675 0.62 0.54 0.54 

Arachidonic 0.29 0.31 0.23 0.23 

Eicosapentaenoic 9.17 9.81 7.65 7.75 

Docosatetraenoic 0.445 0.39 0.37 0.39 

Docosapentaenoic 1.075 0.81 0.8 0.82 

Docosahexaenoic  12.165 13.57 10.34 9.33 

Saturated to PUFA ratio 0.475 0.490 0.473 0.451 

PUFA ω-3: ω-6 ratio 

(estimated) 

3.88 4.57 1.47 1.47 

 

CONCLUSIONS 

 

The actuality and necessity of using very valuable raw materials – cod liver with 

lipids that are rich in ω-3 and ω-6 PUFA – can now be shown to be proven. 

The technology involved in processing cod liver using microwave heating has 

already been developed, which made it possible to protect the quality of the produced 

semi-finished product in its frozen state over a long period of time. 

The technology involved in microwave cooking for cod liver oil has also previously 

been developed. This technology made it possible to store the frozen MCSCL for a long 

period of time. 

The most acceptable mode involved in microwave treatment of the cod liver has 

been obtained (the layer need be no thicker than 40mm, cooking time is 2.5 minutes, and 

specific power is 2,000W kg-1). 
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The maximum shelf life for frozen MCSCL is recommended to be up to four 

months according to microbiological tests and lipid quality value changes during storage. 

The available assortment of single-component sterilised tinned cod liver is 

extended by using MCSCL. 

The series of new multicomponent functional tinned foods that can be based upon 

MCSCL and fish oil which is separated during production has been developed. These 

products contain ω-3 and ω-6 PUFA. Vegetables, mushrooms, lean pork, and FPI were 

also used in the production of such foodstuffs. 
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Abstract. Food exposure to heavy metals such as Pb, Cd, Cr, Ni, As, Zn, Cu and Fe is considered 

a risk to human health. This study analyzes the level of heavy metals in soil and delicious apple 

tissues (fruit, leaf, shoot) in three different rootstocks: mm106, m26 and m9 grown in the Obiliq 

region (considered as a polluted region). The data obtained from the Obiliq areas are compared 

with those grown in reference clear area. Individual soil samples were collected from each plant 

to assess metal content in the immediate plant environment. Samples of soil, fruit, leaf and shoot 

have been analyzed for heavy metals (Pb, Cd, Ni, As, Zn, Cu, Cr and Fe) using atomic absorption 

spectrophotometry (AAS). 

The results indicated that the average concentrations of Pb, Cd, Ni, As, Zn, Cu, Cr and Fe in soil 

of Obiliq areas were 2.03, 0.15, 6.99, 12.4, nd, 12.3, 4.68, 5.32 mg kg-1 d.w. respectively. The 

concentration of metals in the apple tissue increased with the increase of heavy metals in soil 

from polluted area. The accumulation ratios of heavy metals were calculated to assess the 

potential health  risks. The mean concentrations of the heavy metals in the soil were in order of 

magnitude Ni > Zn > Cr > Cu > Fe > Pb > Cd > As while that in the fruits of apple were in order 

of magnitude Cr > Fe > Cu > Ni > Pb > Zn > Cd > As; in the leaves were Fe > Zn > Cu > Cr > 

Pb > Ni > Cd > As; in shoots were Zn > Fe > Cu > Pb > Ni > Cr > Cd > As. 

Mobility of heavy metals and potentially hazardous in studied lands threatens the quality of apple 

fruit consumption, with a real risk that these elements (Cd, Pb, Ni and Cr) can enter the food 

chain. 

 

Key words: pollution areas, apple, rootstock, accumulation, fruit consumption safety. 

 

INTRODUCTION 

 

Metals are present in the soil crust at different levels. Extraction of fuels, 

metallurgical minerals, municipal waste and excessive use of pesticides and fertilizers 

has affected accelerated release of metals and metals into various components of 

ecosystems (Arya & Roy, 2011). High concentrations of metals, either of natural origin 

or of anthropogenic activity, can become toxic to soil microflora. The toxicity of heavy 

https://doi.org/10.15159/AR.19.012
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metals depends on the type of metal element and its bioavailability on the soil. Some 

metals such as Zn, Cu are essential for plants with low concentrations, but become toxic 

in increasing concentrations, while some metals such as Pb, Cd, Cr have never been 

shown to be essential to the development of living organisms and are toxic even at very 

low concentrations (Todeschini et al., 2011). 

Regardless of the source of heavy metals on the ground; higher concentrations of 

some metals degrade soil quality and reduce crop production, including poor quality 

products, pose risks to ecosystems and human and animal health (Blaylock & Huang, 

2000). Heavy metals into the plant through the intake of water, which are then consumed 

by animals. The ingestion of these cplant and animal products is the main source of 

accumulation of heavy metals in humans because they are barely metabolised. Different 

plants exhibit different tolerance for heavy metals collection (Yang & Chu, 2011). In 

most cases, heavy metals are not easily absorbed from the ground because they have low 

mobility on the ground. Their absorption from the plant depends on pH, organic 

substances, water content, metal content and other elements in the rhizosphere. 

Mining operation, grinding, concentrating ores and disposal of tailings, provide 

obvious sources of contamination in the environment, along with mine and mill 

wastewater. This will lead to the release and migration of heavy metals thus cause heavy 

metals pollution of soil near the mining area. Heavy metals can spread from soil to other 

ecosystem components, such as groundwater, plants, thus affecting human health 

through drinking water and food chain, so the evaluation of heavy metal pollution in soil 

is very important (Adamsa et al., 2004). Native plants are good indicators of ambient air 

quality and its growth. Plants absorb airborne anthropogenic pollutants, and their 

chemical composition may be a good indicator for contaminated areas when it is assessed 

against background values obtained for unpolluted vegetation. Optimum quantity of Mn, 

Zn, Ni, Cu and other elements is the main precondition for the proper growth and 

development of plants. However, high concentrations of these elements can have a 

negative and toxic effect on plants (Cairns, 1980). Seasonal fruits represent a source of 

nutrients and can contain toxic elements as well, which can cause the appearance of some 

chronic diseases in humans. Emission from anthropogenic pollution sources increases 

the concentration of pollutants in the environment, which poses a potential threat to fruit 

grown in polluted areas (Müller & Anke, 1994; Ramadan & Al-Ashkar, 2007). 

Consumption of contaminated food with heavy metals can be the cause of the reduction 

of immune defense and the high prevalence of the appearance of gastrointestinal cancer 

(Turkdogan et al., 2003). 

This study analysed the heavy metal pollution in soil and apple (malus sp.) tissue 

of Obiliq area in Kosovo. The purpose of this research was to determine the distribution 

of selected heavy metals (Pb, Cd, As, Ni, Zn, Cu, Cr and Fe) in different fractional parts 

of agricultural land and apple tissues. This study was conducted in order to better 

understand the chemical fractionation and mobility of heavy metals selected in 

agricultural lands and their transfer to the food chain through apple fruit widely. 

 

MATERIALS AND METHODS 

 

Description of the Study area 

Coal and lignite-mining, coal burning, industry, a nearby thermal power plant 

‘Kosova’, traffic, and farming left ecotoxicological burdens in Kosovo industrial – rural 



102 

region of Obiliq municipality, and surrounding regions. The newest data shows that 

lignite resources in Kosovo reach 15 billion tons (Rizaj et al., 2008). Lignite is the most 

important energy resource in Kosovo, providing about 87% of electric energy production 

in two thermo-power plants (6 units with 1,470 MW installed capacity). The discharges 

of liquid organic waste (measured as chemical oxygen demand, COD), from the 

industrial thermo-power complex in Obiliq, 5–10 tons per day, are, however, largely 

exceeded by the discharges of untreated urban sewage from the city of Prishtina: up to 

700 tons per day. In addition to the huge modification of the landscape due to the open-

cast mining and large dumps for overburden and solid wastes (ash and sludge), the Obiliq 

industries emit important quantities of air pollutants (dust, sulphur dioxide, and nitrogen 

oxides), and cause considerable pollution. 
 

 
 

Figure 1. Area in this study – Obiliq, Kosovo. 
 

Sample collection 
Individual soil samples were collected from each plant to assess metal content in 

the immediate plant environment. Samples of fruit, leaf, shoot and soil have been 

analysed for eight heavy metals (Pb, Cd, As, Ni, Zn, Cu, Cr and Fe). Twenty soil samples 

and 90 apple samples were collected in the Obiliq region and reference area during 

September–November 2017 (Fig. 1). Three kinds of apple tree tissues were collected 

during the harvest period, including fruit, leaf and shoot. To reduce the effect of other 

agro environmental factors on the issue analysed, the experiment included a row of fruit 

trees with the same age (6 years), grafted on the same rootstock (mm106, m26, m9). Soil 

samples were taken from the surface layer (0–20 cm). All samples were sealed in 

polyethylene bags and transported to the laboratory within 6 h of collection. The soil 

samples were air-dried at room temperature, with impurities manually removed. Then, 

the soils were ground and sieved through 80 meshes (0.2 mm). For all samples, the decay 

and withered tissues were removed and the edible parts were washed with tap water to 

remove surface dirt. The edible parts of fruits or leaf were repeatedly rinsed with 

deionised water and dried at 60 °C to a constant weight. 
 

Sample analysis 
For the research needs of the metal content: Lead (Pb), Cadmium (Cd), Chromium 

(Cr), Nickel (Ni), Arsenic (As), Zinc (Zn), Copper (Cu), Iron (Fe) field samples were 
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obtained in accordance with the respective protocols and consisted in sampling soil from 

apple planted surfaces within the respective localities. Samples received are labelled 

with all relevant data (locality, sampling date and other notes). Concentration of metals 

in soil samples was determined by the atomic absorption spectroscopy (AAS) of the 

Perkin-Elmer model 1200 mark. Work samples (2.0 gr of soil sample) were treated with 

a 1:3 aqueous regia mixture (4 mL HNO3 + 12 mL of concentrated HCl) in an electrical 

reso at a temperature of 200 °C for 60 minutes. Prior to mineralization with aqua regia, 

the organic matter was disintegrated with hydrogen peroxide concentrated (35% H2O2). 

Then the mineralized samples were mixed with distilled water and filtered with 

Whatman 0.45 μm filtration paper. The filter is placed on a volumetric balloon of 50 cm3 

and is levelled up to the mark with distilled water. Such samples are read with AAS and 

spectrophotometer. The AAS calibration is done with the standard reference material of 

1,000 ppm (mg kg-1) from which the respective metal standards are prepared. 
 

Statistical analysis 

The data were statistically analyzed using GraphPad Prism – version 7.05 and 

Microsoft Excel 2010 computer package. The level of significance was set at p < 0.05. 

 

RESULTS AND DISCUSSION 

 

Concentrations of heavy metals Pb, Cd, Cr, Ni, As, Zn, Cu and Fe in the apple 

tissues varies depending on the type of rootstock. Table 1 shows the distribution values 

of the heavy metals in soils and the analyzed tissues (fruit, leaves and shoots) of the 

apple sp. with rootstock mm106, m26, m9 in the region of Obiliq. The average content 

in plants of each studied heavy metal was compared with the content of the same metal 

in the plants collected from the reference area, Table 2. Accumulation and distribution 

of heavy metals on soil depends on many different factors such as: chemical form of 

elements, pH, organic matter content, etc. Ph values in all analyzed soil samples were 

distributed from 5.8 to 7.5. 

According to our results, the highest and lowest values of heavy metal 

accumulation in apple plant fruit with mm106 rootstock varied between 0.32–

3.52 mg kg-1 d.w for Pb; 0.04–0.85 mg kg-1 d.w for Cd; 1.32–10.7 mg kg-1 d.w for Cr; 

0.22–5.36 mg kg-1 d.w for Ni; nd mg kg-1 d.w for As; 0.39–3.06 mg kg-1 d.w for Zn; 

0.54–5.35 mg kg-1 d.w for Cu; 1.27–7.32 mg kg-1 d.w for Fe. 

Apple plant fruit with m26 rootstock varied between 0.27–4.16 mg kg-1 d.w for Pb; 

0.04–1.03 mg kg-1 d.w for Cd; 1.42–11.1 mg kg-1 d.w for Cr; 0.36–4.75 mg kg-1 d.w 

for Ni; nd mg kg-1 d.w for As; 0.14–2.99 mg kg-1 d.w for Zn; 0.52–3.65 mg kg-1 d.w 

for Cu; 2.33–9.36 mg kg-1 d.w for Fe. 

Apple plant fruit with m9 rootstock varied between 0.15–3.06 mg kg-1 d.w for Pb; 

0.03–0.42 mg kg-1 d.w for Cd; 1.41–9.36 mg kg-1 d.w for Cr; 0.11–2.74 mg kg-1 d.w 

for Ni; nd – mg kg-1 d.w for As; 0.13–2.78 mg kg-1 d.w for Zn; 0.32–4.05 mg kg-1 d.w 

for Cu; 0.74–8.56 mg kg-1 d.w for Fe. 

The results of the present study show that Pb, Cd and Fe were accumulated in the 

largest quantity of m26 rootstock, while Cr, Ni, Zn and Cu accumulated more in mm106 

rootstock (Table 1). The m9 rootstocks have been found to be the lowest values of heavy 

elements compared to mm106 and m27. At the reference site, the amount of the heavy 

metals concentration was the lowest and the pollution rate was also very low (Table 2). 
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While significant differences in concentrations of metals in plant tissues mean that 

different apple rootstock had different abilities and capacities to take up and accumulate 

different metals. The average values of Pb, Cd, Cr, Ni, As, Zn, Cu, Fe in apple plant 

tissues with different rootstock in the Obiliq area are given in Figs 2, 3, 4. 

Therefore, to determine the amount of accumulation of heavy metals in selected 

plant tissues, the transfer factor (TF) was determined. TF is an index for estimating the 

possible transfer of a metal from soil to plants versus the ability of fruit trees to 

accumulate a particular metal with respect to its concentration on the substrate of the 

earth (Adamsa et al., 2004). 

 
Table 1. Heavy metal concentration (mg kg-1) in soil, shoot, leaf and fruit of apple species 

depending on rootstocks type from Obiliq region 

 Heavy metals (mg kg-1) 

Rootstock Tissues Level Pb Cd Cr Ni As Zn Cu Fe 

M106 

 

Shoot Mean 5.19 0.18 1.46 2.53 0.01 52.1 7.39 19.4 

 SD (±) 3.13 0.31 0.63 1.69 0.01 8.94 3.01 7.09 

 CV (%) 60.3 172.2 43.1 66.7 100 17.1 40.7 36.5 

Leaf Mean 2.21 0.01 3.03 0.71 0.05 46.1 11.8 51.1 

 SD (±) 1.26 0.01 0.93 0.81 0.07 10.4 6.25 7.33 

 CV (%) 57.1 100 30.6 114.1 140 22.5 52.9 14.3 

Fruit Mean 1.41 0.23 5.47 1.96 Nd  1.49 2.54 4.31 

 SD (±) 0.99 0.26 3.16 1.61  0.94 1.59 1.97 

 CV (%) 70.2 113.1 57.7 82.1  63.1 62.5 45.7 

M26 

 

Shoot Mean 3.98 0.13 1.35 1.74 0.01 43.1 9.11 33.3 

 SD (±) 2.32 0.11 0.46 0.77 0.01 9.02 5.79 10.4 

 CV (%) 58.3 84.6 34.1 44.2 100 20.9 63.5 31.2 

Leaf Mean 2.47 0.01 2.63 0.44 0.02 24.2 15.2 63.1 

 SD (±) 1.53 0.02 1.11 0.31 0.02 6.72 4.99 8.11 

 CV (%) 40.4 200 42.2 70.4 100 27.7 32.8 12.8 

Fruit Mean 1.56 0.29 3.95 1.36 Nd  1.22 2.36 5.02 

 SD (±) 1.09 0.33 3.08 1.32  1.14 0.97 2.16 

 CV (%) 69.8 113.7 77.9 97.1  93.4 41.1 43.1 

M9 

 

Shoot Mean 3.49 0.09 0.94 2.29 Nd 39.2 8.83 28.1 

 SD (±) 2.01 0.09 0.32 1.09  8.42 4.48 6.35 

 CV (%) 57.5 100 34.1 47.5  21.4 50.7 22.5 

Leaf Mean 1.77 0.003 1.59 0.61 Nd   15.3 10.5 45.8 

 SD (±) 0.89 0.002 0.61 0.36  7.51 2.77 10.8 

 CV (%) 50.2 66.6 38.3 59.1  49.1 26.3 23.5 

Fruit Mean 1.12 0.14 4.23 0.88 Nd  0.88 1.22 3.29 

 SD (±) 0.99 0.13 2.74 0.81  1.07 1.21 2.31 

 CV (%) 88.3 92.8 64.7 92.1  121.5 99.1 70.2 

Soil  Mean 2.03 0.15 6.99 12.4 Nd  12.3 4.68 5.32 

 SD (±) 1.32 0.11 4.61 4.03  4.27 3.86 3.09 

 CV (%) 65.1 73.3 65.9 32.5  34.7 82.4 58.1 

Note: Values are expressed as means X and ± SD. 

 

TF values are affected by several factors as: metal chemistry, type of soil, soil 

characteristics and also the plant species. On average, the transfer of heavy metals from 

soil to shoot, leaf and fruit of the apple with the rootstock mm106 was in the order: 
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TF=C(shoot)/C(soil) Zn (4.23) > Fe (3.64) > Pb (2.55) > Cu (1.57) > Cd (1.21) > Ni 

(0.22) > Cr (0.21) > As (nd). 

TF=C(leaf)/C(shoot) As(5) > Fe (2.63) > Cr (2.07) > Cu (1.59) > Zn (0.88) > Pb (0.42) 

> Ni (0.28) > Cd (0.05). 

TF=C(fruit)/C(leaf) Cd (23.1) > Ni (2.76) > Cr (1.81) > Pb (0.63) > Cu (0.21) > Fe 

(0.08) >Zn (0.03) > As(nd). 

Transfer factor to apple tissues with rootstock m26 was in the order: 

TF=C(shoot)/C(soil) Fe (6.25) > Zn (3.51) > Pb (1.96) > Cu (1.94) > Cd (0.86) > Cr 

(0.19) > Ni (0.14) > As (nd); 

TF=C(leaf)/C(shoot) As (2) > Cr (1.94) > Fe (1.89) > Cu (1.66) > Pb (0.62) > Zn (0.56) 

> Ni (0.25) > Cd (0.07); 

TF=C(fruit)/C(leaf) Cd (29.2) > Ni (3.09) > Cr (1.51) > Pb (0.63) > Cu (0.15) > Zn 

(0.05) > Fe (0.01). 

 
Table 2. Heavy metal concentration (mg kg-1 d.w.) in soil, shoot, leaf and fruits of apple species 

depending on rootstocks type from Reference site 

 Heavy metals (mg kg-1) 

Rootstock Tissues Level Pb Cd Cr Ni As Zn Cu Fe 

M106 

 

Shoot Mean 3.23 0.23 0.26 3.76 nd 56.17 5.12 34.05 

 SD (±) 1.09 0.17 0.18 0.54  10.3 0.91 4.16 

 CV (%) 33.7 73.9 69.2 14.3  18.3 17.7 12.2 

Leaf Mean 1.69 0.16 1.13 0.93 nd 23.2 8.55 79.14 

 SD (±) 0.81 0.15 0.19 0.47  4.67 2.63 4.51 

 CV (%) 47.9 93.7 16.8 50.5  20.1 30.7 5.69 

Fruit Mean 0.51 0.009 1.27 0.28 nd 0.88 0.98 3.36 

 SD (±) 0.34 0.001 0.63 0.07  0.44 0.32 1.79 

 CV (%) 66.6 11.1 49.6 25  50 32.6 53.2 

M26 

 

Shoot Mean 2.65 0.17 0.18 2.44 nd 48.02 6.31 41.03 

 SD (±) 1.69 0.24 0.11 1.08  11.03 1.41 4.37 

 CV (%) 63.7 141.1 61.1 44.2  22.9 22.3 10.6 

Leaf Mean 1.38 0.19 1.06 0.41 nd 41.15 11.7 104.3 

 SD (±) 0.7 0.16 0.43 0.33  6.66 3.92 9.55 

 CV (%) 50.7 84.2 40.5 80.4  16.1 33.5 9.15 

Fruit Mean 0.38 0.08 0.99 0.18 nd 0.74 0.78 3.23 

 SD (±) 0.26 0.05 0.58 0.17  0.36 0.56 0.74 

 CV (%) 68.4 62.5 58.5 94.4  48.6 71.7 22.9 

M9 

 

Shoot Mean 2.12 0.13 0.42 3.33 nd 62.11 4.97 36.14 

 SD (±) 1.05 0.09 0.14 1.38  12.17 1.65 6.09 

 CV (%) 49.5 69.2 33.3 41.4  19.5 33.1 16.8 

Leaf Mean 0.85 0.06 0.86 0.31 nd 29.2 9.84 94.9 

 SD (±) 0.82 0.04 0.28 0.28  6.96 2.93 11.24 

 CV (%) 96.4 66.6 32.5 90.3  23.8 29.7 11.8 

Fruit Mean 0.31 0.003 0.49 0.19 nd 0.31 0.93 4.13 

 SD (±) 0.21 0.001 1.37 0.27  0.13 0.87 2.59 

 CV (%) 67.7 33.3 279.5 142.1  41.9 93.5 62.7 

Soil  Mean 1.03 0.05 0.39 1.99 nd 4.72 1.92 9.22 

 SD (±) 0.66 0.009 0.31 1.43  1.14 0.39 3.58 

 CV (%) 64.1 18 79.4 71.8   24.1 20.3 38.8 

Note: Values are expressed as means X and ± SD. nd- not detected. 
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Transfer factor to apple tissues with rootstock m9 was in the order: 

TF=C(shoot)/C(soil) Fe (5.28) > Zn (3.18) > Cu (1.88) > Pb (1.71) > Cd (0.61) > Ni 

(0.18) > Cr (0.13) > As (nd);  TF=C(leaf)/C(shoot) Cr (1.69) > Fe (1.62) > Cu (1.18) > 

Pb (0.51) > Zn (0.39) > Ni (0.26) > Cd (0.03) > As (nd); TF=C(fruit)/C(leaf) Cd (46.6) 

> Cr (2.66) > Ni (1.44) > Pb (0.56) > Cu (0.11) > Fe (0.07) > Zn (0.05) > As (nd). 
 

 
 

Figure 2. Heavy metals levels in soil and apple tissues with mm106 rootstock in Obiliq region. 
 

 
 

Figure 3. Heavy metals levels in soil and apple tissues with m26 rootstock in Obiliq region. 
 

 
 

Figure 4. Heavy metals levels in soil and apple tissues with m9 rootstock in Obiliq region. 

 

In this study, we analysed the level of heavy metals in soil and plant tissues of apple 

tree with different rootstock grown near the industrial area. Our main objective was to 

evaluate the availability of heavy metals from soil to fruit, leaves and shoot of apple tree. 

During the study, we have chosen some types of rootstock, and we have analysed their 

role in the transfer of heavy metals from soil to tissues of apple tree. 
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Our study analyzes showed that concentrations of heavy metals (Pb, Cd, Cr, Ni, As, 

Cu, Zn and Fe) in the analyzed tissue samples were higher in areas near the industrial 

zone of Obiliq region (Table 1) compared to control area (Table 2). Concentrations of 

heavy metals varied between different rootstocks due to their different absorption 

capacity and the level of soil pollution and atmospheric pollution (Roba et al., 2016). 

Previous studies showed that the higher the concentration of heavy metals on soil, its 

probability in plant tissue would be greater (Mapanda et al., 2007). 

Cadmium is considered as being one of the most ecotoxic metals that exhibit 

adverse effects on all biological processes of humans, animals, and plants. This metal 

reveals its great adverse potential to affect the environment and the quality of food. 

Although Cd is considered to be a nonessential element for metabolic processes, it is 

effectively absorbed by both root and leaf systems. The distribution of Cd within plant 

organs is quite variable and clearly illustrates its rapid transport from roots to tops 

(Table 3). 

 
Table 3. Transfer factor of heavy metals (Pb, Cd, Cr, Ni, As, Zn, Cu, Fe) in the Obiliq region 

Rootstock Transfer factor (TF) Pb Cd Cr Ni As Zn Cu Fe 

 TF=C(shoot)/C(soil) 2.55 1.21 0.21 0.22 - 4.23 1.57 3.64 

M106 TF=C(leaf)/C(shoot) 0.42 0.05 2.07 0.28 5 0.88 1.59 2.63 

 TF=C(fruit)/C(leaf) 0.63 23.1 1.81 2.76 - 0.03 0.21 0.08 

 TF=C(shoot)/C(soil) 1.96 0.86 0.19 0.14 - 3.51 1.94 6.25 

M26 TF=C(leaf)/C(shoot) 0.62 0.07 1.94 0.25 2 0.56 1.66 1.89 

 TF=C(fruit)/C(leaf) 0.63 29.2 1.51 3.09 - 0.05 0.15 0.01 

 TF=C(shoot)/C(soil) 1.71 0.61 0.13 0.18 - 3.18 1.88 5.28 

M9 TF=C(leaf)/C(shoot) 0.51 0.03 1.69 0.26 - 0.39 1.18 1.62 

 TF=C(fruit)/C(leaf) 0.56 46.6 2.66 1.44 - 0.05 0.11 0.07 

 

The interaction of Cd and Zn has received much study, and all findings may be 

summed up by stating that, in most cases, Zn reduces the uptake of Cd by both root and 

foliar systems. Chaney & Hornick (1977) suggested that when the Cd:Zn ratio in plant 

tissues is limited to 1%, the Cd content is restricted to below 5 mg kg-1, thus below its 

phytotoxic level. Cd–Cu interactions are also complex. The inhibitory effect of Cu on 

Cd absorption is reported most often. Cd–Ca relationship seems to be highly cross-linked 

with variation in the soil pH. It cannot be precluded, however, that Ca2+ ions are able to 

replace Cd2+ in carrier mechanisms and thus Cd absorption by plants may be inhibited 

by an excess of Ca cations. In our study, fruit analysis from all sampling points was 

contaminated by an excessive amount of Cd compared to the permitted limit 

(0.05 mg kg-1) proposed by FAO/WHO (1995). Cadmium can accumulate in the human 

body and can cause kidney dysfunction, skeletal damage and reproductive deficiency. 

The cadmium content in the literature was reported in the range of and 0.0002 

0.527 mg kg-1 in fruit foods from the Greek market (Karavoltsos et al., 2002). 

Toxic effects of Cr on plant growth and development include alterations in the 

germination process as well as in the growth of roots, stems and leaves. Hence, exposure 

to high level of Cr affected total dry matter production and yield of plants (Shanker et 

al., 2005). The mechanism of absorption and translocation of Cr in plants is apparently 

similar to those of Fe. There is some evidence that easily available Cr6+ is transformed 

into Cr3+ form in plant cells which readily interact with DNA and protein compounds 
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(Zayed et al., 1998). The concentration of Cr in delicious apple cultivars in three rootstock 

mm106, m26 and m9 in the contaminated studied fields was greater than in the reference 

area. The content of chromium in the literature was reported in the range of 1.48–

6.43 mg kg-1 in wet weight in various summer fruits from Pakistan (Zahoor et al., 2003). 

High level of Pb also causes inhibition of enzyme activities, water imbalance, 

alterations in membrane permeability and disturbs mineral nutrition. Pb inhibits the 

activity of enzymes at cellular level by reacting with their sulfhydryl groups. High Pb 

concentration also induces oxidative stress by increasing the production of ROS in plants 

(Reddy et al., 2005). Our results are in line with the results reported by Zhen et al. (2008), 

Xiao et al. (2010) in China. Zhen (2008) reported that cultivated fruits near the 

Shenyang-Dalian highway were polluted with Pb and Cd with average concentrations of 

0.082 and 0.010 mg kg-1 in apple fruit. 

Copper (Cu) is considered as a micronutrient for plants (Thomas et al., 1998) and 

plays important role inCO2 assimilation and ATP synthesis. Exposure of plants to excess 

Cu generates oxidative stress and ROS. Oxidative stress causes disturbance of metabolic 

pathways and damage to macromolecules (Hegedus et al., 2001). Ni levels in fruit were 

many times higher than the maximum allowed limit 0.3 mg kg-1 (Liu et al., 2012). The 

content of nickel in literature was reported in the range of 1.0–8.9 mg kg-1 in some fruits 

from Pakistan (Zahoor et al., 2003). 

 
Table 4. Transfer factor of heavy metals (Pb, Cd, Cr, Ni, As, Zn, Cu, Fe) to the reference site 

Rootstock Transfer factor (TF) Pb Cd Cr Ni As Zn Cu Fe 

 TF=C(shoot)/C(soil) 3.13 4.61 0.66 1.88 nd 11.9 2.66 3.69 

M106 TF=C(leaf)/C(shoot) 0.52 0.69 4.34 0.24 nd 0.41 1.66 2.31 

 TF=C(fruit)/C(leaf) 0.31 0.05 1.12 0.31 nd 0.03 0.11 0.04 

 TF=C(shoot)/C(soil) 2.57 3.41 0.46 1.22 nd 10.1 3.28 4.44 

M26 TF=C(leaf)/C(shoot) 0.52 1.11 5.88 0.16 nd 0.85 1.85 2.53 

 TF=C(fruit)/C(leaf) 0.27 0.42 0.93 0.43 nd 0.01 0.06 0.03 

 TF=C(shoot)/C(soil) 2.05 2.63 1.07 1.67 nd 13.1 2.58 3.91 

M9 TF=C(leaf)/C(shoot) 0.41 0.46 2.04 0.09 nd 0.47 1.97 2.62 

 TF=C(fruit)/C(leaf) 0.36 0.05 0.56 1.18 nd 0.01 0.09 0.04 

 

The obtained results showed that the fruits were powerful accumulators of heavy 

metals, considering that for some types of rootstocks the concentrations of heavy metals 

in the samples have exceeded the allowed values. High TF values (≥ 1) show the largest 

absorption of metals from soil to plants (Tables 3 and 4), while lower values indicate 

low levels of metal absorption from the plant that can be used for human consumption 

(Rangnekar et al. 2013). High values of transfer factors for Cd and Zn were reported 

(Lăcătuşu et al., 2012) in particular soil-plants systems with plants grown in the mud 

pond with sludge from municipal wastewater having high trace metal content and high 

moisture content. The highest TF was obtained for Cd in Obiliq areas. In fact, Cd is 

already known for its mobility from soil to plants (Kirkham, 2006). TF are even higher 

than 1, which means plants are accumulating Cd and should be recommended to not use 

them as food especially when the plants are grown in soil with high contamination 

factors. Thus, TF value of 23.1; 29.2 and 46.6 for Cd represent a concern for the health 

of the consumers. 
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CONCLUSIONS 

 

The concentration of metals in the apple tissue increased with the increase of heavy 

metals in soils from polluted area. The accumulation ratios of heavy metals were 

calculated to assess the potential health risks. The mean concentrations of the heavy 

metals in the soil were in order of magnitude Ni > Zn > Cr > Cu > Fe > Pb > Cd > As 

while that in the fruits of apple were in order of magnitude Cr > Fe > Cu > Ni > Pb > Zn 

> Cd > As; in the leaves were Fe > Zn > Cu > Cr > Pb > Ni > Cd > As; in shoots were 

Zn > Fe > Cu > Pb > Ni > Cr > Cd > As. 

The data of the present study showed that Cd, Cr and Ni had the highest transfer 

factor. The results of the recent study will help to assess the long-term impact on human 

health caused by the heavy metals released by mining and smelting activities in Obiliq 

region (Kosovo). However, much study is needed in this respect such as metal uptake 

studies at cellular level including efflux of different metal ions by different cell 

organelles and membranes. It is therefore, suggested that regular monitoring of heavy 

metals in plant tissues is essential in order to prevent excessive build up of these metals 

in the human food chain. 
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Abstract. In this paper, we consider the linear optimization models’ application problems in the 

research processes and in the didactics processes. Our target is to convince the colleagues about 

preferences of Eduard Stiefel’s method comparing with widespread George Bernard Dantzig’s 

simplex method. Indeed, the Stiefel’s method provides researchers and teachers with clear and 

pithy interpretations of linear model. Our pedagogical praxis during long time period conclusively 

confirms that Stiefel’s method makes the theory of linear optimization match easier for 

understanding and for active employing to students especially in the specialities with limited 

mathematical education. We offer in this paper also some new theoretical concepts and methods 

adapted for the linear model information analysis (the concept of general optimal plan, the 

methods of the profounder sensitivity analysis), and we appeal economists to interpret simplex 

predicates as productions functions in a broad sense. 

 

Key words: linear programming, simplex method, Stiefel’s method. 

 

INTRODUCTION 

 

Linearity postulate often holds in the relations between economic, financial, 

technological indicators. For example, financial accounting and managerial accounting 

mostly use linear functions. That is the reason why in spite of relative simplicity linear 

models allow us to describe interdependence between indicators in the different 

scientific areas rather adequately and satisfactorily for practical application. As result, 

the linear programming or linear planning (LP) is one of the most widely applied 

quantitative decision making approach techniques in Management Science. Since the 

very beginning linear programming was successfully applied also in agro metrics. Well-

known and included in the education courses are such linear programming models of 

agriculture as land utilizing planning problem, problem of the rational structure of the 

live-stock breeding, problem of the rational nutrition for domestic animals. 

Let us mention only two lately examples published in the international Journal 

‘Agronomy Research’. Significant model ‘Optimization of arable land use to guarantee 

food security in Estonia’ was elaborated by Põldaru, R, Viira, A.H. & Roots, J. (2018). 

The authors point out: ‘The supply side of the model is a typical agricultural production 

model that guarantees the consistency of crop and livestock farming. The objective of 

the model is to minimize the use of arable land for field crops to ensure fodder for animal 

https://doi.org/10.15159/AR.19.008
https://doi.org/10.15159/AR.19.008
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feed, and food for human food consumption. The model is used to analyse various land 

use strategies’. 

The linear programming can be applied in different modified forms. For example, 

Žgajnar & Kavčič (2009) offer ‘Multi-goal pig ration formulation’ using weighted goal 

programming supported by a system of penalty functions. 

In current paper, we more rigorously will analyse the model ‘Decision Making in 

Agriculture with Linear Programming Approach’ presented by N. A. Sofi, Aquil 

Ahmed, Mudasir Ahmad & Bilal Ahmad Bhat (2015). The authors assert that ‘Linear 

programming technique is relevant in optimization of resource allocation and achieving 

efficiency in production planning particularly in achieving increased agriculture 

production of food crops (rice, maize, wheat, pulses, and other crops)’. The authors applied 

linear programming technique to determine the optimum land allocation of 5 food crops 

by using agriculture data, with respect to various factors for the period 2004–2011. This 

model seems to us appropriate example in order to demonstrate shortly the comparative 

advantages of the Stiefel’s method and some innovations of authors as well. 

The fact that the linear models satisfactorily adequately reflect real links between 

indicators is a crucial reason for wide applications of linear optimal planning. Besides 

that linear programming owes its popularity due to George Bernard Dantzig's simplex 

method (Dantzig, 1949; Dantzig, 1951; Dantzig et al., 1955; Dantzig, 1963; Cottle & 

Dantzig, 1968; Cottle & Dantzig, 1970; Dantzig & Thapa, 1977; Dantzig & Thapa, 2003) 

extensively embodied in the efficient software. For example, handy tool ‘Analytic Solver 

Upgrade’ (formerly ‘Premium Solver Pro’) solves larges problems – up to 2,000 

variables 100 times faster than the standard Solver. By the way the problem 

‘Optimization of arable land use to guarantee food security in Estonia’ (contains 

163 variables and 178 constraints in form of linear equations) was solved by authors 

with help of ‘Premium Solver Pro’. 

Observation. We have suspicion that paper (Põldaru et al., 2018) contains a fallacy. 

If linear model contains 163 variables and 178 constraints in form of linear equations 

than there is a big chance to have empty set of feasible solutions because rank of system’s 

matrix is less or equal 163. If feasible solution exists than equations of system are linear 

dependent and it is worth to investigate connections between constraints. 

Therefore, linear programming is one of the most successful tools to implement 

quantitative approaches to management decision making. A large number of applications 

has been published in various industries including agro metrics. Let us mention such 

models as Production Scheduling, Multiperiod Production and Inventory Planning, 

Work Force Assignment and Staff Scheduling, Environmental problems, Transportation, 

Assignment and Transshipment problems, Blending Problems what occur, for example, 

in the food industry. In our opinion, the very significant role linear programming plays 

through its connection with Input-Output analysis. For example, Data Envelopment 

Analysis (DEA) is used to compare the relative efficiency of operating units whose input 

and output vectors have identical structure. We must mention the Goal programming and 

Multicriteria decision problems. High actuality keeps classical problem of Tchebycheff 

Approximation in case when linear model has not feasible solutions. 

The classic of Mathematical Economics professor of London School of 

Economics R. G. D. Allen already in 1956 in the world famous book (Allen, 1956) 

‘Mathematical Economics’ wrote about linear model (chapter ‘Marginal Analysis v. 

Linear Programming of the Firm’, 620 page): ‘The linear programming approach seems 
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very well adapted for application to decision-taking at the level of the firm. It provides, 

trough emphasis on technology, just the link required between the problems of interest 

to the economist and those which engage the attention of entrepreneur and engineers’. 

So, there exist a lot of conceptual models in different areas of management science. 

No doubt that proper academic course can be formed as extremely rich and interesting 

for students because students with help of Microsoft Solver study simulated virtual 

problems. But for all that, each researcher perfectly knows that sufficient difficulties 

arise in the practical implementation of mentioned conceptual models. In all scientific 

conferences we took part the researchers agreed that the estimation of the linear 

expressions’ coefficients as a rule is the most difficult task in the construction of the 

relevant mathematical model. 

Generally speaking, the relevant linear programming models are expensive. 

Therefore self-evident is the desire to obtain from constructed model as far knowledges 

as possible. 

How to obtain more knowledge about problem utilizing expensive linear 

programming model? 

A wide overview of scientific and educational literature persuasively shows that 

G. B. Dantzig's simplex method till the nowadays is the mainstream method for solving 

linear programming problems. The mentioned linear programming applications in 

‘Agronomy Research’ also are made with help of Dantzig’s method. In the same time 

already in the year 1960 Professor of Mathematics Eduard Stiefel (Swiss Federal 

Institute of Technology in Zurich) in the article (Stiefel, 1960) ‘Stiefel, E., Note on 

Jordan Elimination, Linear Programming and Tchebycheff Approximation, Numerische 

Mathematik, Vol. 2, 1960, 1–17)’ offered another approach to the investigation of linear 

programming problem based on pivot transformations of the system of linear equations. 

The goal of this paper is to conduct the comparative analysis of two different linear 

programming solving and analysis methods: well-known Dantzig’s simplex method and 

Eduard Stiefel’s method. We are going to explore the comparative advantages of 

Stiefel’s method and demonstrate that Stiefel’s method furnishes more information 

easily obtained from linear programming model. Moreover, on the ground of Stiefel’s 

method we offer new concepts and constructive approaches in the linear problem 

investigation with help of linear programming. The new approaches are illustrated 

through five applications. 

 

MATERIALS AND METHODS 

 

Pivot transformation (often called as Jordan-Gauss elimination) is algorithmized 

equivalent transformation of the system of linear equations and simultaneous equivalent 

transformation of corresponding dual system of linear equations. Both are interpreted as 

predicates. Idea of pivot transformation as simultaneous equivalent transformation of 

two pairs of predicates is absolutely simple but incredibly fruitful in linear algebra. 

Theorem. Pivot transformation (Jordan-Gauss elimination) as simultaneous 

equivalent transformations of two pairs of predicates: direct and dual. 

Let E, F vector spaces. Let a, b, c, d  R; a ≠ 0; X1, X2, Y1, Y2  E; U1, U2, V1, V2  F. 

Direct system of equations { Y1 = a X1 + b X2; Y2 = c X1 + d X2 } can be transformed as 

system { X1 = a-1 Y1 – b a-1 X2; Y2 = c a-1 Y1 + (a d – b c) a-1 X2 }. 
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Dual system of equations { U1 = a V1 + c V2; U2 = b V1 + d V2 } can be transformed as 

system { –V1 = a-1 (–U1) + c a-1 V2; U2 = b a-1 (–U1) + (a d – b c) a-1 V2 }. 

Proof of this theorem is omitted because it is based only to the elementary 

algebraic transformations of equations’ systems. 

We offer to consider these four systems of equations as predicates. Condition a ≠ 0 is 

sufficient and necessary for equivalency of direct system and it’s transformed system with 

respect to variables a, b, c, d  R; X1, X2, Y1, Y2  E, and for equivalency of dual system 

and it’s transformed system with respect to variables a, b, c, d  R; U1, U2, V1, V2  F 

as well. 

It is handy to write both systems in a table form (Table 1). 
 

Table 1. Pivot transformation as algorithmized 

equivalent transformation 

 X1 X2    Y1 X2  

Y1 a b V1  X1 a-1 –b a-1 –U1 

Y2 c d V2  Y2 c a-1 (a d – b c) a-1 V2 

 U1 U2    –V1 U2  
 

 

 

Remark. We demonstrated just (2×2) – 

matrix in order to be simple. Of course, 

number of vectors Xi  E and number 

of vectors Yj  F are arbitrary. 

 

Idea of Eduard Stiefel − goal-directed equivalent transformations (so called pivot 

transformations) of simplex predicate. What was reaction? 

Let us observe, that articles of Dantzig & Thapa (Dantzig & Thapa, 1977; Dantzig 

& Thapa, 2003) contain references to the Hestenes & Stiefel’s paper (Hestenes & Stiefel, 

1952). The method of Eduard Stiefel was positively appraised by Albert Tucker and 

Michel Balinski, and widely used in Princeton University (Tucker, 1962; Balinski & 

Tucker, 1969). The article (Balinski & Tucker, 1969) ‘Balinski, M.L., Tucker, A.W., 

Duality Theory of Linear Programs: A Constructive Approach with Applications, SIAM 

Review, Vol. 11, No. 3 (Jul., 1969), 347377’ contains the reference to the article of 

Eduard Stiefel (Stiefel, 1960). 

In the Baltic States method of Eduard Stiefel mostly was known during the book 

(Zukovitskii & Avdeeva, 1967) ‘Зуховицкий С. И., Авдеева Л. И. Линейное и 

выпуклое программирование. (Серия ‘Экономико-математическая библиотека’) 

Москва, 1967’. In the preface of this book Зуховицкий С. И. wrote: ‘Вычислитель-

ным аппаратом в этой книге служит аппарат жордановых исключений, большие 

удобства которого убедительно продемонстрированы в статье Э. Штифеля 'Stiefel, 

E., Note on Jordan Elimination, Linear Programming and Tchebycheff Approximation, 

Numerische Mathematik, Vol. 2, 1960’. 

Andrejs Jaunzems was active supporter of the Stiefel’s method in Latvia (see, for 

example, the books (Jaunzems, 1981; Jaunzems, 1990; Jaunzems, 1993; Jaunzems, 2011; 

Jaunzems, 2013). In the book Jaunzems (1993) ‘Mathematics for Economic Sciences. 

General course’ theory of linear operator was based on the pivot transformations. 

Professor of Latvia University of Agriculture Alberts Krastiņš, which was good friend 

of Leonid Kantorovich (winner of the Stalin Prize in 1949 and the Nobel Memorial Prize 

in Economics in 1975), supported Stiefel’s method through for a long time period widely 

used book (Krastiņš, 1976) ‘Alberts Krastiņš. Matemātiskā programmēšana’. 

In spite of the sufficient advantages of Stiefel’s LP method comparing with 

Dantzig’s method the method of Eduard Stiefel due to different reasons (probably, 
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sometimes even due to peculiar reasons) does not belong to mainstream and is rarity in 

science and education. 

For example, carefully elaborated teaching text (Border, 2004) ‘Border, K. M., The 

Gauss–Jordan and Simplex Algorithms’ published in California Institute of Technology 

utilizes traditional Dantzig’s method instead Stiefel’s LP method what is matched more 

suitable for teaching in the Division of the Humanities and Social Sciences. The 

characteristic example is also the book (Seo, 1991) ‘Seo, K.K. Managerial economics. 

Text, problems, and short cases, – Seventh edition, Irwin, 1991’ where solving of the 

extreme simple LP problem with help of Dantzig’s simplex method is demonstrated on 

the four (!) pages. In the same time, this book is presented as one of the most popular 

MBA textbooks of managerial economics in USA. 

 

RESULTS AND DISCUSSION 

 

Since a long period of time, we employ in our scientific and didactic praxis five 

kinds of Stiefel’s linear programming method applications what partly contain 

innovation elements. We would like to hope that our experience can be useful for many 

teachers and researchers. 

Application 1. Duality. 

Application 2. The concept of general optimal plan. 

Application 3. Direct and dual simplex predicate as production functions. 

Application 4. Sensitive analysis. Serious criticism of Microsoft Solver. 

Application 5. Vectorial form. 
 

Application 1. Duality 

Let us examine LP standard model and it’s dual model. 

max {C  X | AX  B, X  O} or max {C  X | U = AX + B, X  O, U  O}; 

A  Rm, n; X, C  Rn, 1; U, B  Rm, 1. 

min {B  Y  ATY  C, Y  O} or min {B  Y  V = ATY  C, Y  O, V  O}; 

Y  Rm, 1, V  Rn, 1. 

Let X and Y are the corresponding sets of feasible solutions for direct and dual problem. 

To solve those problems means to find the corresponding sets of optimal plans: 

X*:= { X* | X*  X, C  X*  C  X X  X }. 

Y*:= { Y* | Y*  Y, B  Y*  B  Y Y  Y }. 

Both systems of equation can be inscribed in the initial simplex table (Table 2). 
 

Table 2. Direct and dual linear 

problems in the initial table form 

 X 1  

U A B Y 

z C 0 1 

 −V W  
 

The direct problem is inscribed horizontally:  

U = AX + B, z = C  X + 0  1. 

The dual problem is inscribed vertically: 

V = ATY + C, w = B  Y + 0  1. 

We must take in account that  

X ≥ O, U ≥ O; Y ≥ O, V ≥ O. 
 

In order to investigate in a versatile manner this optimization problem we must 

make goal-oriented pivot transformations what mean simultaneous equivalent 

transformations of both systems – direct and dual. Duality means, that each pivot 
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transformation of the system: uixj, xkul, uiuj, xkxl simultaneously is the 

modified pivot transformation of the dual system: vjmyi, ylmvk, yjmyi, vlmvk. 

Our target is to obtain such table, where z expression contains only non-positive 

coefficients but w expression contains only non-negative coefficients. Regular case is 

when coefficients in both expressions are not equal zero. Then both problems have 

unique solution because z has maximal value and w has minimal value then and only 

then if all variables in the final expressions of z and w equals zero. 
 

Application 2. The concept of general optimal plan 

If z expression in the final table contains some zero coefficients than z can take 

maximal value also by non-zero values of proper variables. In this case set of optimal 

solutions of the direct problem X* (generally speaking) is infinite. If w expression 

contains some zero coefficient than set of optimal solutions of the dual problem Y* 

(generally speaking) is infinite. If z expression and w expression both contains some 

zero coefficients than sets X*, Y* are infinite. 

We never meet the concept of general optimal plan in the literature available for us. 

Therefore, until the opposite is not proved, the concept of general optimal plan first is 

offered in the paper (Jaunzems, 2013): ‘Jaunzems A. Singulārā lineārā programmēšana 

menedžmenta ekonomikā’. Let us examine application in the managerial accounting: the 

break even set in case of multiproduct output. The modified simple example from book 

(Coenenberg, 1997) ‘Adolf G. Coenenberg. Kosten-rechnung und Kostenanalyse’ is used. 

The start of modified citation: 

Example. Two products P1, P2, two machines with working time limits 200, 300 

hours. Contribution margins are 300 DM, 280 DM. Fixed costs = 8,400 DM. Find the 

break even set. 
Product P1 P2 

First machine (hours per unit of product) 2 1 

Second machine (hours per unit of product) 2 3 

The model is: 300 x1 + 280 x2  max with respect the constraints 2 x1 + 1 x2  200,  

2 x1 + 3 x2  300, x1  0, x2  0. The end of modified citation. 

 

We offer the simplex predicate method. Table 3 shows the initial system, Table 4 

shows the final system of equations. 

 
Table 3. Initial table 

 x1 x2 1 

u1 -2 -1 200 

u2 -2 -3 300 

CMFC 300 280 -8,400 

CM 300 280 0 

CM − contribution margin, FC − fixed costs. 

Table 4. Final table. Break even set 

 CMFC x1 1 

u2 -0.0107 1.2143 210 

x2 0.0036 -1.0714 30 

u1 -0.0036 -0.9286 170 

CM 1 0 8,400 
 

 

We get points on the break even set, if x1  0, x2  0; u1  0, u2  0, CM  FC = 0. 

The break even set predicate is the system of equations: 

u1 = −0.929 x1 + 170;  u2 = 1.214 x1 + 210,  x2 = −1.071 x1 + 30, 0 ≤ x1 ≤ 28. 

Answers to different ‘what if’ questions. 

For example, let us assume, that CM  FC = 0, x1 = 10. 
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Then x2 = 19.29; u1 = 160.71; u2 = 222.14. 

The point (10; 19.29) belongs to the break even set. 
 

Application 3. Direct and dual simplex predicate as production functions 

In order to be clear and short we utilize agro metrics example from article (Sofi et al., 

2015). We are not responsible for quality of this article more or less correctly reflecting 

optimal land structure planning problem. We are going with help of this example to show 

Stiefel’s method in action. The authors of this article tried to find the optimal land 

utilizing structure in order to get the maximum output of the major food crops under 

land, capital and two kinds of labour availability constraint. In this model the 5 variables 

(rice, maize, wheat, pulses and other crops) are included. The authors used linear 

programming – simplex method. We decided to utilize the following long citation from 

article (Sofi et al., 2015) as example to explain the essence of applications 3, 4, and 5. 

The start of citation: The objective function is the output of various agriculture 

productions of food crops, inequalities is the Land / Capital/Labour (A) and Labour (B) 

and requirement is total. Now, our objective is to find the optimum land of food crops. 

Table 5 represents in simplified manner the basic information necessary in order to 

construct a linear programming model of land utilization. 
 

Table 5. Output per acre and the requirements 

Variable food 

crops 

Output/acre 

Lakh 

Land (acre) Capital/acre Labour (A) 

Man day 

Labour (B) 

working hours 

Rice 102.85 773.40 22.03 10.08 13.09 

Maize 114.84 941.84 45.74 14.10 12.07 

Wheat 263.50 823.13 63.47 17.33 18.08 

Pulses 34.13 124.99 6.67 0.80 2.16 

Other crops 98.26 89.20 19.91 7.32 9.07 

Requirements  2,752.56 2,409.00 1,069.70 111.00 

 

This model, which in the interests of simplicity ignores livestock, is as follows: 

Maximize 102.85 x1 + 114.84 x2 + 263.50 x3 +34.13 x4 + 98.26 x5 subject to constraints 

Land: 773.40 x1+ 941.84 x2 + 823.13 x3 + 124.99 x4 + 89.20 x5  2,752.56 

Capital: 22.03 x1+ 45.74 x2 + 63.47 x3 + 6.67 x4 + 19.91 x5  2,409.00 

Labour A: 10.08 x1+ 14.10 x2 + 17.33 x3 + 0.80 x4 + 7.32 x5  1,069.70 

Labour B: 13.09 x1+ 12.07 x2 + 18.08 x3 + 2.16 x4 + 9.07 x5  111.00 

x1  0, x2  0, x3  0, x4  0, x5  0. 

x1 = Rice; x2 = Maize; x3 = Wheat; x4 = Pulses; x5 = Other Crops. 

Applying the simplex procedure for obtaining the optimum land of Food Crops through 

LINGO computer-based software Global optimal solution found. 

Objective Value: 1,375.996 
Variable Value Reduced cost Rows Lack or surplus Dual price 

x1 0.000000 106.5676 1 1375.996 1.000000 

x2 0.000000 102.2864 2 0.000000 0.1050571 

x3 2.565066 0.000000 3 2168.462 0.000000 

x4 0.000000 0.1500135 4 973.0925 0.000000 

x5 7.124985 0.000000 5 0.000000 9.791170 
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The solution to this model yields the following information: x3 = 2.57 acres of wheat and 

x5 = 7.11 acres of other food crops. The ultimate aim is to produce realistic agriculture 

planning model for the regions in order to examine in detail the effect of variations in 

prices and quantities. The end of citation. 

Now we demonstrate Stiefel’s method. In the initial table (Table 6) two systems 

of equations are inscribed. We offer to interpret such systems as productions functions 

in a broad sense because of these systems reflect interdependence between different 

indicators of the definite economic unit. 

After two pivot transformations, we get final table (Table 7) which contains two 

systems properly equivalent to initial systems. Let us stress that absolutely all 

numbers in both of tables can be clearly and pithy interpreted as slope coefficients trough 

their role in the linear equations. We appeal colleagues to provide themselves the proper 

calculations in order to check correctness of all 11 equations inscribed in the Table 7. 

 
Table 6. The initial table for the optimal land utilizing structure model 

0 x1 x2 x3 x4 x5 1  

u1 -773.40 -941.84 -823.13 -124.99 -89.20 2,752.56 y1 

u2 -22.03 -45.74 -63.47 -6.67 -10.91 2409 y2 

u3 -10.08 -14.10 -17.33 -0.80 -7.32 1,069.70 y3 

u4 -13.09 -12.07 -18.08 -2.16 -9.07 111 y4 

Z 102.85 114.84 263.5 34.13 98.26 0 1 

 -v1 -v2 -v3 -v4 -v5 w  

 

Table 7. The final table for the optimal land utilizing structure model 

 u1 x1 x2 u4 x4 1  

x3 -0.00155 -0.99898 -1.27555 0.01524 -0.16077 2.573788 v3 

u2 0.064653 35.39533 21.99719 0.567024 2.635808 2168.098 y2 

u3 0.004244 3.220009 -0.86584 0.765323 1.383494 973.0686 y3 

x5 0.003089 0.548141 1.211895 -0.14063 0.082326 7.107597 v5 

z -0.1048 -106.522 -102.186 -9.80284 -0.14318 1376.586 1 

 -y1 -v1 -v2 -y4 -v4 w  

 

Both problems have a unique solution because z has maximal value and w has 

minimal value then and only then if all variables in the final expressions of z and w equal 

zero. 

Therefore, u1* = 0, u4* = 0, x1* = 0, x4* = 0; v3* = 0, v5* = 0, y2* = 0, y3* = 0. 

z* = 1,376.59 = w*; X* = (0; 0; 2.5738; 0; 7.1076)T, U* = (0; 2,168.10; 973.07; 0)T, 

Y* = (0.1048; 0; 0; 9.8028)T, V* = (106.522; 102.186; 0; 0.143; 0)T. 
 

Application 4. Sensitivity analysis. Serious criticism of Microsoft Solver 

Elementary sensitivity analysis means: 

A. Constraint ui  0 is substituted with ui  ; i  {1, 2, 3, 4},   R. 

B. Constraint xi  0 is substituted with xi  ; i  {1, 2, 3, 4, 5},   R. 

C. Objective CX is substituted with CX +  ui; i  {1, 2, 3, 4},   R. 

D. Objective CX is substituted with CX +  xi; i  {1, 2, 3, 4, 5},   R. 

We must find z*(), X*(), U*(), Y*(), V*() or z*(), X*(), U*(), Y*(), V*(). 
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Example 1. The authors of the paper (Sofi et al., 2015) write: ‘Applying the 

simplex procedure for obtaining the optimum land of Food Crops through LINGO 

computer-based software reported that value of the variable x1 equals 0, reduced cost 

equals 106.57’. 

The Microsoft Solver reports that optimal value for rice x1* = 0 but corresponding 

reduced cost is 106.52. 

It is not our purpose to give in this paper the detail list of comparison between 

LINGO software and Microsoft Solver. We would like only to show the preferences of 

the Stiefel’s interpretation of the simple table as direct and dual systems of equations. 

We are proud to report that our students are able to receive from final table a lot of 

information about rice production in the concrete land utilizing economy not 
furnished by Solver. 

For example, let us substitute the constraint x1  0 with x1  . Than from final 

table (Table 7) we obtain u1* = 0, u4* = 0, x1* = , x2* = 0; x4* = 0. 

z* = 106.52  + 1,376.59; X* = (; 0; 0.9990  + 2.5738; 0; 0.5481  + 7.1076)T,  

U* = (0; 35.3953  + 2,168.10; 3.2200  + 973.07; 0)T, 

Remark. We consider here only the direct problem and do not examine the changes in 

the dual problem. 

As far as x3, u2, u3, x5 remain non-negative this table gives us optimal solution for 

each value of . Solving the system of inequalities 

x3 = 1.00  + 2.57  0 

u2 = 35.40  + 2,168.10  0 

u3 = 3.22  + 973.07  0 

x5 = 0.55  + 7.11  0, 

we get 12.97    2.58. 

So, for each  ] 12.97; 2.58 [the unique optimal solution of problem is: 

X* = (; 0; 1.00  + 2.57; 0; 0.55  + 7.11)T 

U* = (0; 35.3953  + 2,168.10; 3.2200  + 973.07; 0)T 

z* = 106.52  + 1376.59. 

Remark. The border-values  = 12.97 and  = 2.58 have a special role. 

Positive values of x1 have natural interpretations. However it is possible to interpret 

pithy also negative values of rice acres. 

Let us stress: this result is not included in Microsoft Solver’s Sensitivity Report 

(Table 8). Moreover, there are labels of reduced cost in Solvers report ‘Allowable 

Increase’, ‘Allowable Decrease’, similar than labels of shadow prices, but misleading 

because of absolutely different sense. 

 
Table 8. Part of the sensitivity report provided by Microsoft Solver 

Variable Cells      

  Final Reduced Objective Allowable Allowable 

Cell Name Value Cost Coefficient Increase Decrease 

$B$ x1 0 -106.52 102.85 106.52 1E+30 

Constraints      

  Final Shadow Constraint Allowable Allowable 

Cell Name Value Price R.H. Side Increase Decrease 

$H$ SUMPRODUCT 2,752.56 0.1048 2,752.56 2,300.95 1,660.92 
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Example 2. Interpreting the final simplex system as production function what 

describes post-optimized economics of the investigated unit, we can get answers to 

different ‘what if’ questions. Let, for example, u1  10, u4  20, x2  5. 

Than we obtain the optimal plan X* = (0; 5; 1.31; 0; 8.18)T; z* = 1264.49. 

Condition u1  10 means that land is available 2752.56 + 10 = 2762.56 units; condition 

u4  20 means that labour B is available 111  20 = 91 working hours; condition x2  5 

means that manager voluntary determines to produce 5 units of maize in spite of optimal 

plan not recommending to produce this product. It is also easy to interpret the values  

u2* = 2190.73; u3* = 972.97. 

Important remark. We hope that with help of simple agro metrics example borrowed 

from article (Sofi et al., 2015) we clearly demonstrate sufficient difference between 

Dantzig’s method and Stiefel’s method. The Stiefel’s method allows us to interpret the 

content of Table 6 (Initial table for the optimal land utilizing structure model) and 

content of Table 7 (Final table for the optimal land utilizing structure model) as two pairs 

of production functions what characterizes concrete land utilizing economy. Of course, 

all other tables created during simplex process also can be interpreted as pairs of 

production functions. Our main assertion is that such interpretations are not possible 

using traditional Danzig’s method. 

Our recommendation to Microsoft is to perfect the Solver in order to have available 

full final simplex table. 
 

Application 5. Vectorial form 

Absolutely the same calculations can be interpreted in vectorial form (Table 9 and 

Table 10). As result we find the useful linear connections between gradient of direct 

problem’s objective C, rows of matrix A  Rm, n, and vectors of standard basis Ik in the 

space Rn, 1, and connections between gradient of dual problem’s objective B, columns of 

matrix A, and vectors of standard basis Jk in the space Rm, 1 as well. 

 
Table 9. The initial table in the vectorial form 

 I1 I2 I3 I4 I5 O  

−A1 -773.40 -941.84 -823.13 -124.99 -89.20 2,752.56 J1 

−A2 -22.03 -45.74 -63.47 -6.67 -10.91 2409 J2 

−A3 -10.08 -14.10 -17.33 -0.80 -7.32 1,069.70 J3 

−A4 -13.09 -12.07 -18.08 -2.16 -9.07 111 J4 

C 102.85 114.84 263.50 34.13 98.26 0 O 

 −A1 −A2 −A3 −A4 −A5 B  
 

 

Table 10. The final table in the vectorial form 

 −A1 I1 I2 −A4 I4 O  

I3 -0.0016 -0.9990 -1.2756 0.0152 -0.1608 2.5738 J3 

−A2 0.0647 35.3953 21.9972 0.5670 2.6358 2,168.0980 A2 

−A3 0.0042 3.2200 -0.8658 0.7653 1.3835 973.0686 A3 

I5 0.0031 0.5481 1.2119 -0.1406 0.0823 7.1076 J5 

C -0.1048 -106.5220 -102.1860 -9.8028 -0.1432 1,376.5860 O 

 −J1 −A1 −A2 −J4 −A4 B  
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For example, Table 10 shows that 

A2 = 0.0647 A1 + 0.5670 A4 − 35.3953 I1 − 2.6358 I4 

A1 = −35.3953 A2 − 3.2200 A3 + 0.9990 J3 − 0.5481 J5. 

These are the agro metric connections between vectors of economic indicators. To 

interpret these equations we have to keep in mind economical sense of each vector. For 

example, let us remember that vector A2· characterizes capital requirements and vector 

A1 characterizes rice production in the concrete land utilizing economy. Coefficients 

0.0647; 0.5670; −35.3953; − 3.2200 can be interpreted as slope coefficients in the proper 

linear equations. 

 

CONCLUSIONS 

 

1. The fact that linearity postulate holds in the interconnections between economic 

indicators in different areas leads to the wide applications of the linear models for 

quantitative approach to the decision making in management science. 

2. Very important reason for linear planning popularity is also the comfortable 

possibility to solve big scale linear problems with help of effective software. 

3. It is easy to observe that the linear programming mainstream applies Dantzig’s 

simplex method, but Stiefel’s method is in some kind of oblivion. 

4. Of course, Dantzig’s method and Stiefel’s method operates with absolutely the 

same information and both methods differ only from interpretations point of view. For 

all that Hegel’s dialectics teaches us that form has influence to the content. Indeed, 

Stiefel’s method offers us the new interpretations and even new concepts, for example, 

the general optimal plan or simplex systems of equations as production functions. 

5. The Stiefel’s method allows us to interpret the content of each simplex table as 

two pairs of production functions what characterizes concrete economic unit. Especially 

fruitful for economic analysis is the content of final table what characterizes concrete 

economy close by the received proper optimum. Such interpretations of the simplex 

tables are not possible using the traditional Dantzig’s method. 

6. Absolutely no doubt that the Stiefel’s method has didactical preferences in 

teaching process. Especially it concerns non-mathematical specialities’ students, for 

example, the faculties of economics or agronomy. 
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Abstract. Potential yield of corn hybrids with a different FAO number is limited by not only 

rainfall amount, average soil and air temperature throughout vegetation period, but also directly 

depends on plant density. The study and practical application of special agricultural techniques 

allows us to limit and mitigate the negative impact of these factors on the productivity of maize, 

depending on the indicators under study and the soil and climatic resources of the cultivation 

zone. Therefore, the study of the influence of the seeding rate on the growth and development of 

corn plants remains relevant. The results presented make it possible to choose optimal seeding 

rates for corn hybrids of early and middle groups of ripeness (FAO 180-280). Overcrowding from 

61,000 to 93,000 seeds ha-1 leads to increase in interstage period 'sprouting–wax ripeness' of 

Rodnik 179SV hybrid for 4 days, of MAS 12R and AMELIOR hybrids–for 2 days, and of MAS 

30K hybrid – for 3 days. Hybrids Rodnik 179SV and AMELIOR reached maximum height –

217 cm and 214 cm respectively – at seeding rate of 73,000 seeds ha-1, while hybrids MAS 12R and 

MAS 30K grew up to their 213 cm and 223 cm respectively at seeding rate of 77,000 seeds ha-1. 

Decrease in seeding rate to less than 73,000 seeds ha-1 and, contrary to it, overcrowding of seeds of 

more than 77,000 seeds ha-1 leads to decrease in corn hybrid plant height. Agronomically, the most 

efficient for maximizing early ripe Rodnik 179SV and MAS 12R hybrids yields (6.39 and 

6.73 t ha-1) and middle-early ripe AMELIOR hybrid yield (6.81 t ha-1) was the seeding rate of 

73,000 seeds ha-1, while the highest yield of middle MAS 30K hybrid (7.21 t ha-1) was at the 

seeding rate of 77,000 seeds ha-1. 

 

Key words: seeding rate, early ripeness, density, yield. 

 

INTRODUCTION 

 

Total corn yield over the world has risen in recent years, and it is assumed that its 

growth and absolute productivity level are in close relation to soil-climatic and 

macroeconomic conditions, as well as to intensity of plant growing and  

bio-technological progress (Hasenclever, 2000; Spiekers, 2000; Free, 2001; Heinrich, 

2001; Zellner, 2004). 

Corn hybrids productivity is conditioned by quantitative parameters determining its 

habitus, such as plant height,leaf coverage, area of leaf surface etc. These parameters' 

value determines the reaction of plants to changes in growing conditions. Growth and 

development of corn plants depend on a number of factors, primarily on existing meteo-

conditions, biological properties of the hybrids and the agrotechnology applied (Jager, 

2004; Spaar et al., 2009). 

https://doi.org/10.15159/AR.19.013
https://doi.org/10.15159/AR.19.013
mailto:mikh.xaritonoff@yandex.ru
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Studies of a number of Russian and foreign scientists give no unanimous opinion 

on optimal seeding rate for corn hybrids of different ripeness groups. Thus, Dorffi & 

Borzeny (1996) claim that optimal plants quantity per ha depends on humidification 

conditions of a certain year: 80,000 plants ha-1 in years enough humidified, 

30,000 plants ha-1 – in droughts. Russian researchers Popov et al. (1991) claim that 

medium ripening hybrids form maximal yield at 50,000 plants ha-1. Yakhtanigova & 

Topalova (2008) claim that optimal density for each hybrid is determined basing on 

individual parameters. Thus, the studies of Belozerny 1 MV and Kavkaz 307 MV 

hybrids have shown the optimal density of 60,000 plants ha-1, while those of 

Nika 353 MV were 50,000 plants ha-1. As Potapov et al. (2016) suggest, formation of 

optimal density of corn seedlings is not only conditioned by available humidity and 

nutrient reserves, but also by architectonics and drought resistance of a hybrid itself. For 

medium ripening hybrids, increase in plant density of more than 65,000 plants ha-1 

results in the increase in yield, but not more than 85,000 plants ha-1. The optimum for 

such hybrids is 75,000 plants ha-1. Such scientists as Kravchenko (2010), Filin & Mikhin 

(2014), Zubkova & Sozin (2016) claim that the plant degree of density optimum depends 

on soil-climatic zones of cultivation. 

Under conditions of Central Chernozem Region of Russia (CCR) unstable 

humidification, the influence of corn hybrid seeding rate and degree of density on yield 

of modern hybrids of various groups of ripeness has not been investigated to the full. 

Hence, the objective of the study presented is a scientific grounding of optimal seeding 

rate of various ripeness group corn hybrids grown under conditions of unstable 

humidification. 

 

MATERIALS AND METHODS 

 

The field experience was laid during 2013–2015 on the fields of SP by the head of 

the farm Kotov V.V. Bobrovsky district of the Voronezh region (N50.513678 

E40.014524), according to a two-factor scheme: 

Factor A – hybrids (MAS 12R, AMELIOR, MAS 30K and Rodnik 179SV 

(control)); 

Factor B – seeding rate (61,000; 67,000; 73,000; 77,000; 83,000; 87,000 and 

93,000 seeds ha-1). 

4 hybrids were used in the experiment: 

1. Rodnik 179SV is a short-season (FAO 180) three-linear maize hybrid, created 

jointly by breeders of the Voronezh Experimental Station VNIK and LLC Innovation 

and Production Agrofirm ‘Selection’. The plants are 240–260 cm tall, untillered, folious. 

The ear is 70–75 cm high, slightly cone-shaped, weighing 110–140 grams and 20–25 cm 

long. The grain is semi-toothed, yellow. The mass of 1,000 grains is 260–290 g. The 

grain row number on the cob is 14–16. The threshing yield of the grain is 80–82%. The 

recommended plant density per hectare per grain for Bogar is 60,000 plants ha-1, for 

irrigation it is 75,000 plants ha-1. If fertilizers are not applied, the density should be 

decreased by 5,000–10,000 plants ha-1depending on the soil fertility and moisture. 

2. MAS 12R is a short-season (FAO 180) hybrid, it has been produced by the MAS 

Seeds company, flint, cold-resistant, intended for early sowing. Rapid growth and early 

development. Plants are 250–265 cm tall, untillered, folious. The ear is 70–75 cm high, 

slightly cone-shaped, weighing 110–140 grams and 20–25 cm long. The grain is semi-
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toothed, yellow. The mass of 1,000 grains is 260–280 g The grain row number on the 

cob is 14–16. The recommended seeding rate is 58,000–62,000 seeds ha-1. 

3. AMELIOR is a middle-early hybrid (FAO 240), produced by the company MAS 

Seeds; it is flint and dent-like, has a high yield potential for grain, is environmentally 

plastic and drought-resistant. The grain is semi-toothed, yellow. The mass of 1,000 

grains is 300–310 g. The grain row number on the cob is 14–16. The recommended plant 

density per ha-1 is 75,000–85,000 and (under the conditions of sufficient moistening) or 

70,000–75,000 (under the conditions of unstable moistening). 

4. MAS 30K – is a mid-season hybrid (FAO 280), produced by the company MAS 

Seeds; it is dent-like and has a good moisture-yielding ability due to its semi-toothed 

grains. The grain is semi-toothed, yellow. The mass of 1,000 grains is 320–340 g. The 

grain row number on the cob is 14–16. The recommended plant density per ha-1 is 

70,000–80,000 (under the conditions of sufficient moistening) or 70,000–75,000 (under 

the conditions of unstable moistening). 

Soils of the experimental plot are the ones of ordinary chernozem, medium loamy. 

Humus content in plowing layer is 4.3%, рН–5.6. The degree of soil saturation with 

bases is 88.9%. The content of mobile phosphorus is 73 and exchangeable potassium–

103 mg kg-1 of soil (Chirikov, 1956). 

The total area of the plot – 157 m2, accounting–120 m2.The experiment was laid by 

the method of split plots with their randomized placement inside repetitions. The 

experiment repetition is 4-fold. Corn’s preceding crop had been winter wheat. The 

technology of corn cultivation in the experiment is as follows: 

– plowing (John Deere 8310R + Lemken Euro Diamant) to a depth of 25–27 cm; 

– cultivation (John Deere 8310R +Lemken Korund9) to a depth of 8–10 cm; 

– fertilization (in the fall – anhydrous ammonia at the rate of 0.1 t ha-1 

(82 kg AI ha-1), in spring - ammophos of 75 kg ha-1 (39 kg AI ha-1) in physical mass at 

sowing and Rexolin microfertilizer 0.15 kg ha-1(0.22 kg AI ha-1) – for top dressing; 

– sowing (MTZ-1221 + Gaspardo (8 lines), planting dates – III third of April – 

I third of May; 

– pesticide treatment (by Titus Plus herbicide – 0.387 kg ha-1 (dicamba 609 g kg-1 

+ rimsulfuron 32.5 g kg-1), Rogor-S insecticide – 1 L ha-1 (dimetoat 400 g L-1); 

– gathering (Acros 580) in lines, with recalculation on 14% humidity and 100% 

purity. 

In the process of research, phenological observations were carried out on ten 

marked plants of each plot in four repetitions. The following phases of maize 

development were noted: the beginning and the full sprouting, the beginning and the full 

panicle emergence, the beginning and the full flowering of the cobs (filaments 

emergence), the milky, milky-wax state of the grain, the waxy ripeness, the complete 

ripeness. The onset of each phase was noted at its development stage: the beginning (in 

15% of the plants), complete (in 75% of the plants). The standing density was determined 

by counting plants from 14.3 m.p. (10 m2) in quadruplicate from each experimental plot; 

the field germination was determined in the phase of full germination. The plant height  

was measured in each phase of the growing season on 10 plants from each experimental 

plot. The mathematical processing of the research results was performed by 

B.A. Dospekhov’s (1985) variance analysis method on a personal computer. 
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Weather conditions during the field studies for 2013–2015 had deviations from the 

average annual data on the main indicators. The best weather conditions for the growth 

and development of maize developed in 2013, the amount of precipitation during the 

growing season was 395.4 mm or 118% of the average annual rate. High temperatures 

and lack of moisture in the interphase period 'inflorescence emerge – flowering' in terms 

of 2014 and 2015 were the most critical to corn plants. In total, during the growing season 

in 2014, 191.4 mm of precipitation fell, which is 57% of the average annual norm, and 

in 2015 – 246.6 mm or 74% of the average annual norm. 

 

RESULTS AND DISCUSSION 

 

Duration of vegetation period is an important biological indicator that allows 

differentiating all hybrids by their earliness of ripening. To characterize the vegetation 

period duration of corn, two interstage periods are distinguished: sprouting–flowering and 

flowering–wax ripening. The duration of vegetation period of hybrids under study has 

been different in different years and mostly depended on the indicator of earliness of 

ripening. Thus, on average for three years of research, the following hybrids with FAO 

180 were the most ripening: MAS 12R (102 days) und Rodnik 179SV (104 days). 

AMELIOR (FAO 240) hybrid vegetation period made up 113 days. MAS 30K (FAO 280) 

hybrid proved to be the most late ripening, with vegttion period of 122 days (Table 1). 

It should be noted that the seeding rate had a slight effect on the vegetation period 

of all studied hybrids. There is a tendency to the increase of the vegetation period with 

increasing of seeding rate, especially in such early ripening hybrids as Rodnik 179SV 

and MAS 12R. 

 
Table 1. Duration of vegetation period of corn hybrids at different seeding rates 

Seeding rate,  

seeds ha-1 

Vegetation period (range/average), days 

Rodnik 179СВ 

FAO 180 

MAS 12R 

FAO 180 

AMELIOR 

FAO 240 

MAS 30K 

FAO 280 

61,000 99 − 105

102
 

95 − 104

100
 

109 − 115

112
 

117 − 122

120
 

67,000 101 − 104

102
 

99 − 104

101
 

110 − 115

112
 

118 − 124

120
 

73,000 102 − 105

104
 

98 − 103

100
 

110 − 118

114
 

120 − 125

123
 

77,000 102 − 104

103
 

97 − 101

99
 

109 − 118

113
 

121 − 125

123
 

83,000 102 − 106

104
 

101 − 103

102
 

113 − 116

114
 

119 − 124

121
 

87,000 104 − 108

106
 

101 − 105

103
 

113 − 115

114
 

122 − 124

123
 

93,000 105 − 107

106
 

100 − 106

103
 

112 − 116

114
 

122 − 124

123
 

Average by factor A 104 102 113 122 
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Increase in seeding rate from 61,000 to 93,000 seeds ha-1 had no significant 

influence on duration of 'sowing–sprouting' interstage period in all hybrids under study 

and made up 18–19 days(Table 2). 

 
Table 2. Duration of interstage periods of corn hybrids at different seeding rates 

Seeding 

rate,  

seeds ha-1 

Interstage periods, days 

Rodnik 179SV 

FAO 180 

MAS 12R 

FAO 180 

AMELIOR 

FAO 240 

MAS 30K 

FAO 280 
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61,000 18 50 94 17 51 93 18 64 104 18 65 112 

67,000 18 53 94 18 50 93 18 64 104 18 64 112 

73,000 18 52 96 17 53 93 18 63 106 19 65 114 

77,000 18 53 95 17 52 92 18 64 105 19 65 114 

83,000 18 53 96 18 53 94 18 65 106 18 66 113 

87,000 18 53 98 18 53 95 18 64 106 19 66 114 

93,000 18 54 98 18 53 95 18 65 106 19 65 114 

r (yield correlation)  -0.51   -0.79   0.03   -0.18 

 

Differencies in development of corn hybrid plants in relation to a seeding rate 

started to show by the stage of flowering. By the beginning of flowering of corn plants 

the overcrowding of seeds of such early ripening hydrids as Rodnik 179SV and MAS 

12R lead to the increase in 'sprouting–flowering' interstage period up to 2–4 days, which 

was not observed in medium ripening (AMELIOR) and late ripening (MAS 30K) 

hybrids. 

To the phase of wax ripeness with an increase in the seeding rate per 1 ha for all 

hybrids, one can note the tendency of increase in the 'sprouting–wax ripeness' interstage 

period. Thus, Rodnik 179SV hybrid’s interstage period increased by 4 days, that of MAS 

12R and AMELIOR hybrids did by 2 days,while medium ripening MAS 30K hybrid’s 

interstage period increased up to 3 days. 

At the initial stages of development, corn plants grow slowly. Within the first half 

of vegetation, in 12–15 days after sprouting, the highest average daily plant growth gain 

under favourable conditions can only reach 1.0–2.5 cm. 10 days before ear formation 

corn plant growth gain reaches its maximum values, that is up to 5–10 cm a day. After 

the flowering stage, corn plant linear growth stops. 

For three years of study, the height of corn plants in the beginning of ear formation 

stage, in relation to seeding rate, made up 81–104 cm. MAS 12R hybrid plants grew 

higher – 104 cm at the seeding rate of 73,000 seeds ha-1, AMELIOR hybrids were 

somewhat lower–95 cm at the seeding rate of 83,000 seeds ha-1. Medium ripening MAS 

30K hybrid grew up to its maximum of 93 cm at the seeding rate of 87,000 seeds ha-1 

(Table 3). 
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Table 3. Corn hybrid plants’ height by vegetation stages at different seeding rates 

Seeding 

rate,  

seeds ha-1 

Corn hybrid plants’ height by vegetation stages, cm 

Rodnik 179SV 

FAO 180 

MAS 12R 

FAO 180 

AMELIOR 

FAO 240 

MAS 30K 

FAO 280 
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61,000 84 196 208 101 188 194 92 202 205 91 202 210 

67,000 85 188 203 98 196 203 92 200 203 87 206 209 

73,000 86 202 217 104 198 205 94 210 214 88 207 216 

77,000 86 198 210 97 206 213 92 206 210 92 215 223 

83,000 85 201 215 99 204 210 95 207 210 86 212 221 

87,000 81 197 202 98 201 203 91 199 202 93 207 211 

93,000 81 196 201 94 193 199 89 198 201 91 199 209 

r (yield correlation)  0.36   0.54   0.95   0.65 

 

MAS 30K hybrid plant had the biggest height (215 cm) by the beginning of 

flowering stage in a variant with the seeding rate of 77,000 seeds ha-1. The lowest at this 

stage were MAS 12R hybrid plants, that is, 193 cm at the seeding rate of 

93,000 seeds ha-1. 

To the ripening stage, the differences in the height of all hybrid plants in relation to 

seeding rate became smaller. Thus, maximal difference in heights of MAS 30K and 

AMELIOR plant hybrids in relation to seeding rate made up 13 cm, or 6.1%. 

In our experiments, the tendency has been observed of the increase in corn plant 

height with the increase in FAO. Thus, plant height at the ripening stage in MAS 12R 

hybrid with FAO 180 amounted, in relation to seeding rate, to 193–213 cm, in AMELIOR 

hybrid with FAO 240–to 201 – 2014 cm, and in MAS 30K with FAO 280–to 209–223 cm. 

The height of AMELIOR hybrid plants with seeding density of 77,000 and 

83,000 seeds ha-1 at the ripening stage was the same and made up 210 cm. The same 

insignificantly did the plants height change at seeding rates of 61,000 and 

67,000 seeds ha-1. MAS 30K hybrid has displayed the same tendency. It should also be 

noted that Rodnik 179SV and AMELIOR hybrid plants at the seeding rate of 

61,000 seeds ha-1 grew 4–7 cm higher than at the seeding rate of 93,000 seeds ha-1. In 

medium ripening MAS 30K hybrid with FAO 280, this tendency has had little 

manifestation. 

MAS 12R and MAS 30K hybrid plants showed top growth results at the seeding rate 

of 77,000 of germinable seeds ha-1. Reducing seeding rate to less than 77,000 seeds ha-1 

and, contrary to it, overcrowding of seeds to more than 77,000 seeds ha-1 leads to decrease 

in corn hybrid plants height. Thus, Rodnik 179SV and AMELIOR hybrid plants grew the 

highest (217 cm and 214 cm respectively) at the seeding rate of 73,000 seeds ha-1, while 

MAS 12R and MAS 30K hybrids reached their 213 cm and 223 cm respectively at the 

seeding rate of 77,000 seeds ha-1. 
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For the three years of research, germinating ability of seeds in all corn hybrids under 

study has been decreasing with increase in seeding rates. Of all the hybrids, MAS 12R 

responded most significantly to a change in seeding rate, displaying the change in field 

germinating capacity from 94.3% to 87.2%. MAS 30K hybrid showed the smallest 

change in field germinating capacity (92.3% to 87.2%) in relation to increase in quantity 

of seeds sown per 1 ha (Table 4). 

 
Table 4. Plant density and germinating ability of corn seeds at the sprouting stage at different 

seeding rates 

Seeding  

rate,  

seeds ha-1 

Rodnik 179SV 

FAO 180 

MAS 12R 

FAO 180 

AMELIOR 

FAO 240 

MAS 30K 

FAO 280 
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61,000 56.0 91.7 57.5 94.3 56.9 93.3 56.3 92.3 

67,000 61.1 91.1 62.2 92.8 61.7 92.1 60.4 90.1 

73,000 66.1 90.5 67.6 92.6 66.8 91.5 64.5 88.3 

77,000 69.7 90.5 71.2 92.5 69.7 90.6 67.8 88.0 

83,000 74.1 89.3 73.6 88.7 74.2 89.4 72.8 87.8 

87,000 75.5 86.7 76.8 88.3 76.0 87.3 76.2 87.6 

93,000 79.7 85.7 81.1 87.2 81.0 87.1 81.1 87.2 

 

At the sprouting stage, the best germinating capacity (94.3%) and plant density 

(57,500 plants ha-1) were displayed by MAS 12R hybrid at the seeding rate of 

61,000 seeds ha-1. The worst germinating capacity (85.7%) and plant density 

(79,700 plants ha-1) were displayed by Rodnik 179SV hybrid at the seeding rate of 

93,000 seeds ha-1. 

In 2013–2015, the capacity of sprouts for gathering in relation to seeding rates was 

from 95.0 to 84.6%. AMELIOR hybrid plants showed better capacity for gathering, 

while MAS 12R hybrid plants deteriorated more than others (Table 5). 

 
Table 5. Plant density and corn plant capacity for gathering at different seeding rates 

Seeding  

rate,  

seeds ha-1 

Rodnik 179SV 

FAO 180 

MAS 12R 

FAO 180 

AMELIOR 

FAO 240 

MAS 30K 

FAO 280 
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61,000 49.6 88.6 51.3 89.3 52.7 92.5 52.0 92.2 

67,000 56.8 93.1 54.0 86.8 56.7 91.9 52.9 87.6 

73,000 58.8 89.0 60.0 88.9 62.1 93.0 58.6 90.8 

77,000 63.1 90.5 60.3 84.6 64.7 92.7 64.4 95.0 

83,000 65.0 87.6 64.2 87.2 66.8 90.1 68.2 93.6 

87,000 69.6 92.2 69.8 90.8 68.3 89.9 70.8 92.9 

93,000 71.9 90.2 73.6 90.7 72.9 90.0 75.1 92.7 
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In early ripening Rodnik 179SV hybrid, the best gathering capacity level (93.1%) 

was at the seeding rate of 67,000 seeds ha-1. In MAS 12R hybrid plant, the capacity was 

higher (90.7–90.8%) at maximal seeding rates of 87,000 and 93,000 seeds ha-1, medium-

early AMELIOR hybrid had the highest percentage of preserved plants (93.0%) at the 

seeding rate of 73,000 seeds ha-1, while medium ripening MAS 30K hybrid displayed 

maximum capacity (95.0%) at the seeding rate of 77,000 seeds ha-1. 

The highest productivity of Rodnik 179SV (6.39 t ha-1), MAS 12R (6.73 t ha-1) and 

AMELIOR (6.81 t ha-1) hybrids was at the rate of 73,000 seeds ha-1, while MAS 30K 

hybrid gave the highest productivity of 7.21 t ha-1 at the seeding rate of 

77,000 seeds ha-1. The lowest hybrid corn yield was at the seeding rates of 61,000 and 

93,000 seeds ha-1. (Table 6). 

 
Table 6. Corn hybrids yield at different seeding rates 

Seeding  

rate,  

seeds ha-1 

Yield, t ha-1 

Rodnik 179SV 

FAO 180 

MAS 12R 

FAO 180 

2013 2014 2015 
average 

(factor B) 
2013 2014 2015 

average 

(factor B) 

61,000 5.25 5.05 4.94 5.08 6.08 5.31 4.83 5.41 

67,000 7.32 6.45 5.83 6.53 8.29 4.66 5.49 6.15 

73,000 6.23 6.78 6.15 6.39 9.49 5.66 5.04 6.73 

77,000 5.80 6.12 5.94 5.95 5.71 6.19 6.93 6.28 

83,000 6.29 5.34 4.47 5.37 6.63 4.94 5.82 5.80 

87,000 - 5.52 4.93 5.23 - 5.05 5.17 5.11 

93,000 - 4.91 4.76 4.84 - 4.47 4.26 4.37 

average 

(factor A) 
6.18 5.74 5,29  7.24 5.17 5.36 

 

LSD05 (A) 0.71 0.44 0.33  0.71 0.44 0.33  

LSD05 (B) 0.63 0.34 0.25  0.63 0.34 0.25  

LSD05 (AB) 1.42 0.89 0.67  1.42 0.89 0.67  

Seeding  

rate,  

seeds ha-1 

AMELIOR 

FAO 240 

MAS 30K 

FAO 280 

2013 2014 2015 
average 

(factor B) 
2013 2014 2015 

average 

(factor B) 

61,000 6.17 4.85 5.19 5.40 8.26 6.95 5.41 6.87 

67,000 6.85 5.34 4.73 5.64 7.19 5.89 5.43 6.17 

73,000 7.87 6.15 6.41 6.81 7.91 6.54 6.67 7.04 

77,000 8.44 5.61 5.95 6.67 8.49 7.06 6.08 7.21 

83,000 7.63 5.15 6.07 6.28 8.08 6.85 4.91 6.61 

87,000 - 4.54 5.21 4.88 - 5.54 5.84 5.69 

93,000 - 4.61 4.94 4.78 - 5.14 5.02 5.08 

average 

(factor A) 
7.39 5.18 5.50  7.98 6.28 5.62  

LSD05 (A) 0.71 0.44 0.33  0.71 0.44 0.33  

LSD05 (B) 0.63 0.34 0.25  0.63 0.34 0.25  

LSD05 (AB) 1.42 0.89 0.67  1.42 0.89 0.67  
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The favorable combination of heat and moisture supply in 2013 contributed to the 

fullest realization of the productive potential of all the studied hybrids. The average yield 

of early ripe hybrids Rodnik 179SV and MAS 12R was 6.18 and 7.24 t ha-1, respectively. 

The maximum yield of the Rodnik 179SV hybrid (7.32 t ha-1) was at a seeding rate of 

67,000 seeds ha-1, and MAS 12R (9.49 t ha-1) - at a seeding rate of 73,000 seeds ha-1. An 

increase in the seeding rate of more than 73,000 units per hectare or a decrease of less 

than 67,000 units per hectare statistically significantly reduced the yield of maize for 

these hybrids. In the medium-early AMELIOR hybrid, the average yield was 7.39 t ha-1, 

the maximum value (8.44 t ha-1) was 77,000 seeds ha-1 in the variant with a seeding rate. 

It should be noted that with a seeding rate of 73,000 seeds ha-1, this hybrid yields did not 

decrease statistically significantly, within the limits of experimental error. In options 

with low rates, less than 73,000 seeds ha-1, as well as in thickened crops, more than 

77,000 seeds ha-1, the grain yield of this hybrid has significantly decreased. The 

productivity of the mid-season hybrid MAS 30K averaged 7.98 t ha-1. The maximum 

yield values were in thickened crops with seeding rates from 73,000 to 83,000 seeds ha-1. 

In the variant with a seeding rate of 67,000 seeds ha-1, the grain yield was statistically 

significantly reduced. In less favorable hydrothermal conditions in 2014 and 2015, the 

grain yield on average in hybrids was lower by 1.01–1.70 t ha-1 (16.3–21.3%). For early 

ripening hybrids, the Rodnik 179SV and MAS 12R, the statistically significant yield 

increase was on varieties with a sowing of crops from 67,000 to 77,000 seeds ha-1 in 

2014, from 73,000 to77,000 seeds ha-1 in 2015. An increase in the seeding rate from 

77,000 to 93,000 seeds ha-1 resulted in a decrease in the grain yield of maize, according 

to the hybrid Springnik 179СВ on average by 10.1–14.5%, according to MAS 12R – by 

13.5–20.5%. This trend was also on the later ripening hybrids AMELIOR and MAS 30K. 

Thus, the highest yield of early ripening Rodnik 179SV and MAS 12R hybrids was 

obtained at the seeding rate of 73,000 seeds ha-1, of medium-early ripening AMELOR 

hybrid–also at the seeding rate of 73,000 seeds ha-1, while medium MAS 30K hybrid 

was the most productive at the seeding rate of 77,000 seeds ha-1. 

 

CONCLUSIONS 

 

Thus, the results of field studies for 2013–2015, showed that in conditions of 

unstable moistening, the rate of sowing seeds is one of the main factors influencing the 

formation of optimal plant density and the realization of the potential possibilities of 

maize hybrids, different groups of ripeness. An increase in the seeding rate from 61,000 

to 93,000 seeds ha-1 did not contribute to an increase in the yield of maize, on the 

contrary, the higher or lower this indicator was from the optimum, the lower were the 

yields. The highest yield of early ripening Rodnik 179SV and MAS 12R hybrids was 

obtained at the seeding rate of 73,000 seeds ha-1, of medium-early ripening AMELOR 

hybrid–also at the seeding rate of 73,000 seeds ha-1, while medium MAS 30K hybrid 

was the most productive at the seeding rate of 77,000 seeds ha-1. 
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Abstract. The commercial cultivation of highbush blueberry in Latvia was successfully started 

during the last 20 years. In 2018, there was an estimated 280 ha of highbush blueberries planted 

in Latvia with increasing annual hectarage. In general, blueberry is a highly specialized crop that 

has definite soil agrochemical and climatic requirements: it has low nutrient needs and is sensitive 

to excessive nutrient levels in the soil. However, balanced and precise mineral nutrition is 

essential for producing high and quality yield. The study was conducted in the producing planting 

of highbush blueberry, cultivar ‘Patriot’, during the vegetation season of 2018. The research was 

carried out to determine the effect of foliar fertilization with micronutrients (Fe, Zn, Cu, Mo, B) 

on the productivity, the content of mineral elements in leaves and photosynthesis of blueberries. 

Field experiment design included foliar fertilizer treatments 0 to 3 times per season. In general, 

our results revealed that foliar sprays with micronutrients had a positive effect on the berry yield, 

parameters of photosynthesis and microelement content in leaves of highbush blueberry. It was 

determined that the application of the foliar fertilizer 4 times per season provided the highest 

berry yield (134% compared to control) and the highest photosynthetic activity of plants. Our 

study suggests that correct foliar fertilization can optimize the content of Fe, Zn and B in 

blueberry leaves.  

 

Key words: field experiment, soil nutrient status, leaf nutrient status, parameters of chlorophyll 

fluorescence. 
 

INTRODUCTION 

 

Highbush blueberry (Vaccinium corymbosum L.) is a perennial flowering plant 

from the family Ericaceae of the genus Vaccinium. Commercial blueberry varieties, in 

general, are indigenous to eastern and central North America including the eastern 

territories of Canada (Trehane, 2004). Commercial production of Vaccinium species in 

the United States of America has existed since the latter part of the eighteenth century 

(Eck, 1990). Today, highbush blueberries are cultivated in many non-native regions 

worldwide in highly different soil and climatic conditions (Strik, 2005). Many species 

of Vaccinum have a long history of being used for medical purposes. Blueberries are also 

valued for their fresh taste as well as their potential for being processed. Increasing 

demand for healthy ingredients from the food industry and changed consumer 

https://doi.org/10.15159/AR.19.028
https://doi.org/10.15159/AR.19.028
http://www.sciencedirect.com/science/article/pii/S002216941500150X#b0110
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consciousness provides a great opportunity for further progress of blueberry production. 

The cultivation of blueberries in Latvia is comparatively recent – while the first 

experimental plantations were established in the middle of 1980s, commercial 

cultivation of these berries started in last 20 years (Osvalde et al., 2018) reaching 280 ha 

in 2018 (Karlsons et al., 2018). In general, about 85% of the global production of 

blueberries comes from the United States of America and Canada alone (Crop statistics, 

2019). 

There are two different soil types used for the cultivation of highbush blueberries 

in Latvia: light acid mineral soils rich in organic matter and peat soils. Today, about one-

third of the total hectarage of blueberry plantings in Latvia are successfully developed 

on cutover peatlands on bare sphagnum peat (Osvalde et al., 2018). 

Although highbush blueberries have specific soil requirements and are well adapted 

to low pH soils with limited availability of mineral elements, balanced mineral nutrition 

is vitally essential in producing high and qualitative yield (Hart et al., 2006; Pormale et 

al., 2009). Considering that blueberry plants are shallow-rooted, fruit production can be 

significantly reduced even with a moderate nutrient deficiency. On the other hand, 

excessive or inadequate fertilization is potentially damaging to blueberry cultivation 

especially in plantations established in environmentally sensitive areas such as excavated 

peat bogs. Especially considering that blueberry fruit value is relatively high; it 

contributes to the tendency to apply more types or quantity of fertilizers with the hope 

of improving yield or quality. Results from the previous studies in 2006–2017 

highlighted the incompleteness in highbush blueberry providing with nutrients that could 

be a significant restrictive factor for obtaining high, qualitative and sustainable berry 

yields in Latvia. Overall, more than 50% of blueberry soils had a low content of N, S, 

Mo and B (Osvalde et al., 2018). Considering that average yield in Latvia (1.49 t ha-1) is 

significantly lower to compare with the United States of America (6.91 t ha-1), Canada 

(3.28 t ha-1 and Poland (3.07 t ha-1) (Crop statistics, 2019) research on mineral nutrition 

as one of the potential limiting factors of reduced yield of blueberry in Latvia are 

critically important. Plant fertilizers can be applied directly to the soil for uptake by plant 

roots, by foliar spraying for uptake via the leaves, or in combination. Availability of 

nutrients from the soil may be limited in the conditions of improper soil reaction, ionic 

antagonism, or unfavorable weather conditions. Under such circumstances, foliar sprays 

are a simple, fast and effective method for supplying nutrients to plants (Fageria et al., 

2009; Wach & Błażewicz-Woźniak, 2012). Main advantages of foliar fertilization: it is 

a possibility to react rapidly to visual symptoms or tissue analysis, fast plant response in 

correcting the deficiency, avoidance of soil problems, relatively low cost, small amounts 

of fertilizer, and reduced risk of environmental pollution. Therefore, used wisely, foliar 

fertilizers may be more environmentally friendly and target oriented than soil 

fertilization though plant responses to foliar sprays are variable and many of the 

principles of foliar fertilization remain poorly understood (Fernández et al, 2013). 

The research was carried out to determine the effect of foliar fertilization with 

micronutrients (Fe, Zn, Cu, Mo, B) on the productivity, yield quality, leaf nutrient status 

and photosynthesis of highbush blueberries. 
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MATERIALS AND METHODS 

 

Field experiment 

The field experiment was carried out in 2018 by the Laboratory of Plant Mineral 

Nutrition, Institute of Biology, University of Latvia, on a production farm (56°70′N, 

23°60′E) established on a excavated peat bog abandoned after industrial peat production 

(region of Jelgava) to investigate the effect of micronutrient foliar application on 

blueberry yield and berry quality. Together 128 (10 years old) blueberry plants (32 for 

each treatment) of ‘Patriot’ cultivar was used in the spacing of 1.2 × 2.0 m 

(3,888 plants ha−1). The experiment followed a randomized sub-block design. Peat 

chemical characteristics, determined from composite peat sample of the upper 20 cm 

taken in April, before the start of the experiment are given in Table 1. In general, peat 

from the experimental field was characterized by low levels of N, S, Mo, B and 

consequently low pH/KCl (4.31), as well as high organic matter content (< 95%). At the 

beginning of May (beginning of the active growing period for plants in Latvia climate 

conditions), the complex fertilizer suitable for blueberries: 12–8–16 + microelements 

(Blaukorn classic, COMPO EXPERT GmbH, Germany) was applied at a dose of 

(according to the producer's instructions) 400 kg ha-1 for all treatments. Within the 

growing period, the bushes were sprayed with foliar fertilizer containing: Fe, Zn, Cu, 

Mo, B (Yara Vita, Yara International ASA) as follows: 

1. Control – 0 treatments per season. 

2. Treatment 1 – 1x per season (01.06. 2018). 

3. Treatment 2 – 2x per season (01.06. 2018; 05.07.2018). 

4. Treatment 3 – 3x per season (01.06. 2018; 05.07.2018; 03.08.2018). 

The blueberry leaves for chemical analysis were collected and fluorescence 

parameters measured 10 days after each foliar fertilizer treatment. Berry yield, as well 

as the yield components, were determined for each treatment at a harvest time. Berries 

were harvested twice (21.07.2018 and 10.08.2018) by hand-picking, in the first harvest, 

all mature fruits were harvested, the second time all mature and unripe fruits were 

harvested, the total yield was measured for all berries, but average fruit diameter and one 

berry mass only for mature berries. 

Fluorescence parameters were measured using a Handy PEA chlorophyll 

fluorometer on field conditions. Fluorescence measurements were performed according 

to the manufacturer’s instructions as described previously (Samsone et al., 2009). Before 

analysis, leaves were dark adapted for 30 min using the appropriate leaf clips. For every 

treatment, 15 independent measurements on individual leaves were performed. 

Performance Index (PI) and potential maximum quantum yield of photosystem II 

(FV/FM) were determined. The data were analyzed by PEA Plus software. 
 

Laboratory analysis and measurements 

Soil samples were separately taken at 0 to 20 cm depth from each treatment. Each 

soil sample (2 L) consisted of thoroughly mixed five subsamples. To determine nutrient 

(N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, Mo, B) concentration the air-dried and 2 mm-

sieved soil samples were extracted using 1 M HCl (soil-extractant mixture 1:5 v/v). 

Oxidation of soil extract with conc. HNO3, H2O2 and HClO4 were performed for 

determination of P, S, and Mo. The levels of Ca, Mg, Fe, Cu, Zn, and Mn were estimated 
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by atomic absorption spectrophotometer (Perkin Elmer AAnalyst 700, acetylene-air 

flame) (Anonymous, 2000) those of N, P, Mo, B by colorimetry, S by turbidimetry, and 

K by a flame photometer (Jenwey PFP7, air propane-butane flame). All spectroscopic, 

colorimetric or photometric determinations were performed in triplicates. For soil, the 

concentrations of all mineral elements were given as mg L-1. 

Soil electrical conductivity (EC) was measured in distilled water extraction (soil – 

distilled water mixture 1:5) with the conductometer Hanna EC 215, but the soil reaction 

was detected in 1 M KCl extraction (soil-extractant mixture 1:2.5) using the pH-meter 

Sartorius PB-20. 

For each plant sample 100–200 blueberry leaves were collected. The leaf material 

was oven-dried at 60 °C to a constant weight and finely ground using a laboratory mill. 

Then the samples were dry-ashed in concentrated HNO3 vapors and re-dissolved in HCl 

solution (HCl – distilled water mixture 3:100) (Rinkis et al., 1987). Concentrations of 

5 microelements (Fe, Zn, Cu, Mo, B) were determined in all leaf samples. Nutrients were 

analyzed using the same procedures as in the case of soil samples. Microelement 

concentrations in plant tissue were expressed as mg kg-1. 

All chemical analyses of soil and plant samples were done in the Laboratory of 

plant mineral nutrition of the Institute of Biology, University of Latvia. 
 

Statistical analysis 
The levels of statistical significance were determined with MS Excel 2016. 

Standard errors (SE) were calculated in order to reflect the mean results of chemical 

analysis. The Student’s t-test (Two-Sample Assuming Equal Variances) was used for 

testing the differences between treatments. 

 

RESULTS AND DISCUSSION 

 

To characterize the soil nutrient status in a planting of highbush blueberry before 

and during the experiment, the plant available concentration of 12 essential nutrients, 

pHKCl and EC levels were estimated in peat samples and evaluated in relation to the 

guideline values (Table 1). 

Chemical analyses of peat before experiment establishment confirmed significant 

deficiency of N (9 mg L-1) and S (10 mg L-1) in the experimental field, as well as low 

level or deficiency of K, Cu, B and Mo in comparison to optimal values reported by 

Nollendorfs (2004) for blueberries: N – 70–150 mg L-1, S – 40–80 mg L-1; K – 80–

120 mg L-1; Cu – 4–8 mg L-1; B – 0.6–1.2; Mo – 0.10–0.25 mg L-1
. Previously frequent 

deficiency of N and S in soil tests for blueberry plantations in Latvia established in peat 

soil was reported by Osvalde et al. (2018). As nitrogen is one of a key element in 

blueberry nutrition, adequate fertilization is necessary to maintain renewal growth, crop 

production, and flower bud development for next year’s crop. Numerous studies have 

been proved the importance of proper N fertilization for successful blueberry growing 

(Bañados et al., 2012; Bryla et al., 2012; Ehret et al., 2014). However, fertilization with 

higher-than-recommended N rates could lead to significant yield decreases over time 

and risk of environmental contamination (Messiga et al., 2018). Our results demonstrated 

that a granular complex fertilizer applied in spring was sufficient to maintain appropriate 

N content in peat up to October. Though N concentrations were slightly less than 

recommended, it should be taken into account that a sustainable N management strategy 

https://www.sciencedirect.com/science/article/pii/S030442381730691X#bib0020
https://www.sciencedirect.com/science/article/pii/S030442381730691X#bib0070
https://www.sciencedirect.com/science/article/pii/S030442381730691X#bib0085
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requires the lower amounts of nitrogen for mature blueberries (Throop & Hanson, 1997; 

Bryla & Machado, 2011). In general, applied complex fertilizer provided a sufficient 

level of all macro- and microelements during the vegetation season in the experimental 

field, with the exception of Mo. Peat chemical analyzes suggested that established pH 

values (4.31–4.64) corresponded to the guidelines recommended by several authors for 

blueberries (Nollendorfs, 2004; Hart et al., 2006; Paal et al., 2011). 

 
Table 1. Nutrient concentrations in 1 M HCl extraction (mg L-1) in highbush blueberry peat soil 

(Soil standards developed by Nollendorfs (2004)) 

V
ar

ia
b

le
 

April 

(30.04.2018) 

July 

(05.07.2018) 

August 

(03.08.2018) 

October 

(05.10.2018) 

Optimal for  

highbush blueberries 

in peat soils  

N 9 ± 0.75 64 ± 6.3 49 ± 3.0 47 ± 4.2 70 - 150 

P 99 ± 13.00 212 ± 33.26 168 ± 21.89 149 ± 14.32 50 - 90 

K 64 ± 5.60 130 ± 15.23 117 ± 6.36 94 ± 7.42 80 - 120 

Ca 2,050 ± 298.61 3,100 ± 363.32 3,300 ± 198.36 3,350 ± 302.01 500 - 1,000 

Mg 276 ± 30.31 350 ± 22.36 370 ± 18.33 500 ± 32.69 100 - 180 

S 10 ± 1.19 90 ± 9.56 83 ± 5.36 75 ± 2.69 40 - 80 

Fe 103 ± 7.05 170 ± 9.87 203 ± 8.69 130 ± 3.23 60 - 150 

Mn 4.91 ± 0.79 9.0 ± 0.63 10.0 ± 1.10 8.0 ± 0.58 3.0 - 6.0 

Zn 4.95 ± 0.58 10 ± 0.66 9.5 ± 0.45 6 ± 0.36 4.0 - 8.0 

Cu 1.51 ± 1.16 8.2 ± 0.53 13.5 ± 1.32 8.5 ± 0.69 4.0 - 8.0 

Mo 0.02 ± 0.003 0.03 ± 0.003 0.03 ± 0.006 0.04 ± 0.003 0.1 - 0.2 

B 0.13 ± 0.02 1.00 ± 0.08 0.60 ± 0.04 0.5 ± 0.09 0.6 - 1.2 

pH/KCl 4.31 ± 0.17 4.56 ± 0.23 4.64 ± 0.17 4.54 ± 0.32 4.5 - 4.8 

EC 

(mS cm-1) 

0.40 ± 0.03 1.66 ± 0.23 1.21 ± 0.20 1.31 ± 0.32 0.8 - 1.2 

 

The chemical composition of leaves 

It is well known that climatic conditions and various environmental factors such as 

relative humidity and temperature, have an effect on the properties of cuticular 

membrane, on the physiological processes of plants and on the properties of the fertilizer 

solution, and thus play an significant role in the process of absorption of mineral 

components by the cells of the leaf epidermis (Wójcik, 1998; Wach & Błażewicz-

Woźniak, 2012). Overall, the research results from field experiment demonstrated a 

significant influence of the applied foliar fertilizer on the content of Fe, Zn and B in the 

highbush blueberry leaves. Only small impact or trend with no significant differences 

among treatments was established in the case of Cu and Mo, therefore, data are not 

presented. 

Severe Fe deficiency (40–46 mg kg-1) in blueberry leaves, collected prior to the use 

of foliar micronutrients, were detected at all experimental plots. According to current 

nutrient standards (Nollendorfs, 2004; Hart et al., 2006) the lower limit of the sufficiency 

range is 60 mg kg-1 (Fig. 1, A). 

After the first spray, the Fe concentration in the leaves exceeded the minimum 

sufficiency level, but after the second treatment with foliar fertilizer reached the 

optimum range. In general, foliar fertilization provided from 52% (after one spraying) 

to 118% (after 3 sprayings) higher Fe content in leaves compared to the control group. 

It should be noted that despite the Fe deficiency in the leaves in the spring, Fe 

https://www.sciencedirect.com/science/article/pii/S030442381730691X#bib0050
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concentration in soils (103–203 mg L-1) was optimal throughout the season. Such 

phenomenon could be explained by many biotic and abiotic factors influencing the 

availability of nutrients for plant uptake (Marshner, 2012) and underline the potential of 

foliar fertilization and importance of complex diagnostics (soil + pant tissue analysis) 

not only for correct determination of the nutritional status of plants but also for selection 

the most efficient mode of fertilizer application. 
 

 

 

 
 

Figure 1. Concentration of Fe (A), Zn (B) and B (C) in highbush blueberry leaves. 

Means with different letters for each sampling time were significantly different (t-Test, p < 0.05). Minimum 

level  optimum range                     . 
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Micronutrient Zn and B content in blueberry leaves were significantly affected by 

micronutrient foliar application (Fig. 1, B & C). It should be noted that sufficient Zn 

concentration level in soil (Table 1.) did not provide optimal content of this element in 

blueberry leaves at the beginning of the vegetation season As mentioned before such 

phenomenon is caused by limited availability of particular mineral element for uptake in 

plants. As the B concentration in the soil was low at the beginning of the experiment, it 

was not surprising that the content of B in the leaves also did not reach the optimal level 

in spring. In general, results indicated that micronutrient foliar application 

provided/ensured Zn and B absorption in plants and increased the concentrations of these 

nutrients in blueberry leaves. Similarly, as in the case with Fe, the highest Zn and B 

concentration in leaves were recorded when plants were treated 3 times per season with 

foliar fertilizer. Researches made by Wójcik (2005) and Arrington & De Vetter (2017) 

claims that the application of foliar B fertilization resulted in a significant increase of B 

in highbush blueberry leaves, but not resulted in higher yield of berries. Similarly, Chen 

et al. (1998) detected no significant differences in fruit set and yield between B 

treatments in 12 lowbush blueberry (Vaccinium angustifolium Ait.) clones. In contrast, 

Meriño-Gergichevich et al., (2016) found that foliar B application not only elevated B 

concentration in plant leaves but significantly enhanced highbush blueberry yield and 

quality. Considering that boron is easily leached from soils, several studies (Gupta et al., 

1985; Eaton & Sanderson, 2007) suggests that foliar applications of B as a supplement 

for soil fertilization method are a valuable tool to enhance boron supply in blueberry 

leaves. 

Our research clearly indicates that foliar fertilization may be effective to ensure 

optimal crop performance in cases when a particular mineral element is not available to 

plants. Since small quantities of fertilizers are used by spraying directly to the bushes, 

this method could contribute also to environmental protection. 

 

Chlorophyll fluorescence 

Chlorophyll a fluorescence measurements were used as an indicator to analyze the 

effect of foliar fertilization on the physiological state of blueberries. Within the last 

decades, chlorophyll a fluorescence technique has been employed in a wide range of 

studies in plant biology. It has been shown that the decline of the ratio of variable to 

maximum fluorescence or potential maximum quantum yield of the photosystem II 

(FV/FM) below 0.8 reflects inhibition of photosynthesis and, therefore, indicates 

episodes of previously suboptimal conditions (Öquist et al. 1992; Andersone et al., 

2011). On the other hand, Performance Index (PI) is a more complex parameter 

reflecting overall efficiency of light absorption, as well as both light and dark redox 

reactions (Strauss et al., 2006). Although the overall positive linear correlation between 

PI and FV/ FM for analyzed blueberry plants was apparent, dynamics of changes in the 

individual parameters were not identical, suggesting the different effect of 

environmental factors on various aspects of the photochemistry of photosynthesis. Such 

difference partly can be explained by different time scales of impact by changing 

environmental conditions on the photochemistry, where PI shows instant general 

responses of the photosynthetic system while FV/FM reflects longer-lasting response. It 

is well known that Fe has an essential function in the whole photosynthetic apparatus 

and iron deficiency significantly influence parameters characterizing leaf functions, 

https://www.tandfonline.com/author/Wojcik%2C+Pawel
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including gas exchange, water status and chlorophyll fluorescence (Abadia, 1992; 

Fernandez et al., 2008; Fageria, 2009). Our research demonstrates that PI and partly FV/ 

FM value reflected the direct effect of increased microelement supply on blueberries. 

The lowest PI values (Fig. 2) were established in spring when Fe deficiency and 

suboptimal concentrations of Zn and B was evident for all treatments. In turn, the highest 

PI and FV/FM, above recommended 0.8, were detected after the third spraying of 

fertilizers. The potential maximum quantum yield of photosystem II (FV/FM) showed 

that it tends to be equal from May to June, with a significant decrease in July (Fig. 2, B). 

Such decrease of FV/FM below 0.77 in July indicated possible photoinhibition of 

photosynthesis in highbush blueberry. As pointed out by Baker (2008), FV/FM 

represents the maximum quantum yield of photosystem II, while under ambient light 

conditions effective quantum yield may be significantly lower. The present data show 

that photochemistry of photosynthesis of blueberry is strongly affected by local changes 

of environmental conditions. However, it is evident that mineral nutrition conditions are 

among the most important factors affecting the physiological status of highbush 

blueberry. 

 

  

 
 

Figure 2. Changes of chlorophyll a fluorescence parameters PI (A) and FV/FM (B) in highbush 

blueberry leaves: PI – Performance Index; FV/FM – potential maximum quantum yield of 

photosystem II. 
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Berry yield and quality 

The aim of the experiment was also to examine the blueberry yield and quality. In 

general, berry yield was significantly influenced by foliar fertilizer applications 

(p < 0.05). Our results showed that total blueberry yield (Table 2) achieved in the 

experiment was equivalent to 5.02–7.14 t ha-1 (3,800 bushes per hectare) which are 

considerably higher compare to average blueberry yield in Latvia – 1.49 t ha-1 (Crop 

statistics, 2019) and are close to average yields reached in USA (6.91 t ha-1 in 2017) 

confirming that correct mineral nutrition is one of the most significant limiting factors 

for high berry fields in Latvia. The highest yield was obtained from the bushes sprayed 

3 times per season. Well-known that fruit size is of decisive importance for the crop 

quality. In our experiment, the largest berries and the highest mass of one berry (23.0 mm 

and 3.36 g accordingly) were also achieved from the bushes sprayed 3 times per season. 

On the other hand, the smallest berries and the lowest one fruit mass were detected in 

control treatment. Our results are consistent with Starast et al. (2002) who obtained a 

higher yield and higher weight of fruit of lowbush blueberry under the effect of foliar 

fertilization in Estonia. 

 
Table 2. Characteristics of the highbush blueberry ‘Patriot’ fruits in dependence on fertilizing 

Treatment 
Average yield from bush  

(kg) 

Average one fruit mass 

(g) 

Average fruit diameter 

(mm) 

Control 1.32 ± 0.031a* 2.90 ± 0.322a 19.5 ± 0.27a 

Treatment 1 1.48 ± 0.028a 2.86 ± 0.431a 19.6 ± 0.21a 

Treatment 2 1.50 ± 0.033b 2.99 ± 0.809a 22.3 ± 0.33b 

Treatment 3 1.88 ± 0.042b 3.36 ± 0.286b 23.0 ± 0.56b 
*Means with different letters in a column were significantly different (t-Test, p < 0.05). 

 

CONCLUSION 

 

As a conclusion, our study reveals, that foliar fertilization can become a very 

practical and effective method for increasing blueberry yields and berry quality. In 

general, foliar application of micronutrients resulted in the better provision of these 

elements in leaves, the better photosynthetic performance of plants as well as higher and 

more qualitative yield of blueberries. Based on the present study, it can be suggested that 

chlorophyll a fluorescence is a useful tool not only for non-destructive measurement of 

stress impact on the physiological status of highbush blueberry but also to search for the 

effect of any suboptimal conditions through the analysis of various aspects of the 

photochemistry of photosynthesis. 
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Abstract. The article presents the results of vegetation experiment on the influence of different 

rates of herbicide Prima Forte 195 – 2-ethylhexyl ether 2.4-D + aminopyralid + florasulam (0.5; 

0.6 and 0.7 L ha-1) under different application methods of plant growth regulator of a natural 

origin Wuxal BIO Vita (Ascophyllum nodosum extract + microelements) on the content of 

malondialdehyde (MDA) as an important indicator of the intensity of peroxide oxidation of lipids 

in plants and on the activity of enzyme glutathione-S-transferase (GST) in the leaves of emmer 

wheat. 

Experimental scheme included 16 experimental variants: 1 – without application of preparations 

and pre-sowing treatment of seeds (control); 2, 3, 4 – Prima Forte 195, applied to vegetative 

plants at the rates 0.5, 0.6 and 0.7 L ha-1; 5 – Wuxal BIO Vita at the rate of 1.0 L ha-1, applied to 

vegetative plants; 6, 7, 8 – Prima Forte 195 at the rates of 0.5, 0.6 and 0.7 L ha-1 in tank mixtures 

with Wuxal BIO Vita at the rate of 1.0 L ha-1, sprayed on vegetative plants; 9 – pre-sowing 

treatment of seeds with Wuxal BIO Vita at the rate of 1.0 L t-1 (background); 10, 11, 12 – Prima 

forte 195, applied to vegetative plants at the rates of 0.5, 0.6 and 0.7 L ha-1 at the background of 

pre-sowing treatment of seeds with Wuxal BIO Vita at the rate of 1.0 L t-1; 13 – Wuxal BIO Vita 

at the rate of 1.0 L ha-1 (applied to vegetative plants, treated before sowing with Wuxal BIO Vita 

at the rate of 1.0 L t-1); 14, 15, 16 – Prima Forte 195 at the rates of 0.5, 0.6 and 0.7 L ha-1 

respectively, in tank mixture with Wuxal BІО Vita at the rate of 1.0 L ha -1 – spraying of plants 

and pre-sowing treatment of seeds with Wuxal BІО Vita 1.0 L t-1. 

It has been found that under the application of Prima Forte 195 the redox state in the leaves of 

emmer wheat increased considerably in the direction of increasing the content of MDA. It has 

also been proved that herbicide Prima Forte 195 and its mixtures with plant growth regulator 

(PGR) Wuxal BIO Vita caused the changes in the activity of enzyme glutathione-S-transferase, 

which slightly increased in the initial period in the variants of integrated application of herbicide 

and plant growth regulator. However, later the GST activity in the variants of integrated 

application of herbicide and PGR decreased, which indicates stabilization and a positive influence 

of integrated application of preparations on the detoxification processes in the crops of emmer 

wheat. 

 

Key words: MDA content, glutathione-S-transferase, oxidative stress, herbicide, plant growth 

regulator, emmer wheat (Triticum dicoccum (Schrank) Schuebl.) 
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INTRODUCTION 

 

Weeds remain the main restricting factor of growing such an important crop as 

wheat. Therefore, over the last years in the technologies of growing wheat the volumes 

of using chemical plant protection products have increased, including herbicides, which 

has aggravated the problem of accumulating toxins in food chains (Hesammi, 2011). In 

this respect, the technological developments that provide transition from chemicals-

dependent to biologically oriented arable farming are becoming more urgent. However, 

a drastic transition to biological arable farming leads to the increase in weed infestation 

of crops and a decrease of wheat yielding capacity. Therefore, nowadays when there is 

a shortage of foodstuffs worldwide, it is impossible to reject the application of herbicides 

completely. At the same time, it is necessary to look for the ways of decreasing their 

negative effect on farm ecosystems. Definitely, these ways should include the elements 

of biologization, which in the case of herbicides can be reached due to their integrated 

application with the preparations of natural origin, for example, with plant growth 

regulators (PGR), that are characterized by anti-stress and immune-stimulating 

properties. For the first time this possibility was proved on the example of spring barley 

(Karpenko et al., 2012). Though, a number of issues dealing with a comprehensive action 

of herbicides and PGR remains insufficiently studied. The choice and evaluation of the 

optimal combination of preparations in the mixtures, especially multi-component ones, 

are carried out without considering the mechanisms of their action on the key 

physiological reactions in a plant body, because herbicides, being highly-effective 

compounds, are able to penetrate in plants quickly, where they are subject to metabolic 

transformation on the part of fermentative systems. 

It was proved that herbicides could cause oxidative stress (Van Camp et al.; 1994; 

Mitieva et al., 2010), which is accompanied by an intensive generation of active oxygen 

species (AOS). The latter, in their turn, lead to the structural damage of membranes, 

proteins, lipids, carbohydrates, and DNA, increase the level of peroxide oxidation of 

lipids (POL) (Hassan & Nemat Alla, 2005; Gill & Tuteja, 2010). Hence, the rate of 

detoxification of herbicides in cultivated plants and weeds determines their selectivity 

(Owen, 2000). It is in the process of destroying a toxic agent in cells when the activity 

of enzymes increases, as well as glutathione-S-transferase (GST) (EC 2.5.1.18) — the 

enzyme that metabolizes toxic products of peroxide oxidation of lipids, that damage 

DNA and other cell components (Liu et al., 2013). GST also catalyzes the creation of 

glutathione conjugates, that way decreasing the toxic level of alien compounds that are 

taken away from cells with the help of special ATF-dependent transport systems 

(Lamoureux & Rusness, 1989). Activation of glutathione-S-transferase enhances the 

ability of cells to detoxify toxic agents, which is explained by the participation of enzyme 

in the neutralization of AOS (Zama & Hatzios, 1986). In particular, GST catalyzes the 

conjugation of electrophilic and often hydrophobic toxic compounds with glutathione 

with the formation of non-toxic peptide compounds (Neuefeind et al., 1997; Dixon et 

al., 1998; Edwards & Dixon, 2000; DeRidder & Goldsbrough, 2006; Rochalska & 

Grabowska, 2007; Baimuhametova et al., 2016). 

To eliminate AOS in plants there are other specific enzymes: peroxidase, catalase, 

and superoxide dismutase. According to our previous research (Karpenko & Pavlyshyn, 

2018), under the application of herbicide Prima Forte 195 at the rates of 0.5–0.7 L ha-1 

the activity of peroxidase and catalase in the plants of emmer wheat can increase by  
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18–33 and 19–32% respectively, compared to the variant without the application of 

herbicide, which is the result of a considerable increase of H2O2 in the leaves of a plant 

as one of the forms of AOS. It is obvious, that GST also reacts in a proper way to the 

increased concentration of H2O2 in cells. However, there is no information available in 

scientific literature as to the influence of herbicide Prima Forte 195, that has been used 

in Ukraine only for the recent two years, on the activity of GST and development of 

oxidative stress in the plants of emmer wheat, which makes our experiment relevant. 

The aim of our experiment was to study the influence of herbicide Prima Forte 195 

(0.5; 0.6; 0.7 L ha-1) in vegetative plants separately and in the mixtures with PGR Wuxal 

BIO Vita at the rate of 1.0 L ha-1, and also application of the same compositions of 

herbicide and PGR at the background of pre-sowing treatment of seeds with PGR Wuxal 

BIO Vita at the rate of 1.0 L t-1 on the accumulation of malondialdehyde (MDA), the 

product of peroxide oxidation of lipids and activity of glutathione-S-transferase. Taking 

into account oxidative and enzyme changes in emmer wheat we tried to determine the 

optimal combination of preparations, under which application the plants are subjected to 

the minimal stressful influence from the part of herbicide agent. 

 

MATERIALS AND METHODS 

 

The objects of the research were emmer wheat plants (Triticum dicoccum (Schrank) 

Schuebl.) of the cultivar Holikovska (originator – the Plant Production Institute named 

after V.Ya. Yuryev, Ukraine), herbicide Prima Forte 195, с.е. (Syngenta) (active 

substances – florasulam 5 g L-1, aminopyralid 10 g L-1, 2-ethylhexyl alcohol 2.4-D 

180 g L-1), plant growth regulator Wuxal BIO Vita (Unifer) (active substance – extract 

from seaweed Ascophyllum nodosum, nitrogen (N) – 52 g L-1, manganese 

(Mn) – 38 g L-1, sulphur (S) – 29 g L-1, iron (Fe) – 6.4 g L-1, zinc (Zn) – 6.4 g L-1). 

Plants were grown in the laboratory in plastic containers with the capacity of 12 kg 

filled with absolutely dry soil, typical for a field experiment. The soil was a podzolized, 

heavy loamy black soil. The humus content in plowing horizon made up 3.4%; nitrogen 

content of alkaline hydrolysis compounds was low (103 mg kg-1); the content of 

phosphorus movable compounds (96 mg kg-1) was medium; the content of potassium 

movable compounds was higher; reaction of soil solution was weak acid (рН of salt 

solution is 5.9). (above mentioned indicators were determined according to the methods, 

described in (Hrycajenko et al., 2003). Soil moisture was maintained by the gravimetric 

method at the level of 60% soil moisture. Additional illumination with fluorescent lamps 

800 lux (14–16 hours) was used under controlled conditions of plants growth and 

development. The temperature was maintained at the level of 25 °C. Relative humidity 

was 60%. Treatment of seeds with PGR was carried out according to the rates, calculated 

per seed weight, and spraying of vegetative plants was completed per area according to 

concentration in relation to the rates of application under field conditions. Treatment of 

seeds with PGR was carried out on the day of sowing (BBCH 00). Vegetative plants 

were treated with herbicide and PGR at the phase BBCH 29 with hand-operated sprayer. 

In order to provide an even illumination and temperature regime, the location of 

containers with plants was changed every two days. Vegetation experiment was carried 

out in a 3-time repetition, observing the requirements of vegetative method (Zhurbickij, 

1968). The scheme of the experiment included 16 experimental variants: 1. C – without 

application of preparations and pre-sowing treatment of seeds (control); 2, 3, 4. H0.5, 
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H0.6, H0.7 – herbicide Prima Forte 195 at the rates of 0.5, 0.6 and 0.7 L ha-1; 

5. PV – PGR Wuxal BІО Vita at the rate of 1.0 L ha -1, treatment of vegetative plants; 

6, 7, 8. H0.5, H0.6, H0.7 + PV – tank mixtures of Prima Forte 195 0.5, 0.6 and 0.7 L ha-1 

+ Wuxal BІО Vita 1.0 L ha-1, treatment of vegetative plants; 9. PS – PGR Wuxal BІО 

Vita 1.0 L t-1 (pre-sowing treatment of seeds, background); 10, 11, 12. H0.5, H0.6, 

H0.7 + PS – Prima Forte 195 0.5, 0.6, 0.7 L ha-1, treatment of vegetative plants at the 

background of pre-sowing seed treatment with PGR; 13. PS + PV –Wuxal BІО Vita 

1.0 L ha-1, treatment of vegetative plants with PGR at the background of pre-sowing 

seeds treatment with PGR; 14, 15, 16. H0.5, H0.6, H0.7 + PS + PV – Prima Forte 195 

0.5, 0.6, 0.7 L ha-1 + Wuxal BІО Vita 1.0 L ha-1, treatment of vegetative plants with tank 

mixture of herbicide and PGR at the background of pre-sowing seed treatment with PGR. 

The leaves of emmer wheat were selected for the analyses on the 3rd and on the 10th 

day after a post-germination application of preparations. Intensity of oxidative stress was 

evaluated by the reaction of POL – by the accumulation of a final product of peroxide 

oxidation of lipids – malondialdehyde (MDA), by the reaction with thiobarbituric acid 

(TBA) at 532 nm on spectrophotometer LEKI SS1104 according to the technique 

(Rogozhin, 2006). The method is based on determining the amount of a coloured product 

at the wave length 532 nm, obtained as the result of interaction of 2 molecules of TBA 

with one molecule of MDA as one of the by-products of POL. For this purpose, 1 g of 

leaves tissue was homogenized with 3 mL of 50% ethanol and centrifuged 10 min at 

7,000 rpm. 0.5 mL of 1% triton X-100 solution, 0.2 mL of 0.6 М HCl and 0.8 mL 0.06 

М of TBA were added to the obtained 0.5 mL of supernatant and heated in the boiling 

water bath (100 °C) for 10 min and then cooled to 15 °C for 30 min and added 0.2 mL 

5 mM solution of Trilon B and 5–10 mL of 96% ethanol. As a control served test-tube 

in which all chemical reagents except TBA were added. MDA content was calculated, 

taking into account optical density of the sample and its corresponding dilutions under 

the coefficient of micro molar absorption TBA ℇ = 155 µM-1 cm-1 at the wave length 

532 nm and was expressed in µmol g-1 of raw substance. 

The activity of GST was determined by the method of Habig et al. (1974) in the 

modification of Grishko & Syschikov (1999): for that purpose 1 g of raw tissue of leaves 

was crashed in mortar in 3 mL water cooled to 0 °C, homogenate was centrifuged 10 min 

at 7,000 rpm. 0.2 mL 0.015 M solution of reduced glutathione and 0.1 mL of supernatant 

were added in the cuvette (optical path length l = 1 cm) that contained 2.5 mL 0.1 M 

potassium phosphate buffer (pH = 6.5). Reaction was initiated by adding 0.2 mL 

0.015 M 1-chloro-2.4-dinitrobenzene (DNCB) in the cuvette. Simultaneously, blank 

sample was prepared, in which distilled water was added instead of supernatant. The 

change in optical density was recorded in the third minute at wave length 340 nm on 

spectrophotometer LEKI SS1104. 

Calculations of enzyme activity were carried out considering optical density of the 

sample, corresponding dilutions, the time of the reaction under the coefficient of micro 

molar absorbtion of DNCB at wave length of 340 nm ℇ = 9.6 µM-1 cm-1. Catalytic 

activity of GST was expressed in µmol g-1 of raw substance per 1 minute. 

Reliability of the experiment and significance of the difference between indexes 

(LSD) in the experimental research were assessed according to the results of the analysis 

of variance (Ehrmantraut et al., 2000) with the application of Microsoft Excel. The 

graphs show arithmetic means of the analyses, that were carried out three times. 

Sampling error doesn’t exceed 5% from mean values. 
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RESULTS AND DISCUSSION 
 

Herbicides, violating the key physiological reactions in plants, including 

enzymological, cause the activation of free-radical oxidizing processes (Enan, 2009). 

The most representative among them is peroxide oxidation of lipids (POL), key index 

that shows the intensity of stressful influence of the factors of different nature, including 

herbicides. Therefore the accumulation of POL products in plants, in particular MDA, 

can serve as an indicator of the signal system of the adaptive protection of a plant against 

toxic action of xenobiotic (Agostinetto et al., 2016). 

According to the results of the research into the MDA content in emmer wheat 

leaves it has been established, that herbicide treatment of plants led to the metabolic 

disturbance in plants, the level of which depended on a separate or integrated application 

of herbicide with PGR and correspondingly affected the level of MDA accumulation 

(Fig. 1). 

In our experiment the highest MDA content in the leaves of emmer wheat was 

recorded in the variants with the application of herbicide without PGR, when under the 

rates of Prima Forte 195 0.5; 0.6 and 0.7 L ha-1 its content exceeded control by 162, 190 

and 226% on the 3rd day after application and by 111, 124 and 143% on the 10th day 

respectively. 

It has been noted that along with the increase of the application rate of herbicide, 

there was the increase in the accumulation of MDA in the leaves of emmer wheat, which 

could serve as an indicator of the development of oxidative stress in the plants. Obtained 

results conform with the results of the experiments performed by other scientists 

(Rossikhina & Vinnichenko, 2004; Agostinetto et al., 2016), who established that the 

action of herbicides based on 2.4-Dichlorophenoxyacetic acid (which is one of the 

components of herbicide Prima Forte 195) in the crops of corn and wheat cause the 

activation of POL, which is manifested in the increased MDA accumulation. 

Under the integrated application of Prima Forte 195 at the rates 0.5; 0.6 and 

0.7 L ha-1 with Wuxal BIO Vita 1.0 L ha-1 the indexes of MDA content in the leaves of 

emmer wheat exceeded control by 78, 95 and 111% on the 3rd and by 79, 94 and 118% 

on the 10th day respectively. 

When emmer wheat was sprayed with Prima Forte 195 at the rates of 0.5; 0.6 and 

0.7 L ha-1 at the background of pre-sowing treatment of seeds with Wuxal BIO Vita PGR 

1.0 L t-1, the indexes of MDA content compared to control increased by 141,161 and 

185% on the 3rd day and by 91, 107 and 135% on the10th day respectively. 

Integrated application of herbicide Prima Forte 195 (0.5–0.7 L ha-1) and PGR at the 

background of pre-sowing treatment of seeds with PGR increased MDA content 

compared to control in the plants of emmer wheat by 67, 91 and 103% on the 3rd and by 

63, 73 and 89% on the 10th day respectively. It should be noted that MDA content in 

these variants was lower compared to the variants with the application on herbicide 

alone, which means the initial increased level of detoxification processes in plants, aimed 

at destroying the toxicant. It is obvious that complex application of PGR (treatment of 

seeds and plants) in this case was the factor of decreasing or stabilizing POL processes 

in the plants (Karpenko et al., 2012), which can be the result of the changes in the 

enzymatic system of plants in general. 
 



149 

 
 

Figure 1. MDA content (µmol g-1 of raw substance) in the leaves of emmer wheat under the 

application of herbicide Prima Forte 195 and Wuxal BIO Vita PGR (LSD05: for third day – 1.42; 

for tenth day – 2.08). 

C – without application of preparations (control); H0.5, H0.6, H0.7 – Prima Forte 195 0.5, 0.6, 

0.7 L ha-1; PV – Wuxal BIO Vita – 1.0 L ha-1; H0.5, H0.6, H0.7 + PV – Prima Forte 195 0.5, 0.6, 

0.7 L ha-1 + Wuxal BIO Vita 1.0 L ha-1; PS – Wuxal BIO Vita 1.0 L t-1 (pre-sowing treatment of 

seeds, background); H0.5, H0.6, H0.7 + PS – Background + Prima Forte 195 0.5, 0.6, 0.7 L ha-1; 

PS + PV – Background + Wuxal BІО Vita 1.0 L ha-1; H0.5, H0.6, H0.7 + PS + PV – Background 

+ Prima Forte 195 0.5, 0.6, 0.7 L ha-1 + Wuxal BІО Vita 1.0 L ha-1. 

 

Enzymatic reactions in the mechanism of protective processes are leading and the 

most powerful, because they prevent not only the development of free-radical reactions 

but also support high intensity of oxidant-renewing processes, provide elimination of 

final oxygen metabolites with their involvement into the energetic exchange and 

activation of synthesis processes (Kobylinska & Tymochko, 2000). Metabolic response 

of a cell to the action of the irritant depends on its oxidizing-renovating state, that is able 

to influence the formation of adaptive reactions through the variability of the level of 

renovation of low-molecular compounds and proteins and the efficiency of the system 

of antioxidant protection (Kulinskii & Kolesnichenko, 1993). According to the data, 

obtained by the scholars (Kurganova et al., 1997; Kalashnikov et al., 1999), POL 
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products – ‘initial mediators’ of stress as a special state of an organism, can trigger the 

corresponding mechanisms of protection in the plants, including enzymatic ones. For the 

reasons, that haven’t been studied up to now, main agricultural crops such as wheat, 

sorghum, corn, soybean et al. manifest a considerably higher level of GST in the process 

of detoxification of herbicides than weeds, which provides the possibility to manage 

their selective action in relation to weeds (Dixon & Edwards, 2010). 
 

 
 

Figure 2. Activity of GST (µmol g-1 of raw substance per 1 min) in the leaves of emmer wheat 

under the action of the herbicide Prima Forte 195 and Wuxal BІО Vita PGR (LSD05: for third 

day – 0.54; for tenth day – 0.48). 

C – without application of preparations (control); H0.5, H0.6, H0.7 – Prima Forte 195 0.5, 0.6, 

0.7 L ha-1; PV – Wuxal BІО Vita 1.0 L ha-1; H0.5, H0.6, H0.7 + PV – Prima Forte 195 0.5, 0.6, 

0.7 L ha-1 + Wuxal BІО Vita 1.0 L ha-1; PS – Wuxal BІО Vita 1.0 L t-1 (pre-sowing treatment of 

seeds, background); H0.5, H0.6, H0.7 + PS – Background + Prima Forte 195 0.5, 0.6, 0.7 L ha-1; 

PS + PV – Background + Wuxal BІО Vita 1.0 L ha-1; H0.5, H0.6, H0.7 + PS + PV – Background 

+ Prima Forte 195 0.5, 0.6, 0.7 L ha-1 + Wuxal BІО Vita 1.0 L ha-1. 

 

Determining the GST activity in the leaves of emmer wheat under the application 

of Prima Forte 195 at the rates of 0.5; 0.6 and 0.7 L ha-1 showed that the index exceeded 

control by 7; 10 and 18 % on the 3rd day and by 16; 25 and 31% on the 10th day (Fig. 2). 
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Such increase in the GST activity and other enzymes of antioxidant protection of emmer 

wheat plants under the action of herbicides were recorded by other researchers (Yin et 

al., 2008; Jiang & Yang, 2009; Song et al., 2010). 

When plants of emmer wheat were sprayed with Prima Forte 195 at the rates of 0.5; 

0.6 and 0.7 L ha-1 with Wuxal BIO Vita 1.0 L ha-1, the indexes of GST activity exceeded 

control by 20; 28 and 33% on the 3rd day and by 11, 17 and 22% compared to control on 

the 10th day correspondingly. 

According to the data of Shorning et al. (2000), the plants constantly need AOS for 

the regulation of growth and development, therefore the dynamics of GST activity in the 

control variant and some variants testifies this process on the tenth day. However, in the 

variants with combined application of herbicide and PGR, compared to the indexes on 

the 3rd day, GST activity decreased on the 10th day, which indicates the stabilization of 

detoxification processes in emmer wheat plants and conforms with the data of other 

scientists (Bilonozhko et al., 2012). 

When the plants of emmer wheat were sprayed with Prima Forte 195 at the rates 

of 0.5; 0.6 and 0.7 L ha-1 at the background of pre-sowing treatment of seeds with Wuxal 

BIO Vita at the rate of 1.0 L t-1 the GST activity increased in relation to the control by 8; 

13 and 23 % (3rd day) and by 4, 10 and 20% (10th day). 

Under spraying the plants with a tank mixture of Prima Forte 195 at the rates of 0.5; 

0.6 and 0.7 L ha-1 with Wuxal BIO Vita 1.0 L ha-1 at the background of pre-sowing 

treatment of seeds with Wuxal BIO Vita at the rate 1.0 L t-1 the indexes of GST activity 

increased on the 3rd day compared to the control by 40; 49 and 53%, and on the 10th day 

by 23; 37 and 40% respectively. Obtained results of GST activity in the variants of a 

combined application of herbicide and PGR at the background of pre-sowing treatment 

of seeds with PGR show the balancing of pro-antioxidant status of the plants of emmer 

wheat plants. 

The experimental data, presented in this article, give us grounds to state that under 

separate application of herbicide Prima Forte 195 (without PGR) MDA content in the 

leaves of emmer wheat is higher than in the case of a combined application of herbicide 

with PGR in the seeds both treated and untreated before sowing with the same PGR. The 

same factual findings were demonstrated on the example of pea with the application of 

2.4-Dichlorophenoxyacetic acid (which is one of the components of herbicide Prima 

Forte 195), where MDA level increased considerably and which served as a destroying 

factor of haloid phenoxyacetic acids (Shevchenko et al., 1980). At the same time, 

combined application of herbicide and PGR at the background of pre-sowing treatment 

of seeds with PGR fostered the decrease of MDA content in plants. Thus, we can 

summarize that under complex application of herbicide and PGR the level of oxidative 

stress in plants slightly decreases. As to the GST activity in the leaves of emmer wheat 

the experiment showed its increase under lower MDA content, in particular, in the 

variant with the complex application of herbicide and PGR, especially at the background 

of pre-sowing treatment of seeds with PGR. We can, therefore, state that there is 

activation of metabolic processes in plants, including detoxification processes. As our 

previous research showed, herbicides and PGR, having different mechanisms and course 

of action, don’t vie for the common sites (biological targets). At the same time, their 

complex action shows a specific form of interaction, that can be characterized as 

antidotal, which implements through the activation of detoxification systems of plants 

(Karpenko et al., 2016). 
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CONCLUSIONS 

 

1. Herbicide action of Prima Forte 195, especially under the higher norms of its 

application, causes oxidative stress in the plants of emmer wheat that manifests in the 

accumulation of MDA, the product of peroxide oxidation of lipids. MDA content in the 

leaves of emmer wheat as a component of a signal system of the adaptive protection of 

a plant body considerably increases under separate action of herbicide, while it decreases 

under complex action of herbicide Prima Forte and PGR Wuxal BIO Vita. 

2. GST activity in the leaves of emmer wheat is aimed at the decrease of oxidative 

stress and the formation of plant resistance to the action of herbicide agent, as evidenced 

by the decrease of MDA content in the corresponding variants of the experiment, where 

GST activity was the highest. 

3. Complex application of herbicide Prima Forte 195 at the rates of 0.5; 0.6 and 

0.7 L ha-1 with the plant growth regulator Wuxal BIO Vita at the rate of 1.0 L ha-1 at the 

background of pre-sowing treatment of seeds with the same PGR at the rate of 1.0 L t-1, 

obviously causes faster pace of detoxification of xenobiotic in plants, because in the 

present variants of the experiment there is increased GST activity under decreased MDA 

content. 
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Abstract. The need for mechanical disintegration of biomass is very current topic with regard to 

the requirements of an agrarian sector, beside the importance of a material’s moisture content 

reduction to be used in further applications. The drawbacks of commonly applied devices are the 

limited use of moist biomass and high energy consumption for disintegration. In collaboration 

with LAVARIS company, there were tested two high-speed mills LAV 400/1R with single rotor 

(used for a first milling) and LAV 300/2R with double rotors (used for a second milling), which 

were primarily designed for crushing of concrete, rubber and construction waste. The goal of the 

new technical solution was a disintegration of biomass on example of pine sawdust and 

miscanthus together with examination of simultaneous drying in order to achieve a desired 

fraction (particle size) and moisture content of biomass material. Experimental tests on high-

speed mills have shown the following results: in case of pine sawdust about 98% of output particle 

size after passing through the first and second milling was smaller than 1.5 mm, and smaller than 

1 mm for miscanthus (sieve analysis method was used for determination), i.e. significant 

reduction was achieved comparing to initial particle size. Moisture content of the materials after 

disintegration (first and second) decreased from 37.08% to 8.55% for pine sawdust and from 

24.43% to 7.19% for miscanthus. Based on the results, it can be concluded that the mechanical 

disintegration of biomass by high-speed mills has a great potential to become an effective part of 

raw materials’ pre-treatment technology, not only in agriculture, but also in production of 

different types of biofuels. 

 

Key words: pine sawdust, miscanthus, particle size, sieve analyses, moisture content. 

 

INTRODUCTION 

 

Size reduction of agricultural products and by-products is a key issue for the further 

utilization of the materials (Chitoiu et al., 2016) together with a moisture content. 

Particle size is an important parameter having an impact on the characteristics of loose 

particulate biomass (e.g. flow ability, compaction, compressibility) as well as 

mechanical properties of densified biofuels (bulk density, strength, mechanical 

durability), thus largely affecting their quality and performance (Pietsch, 2008; 

Tumuluru et al., 2011; Guo et al., 2012; Chaloupková et al, 2016; Muntean et al., 2017; 

Chaloupková et al., 2018). Mechanical disintegration significantly decreases the size of 
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materials’ particles and biomass volume resulting in the lower costs for storage, transport 

and use (Guo et al., 2016; Muntean, 2017). Grinding, cutting or crushing is carried out 

by different types of mills, using various energy sources, where the most widely used is 

a hammer mill (Chitoiu et al., 2016). For the purpose of biomass disintegration for 

biofuel production, the devices that operate on the principle of shear action (colloid mills, 

extruders) or shear forces (blade, striking mills) are commonly applied to disintegrated 

the materials with a moisture content over 20 wt% (Kratky & Jirout, 2015). However, 

their disadvantages are in the limited use of moist biomass and high energy demands 

(Tumuluru, 2018). According to Manlu et al. (2003) besides the grinding degree beeing 

a very important indicator, the size reduction has a direct relationship to the energy 

consumption per unit. Drying of biomass is another crucial operation from technological 

point of view, where the speed of drying is also affected by size, shape and type of the 

used material. Thanks to drying the material which would destruct in its natural state 

very quickly can be stored for a long time, however, drying often involves high energy 

consumption as well, and that is why it is essential to find/select an optimal drying 

equipment (Ivanova et al., 2012). 

Generally, the importance of developing the sustainable and renewable energy 

sources, mainly improving the efficiency of such systems for a proper energy saving, is 

rapidly expanding (Shih et al., 2016). For example, thermo-chemical treatment like 

combustion or gasification is already known way of biomass utilization for heat and 

power generation (Kirsanovs et al., 2014), and since the last years a pyrolysis technology 

attracts an increasing scientific attention, too. However, the process of pyrolysis is 

energy-intensive (especially rapid pyrolysis), mainly the pre-treatment of a material 

before the process like pre-drying of biomass (Rogers & Brammer, 2012) as well as size 

reduction (Choi et al., 2012). Therefore, it is advisable to include disintegration, press or 

drying unit prior to the pyrolysis reactor (De Jong & Van Ommen, 2014). 

High-speed grinding is one of the most efficient and promising solutions for 

modifying materials in which a large amount of energy is mechanically transferred to 

the mass of a treated material, thereby changing its reactivity and subsequent properties 

in addition to the reduction of a material size (Kratky & Jirout, 2015). High-speed 

grinding performs effective and continuous processing of a very wide range of materials. 

The treatment of materials by means of high-speed grinding allows to combine the 

milling effect (surface refinement) with a pronounced mechanochemical activation, i.e. 

an increase in the internal energy of the treated substances. Mechanochemistry refers to 

reactions, normally of solids induced by mechanical energy (Gomes et al., 2014), and 

mechanochemical reactions of organic compounds take place at the low milling energy 

(Takacs, 2014). 

The intention of this paper was to introduce the results of using high-speed mills 

developed and manufactured by LAVARIS Ltd. for grinding of different biomass and 

minimising energy consumption. The present study has tested the possibility of using 

high-speed mills for disintegration of plant material in order to improve the pre-treatment 

and to expand the utilization of vast residual biomass produced in the agricultural sector, 

wood processing, forestry activities and other esially available biomass. The main 

research aim was to investigate an impact of using high-speed mills on a material 

moisture content and reduction of its particle size. 

 



157 

MATERIALS AND METHODS 

 

For experimental purposes the following materials were used: herbaceous biomass 

of miscanthus (Miscanthus sinensis) – a promising perennial energy crop with the high 

yield and low input requirements (Clifton-Brown et al., 2004; Davis et al., 2010) and 

pine sawdust (Pinus L.) – a waste-wood biomass representing traditional feedstock for 

solid biofuels production (McKendry, 2002; Deac et al., 2015; Chaloupková et al., 

2018). Both materials were initially grinded by the hammer mill (model 9FQ-40C, Pest 

Control Corporation, Vlčnov, Czech Republic) with the screen holes’ diameter of 12 mm 

(i.e. initial fraction was 12 mm). 

Further, two types of high-speed mills, which are an intellectual property of 

LAVARIS Company, were tested for the biomass disintegration within this study: 

- High-speed multilevel single rotor mill (LAV 400/1R, Lavaris, Libčice nad 

Vltavou, Czech Republic) with the technical specifications: rotor diameter of 400 mm 

and rotation speed of 7,800 min-1 was used for the first (primary) milling (see Fig. 1); 

- High-speed multilevel double rotors mill (LAV 300/2R, Lavaris, Libčice nad 

Vltavou, Czech Republic) with the specification: rotor diameter of 300 mm and rotation 

speed of each rotor of 6,200 min-1 was used for the second (secondary) fine milling 

(Fig. 2). 
 

 
 

Figure 1. High-speed multilevel single rotor mill LAV 400/1R. 

 

Basically, high-speed mills can be characterized as disintegrators with relatively 

simple design, low weight, which act on the materials by pressure, shear, free-hit and 

pulling/bending. 
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Figure 2. High-speed multilevel double rotors mill LAV 300/2R. 

 

By Hajratwala (1982) the size reduction and heat amount produced in the high-

speed milling process depend on the mill speed. The peripheral speed (v) is the speed 

that a point in the circumference moves per second and it was calculated for both 

machines by using the following equation: 

𝑣 =
𝜋 ×  𝑑 ×  𝑛

60
, m s−1 (1) 

where π – 3.14; d – rotor disc diameter, m; n – revolutions per minute, min-1. 

In addition to this fact, the special and advanced construction of the tested high-

speed mills, invented by LAVARIS Ltd., allowed to adjust the placements of the milling 

elements. Due to the flexibility in adjustable gaps between the milling elements it was 

possible to regulate a size of the space for the material flow, the intense of friction and 

the speed of the material’s feeding. Thanks to the mentioned advantages, it was feasible 

to control the final size of output material and a temperature of the milling process. 

One of the main parameters that characterize an efficient operation of a 

disintegrator is a particle size distribution (PSD) of the product obtained after the 

grinding process (Tumuluru et al., 2011; Chaloupková et al., 2016). The PSD of the input 

biomass, biomass after the first as well as second milling was determined by the vibrating 

screen method (EN ISO 17827-2, 2016) using a sieve shaker (AS 200, Retsch, Haan, 

Germany) with 30-min sieve shaking time for each repeated measurement and amplitude 

3.0 mm g-1. Therefore, for determination of particles size of the initial materials a set of 

calibrated sieves with the following mesh sizes was applied: 3.15 mm; 1.5 mm; 0.63 mm 

and the bottom pan. While determining the PSD of the materials obtained by the primary 

milling the sieves with the mesh sizes of 3.15 mm; 2.5 mm; 1.5 mm; 0.63 mm, including 

the bottom pan were selected. And, for the materials subjected to the secondary milling 
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the sieves with apertures of 2.5 mm; 1.5 mm; 1 mm; 0.63 mm; 0.50 mm; 0.25 mm and 

the bottom were used. Three tests (repetitions) were performed for each material and 

measurement; a captured sample weight on each sieve was calculated as a percentage of 

total weight expressed as arithmetic mean of three repetitions. Laboratory precision 

balance (KERN 572-35, Kern & Sohn GmbH, Balingen, Germany) with accuracy 0.01 g 

was used for weighting. 

Moisture content of the input biomass, biomass after the first and second milling 

was determined in accordance with EN ISO 18134-3 (2015) by controlled drying of the 

sample in the laboratory oven (MEMMERT 100-800, Memmert GmbH + Co. KG, 

Schwabach, Germany) at 105 °C for several hours until the weight was constant in mass. 

The resulting moisture content on wet basis was calculated as the mean of duplicate 

determinations with respect to repeatability precision (i.e. difference between two 

individual results of each material sample was not more than 0.2% absolute) and using 

the following equation: 

w =  
m2 − m3 

m2 − m1
 × 100, wt% (2) 

where m1 – mass of empty crucible, g; m2 – mass of crucible with sample before 

drying, g; m3 – mass of crucible with sample after drying, g. 

 

RESULTS AND DISCUSSION 

 

Based on the long-term experience of LAVARIS Ltd. in developing and operating 

high-speed mills, both machines were adjusted to the recommended position. The 

distance between the rotor and stator discs at the high-speed multilevel single rotor mill 

LAV 400/1R was 3 mm, thus the peripheral speed was found to be 163 m s-1. For the 

high-speed multilevel double rotors mill LAV 300/2R the distance between both rotors 

was about 1.5 mm and the peripheral speed then 194 m s-1. 

Particle size distribution of tested materials including determination of PSD of 

input materials with initial fraction as well as PSD after first and second milling are 

presented at the Tables 1–2. It was obvious that the space between the rotor discs effects 

the final size of the treated material. 

In case of herbaceous miscanthus more than 94% of initial particles were smaller 

than 3.15 mm, moreover more than half of the material was captured on the sieve with 

aperture of 1.5 mm, followed by the sieve of 0.63 mm and the bottom pan (Table 1). 

Almost identical results of PSD were obtained by Chaloupková et al. (2016) in case of 

Miscanthus x giganteus, which confirms similar structure of miscanthus species. 

Concerning PSD of pine sawdust initial fraction, the sieve analysis showed that over 

81% of material’s particles were smaller than 3.15 mm, where 65.74% of the material 

almost equally distributed between the sieves with apertures 1.5 and 0.63 mm (Table 2). 

Tables 1 and 2 illustrate that the particle size was visibly reduced after the first 

milling. Almost 99% of miscanthus particles passed through the sieve with apertures of 

2.5 mm, and moreover more than 87% of material was captured and equally divided 

between the sieve of 0.63 mm and the bottom pan. In case of pine sawdust more than 

99% of particles were smaller than 3.15 mm and almost 60% of particles was captured 

on the sieve 0.63 mm, followed by the bottom pan. 
 

https://www.kern-sohn.com/
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Table 1. Particle size distribution of miscanthus biomass 

Miscanthus sinensis 

Initial size First milling Second milling 

Sieve, 

mm g % 

Sieve, 

mm g % 

Sieve, 

mm g % 

3.15 3.27 5.86 3.15 0.5 0.62 2.5 0.20 0.27 

1.5 30.85 55.32 2.5 0.61 0.73 1.5 0.19 0.26 

0.63 15.47 27.74 1.5 9.25 11.24 1.0 0.97 1.32 

< 0.63 6.18 11.08 0.63 37.09 45.09 0.63 9.43 12.79 

   < 0.63 34.81 42.32 0.50 3.04 4.12 

      0.25 19.31 26.20 

      <0.25 40.57 55.04 

Total 55.77 100 Total 82.26 100 Total 73.71 100 

 
Table 2. Particle size distribution of pine sawdust 

Pine sawdust 

Initial size First crushing Second crushing 

Sieve, 

mm g % 

Sieve, 

mm g % 

Sieve, 

mm g % 

3.15 15.97 18.60 3.15 0.51 0.59 2.5 1.22 1.72 

1.5 25.78 30.05 2.5 2.49 2.87 1.5 0.32 0.45 

0.63 30.63  35.69 1.5 7.44 8.57 1.0 4.77 6.74 

<0.63 13.44 15.66  0.63 51.03 58.78 0.63 18.61 26.29 

   <0.63 25.34 29.19 0.50 4.16 5.88 

      0.25 19.83 28.01 

      <0.25 21.88 30.91 

Total 85.82 100  86.81 100  70.79 100 

 

Second milling resulted in very fine particles. About 98% of miscanthus particles 

was smaller than 1 mm, and in case of pine sawdust smaller than 1.5 mm. Majority of 

miscanthus biomass (more than half) was captured on the bottom pan (< 0.25 mm), 

followed by the smallest sieve of 0.25 mm containing ¼ of the particles. About 60% of 

wood biomass was divided between the smallest sieve and the bottom pan. Moreover, in 

case of sawdust only minimal amount of particles (less than 2%) was found on the largest 

sieve of 2.5 mm, for miscanthus number of bigger particles than 1.5 mm was just 

negligible. Interesting phenomenon was monitored in case of the sieve with apertures 

0.63 mm, where almost 13% of miscanthus biomass and twice higher amount of wood 

material was captured, but probably clogged. Sieve clogging during an application of the 

mechanical screening was priviosly observed by Igathinathane et al. (2009) and Glé et al. 

(2013). 

As for example, modern and promising pyrolysis technology has high requirements 

on the size of an input material due to the extremely rapid heat transfer to a feedstock 

(Choi et al, 2012), and thus the size is listed among the main limitations for the majority 

of reactors (Trávníček et al., 2015). By Jouiad et al. (2015), Mohammed et al. (2015) 

and Wannapeera & Worasuwannarak (2015) the maximum size of a material’s particles 

should be 2 mm or optimal size is 0.2–1.8 mm (Yorgun & Yildiz, 2015), even 0.5–1 mm 

(Henkel et al., 2016). The experimental results showed that pre-treatment of the materials 

by high-speed mills can satisfy these requirements. 
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Obtained results of moisture content are presented in the Table 3. As it can be seen, 

the initial moisture content of both materials was relatively high and that biomass is not 

suitable for efficient direct combustion or production, utilization and storage of densified 

biofuels like briquettes, pellets as well as use for pyrolysis process, etc. The 

abovementioned is based on the facts that: high moisture content has negative impact on 

solid biofuels properties, especially calorific value reached during the burning process 

(Huhtinen, 2005; Havrland et al., 2011; Ivanova et al., 2012) as well as reduction of the 

combustion device efficiency and a fuel efficiency (Černý et al., 2016); wet material is 

not bound well during densification (Muntean et al., 2017); decomposing microbial 

processes stop while moisture content is under 20% (Sladký & Hutla, 2000). According 

to Havrland et al. (2011) and Muntean et al. (2017) the proper moisture for biomass 

briquetting must not exceed 12–14%, depending on the technology. For the pyrolysis 

process it is important to pre-dry biomass to a lower moisture than 10% (Rogers & 

Brammer, 2012; Joubert et al., 2015), thus it will lead to a water reduction in pyrolysis 

products, mainly liquid one (Akhtar & Amin, 2012). 

The results of the first milling showed 

the reduction of moisture content by 4.65% 

in case of miscanthus and 7.67% in case of 

pine sawdust (see Table 3), however the 

obtained moistures were still high for 

utilization. During the second milling the 

moisture content of both materials 

decreased significantly and resulted into 

the optimal values. Comparing with the 

first milling, the moisture of miscanthus 

dropped by 12.59% and by 20.86% in case 

of wood, which is equal to 17.24% and 

28.53% moisture reduction in contrast with 

the initial moistures of miscanthus and pine 

sawdust,  respectively.  Biomass  drying is  

 

Table 3. Comparison of moisture content 

of initial materials and materials after first 

and second milling 

Material 
Moisture content,  

wt% 
Initial material  
Miscanthus sinensis 24.43 
Pine sawdust 37.08 

First crushing  
Miscanthus sinensis 19.78 
Pine sawdust 29.41 

Second crushing  
Miscanthus sinensis 7.19 
Pine sawdust 8.55 
 

usually a time consuming process, thus utilization of high-speed mills for coincident 

biomass drying provides a good solution to the time issue as well. 

Finally, it is feasible to do a simple comparison between the tested high-speed 

milling technologies and the conventional systems of milling and drying in relation to 

the energy consumption. The engine power of commonly applied biomass crushers is 

about 22 kW and the production output varies between 400 to 1,000 (Deines & Pei, 

2010). The engine power of typical drum dryer is 12–14 kW and hot air boiler 300–

400 kW (Gigler et al, 2000; Li et al, 2012). So, both systems will need approximately 

34–36 kW of electric engine power plus the energy for hot air boiler. Tested high-speed 

mill LAV 400/1R has maximum electric engine consumption of 10 kW and the second 

high-speed mill LAV 300/2R has maximum electric engine power of 32 kW. This 

comparison also shows the advantages of tested systems above the conventional ones. 

 

CONCLUSIONS 

 

The results unequivocally showed that during the milling of biomass by high-speed 

mills a significant reduction of moisture takes place. In case of miscanthus the moisture 
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content changed from 24.43% (input material) to 19.78% (after the first milling) and 

then to 7.19% (after the second milling). In case of pine sawdust the moisture reduction 

was even more obvious: from 37.08% to 29.41% and finally to 8.55%, respectively. 

Thus, required moisture content for biofuels’ production and other utilizations was 

achieved. 

The milling resulted in obtaining of very fine particles of tested biomass materials. 

The granulometry/sieve analysis show that: 

• For herbaceous biomass of miscanthus, 61% of the initial material particle size 

was above 1.5 mm, after the first disintegration 87.4% particle size was smaller than 

1.5 mm and after the second disintegration 81.2% particles size was below 0.5 mm. 

• For pine wood sawdust, 49% of the initial material had particle size larger than 

1.5 mm, after the first disintegration almost 88% particle size was below 1.5 mm and 

after the second disintegration 91% particle size was smaller than 1 mm, where 58.9% 

was below 0.5 mm. 

Hence, the experimental tests showed that application of the manufactured high-

speed mills with a special construction is a promising technological solution for 

improved biomass pre-treatment combining both effects, drying and grinding processes, 

which are typically very expensive and energy demanding operations.  

As it was seen during the experiments, there are three factors which affect the 

treated material. The gap between milling discs has impact on the final size of the output 

material; beside the course of milling temperature as a result of a friction force inside 

the machine affects the material moisture. The rotors speed is another important factor, 

and with increasing rotor speed the output material size was smaller and the temperature 

was higher. These factors related to the operating conditions of the high-speed mills will 

be a subject of the next paper. 
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Abstract. The objective of this study was to determine the type of mulch and organic fertilizer 

that can induce suitable changes in the microclimate and chemical properties of soil for the 

promotion of growth and yield of shallot on dryland. A factorial randomized block design 

experiment with two factors and three replications was constructed. The first factor was mulches 

consisting of rice straw, coconut husk, silver-black plastic mulch, and without mulch. The second 

factor was the organic fertilizers composed of either composted cow manure, Gliricidia leaf 

compost (each applied at 5 t ha-1), and no organic fertilizer. Among all treatments tested, straw 

mulch with 5 t ha-1 cow manure (L1P1) decreased the soil temperature from 36 °C to 30 °C and 

increasing the soil moisture from 7% to 37%. This, in turn, increased the cation exchange capacity 

by 24.32 meq 100 g-1, pH by 6.83, C organic from 0.74 to 2.72%, C/N ratio by 13.27%, total N 

by 0.29%, total P from 20.02 to 28.86 mg 100 g-1 and K2O by 39.16 mg 100 g-1. In addition, the 

growth and yield of shallot were positively affected, as assessed by plant height, leaf number, 

root length, root dry weight, total leaf area, number of bulbs per hill, bulb diameter, weight of 

fresh bulbs, and bulb yield. The yield of bulbs increased from 4.27 to 10.22 t ha-1 after L1P1 

treatment. This study demonstrates the application of straw mulch and 5 t ha-1 cow manure could 

enhance the yield of shallot cultivation on drylands. 

 

Key words: Allium cepa var. aggregatum, rice straw, coconut husk mulches, cow manure. 

 

INTRODUCTION 

 

Palu valley shallot (Allium cepa L. var. aggregatum G. Don), cultivated in the Palu 

Valley, Central Sulawesi, Indonesia, is an economically important horticultural plant, 

used as a raw material in the preparation of fried shallots. Although the potential yield 

of Palu valley shallot can be as high as 10–12 t ha-1 (Maskar et al., 2001; Central Bureau 

of Statistics Central Sulawesi, 2016), generally the yield obtained by farmers is only 

about 5.3 t ha-1 (Central Bureau of Statistics Central Sulawesi, 2016). The low yield of 

Palu valley shallots is because they are cultivated on less fertile dryland, with low content 

of soil organic matter and limited water resources (Mulyani & Hidayat, 2009). In 

addition, the high intensity of sunlight and low rainfall also contribute to the reduced 

yield of shallots by directly affecting the microenvironment of the plants, especially the 

soil temperature, which influences the environment around the plants, from their roots 

to the aerial part. 

https://doi.org/10.15159/AR.19.017
https://doi.org/10.15159/AR.19.017
mailto:srianjarlasmini@gmail.com
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Soil fertility is closely related to rainfall and climate (Kandiannan et al., 2011; Ann, 

2012). It has been suggested that rainfall and the ability of soil to retain water are crucial 

for improving the quantity and quality of shallot bulbs (Yudiyanto et al., 2014; Rop et 

al., 2016). 

The yield of shallots grown on drylands can be improved by modification of the 

microclimate by mulching and application of organic matter, as well as by increasing the 

input of biomass into the soil (Hani et al., 2016). This will help to optimize the use of 

drylands for shallot cultivation. Mulching helps in stabilizing the soil temperature and 

promotes moisture retention around roots (Ramakrishna et al., 2006; Hernández et al., 

2016; Kader et al., 2017). It also protects the soil surface from the effects of rain and can 

improve soil physical properties by increasing the soil water infiltration rate and 

decreasing the erosion (Bhatt & Khera, 2006; Mulumba & Lal, 2008; Gholami et al., 

2013). Moreover, the use of mulch as soil cover helps in the control of weeds, and it can 

improve the availability of soil water by reducing evaporation and increasing the soil 

organic matter content (Thankamani et al., 2016; Brown & Gallandt, 2018). 

The addition of organic matter plays an important role in improving, and sustaining 

land productivity by improving the physical, chemical, and biological properties of soil. 

Although no single application can improve the plant growth, the use of organic 

fertilizers and microclimate management, together with drip irrigation system, can save 

water and enhance the utilization of organic residues (Sanchez-Martín et al., 2010; 

Reganold & Wachter, 2016). Previous studies have shown that shallot production in 

dryland increased by adding bokashi compost and NPK fertilizer (Lasmini et al., 2018). 

Application of cow dung can be used as organic fertilizer to increase grain yield and 

effectively reduce soil evaporation (Polthanee et al., 2008; Chang et al., 2016). The 

application of organic fertilizers to peas and oats significantly increased the dry weight 

of nodules, the rate of photosynthesis, N2 fixation, N accumulation in pea plants, N 

concentration in the grain, carbon (C), N, and P content in the microbial biomass, and 

fungal ergosterol in soil and CO2 production (Jannoura et al., 2014). 

The improvement of soil biological properties as a result of organic fertilization is 

indicated by an increase in soil organic C, total N, and abundance of soil 

microarthropods, as well as by a decrease in soil pH. The abundance of soil 

microarthropods is positively correlated with soil C and N and negatively correlated with 

pH (Wang et al., 2015). 

The present study aimed to determine the type of mulch and organic fertilizer that 

can be used to change the microclimate, soil chemical properties, and growth and yield 

of shallot cultivated on dryland. 

 
MATERIALS AND METHODS 

 

Experimental site and meteorological conditions 

This research was conducted at Oloboju village, Sigi Regency, Central Sulawesi, 

Indonesia, located at an altitude of 120 m above sea level. Soil is of Inceptisol type, and 

the climate is characterized by air temperature around 34 °C, annual average air humidity 

of 72.5%, and annual average rainfall of 41.10 mm3. The study was carried out from 

January 2017 to November 2017. 
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Plot preparation, seedling, and crop treatments 

The experimental field was first cleaned of plant debris and garbage and then 

plowed with a tractor, then dried and dried, hoed and flattened. Then the soil is spilled 

again then flattened and made beds (plots) with a size of 300  120 (length  width) with 

a plot distance between 30 cm and a depth of 20 cm. While the 50 cm replicate plot 

distance with 40 cm depth also functions as a drainage channel. The beds are made in 

the north south direction. 

The experiment was performed in a factorial randomized block design, consisting 

of two factors. The first factor was the type of mulch used (L0 = no mulching, L1 = rice 

straw mulch, L2 = coco husk mulch, and L3 = silver-on-black plastic mulch); the second 

factor was the type of organic fertilizer used (P0 = no fertilizer used, P1 = 5 t ha-1 cow 

manure, and P2 = 5 t ha-1 Gliricidia sepium compost). In total, there were 12 treatments 

and each treatment was repeated three times, resulting in 36 experimental units. The 

number of plants per unit was 120; thus, the total number of plants used was 4,320. 

Shallot seedlings used were of the local variety from Palu (Allium cepa var. 

aggregatum), obtained from local seed growers in Palu. The seeds were chosen 

uniformly, and has a shelf-life 2 months. A 5 grams seed were placed into each planting 

hole in the plot in 20 and 15 cm row and column distances respectively. Cow manure 

and G. sepium compost (5 t ha-1 of each) were applied a week before planting by mixing 

with the soil of the trial plots. A day before planting, 150 kg ha-1 NPK basic fertilizer 

was added in all plots as a non-treatment. It is conducted to provide a similar nutrition 

for the plant in all plots to help the plant growth in the dryland. Rice straw mulch and 

coconut husk mulch (5 t ha-1 of each), cut to a length of 10 cm, were applied on the 

surface of the plot directly after planting, whereas silver-on-black plastic mulch was 

installed on the plot surface one day before planting, with the left and right sides tied 

with bamboo. Watering was done in the morning and afternoon, or as needed depending 

on soil conditions. Weeding was performed manually every two weeks after planting. 
 

Data collection 

The parameters recorded were plant growth components, namely plant height, leaf 

number, root length, root dry weight, total leaf area, and bulb diameter; these were 

measured every week until the of 7 weeks after planting. The number of tillers per hill, 

bulb weight per clump, and bulb yield per hectare were noted at 8 weeks after planting. 

The plant height and root length was measured using a ruler. The number of leaves 

and bulbs were counted manually per plant, total leaf area was counted as cm2 per leaf. 

The bulb diameter was measured by callipers. The fresh weight of bulbs was measured 

using balance then air-dried per shallot clump until we had a constant dry weight. Shallot 

bulb harvested was weighted. The weight of fresh bulbs that had been separated from 

the leaves and roots, then converted to t ha-1. 

Chemical analysis of the soil was carried out in the Laboratory of Soil Science, 

Faculty of Agriculture, Tadulako University, Palu, Indonesia. Soil was sampled before 

and after the experiment for each experimental plot. Before the plot constructed and 

before cow manure and basic fertilizer applied, the soil sample was collected using soil 

corer (10 cm diameter and 10 cm depth). After harvested, soil sample was collected 

again using the same soil corer from each plot based on treatments. Chemical soil 

properties were determined by a combined glass calomel electrode (Ghosh, 1983); soil 

organic content was measured by wet oxidation method (Jackson, 1973); total 
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P measured by the method introduced by Olsen et al. (1954); soil total N estimated using 

modified after Kjeldahl method (Page et al., 1989); available K (Black, 1965); soil 

temperature, measured with a soil thermometer; air humidity, measured with a 

thermohygrometer; and light intensity, measured with a flux meter (van-Reeuwijk, 

1993). 
 

Statistical analysis 

The data were analyzed by F-test. In case of significant differences between the 

treatments, the results were further tested by Tukey honestly significant difference 

(HSD) test at 5%. 

 

RESULTS AND DISCUSSIONS 

 

Effect of mulch and organic fertilizer on the microenvironment of growing crop 

The application of rice straw mulch and cow manure were observed to reduce the 

soil temperature (Fig. 1) and increased the soil moisture levels (Fig. 2). The highest 

average temperatures were measured in the L0P0 treatment and the lowest in the L1P1 

treatment (Fig. 1). The highest soil water content was determined in the L1P1 treatment 

and the lowest in the L0P0 treatment (Fig. 2). We also found that all of the uncovered 

plots with mulches had a similar trend to have lower humidity. 
 

 
 

Figure 1. Effect of mulch and organic fertilizer on the average soil temperature. Data shows 

means (n = 3 ± SD). L0 = no mulching; L1 = rice straw mulch; L2 = coco husk mulch; L3 = silver-

on-black plastic mulch; P0 = no fertilizer used; P1 = 5 t ha-1 cow manure; and P2 = 5 t ha-1 

Gliricidia sepium compost. Different letters indicate significant differences between treatments 

after Tukey HSD test with P < 0.05. 
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Figure 2. Effect of mulch and organic fertilizer on the soil water content. Data shows means 

(n = 3 ± SD). L0 = no mulching; L1 = rice straw mulch; L2 = coco husk mulch; L3 = silver-on-

black plastic mulch; P0 = no fertilizer used; P1 = 5 t ha-1 cow manure; and P2 = 5 t ha-1 Gliricidia 

sepium compost. Different letters indicate significant differences between treatments after Tukey 

HSD test with P < 0.05. 

 

In this study, we found that mulches application decrease the temperature and soil 

water content. Decreasing soil temperature from 3 °C to 30 °C after mulches application 

showed a favourable growth condition for shallot production (Grubben, 1990; Sumiati, 

1994; Okubo et al., 1999). Mulches application also preserved water than uncovered 

plant soil. Straw mulch indicate a good performance compared to the silver plastic mulch 

as presented by L1P1 treatment. Organic mulches have been reported in controlling soil 

temperature, increase water holding, and modified microclimate condition needed for 

the plant growth (Zhao et al., 2014; Abouziena & Radwan, 2015; Biswas et al., 2015; 

Pramanik et al., 2015). Paddy straw abundant in central Sulawesi, it also easy to applied 

as a mulch. Straw mulch will stick to the soil surface, reflect the sunlight (Ranjan et al., 

2017), and reduce the temperature (Noorhadi & Supriyadi, 2003). The effectiveness of 

rice straw has been studied. It can maintain the stability of soil moisture by reducing 

water loss from the surface of the soil (McMillen, 2013) and reduce evaporation 

Dewantari et al. (2015). In addition, straw mulch able to protect the soil from erosion 

(Unger, 1978; Woldetsadik, 2003; Manickam et al., 2016). 
 

Effect of Mulch and Organic Fertilizer on Soil Chemical Properties 

The application of rice straw mulch and cow manure (5 t ha-1 each) increased the 

cation exchange capacity (CEC), total N content, available P, K, soil organic C, C/N 

ratio, and pH of the soil (Table 1). The increasing of CEC in the soil with the application 

of straw mulch and cow manure was caused by the increase of C-organic content in soil 

(Table 1). 

The amendment of straw mulch and cow manure (L1P1) showed a significant effect 

(P < 0.05) on organic C, C/N ratio, N-total, P-total, available K and CEC, but not  
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significantly different on soil pH (Table 1). Organic C increased by 411%, C / N ratio 

85%, N total 222%, P total 44%, K2O 42% and CEC 84% compared to L0P0. This finding 

was also reported by Meena et al. (2016), organic materials in the form of compost and 

straw mulch increase the soil fertility as indicated by increasing organic C, N, P, and K. 

The application of straw mulch and cow manure also provided the highest levels of 

P and K (Table 1). Besides releasing inorganic P, decomposition and mineralization of 

organic matter may release molecules such as nucleic acids and organic P, which can be 

utilized by the plants. This was in agreement with the results of a previous study in which 

rice straw mulching (6 t ha-1) in the red chili crop in dry season could increase soil 

moisture, nutrient content of N, P, and K, organic C content, and soil organic matter and 

reduce soil temperature (Harsono, 2012). 

 
Table 1. Effects of application of mulch and organic fertilizer on chemical properties of soil 

Treatmentsa  
pH  

(H2O) 

Organic C 

(%) 

C/N  

ratio  

Total N  

(%) 

Total P  

(mg 100 g-1) 

K2O  

(mg 100 g-1) 

CECb  

(meq 100 g-1) 

Bare soil plots 6.17a 0.75 g 7.58 fg 0.14 ab 21.54 h 27.64 gh 14.30 h 

L0P0 6.03 a 0.74 g 7.16 g 0.09 b 20.02 i 27.55 gh 13.21 h 

L0P1 6.10 a 1.44 de 8.94 e 0.13 b 20.12 i 29.73 ef 17.91 e 

L0P2 6.14 a 1.93 c 8.64 e 0.12 b 22.63 gh 28.85 fg 17.64 ef 

L1P0 6.29 a 0.97 gf 9.16 e  0.18 ab 24.28 def 27.08 h  16.36 fg 

L1P1 6.83 a 2.72 a 13.27 a 0.29 a 28.86 a 39.16 a 24.32 a 

L1P2 6.10 a 2.33 b 12.69 ab 0.23 ab 26.84 b 31.01 e 20.43 b 

L2P0 6.05 a 0.79 g 8.36 ef 0.12 b 23.19 fg 27.62 gh 16.17 g 

L2P1 6.25 a 1.81 c  11.13 cd 0.17 ab 25.85 cd 35.53 bc 20.13 bc 

L2P2 6.40 a 1.28 ef 10.83 d 0.21 ab 24.73 ce 36.64 b 18.49 de 

L3P0 6.02 a 0.68 g 8.37 ef 0.13 b 23.51 ef 28.47 fh 15.73 g 

L3P1 6.37 a 1.78 de 12.04 ef 0.22 ab 24.98 fg 33.26 e 19.38 eg 

L3P2 6.30 a 1.31 bc 11.83 ef 0.23 ab 24.19 def 34.53 ef 18.85 def 
aBare soil plots (soil in the plots before planted), chemical properties were determined for soil in plots before 

planting of shallot plants and application of mulch and fertilizer. L0 = no mulching; L1 = rice straw mulch; 

L2 = coco husk mulch; L3 = silver-on-black plastic mulch; P0 = no fertilizer used; P1 = 5 t ha-1 cow manure; 

and P2 = 5 t ha-1 Gliricidia sepium compost. bCEC: cation exchange capacity. 

Values followed by the same letter in the same column are not significantly different at 5% level as assessed 

by Tukey honestly significant difference test. 

 

The increasing of soil pH from 6.17 to 6.83 and C-organic from 0.75 to 2.72 

(Table 1) may relate to the amendment of straw mulch with cow manure. Cow manure 

in its decomposition process will produce organic acids, such as humic acid and fulvic 

acid (Stevenson, 1994). Organic acids will react with metal cations such as Al, Fe, Mn, 

Zn, and Cu to form chelates so that they can become buffers which causes pH stability. 

In addition, organic matter is also reported to increase soil pH since organic acids 

produce alkaline cations (Djuniwati et al., 2007). 

The role of cow manure on increasing CEC and nutrients N, P and K in the soil is 

related to the mineralization process which releases complete nutrient minerals (N, P, K, 

Ca, Mg and S, and micronutrients) that can be used by plants (Tisdale et al., 1985). The 

use of straw mulch will decompose to be organic matter and CEC (Chen & Weil, 2010). 
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Effect of Mulch and Organic Fertilizer on Shallot Growth and Yield  

The application of mulch and organic fertilizer in shallot cultivation improved the 

plant growth (Table 2) and bulb yield of shallot (Table 3). Compared with other 

treatments, straw mulch and cow manure treatments increased more effectively the plant 

height, leaf number, total leaf area, root dry weight, root length, number of bulbs per hill, 

weight of fresh bulbs, and bulb yield per hectare.  

 
Table 2. Changes in growth of shallot plants as a response to the application of mulch and organic 

fertilizer 

Treatment 

Growth  

Plant height 

(cm) 

Number of 

leaves 

Leaf area  

(cm2) 

Root dry weight 

(g) 

Root length 

(cm) 

L0P0 20.41 c 22.41 c 208.76 g 1.01 bc 13.49 b 

L0P1 20.43 c 23.80 bc 227.27 g 0.71 cd 13.12 b 

L0P2 23.68 ab 23.67 bc 271.03 f 0.98 bc 13.31 b 

L1P0 22.57 b 25.13 bc 283.01 ef 1.02 bc 13.20 b 

L1P1 26.05 a  37.63 a 569.32 a 1.63 a 16.67 a 

L1P2 24.91 a 30.87 b 476.89 b 1.34 ab 13.45 b 

L2P0 22.41 b 25.73 bc 278.59 f 0.63 d 12.65 bc 

L2P1 23.00 b 25.87 bc 338.01 d 1.27 b 12.62 bc 

L2P2 24.96 a 24.97 bc 319.62 de 1.18 b 11.20 c 

L3P0 22.86 b 23.60 bc 210.56 g 1.01 bc 11.89 bc 

L3P1 22.43 b 25.13 bc 382.79 c 1.23 b 12.46 bc 

L3P2 23.29 b 27.45b 324.95 de 0.98 bc 13.58 b 

Values followed by the same letter in the same column are not significantly different at 5% level as assessed 

by Tukey honestly significant difference test. L0 = no mulching; L1 = rice straw mulch; L2 = coco husk 

mulch; L3 = silver-on-black plastic mulch; P0 = no fertilizer used; P1 = 5 t ha-1 cow manure; and P2 = 5 t ha-1 

Gliricidia sepium compost. 

 

Table 3. Changes in yield of shallot plants as a response to the application of mulch and organic 

fertilizer 

Treatment 

Yield  

Diameter of bulbs  

(cm) 

Number of tillers 

(bulb) 

Fresh weight  

(g plant-1) 

Yield of bulbs  

(t ha-1) 

L0P0 1.47 d 7.33 22.48 d 4.27 d 

L0P1 1.69 bc 7.33 28.35 d 7.56 c 

L0P2 1.69 bc 7.00 30.00 d 8.00 c 

L1P0 1.70 bc 7.67 34.55 bc 9.21 b 

L1P1 2.06 a 8.00 39.27 a 10.22 a 

L1P2 1.99 a 8.00 35.57 b 9.48c a 

L2P0 1.77 b 7.33 29.64 d 7.90 c 

L2P1 1,60 cd 7.33 33.75 bc 9.00 b 

L2P2 1.50 cd 7.00 28.31 d 7.55 c 

L3P0 1.70 bc 7.33 30.81 bc 8.02 c 

L3P1 1.53 cb 6.33 29.70 d 7.92 c 

L3P2 1.63 b 7.67 34.28 bc 9.14 b 

Values followed by the same letter in the same column are not significantly different at 5% level as assessed 

by Tukey honestly significant difference test. L0 = no mulching; L1 = rice straw mulch; L2 = coco husk 

mulch; L3 = silver-on-black plastic mulch; P0 = no fertilizer used; P1 = 5 t ha-1 cow manure; and P2 = 5 t ha-1 

Gliricidia sepium compost. 
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The plant growth (plant height, leaf number and area, root length and dry weight, 

and bulb diameter) and yield of shallot (weight of fresh bulb) increased with the increase 

in soil moisture content, CEC, and N, P, K, and organic C contents in the soil in 

treatments after rice straw and cow manure amendments. Mulch can store and provide 

water for plants, especially under conditions of water scarcity, thus improving the 

conservation of water. The application of cow manure increased the growth (Table 2) 

and yield of bulbs (Table 3) because the N, P, and K contained in cow manure promoted 

the growth of shallot crop. 

Compared to other treatments L1P1, indicate a promising number of tillers, bulb 

diameter, plant fresh weight, and bulb yield. The increase in of growth parameters may 

affect by N in cow manure combined with higher straw mulch compared to without 

organic fertilizer, which contributes to the increasing of vegetative growth of the plants. 

This is in agreement with Liu et al. (2017) that N elements can encourage the growth of 

plant organs to increase the number and size of plant cells. Abdissa et al. (2011) also 

reported that N plays role in the formation of amino acids, proteins, nucleic acids, 

enzymes, nucleoproteins, and alkaloids, which are needed in the process of plant growth, 

especially the development of leaves and plant saplings. In addition, the role of P in 

stimulating root growth and as a basic component in the formation of certain proteins 

for accelerating tuber formation. Phosphorus is a component of enzymes, proteins, ATP, 

RNA, and DNA, which have important functions in the photosynthesis. Adequate P can 

improve the development of roots and plant carbohydrate content, which ultimately 

increases plant growth and yield (Singh et al., 2000). 

Nitrogen, phosphorus, and potassium also has been reported able to increase the 

size of tuber, total fresh weight of plants and number of tuber products per hectare. 

Potassium is important for the formation of proteins and carbohydrates, facilitating 

photosynthesis and increasing photosynthate translocation to plant parts, subsequently, 

improve the crop yields (Ali et al., 2007; Mozumder et al., 2007; Islam et al., 2008; Faten 

et al., 2010). 

 

CONCLUSIONS 

 

The application of rice straw mulch and cow manure (5 t ha-1 of each) to shallot 

crop lower the soil temperature and improve the moisture, pH, content of N, P, K, and 

organic C, CEC, and the C/N ratio in the soil. This study has shown that the application 

of mulches and organic fertilizers increase the yield of shallot bulbs significantly from 

4.27 to 10.22 t ha-1. 
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Abstract. The aim of this study was to evaluate the effect of feed restriction on muscle fibre 

composition and meat quality traits in pigs. Forty crossbred pigs (Pietrain × Large WhiteSire) × 

(Landrace × Large WhiteDam) were divided into two feeding groups: ad libitum (AL) and 

restricted (R1). The effects of feed restriction on muscle fibre characteristics of the musculus 

longissimus lumborum et thoracis (MLLT) and meat quality traits were evaluated. Muscle fibres 

were stained and classified as fibre types I, IIA, and IIB. For each muscle fibre type, the fibre 

density, fibre cross-section area (CSA), and fibre proportion were determined. Fibres IIB were 

divided into small- (diameter < 46 µm), medium- (diameter 46–86 µm) and large-sized (diameter 

> 86 µm) fibres. The AL group had significantly lower (P < 0.05) percentage area of IIB fibres 

and lower (P < 0.01) CSA of IIB fibres than did the R1 group. The R1 group had significantly 

greater content of large-sized IIB fibres and smaller content of medium-sized IIB fibres than did 

the AL group (P < 0.05). The group fed ad libitum had greater backfat thickness and smaller lean 

meat content and tended to have better meat quality traits compared to the restricted group. The 

results of this study show that strong feed restriction had a negative effect on muscle fibre 

composition, especially on the amount of large-sized fibres IIB, which are associated with poor 

meat quality. 

 

Key words: fibre types, meat quality, nutrition, pig. 

 

INTRODUCTION 

 

Muscle fibres are the basic structural unit of skeletal muscle. They make up more 

than 75% of muscle volume and, therefore, morphology of muscle fibre is a major 

determining factor of muscle mass (Lee et al., 2010). Muscle fibres are divided into 

individual types using various classification methods. One commonly used method is 

that of Brooke & Kaiser (1970), which classifies muscle fibres into three types (I, IIA, 

and IIB) according to their pH sensitivity in relation to myosin adenosine triphosphatase 

(ATPase) activity. Individual fibre types differ in their metabolic, structural, and 

contractile properties (Choi & Kim, 2009), and these varying characteristics are related 

to meat quality and carcass traits in various animal species (Lefaucheur, 2010; Kim et 

al., 2013a; Bogucka & Kapelanski, 2016). Qualitative and quantitative parameters of 

carcass traits are usually associated with muscle fibre properties, such as total number 

of fibres, fibre density, cross-section area of fibres (CSA), and fibre type composition in 

https://doi.org/10.15159/AR.19.004
https://doi.org/10.15159/AR.19.004
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muscle (Joo et al., 2013; Kim et al., 2014). For instance, high proportion and larger area 

of glycolytic type IIB fibres in muscle are associated with brighter meat and lower water-

holding capacity in pigs (Ryu et al., 2006; Lefaucheur, 2010; Kim et al., 2013b). 

Hypertrophy of fast-twitch oxido-glycolytic fibres is detrimental to meat tenderness, as 

well (Lefaucheur, 2010). Colour acceptability of fresh meat is positively correlated with 

CSA and the area and number percentages of type I muscle fibre in study of Nam et al. 

(2009). Number and area percentage of type I fibres positive correlate with taste of 

cooked pork at the same study. Kim et al. (2013a) reported that fibre size distribution of 

type IIB fibres also has an impact on pork meat quality. Pigs with higher percentage of 

large-sized IIB fibres exhibit tougher, lighter, and more exudative meat than do pigs with 

higher proportion of small- or normal-sized fibres.  

There are many factors affecting muscle fibre characteristics, including breed, 

gender, age, and others (Rehfeld et al., 2004; Jeong et al., 2012; Joo et al., 2013). One 

of the extrinsic factors is nutrition (Bee et al., 2007; Jeong et al., 2012). The effect of 

feeding intensity on the proportion of different fibre types is controversial when 

comparing various muscles and/or species (Candek-Potokar et al., 1999). According to 

Harrison et al. (1996), feed restriction at an early stage (7 weeks) does not change fibre 

type composition in longissimus muscle of Large White pigs, but it does lead to a 

dramatic increase in the proportion of type I fibres in the red rhomboideus muscle and 

lower CSA of all fibres (Joo et al., 2013). Bee et al. (2007) reported that the fibre type 

composition in longissimus muscle is not changed due to feed restriction in post-weaning 

and growing-finishing barrows of Large White breed. Solomon et al. (1988) observed 

that feed restriction increased the proportion of red fibres in longissimus dorsi muscle of 

pigs at 55 kg of slaughter weight. Bogucka et al. (2013) observed that the decrease in the 

intake of protein and energy or protein alone had significant effect only on the percentage 

and diameter of fast-twitch glycolytic fibres in crossbred pigs (Danish Landrace × Polish 

Large White) at 119 days of age. They did not observed any significant differences in 

any of the studied microstructure traits in animals at 168 days of age. 

Clarifying the inter-relationships among muscle fibre characteristics and meat 

quality traits as well as the factors which influence these can be helpful for improving 

meat quality in pigs. This study’s aim is to evaluate the effect of feed restriction on meat 

quality and muscle fibre composition in longissimus lumborum et thoracis muscle in the 

commercial crossbred pigs used in the Czech Republic. Results of the study could help 

to suggest the optimal feeding strategy for the chosen hybrid combination of pigs with 

respect to the required slaughter weight and meat quality. 

 

MATERIALS AND METHODS 

 

Animals and diets 

Forty crossbred pigs (20 barrows and 20 gilts) of hybrid combination (Pietrain × 

Large WhiteSire) × (Landrace × Large WhiteDam) were used in this study carried out at a 

swine experimental and test station belonging to Czech University of Life Sciences 

Prague. The animals entered the experiment at 60 days of age. Their mean body weight 

was 26.7 kg, and they were divided into two feeding groups. The first group was fed ad 

libitum (AL, 10 gilts and 10 barrows) and the second group (R1, 10 gilts and 10 barrows) 

was fed in a restricted manner. The pigs were housed with two animals per pen according 

to feeding group and gender. 
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For the R1 group, the following equation was used: MJ per day = 8.6539 + 3.9408x –  

0.1435x2 (where x = age in days, 

Fig. 1). The equation for ad libitum 

fed group (MJ per day = 6.7786 + 

7.4011x –0.3534x2) shows the actual 

amount of feed received by these 

animals. Two experimental feed 

mixtures for growing and finishing 

pigs were used in the study. 

Their amounts and choice of 

mixture were adjusted continuously 

over time depending on the actual 

weights of the pigs (Table 1). The 

compositions of the feed mixtures are 

presented in Table 2. 

 

 
 

Figure 1. Feeding curves for ad libitum (AL) 

and restricted (RI) groups. 

 
Table 1. The composition of complete feed mixture of two feeding groups during the fattening 

Weight  

of  

pigs 

AL R1 

Growing diet  

(%) 

Finishing diet 

(%) 

CFM per day 

(kg) 

Growing diet 

(%) 

Finishing diet 

(%) 

CFM  

per day 

(kg) 

27 100 0 1.80 100 0 1.25 

45 85 15 2.26 85 15 1.80 

72 43 57 2.92 43 57 2.57 

91 10 90 3.27 10 90 2.72 

112 0 100 3.44 0 100 2.81 

CFM: complete feed mixture. 

 
Table 2. Ingredient composition of the growing and finishing diets 

Item 
Diet 

Growing Finishing 

Ingredient (%) 

Wheat 42.12 42.8 

Barley 20.2 20.0 

Soybean meal 13.8 2.9 

Triticale 9.0 12.5 

Rapeseed meal 4.0 7.0 

Sunflower meal 3.5 6.0 

Oats 2.5 2.5 

Animal fat 2.0 1.15 

Wheat bran - 2.3 

Calcite 1.15 1.2 

Lysine-HCl 0.48 0.45 

NaCl 0.45 0.45 

Monocalcium phosphate 0.4 0.3 

Vitamin–mineral premix 0.3 0.3 

Threonine 0.2 0.15 

Methionine 0.1 - 
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Table 2 (continued) 

Nutrient composition (g per100 g of dry matter) 

Crude protein 17.48 14.95 

Crude fat 3.66 2.91 

Crude fibre 4.23 4.96 

Lysine 1.12 0.91 

Methionine 0.36 0.25 

Ca 0.82 0.83 

P 0.45 0.50 

DE (MJ kg-1 of dry matter) 13.89 13.35 

 

In order to assess the growth parameters, the individual animals were weekly weigh 

and daily feed intake was monitored. The average daily gain, feed conversion ratio and 

daily feed intake were calculated for each animal in week intervals and the final value 

was calculated as an average of these values. Pigs in both groups were fattened to an 

average slaughter weight of 112 kg. They were then slaughtered at a small commercial 

abattoir using electrical stunning and according to a routine procedure. The average 

slaughter weight, age, and selected growth parameters are presented in Table 3. 

 
Table 3. Growth and slaughter parameters of pigs 

1 ns: not significant; ** P < 0.01; *** P < 0.001. 

 

Histochemical analysis 

Muscle samples for histochemical analysis were taken within 1 h after slaughter 

from the central part of the musculus longissimus lumborum et thoracis (MLLT). The 

samples were cut into 0.5 × 0.5 × 2.0 cm pieces, immediately frozen in isopentane cooled 

by liquid nitrogen according to the method of Dubowitz & Brooke (1973), then stored 

at -80 °C until analysis. Transverse serial muscle sections of 12 µm were cut from the 

entire blocks in a Leica CM1850 cryostat (Leica Microsystems, Nussloch, Germany) at 

-20 °C and mounted onto glass slides. The slides with sections were then incubated for 

the histochemical demonstration of myosin adenosine triphosphatase using the method 

of Brooke & Kaiser (1970). Stained muscle section images were obtained using an 

optical microscope with a Nikon Eclipse E200 camera (Nikon, Tokyo, Japan) and 

examined using an image analysis program (NIS - Elements AR 3.2., Nikon Instruments 

Europe B.V., Amsterdam, Netherlands). Approximately 300 fibres per sample were 

included into the analysis. 

Fibres were classified into fibre types I, IIA, and IIB. For each muscle fibre type, 

the fibre density, fibre cross-section area (CSA), and fibre proportions (percentage by 

number and area) were determined. For type IIB fibres, the proportions of small 

Traits 
Feeding groups 

Significance1 
AL R1 

Initial body weight (kg) 26.12 ± 3.02 27.27 ± 4.10 ns 

Final live body weight (kg)  112.18 ± 7.15 112.41 ± 10.95 ns 

Final age (days) 135.42 ± 2.63 155.65 ± 2.98 ** 

Average daily gain (g) 1,229.40 ± 92.44 935.60 ± 114.99 *** 

Feed conversion ratio (kg per kg) 2.27 ± 0.23 2.42 ± 0.25 ** 

Daily feed intake (kg) 2.78 ± 0.41 2.23 ± 0.10 *** 
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(diameter < 46 µm), medium (diameter 46–86 µm) and large (diameter > 86 µm) fibres 

were specified. 
 

Carcass and meat quality traits 

Lean meat percentage was evaluated by ZP method (‘Zwei-Punkt-Messverfahren’), 

which is widely used in smaller slaughterhouses in the Czech Republic (The details of 

the method are described in Font-i-Furnols et al., 2016). Backfat thickness was measured 

45 min post mortem using electronic callipers at the levels of the first thoracic vertebrae, 

the first lumbar vertebrae and over the gluteus medius muscle without skin. The result 

value was calculated as the mean of these three measurements. Using a portable 

pH meter (pH 330i/set, WTW GmbH, Weilheim, Germany), pH (pH45, measured 

together with temperature – t45) was determined 45 min p.m. within carcasses at the 13th 

and 14th thoracic vertebrae. Electrical conductivity (EC50) was evaluated 50 min p.m. 

at the same location (Conductometer EV plus, Czech Technical University in Prague, 

Czech Republic). 

Muscle samples for evaluation of meat quality traits were taken 24 h p.m. from 

MLLT of right sides of carcasses. Before sampling, photos of transverse cuts of loins 

were obtained for evaluating loin area. The pictures were evaluated using an image 

analysis program (NIS - Elements AR 3.2., Nikon Instruments Europe B.V., Amsterdam, 

Netherlands). Meat colour (CIE L*, a* and b*) was measured 24 h p.m. on the muscle 

surface after 10 min of blooming using a Minolta CM-700d colorimeter (Konica 

Minolta, Osaka, Japan). Warner-Bratzler shear force (WBSF; N) values were determined 

by Instron Universal Texture Analyzer 3342 (Instron, Norwood, MA, USA). Muscle 

samples of raw and cooked meat (6 × 1 × 1 cm, cooked at 80 °C for 1 h) were cut across 

muscle fibres. The resulting value for each sample was calculated as an average value of 

at least 6 measurements. Drip loss was evaluated using a bag method (24 h at 4 °C) 

according to Honikel (1998). Intramuscular fat content was determined gravimetrically 

via Soxhlet extraction, using petroleum ether as the solvent. 
 

Statistical analysis 

The experimental data were analysed by one-way and two-way analysis of variance 

(ANOVA) using SAS 9.4 statistical software (SAS Institute, Cary, NC, USA). One-way 

ANOVA with fixed effect of feeding group was used for the data in Table 3. The effect 

of feed restriction was equal to the age of animals, therefore only the effect of feeding 

group was used. For Table 4 and Table 5, two-way ANOVA with fixed effects of feeding 

group and body weight was used. Results in Tables 4 and 5 are presented as least squares 

means (LSM ± SEM) for the main effect of feeding group and significance for the effect 

of feeding group and body weight. No significant interactions between feeding group 

and body weight were observed, therefore they were not used in the Tables 4 and 5. 

Differences between the LSM were determined by the Tukey's range test. Pearson 

correlation coefficients were calculated to evaluate the association between muscle fibre 

characteristics and carcass and meat quality traits. 

 

RESULTS AND DISCUSSION 
 

We evaluated the effect of restricted feeding at uniform slaughter weight on the 

characteristics of muscle fibres and qualitative parameters of meat. The average 
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slaughter weight of all animals (n = 40) was 112.3 kg, which corresponds to the average 

slaughter weight of pigs slaughtered in the Czech Republic. As expected, we observed 

variations in growth parameters in these groups (Table 3). The AL group had 

significantly higher average daily gain and daily feed intake compared to the R1 group, 

and therefore the final age of the R1 group was almost 3 weeks greater. The feed 

conversion ratio was lower in the AL group, so we presume that these animals were able 

to utilize the maximum of their genetic potential in achieving growth performance. 

The values obtained for muscle fibre parameters in relation to feed restriction are 

shown in Table 4. Within the evaluated groups, there were significant differences in 

mean CSA and CSA of IIB fibres. The higher CSA of fibres (μm2) was found in the R1 

group (P < 0.01). These results correspond to the values for fibre density, which values 

were higher in the AL group. This is probably related to the difference in lean meat 

content between these groups (Table 5). The group fed ad libitum had a significantly 

lower percentage of lean meat and a higher backfat thickness, which is reflected in the 

loin area and thus in the cross-section area of muscle fibres. Bee et al. (2007) also had 

evaluated the effect of feed restriction on the characteristics of muscle fibres, but they 

observed no differences in CSA of fibres between the groups of Swiss Large White 

barrows at the same body weight. Surprisingly, in their study barrows of the restricted 

group were not leaner than were barrows of the ad libitum group at 100 kg of body 

weight. 

 
Table 4. Effect of feed restriction on muscle fibre characteristics of longissimus lumborum et 

thoracis muscle 

Traits 
Feeding groups Significance1 

AL R1 FG BW 

Fibre density (number per mm2) 

Type I 38.46 ± 2.75 32.27 ± 2.68 ns * 

Type IIA 32.33 ± 2.83 29.51 ± 2.76 ns ns 

Type IIB 192.25 ± 8.09 183.94 ± 8.59 ns ** 

Cross-sectional area (µm2) 

Mean 2,826.9 ± 98.3 3,063.3 ± 111.4 ** ** 

Type I 2,209.1 ± 89.5 2,375.2 ± 101.3 ns * 

Type IIA 1,699.1 ± 131.6 1,666.6 ± 198.8 ns ns 

Type IIB 3,174.8 ± 124.6 3,477.8 ± 161.2 ** ** 

Fibre number composition (%)  

Type I 14.70 ± 0.78 13.05 ± 0.76 ns ns 

Type IIA 12.00 ± 0.66 11.87 ± 0.64 ns ns 

Type IIB 73.30 ± 1.03 75.09 ± 1.00 ns ns 

Fibre area composition (%) 

Type I 11.20 ± 0.70 9.42 ± 0.69 ns ns 

Type IIA 7.43 ± 0.51 6.39 ± 0.50 ns ns 

Type IIB 81.37 ± 0.95 84.19 ± 0.92 * ns 

Proportion of fibre size IIB (%) 

Small  16.85 ± 2.03 18.04 ± 1.98 ns ns 

Medium 72.34 ± 3.24 60.70 ± 3.16 * ns 

Large  10.81 ± 3.57 21.27 ± 3.48 * * 

FG – feeding group; BW – body weight; 1 ns: not significant; * P < 0.05; ** P < 0.01. 
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There were no significant differences in fibre number composition between the 

groups. In both groups, the largest number was of IIB fibres (74.20%), followed by fibres 

of type I (13.89%) and of type IIA (11.94%). 

The restricted group, which was significantly leaner, also had a higher percentage 

area of type IIB fibres (84.19%) than did the AL group, which was almost three weeks 

younger. The age of animals has a significant effect on the composition of muscle fibres. 

In general, postnatal transitions of fibres proceed from the oxidative to the glycolytic 

type of fibres (Lefaucheur, 2010; Joo et al., 2013), and diameters of type II fibres 

increase faster than diameters of type I (Oksbjerg et al., 1994). The positive relationship 

between high muscularity and proportional representation of type IIB fibres is reported 

in many studies (Wimmers et al., 2008; Lefaucheur, 2010; Joo et al., 2013; Kim et al., 

2013b). Brzobohaty et al. (2015) also observed higher proportion of IIB fibres in 

restricted group of crossbred pigs in comparison to ad libitum fed group, which had 

lower lean meat content. 

Furthermore, differences were observed in fibre size proportion of type IIB fibres. 

The AL group had significantly less representation of IIB fibres with a large area 

(> 86 μm; P < 0.05) in favour of medium-sized fibres IIB (46–86 μm; P < 0.05). Again, 

higher proportions of large IIB fibres in the restricted group could be associated with 

greater lean meat content of this group. Kim et al. (2013a) also had observed more 

muscularity in groups with greater content of large-sized IIB fibres. This corresponds to 

the statistically significant correlation coefficients that we found between lean meat 

content and representation of large- (r = 0.28) and medium-sized (r = −0.33) IIB fibres 

(P < 0.05). Similarly, Ryu et al. (2005) had reported that pigs with greater muscle mass 

had higher CSA and lower fibre density in type IIB fibres compared to pigs with lower 

muscle mass. Lee et al. (2016) observed that crossbred pigs with large CSA of fibres had 

larger loin area than pigs with middle or small CSA. They reported very high correlation 

coefficient between loin area and CSA of all fibres (r = 0.92). 

Table 5 shows the effects of feed restriction on carcass and meat quality traits. 

Significantly greater lean meat content and lower backfat thickness (P < 0.001) were 

found in group R1. Greater backfat thickness in the AL group is probably related to the 

higher post mortem temperature (t45) of meat (P < 0.01) measured in this group, where 

the thick fat layer slows the chilling of carcasses. 

Electrical conductivity, pH, and water-holding capacity are parameters that can be 

used to classify abnormalities of meat quality. There were no differences between groups 

in these parameters, and we observed no meat abnormalities in the pigs used in our study. 

Significant differences were observed in redness (a*) and yellowness (b*), where 

these values were lower in the AL group (P < 0.01). Variations in meat colour are related 

to differences in myoglobin content. Red muscle fibres (I and IIA) have greater 

myoglobin content and therefore darker colour (Listrat et al., 2016). During meat storage 

and blooming, however, myoglobin is oxidized into metmyoglobin, and that could 

result in a decrease in meat’s redness. Faster colour change occurs during storage in 

muscles where red oxidative fibres predominate due to their faster oxygen consumption 

(Joo et al., 2013). 
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Table 5. Effect of feed restriction on carcass and meat quality traits of pigs 

Traits 
Feeding groups Significance1 

AL R1 FG BW 

Lean meat (%) 57.27 ± 0.33 60.59 ± 0.32 *** *** 

Backfat thickness (mm) 23.69 ± 0.61 17.68 ± 0.59 *** *** 

Loin area (mm2) 4,737 ± 112.8 5,002 ± 112.8 ns ** 

Intramuscular fat content (%)  2.35 ± 0.17 2.16 ± 0.16 ns ns 

pH45 min 6.34 ± 0.06 6.29 ± 0.06 ns ns 

t45 min 39.53 ± 0.17 38.73 ± 0.17 ** ** 

EC50 min 3.42 ± 0.09 3.61 ± 0.09 ns ns 

Lightness (L*) 51.49 ± 0.66 52.91 ± 0.64 ns ns 

Redness (a*) 0.10 ± 0.25 0.94 ± 0.23 ** ns 

Yellowness (b*) 9.16 ± 0.29 10.68 ± 0.28 *** ns 

WBSF of raw meat (N) 38.77 ± 2.02 49.26 ± 1.96 *** ns 

WBSF of cooked meat (N) 35.98 ± 1.57 38.88 ± 1.53 ns ns 

Drip loss (%) 4.27 ± 0.42 4.69 ± 0.41 ns ns 

WBSF – Warner-Bratzler shear force; EC – electrical conductivity; FG – feeding group;  

BW – body weight; 1 ns: not significant; ** P < 0.01; *** P < 0.001. 

 

Although the R1 group had significantly higher WBSF of raw meat in comparison 

with the AL group (P < 0.001), no significant differences were observed in WBSF of 

cooked meat. The AL group had a significantly smaller CSA and lower content of IIB 

fibres. This corresponds to claims that higher fibre CSA, and especially of IIB fibres, 

increases instrumental toughness of meat (Karlsson et al., 1993; Joo et al., 2013; Kim et 

al., 2013a). 

 

CONCLUSIONS 

 

Feed restriction has a significant effect on lean meat content, which is accompanied 

by a different muscle fibre size. Age difference at the uniform slaughter weight, which 

was caused by feed restriction is reflected in the amount of fast-oxidative glycolytic 

fibres (IIB) in muscle and their proportion in overall fibre composition. The results of 

this study suggest that a greater amount in muscle of large IIB fibres, which are 

associated with poor meat quality, is closely related to lean meat content. Although meat 

quality traits tend to be better in the group fed ad libitum, the lean meat content is lower 

in this group. These results show that strongly restricting feed consumption negatively 

affects the composition of muscle fibres in longissimus muscle of pigs. 
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Abstract. Modern agricultural industry is a source of a considerable amount of waste, which can 

come in various forms and states. Such waste, and not just agricultural waste in the form biomass, 

is highly desirable for further processing, depositing or utilising its energy potential. Briquetting 

technology is suitable for all these purposes. The briquetting press for industrial use is complex 

technical equipment. The economy of its operation has a major impact on the profitability of the 

produced briquettes and hence on the efficiency of waste and biomass processing as such. The 

paper deals with the energy demands of briquetting in terms of waste treatment and economic 

profitability of  production in the whole context of waste processing as a whole. 

 

Key words: briquetting, energy demands, bio-briquettes, economic profitability. 

 

INTRODUCTION 

 

Despite all political efforts, the share of biomass in all its forms is still relatively 

low and there is considerable room for increasing its production. At present, biomass 

accounts for about 14% of the world’s annual energy consumption (Hall et al., 1992). In 

2017 production of renewable energy sources (especially biofuels) generated 4 million 

jobs and contributed at least 2.5% to the performance of the US economy. It is clear that 

the small-scale production of biofuels at their very place of origin is really meaningful. 

It has undeniable positive environmental effects (including reduced requirements for the 

transport of waste and biomass). It can also have a positive impact on employment. In 

particular, the use of briquettes from biomass or other waste materials ensures a 

renewable, ecologically acceptable alternative to fossil fuels and leads to the generation 

of other economic income not only of farmers (Chen et al., 2009; Guo & Song, 2019). 

Therefore, it is very important to address the energy demands of the densification 

process, including the power consumption that needs to be spent on compressing the 

particular materials and producing the briquettes themselves. 
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MATERIALS AND METHODS 

 

The energy demands of densification and production of briquettes on a briquetting 

press can be basically summarized into two groups: 

1) Consumption of mechanical work 

This is the labour consumption necessary for the compaction of the input material, 

it is the relationship between the density ρ (kg m-3) and the desired deformation energy 

Ed (J). It is very important to know the necessary forces F (N) as well as the physical 

properties, the fraction and the moisture of the used input material. In addition to the 

physical properties of the materials and the required force to densification, another 

important factor that affects the quality of the finished briquettes is the temperature of 

the briquetting press and pressing chambers. The last of a group of major variables in 

terms of the evaluation of the consumption of mechanical work that plays important 

roles, is the structure, type and mode of work of the briquetting press (Repsa & 

Kronbergs, 2015; Muntean et al., 2017; Brunerová et al., 2018). Consumption of 

mechanical work is not the subject of this paper. 

2) Consumption of electrical energy 

The power consumption depends on the briquetting press and also on the selected 

input material. For this purpose, the briquetting press is understood to be a complete 

machine which is used to mould the input material and produce briquettes with a 

diameter of 50 mm. 

For the experimental measurement, a typical representative of the middle classes 

of industrial briquetting presses used for processing biomass and other conventional 

waste (including paper scrap) was chosen small medium-duty single-shift operation 

(without an oil cooler). The machine is a product of Briklis, s.r.o. Czech Republic, 

specifically BrikStar 30, type 12. The basic machine parameters are summarized in 

Table 1. 

 
Table 1. Selected technical parameters of the Brikstar 30, type 12 briquetting press 

Parameter Value Unit 

Performance {NL}; +-10% 20–40 kg hrs-1 

Installed electrical power 4.4 kW 

Weight of the press with a hopper of 1 m3 capacity 780 kg 

Density of pressed briquettes 900–1,100 kg m-3 

Average of the briquettes 50 mm 

Maximum operating pressure 180 bar 

Covering of electrical elements IP54 xxx 

 

For the measurement itself was used Chauvin Arnoux C.A. 8334B network 

analyzer concatenation, which was connected in parallel to the TN-S distribution 

network. The block diagram is shown in Fig. 1, where the circles are the pliers for the 

current measurement. The device recorded the data every 1 second and stored it in its 

memory. The important parameters were: 

 Performance (Wh) 

 Time of the measurement (s) 

 Voltage at each stage (V) 

 Current at individual stages (A) 
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Figure 1. Block measurement scheme: L1 to L2 – phases of three-phase TN-S distribution 

system; PE – Protective Earthing; N – Neutral conductor; Q1 – motor terminal block; 

M – briquetting press three-phase asynchronous electric motor. 

 

Theory and modelling 

Based on the measured data, the energy consumption (kWh) of the briquetting press 

was calculated using the mathematical formula (1). The result gives the energy 

consumption in 1 hour of the briquetting press operation. 

𝑃𝑖 =
𝐸𝑘𝑖 − 𝐸𝑝𝑖

𝑘𝑖 − 𝑝𝑖
∙ 3.6 (1) 

where Pi – power consumption of the ith sample; i – data-set extent; ki – end of 

measurement of the ith sample; pi – beginning of measurement of the ith sample; 

Eki – the nominal end value of the reactive work of ith sample; Epi – the nominal initial 

value of the reactive work of ith sample. 

Depending on the briquette mass produced at the time of measurement, the actual 

performance of the briquetting press according to the mathematical relationship (2) was 

calculated (depending on the material). 

𝐴𝑖 =
𝑊𝑝𝑖

𝑚𝑖
 (2) 

where Ai – machine performance on the ith same sample; Wpi – Consumption of the 

reactive work of ith sample ; m – weight of the ith sample. 
 

Selected test sample 

The used sampling methodology included three basic criteria: 

 Material availability 

 Rentability of the production 

 Difficult another processing (eg, storage problem due the dustiness or bulk, other 

possible manufacturing processes that would be difficult or impossible in the natural 

form of the materials etc.) 

Based on the criteria above, 8 samples were selected. These are described in 

Table 2. The emphasis was put on scrap paper (in several forms). There are several 
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reasons for this. The first is its production is growing as well as the demand for its 

recycling. Another reason is the production of paper and scrap paper which is 

contaminated (mineral oils, etc.), which means it cannot be recycled in a normal way, is 

relatively high. The briquetting technology appears to be suitable for reducing the 

volume of contaminated paper and its subsequent energy utilization by incineration. This 

technology also appears to be useful to reduce the volume of material that is not possible 

to burn from environmental reasons or due to material compostion. 

 
Table 2. Selected samples 

Sample number Material Fraction 

1 newspaper matte paper scrap 4 x 18 mm 

2 newspaper glossy paper scrap 4 x 18 mm 

3 carton  scrap 12 x 50 mm 

4 old student books scrap 4 x 18 mm 

5 mix hop 50% & birch 50% natural form/shavings 

6 sugar thistle mouldings 

7 hop natural 

8 birch shavings 

 

First of all, it was necessary to prepare the collected material and unify its fraction. 

There are fractions of scrap paper in the Fig. 2 (the fraction of sample no 1, 2 and 3 are 

visualy the same as well as the fraction of the sample no 5 and 6). From the top left there 

are fractions of sugar thistle (mouldings), hop (natural form, outdoor photography) and 

brich (shavings). From the bottom left there are old student book (fraction 4 x 18 mm) 

and scrap carton (fraction 12 x 50 mm). 
 

   

  
 

Figure 2. Photographs of the used samples. Photographs of  the used samples: a) sugar thistle 

(mouldings); b) hop (natural form – outdoor photography); c) brich (shavings); d) old student 

book (scrap, fraction 4 x 18 mm); e) carton (scrap, fraction 12 x50 mm). 

a) b) c) 

d) e) 
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RESULTS AND DISCUSSION 
 

The results of the experimental measurement carried out and evaluated by the 

methods described above (in the Theory and Modelling section) are clearly shown in the 

graph in Fig. 3. It is very clear from the graph and the displayed values that the power 

consumption, depending on the specifically compressed material, virtually does not 

change. sample no. 6 showed the largest energy demands. Scrap paper requires the most 

energy needed to compress scrap carton (sample no. 3). It is remarkable to note that the 

differences in energy demands of compressed scrap paper are virtually insignificant, 

namely 0.13 kWh. When we choose the other monitored materials, we find that the 

difference between the most energy-demanding material represented by sample no. 6 

with 2.15 kWh and the least energy demanding sample no. 8 (with 1.85 kWh) is only 

0.3 kWh. Due to the installed electrical power of the machine of 4.4 kW, this difference 

can be considered negligible. On the basis of the experiment, it can be stated that the 

type of compressed material does not play a fundamental role in the energy consumption 

demands of the industrial briquetting press. There are several factors which have impact 

on electricity consumption. The chemical composition of the material, the physical 

properties, moisture of the material and the amount of force used for pressing. Shape and 

particle size do not play the main role, as has also been shown in the results. Another 

important factor is the construction of the briquetting press itself. The principle of its 

operation is critical if it come to electricity consumption (hydraulics vs. mechanical 

transmission). 
 

 
 

Figure 3. Electricity consumption. 
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For the purpose of economic evaluation, it was necessary to assess the resulting 

briquettes from individual tests and to determine the actual energy consumption of the 

machine depending on the briquetted material. The results are again clearly arranged in 

the table in Fig. 4. It is obvious that most of the electricity is consumed to produce the 

briquettes from sample no. 3. On the contrary, the least energy is needed for 

sample no. 2. Research presented in this paper was primary focus on the scrap paper. 

The other materials were (namely sample no 5, 6, 7 and 8) used to compare the energy 

consumption of the different scrap paper and the natural materials. It is clear from the 

data that the energy consumption samples no. 5, 6, 7 and 8 are practically the same. That 

can be caused by their very similar mechanical properties and by the size of the used 

fraction. From this point of view, there are more interesting the results of the scrap paper. 

Despite the comparable properties and similar fractions, the results differ more 

significantly. 

In this case the results are already distinctly more pronounced, which is caused by 

several factors: 

 The power of the briquetting press itself 

It is possible to use a machine with higher pressure. However, the purchase and 

operation would be more expensive. 

 Compression of the compressed material due to its physical properties 

 Specific weight of the particular compressed material 

 

 
 

Figure 4. Specific consumption of electricity per unit of output. 

 

In spite of the said and relatively demonstrable results, I must be critical. For the 

measurements a briquetting press from a leading manufacturer was chosen with 

paramaters which can be described as typical. However, it is likely that the values will 
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be distinguished individually from the machine. Due to the similar design of piston 

hydraulic presses, it can be assumed that the resulting values will not vary significantly. 

Thus, it can be stated that the measurements made clearly show that most of the 

electricity consumption is consumed for the operation of the machine, respectively (its 

hydraulic systems). Moulded material does not play significant role. 

 

Economic evaluation 

Just by multiplying the cost of electricity and adding additional costs (eg, electricity 

transmission charges etc.) in a given country, briquette production costs of a particular 

briquetted material in a given region can be very accurately determined. The specific 

final price for 1 MWh of industrial customers can not be easily determined, depending 

on the size of the enterprise, its total consumption, installed power and also the 

conditions of specific energy providers. 

From the point of view of financial fitness for electricity, the influence of briquetted 

material is negligible. It is clear that, from an economic point of view, it is necessary to 

rely more on investing in technology as a whole. In particular, it is necessary to calculate 

the cost of operation, maintenance and, of course, the amortization of the briquetting 

press, rather than considering the cost of electricity depending on the concreted 

briquetted material. But the performance of the machine is more interesting. Here is 

space for economic optimization by selecting a suitable material. In this particular case, 

the manufacturer reports the performance of the machine to +/- 20% accuracy, which 

was also measured and verified. By selecting a suitable material and its appropriate 

subsequent energy utilization (eg. retail sale to the end-user or industrial heating or water 

heating), considerable savings can be achieved with respect to the briquetting press in 

the order of tens of percent, and this can have the indicated multiplier effect and generate 

additional savings or revenue. 

From the economic point of view, it is also necessary to consider the costs that need 

to be spent on preparing and processing the material before the briquetting process itself. 

There is the practical economic advantage (regardless of the electricity consumption) to 

use of this technology at the point of production of the material that is suitable for 

briquetting (eg, selected samples in this paper). From the point of view of the briquetting 

process itself, significant differences in processing of selected samples were not 

observed. Thus, it is necessary to consider all the circumstances described above and to 

decide what material is advantageous to briquet and which is not. Consumption of 

electrical dependence on material is not the only decisive factor. 

 

CONCLUSIONS 

 

Based on the results of the measurements and the measured values, the energy 

demands of the individual basic compressed materials were clearly shown. Such an 

evaluation can lead to the selection of material that is suitable for briquetting and which 

is not. In particular, economic appreciation can greatly assist in deciding and 

implementing technological processes in industrial and agricultural plants that produce 

biomass, especially in economic considerations about the profitability of its processing. 

This research is basically directly preceded by the current experimental research on 

the briquetting press for home use of the Profilis 15 Home. The comparison of the 

measurements on the Briklis briquetting press with the Profilis briquetting press and 
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subsequent economic evaluation can bring further interesting results. It will be possible 

to determine the point of profitability, i.e. a point in volume production from which the 

production of briquettes on the domestic press becomes unprofitable and it is 

advantageous to use an industrial press. 

The research was supported by the Internal Grant Agency (IGA), Faculty of 

Engineering, Czech University of Life Sciences Prague; Grant title: The energy intensity 

of densification in the production of briquettes from waste materials with a focus on 

waste biomass in the small-scale production. 
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Abstract. The aim of the research was to establish the effectiveness of preparations, made on the 

basis of humic and fulvic acids on the yields of crops in case of different methods and amounts 

used. The experiments were held with varieties and hybrids of winter wheat, soya, corn, and 

sunflower. Based on the obtained results of investigation during the period of 2015–2017, the 

positive impact of foliar additional fertilizing with 4R Foliar Concentrate growth stimulator on 

the basis of humic and fulvic acids on the formation of productivity of the main crops sown areas 

was established. 

Proceeding from the results of the research, the using of growth stimulators based on humic and 

fulvic acids, which contain high concentrations of these substances, can be recommended as an 

expedient and efficient measure of raising the productivity and improving qualitative indicators 

of corn, sunflower, soya, and winter wheat yields. 

 

Key words: fertilizing, humic substances, plant development, seed treatment. 

 

INTRODUCTION 

 

Modern development of plant production output requires solution of the problem 

of stable increase of agricultural crops’ yield with simultaneous preservation of soil 

resources. Application of growth stimulators has become very active today. They give 

an opportunity to open genetic potential of plants in a better way, to use fertilizers and 

means of plants protection more efficiently, that results in improving stability of 

agricultural crops’ yield. Growth stimulators are highly important for increase of plant 
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resistance to the stress situations such as moisture deficit, unfavourable temperature 

conditions, aftereffect of pesticides etc. 

 Preparations made on the basis of humic substances occupy the original place among a 

great number of plant growth stimulators. Favourable action of humic substances has 

been known for a long time. They activate nutrient uptake by plants, raise the coefficient 

of useful elements from mineral fertilizers, intensify soil micro-flora activity, activate 

synthesis of proteins, carbohydrates and vitamins in plants, increase plant resistance to 

radiation as well as to low and high temperatures. Humic substances decrease penetration 

of heavy metals and pesticides into plants, activate their growth, increase productivity, 

improve production quality and accelerate harvest ripening. 

 

ANALYSIS OF THE LATEST PUBLICATIONS 

 

Manure, composts, vermicomposts, and other organic substances are the source of 

humic acids for soil. They have the direct (raising the yield) and indirect impact 

(improving soil fertility). Thanks to organic substances the mineral composition of soil 

improves, its compaction decreases, and the amount of water increases. At the same time, 

humic substances stimulate growing root system and activate anti-stress plant systems 

(Garcia et al., 2014; Tahiri et al., 2014). 

Considering rapid intensification and improving cultivation technologies, recently 

taking place in Ukraine, the reproduction of soil organic component becomes very 

important, because there is a real threat of losing the fertile potential of these lands. It is 

rather problematic to replenish the organic component in our conditions, as one of the 

main branches (livestock farming), which is the source of organic substances, is in a 

crisis condition because of considerably lower profitability of production comparing to 

plant growing (Minkova et al., 2016). 

The preparations, received on the basis of humic and fulvic acids are one of the 

sources of replenishing soils with nutrients of organic origin. There are quite a lot of 

such substances on the market of growth stimulators in Ukraine, but their using on the 

farms of different size and level of production has certain specifics. First of all, they are 

mainly characterized as plant growth stimulators proper, which are recommended to be 

used for pre-sowing seed treatment and foliar fertilization. 

On the other hand, the recommended amount, doses, and concentration of the 

substances, the compatibility and expediency of using in mixtures etc. are to be 

investigated. In generalized scientific reviews it is noted, that the market of growth 

stimulators is developing extremely dynamically, but many scholars consider these 

preparations not objectively and scientifically evaluated (Calvo et al., 2014). 

The content of soil organic component is one of the most important indicators of 

its quality, potential, and suitability to growing crops, and, thus, it requires replenishment 

(Rosa et al., 2017). One of the solutions to this problem is using humic substances and 

preparations made on their basis. So, for example, humic substances, received from 

manure, are wonderful supplement to mineral fertilizers, which ensures effective using 

of nutrients and improves the development of plants (Baldotto et al., 2017). 

Nevertheless, the results of research presented in scientific literature, show different 

effectiveness of using such substances in cultivating crops depending on the origin of  

raw products, molecular structure of humic acids, soils or even the absence of influence 
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or negative reaction of plants (Leventoglu & Erdal, 2014; Martinez-Balmori et al., 2014; 

Kalinichenko et al., 2014; Savy et al., 2016; Conselvanet al., 2017; Oliveira et al., 2017). 

One of the first technological methods of growing crops is pre-sowing seed 

treatment and using preparations made on the basis of humic acids complex, which can 

be a considerable prerequisite of managing harvest from the initial stages of plant 

development. The treatment of corn seeds with the humic preparation Volume Humykos 

(18% of humic acid content) in the experiments of Brazilian scholars positively affected 

the germination rate, growth intensity, the length of sprouts and roots, while plant dry 

weight also increased considerably (Rodrigues et al., 2017). Though, as some authors 

note, raw products, from which humic acids were obtained, and also their concentrations 

and the type of soil are important for seed treatment (Melo et al., 2015). 

In laboratory experiments, adding humic acids in the nutrient substrate for corn 

sprouts resulted in doubling the number of leaves and the length of roots (Sun et al., 

2016). 

In scientific publications of Russian scholars it is noted, that ultra-disperse using of 

humic acids in vitro resulted in better seed germination by 3.4%, and in field experiment, 

the difference was 10.2% as compared with the control group. Moreover, the plant 

weight increased by 11.5%, the leaf area increased by 5.1% and photosynthesis pure 

productivity – by 13.4% in comparison with the control group (Churilov et al., 2015). In 

other laboratory experiments, the treatment of 11-day plants with humic substances, 

received from different leonardites, resulted in positive effect: nitrogen metabolism 

accelerated, and as a result, plant growth improved (Oliveira et al., 2017). 

Using humic acids favors better formation of corn yield under the conditions of 

water or nutrient stress or in case of soil pollution with heavy metals (Santos et al., 2014; 

Zhang et al., 2014; Moghadam et al., 2016). 

The pre-sowing treatment of soya seeds with preparations, containing the complex 

of humic and fulvic acids (ligno-humate, lexin and adding them to treatment mixtures) 

favors not only yield increasing, but also improving the product quality, in particular, oil 

output (Prochazka et al., 2016). On poor sandy soils the reaction of soya on organic-

mineral fertilizers, containing humic substances, was noticed concerning plant height, 

dry weight of root system, and, as a result, the yield. Almost the same positive effect of 

humic preparations was noticed under the conditions of salt and water stress 

(Muhammad et al., 2013; Dinler et al., 2016; Prado et al., 2016a; Prado et al., 2016b; 

Tuncturk et al., 2016; Matuszak-Slamani et al., 2017; Rosa et al., 2017). 

Some scholars note, that although humates are distinguished by their compactness 

and convenience in using, their effect is inferior to the impact of organic fertilizers, in 

particular, manure (Daur, 2013), but combining pre-sowing seed treatment with foliar 

fertilizing leads to increasing soya yields by 8% (Lingaraju et al., 2016). 

Using humic acids on poor soils is also effective on the sown areas of sunflower. 

Besides increasing biometric indices of plants, soil properties also improve and yield 

stability grows (Sadiq et al., 2014; Baldotto et al., 2015). In Romania using organic-

mineral fertilizer, combining nitrogen, phosphorus, microelements (Fe, Cu, Zn, Mg, Mn, 

B), and potassium humate enabled to raise the yield by 14.4% (Parvan et al., 2013). 

It is assumed, that anti-stress action of humic acids may be noticed in their 

participation in creating plant waxes, which explains softening effect of humic 

substances in stress conditions (Kulikova et al., 2014). 
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The experience of using humic acids on wheat in the amount of 2 kg ha-1 with 

microfertilizers containing Cu and Zn enabled to raise the yield of grain by 20.2%, and 

the output of general biomass grew by 17.1%. Using these substances separately 

increased wheat yield only by 6.52–7.52% (Manzoor et al., 2014). Under the conditions 

of salt stress, humic acids considerably decrease the entry of harmful amounts of 

elements in plants, in particular, sodium, leaving unchangeable the assimilation of other 

nutrients (Asik et al., 2009; Jamal et al., 2011; Jarosova et al., 2016). Such properties of 

humic acids make their using promising in organic cultivation of wheat (Muhammad et 

al., 2013). 

The aim of the research was to establish the effectiveness of preparations, made 

on the basis of leonardite, on the yields of crops in case of different methods and amounts 

of using. 4R Foliar Concentrate has humic acids content of 90.06%. Nitrogen content is 

1.14%; phosphorus content is 0.02%, Р2О5 – 0.05%; potassium content is 0.02%; 

calcium content is 0.62%; sulphur content is 0.42%; sodium content is 0.07%; 

magnesium content is 0.17%. Besides, the preparation consists of nearly sixty 

microelements, including rare-earth ones, so the total content of microelements is 

about 5%. 

 

MATERIALS AND CONDITIONS OF RESEARCH 

 

Research was conducted during 2015–2017 on the experimental field of Poltava 

M.I. Vavilova State Agricultural Experimental Station of the Institute of Pig-Breeding 

and Agro-Industrial Production of the National Academy of Agrarian Sciences of 

Ukraine in the village of Stepne of Poltava district. This is the central part of the Eastern 

Forest-Steppe of Ukraine, almost on the conventional border with the Northern Steppe 

and Southern Forest-Steppe – the zone of insufficient moistening. 

The soil is typical black, low-humic, heavy loamy clay (AU-BCA-Cca), the arable 

layer of which is characterized by the following agrochemical and agro-physical indices: 

humus content – 4.9–5.2%; easily hydrolyzed nitrogen (according to Turin and 

Kononova) – 119.1–127.1 mg; P2O5 in acetic acid extract (according to Chirikov) – 

100.0–131.0 mg; exchangeable potassium (according to Maslova) – 171.0–200.0 mg 

per 1 kg of soil. Soil density is 1.05–1.17 g cm-3. General layering is 55.5–59.8%. The 

least soil moisture is about 29.7–31.5%. The full soil moisture is about 39%. The range 

of active moisture is about 25 mm. The moisture of capillary connection disruption is 

20–22%. According to the mechanical composition typical black soil with low humus 

content is heavy loam. Content of dust-like particles with size less than 0.25 mm is 9.4%, 

content of agronomic valuable aggregates (particle size is 0.25–10 mm) is 74.6%, 

content of lumpy ones (aggregates > 10 mm) is 16.0% in the soil layer of 0–30 сm. 

(Stolbovoy  Sheremet, 2000; World Reference base for Soil Resources, 2014) 

Under such agrochemical and physical indicators, such type of soil is considered to 

be one of the best as to the level of fertility in Ukraine (Patyka et al., 2014). 

The description of the weather conditions is given in the Table 1. 
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Table 1. Average weather data during the 2015–2017 crop year 

Indicators 
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 Air temperature, °С 

Average 

monthly 

19.9 6.4 4.7 0.6 -7.1 0.9 4.3 13.2 16.6 21.1 23.5 22.4 10.5 

Average 

annual 

14.5 7.6 1.7 -3.4 -5.6 -4.9 0.7 9.3 15.7 19.4 21.2 20.1 8.0 

± tо average 

annual 

5.4 -1.3 3.0 2.8 -1.5 4.0 3.6 3.9 0.9 1.7 2.3 2.3 2.5 

 Precipitation, mm 

Monthly 3.3 1.2 54.6 40.1 85.9 31.5 74.5 45.6 115.0 26.1 30.1 200.2 708.1 

Average 

annual 

45.9 41.3 40.4 42.0 40.5 32.8 30.7 31.2 45.5 65.2 61.1 42.7 519.3 

± tо average 

annual 

-42.6 -40.1 14.2 -1.9 45.4 -1.3 43.8 14.4 69.5 -39.1 -31.0 157.5 188.8 

 

The weather conditions of vegetation period in 2015 (not uniform distribution of 

precipitation and active temperatures) to some extent negatively influenced plant 

growth, development, and grain yield formation. Arid summer and particularly July, 

August, and the first two autumn months were not favorable for moisture accumulation 

in the soil. In September and October the precipitation level was correspondingly 7.2 

and 2.9% of the average index during many previous years, and the average air 

temperature in September was 5.4 °С higher than usually, and in October, on the 

contrary, it was 1.2 °С lower. 

During the winter the average temperature of air was 1.9°С below zero or it was 

2.7 °С higher than usually. 

During the spring period of 2016, the actual average daily air temperature in March, 

April, and May was higher than usually on 3.6, 3.9, and 0.9 °С correspondingly. In June 

and July, the actual precipitation levels were 26.1 and 30.1, which are 2.5 and 2.0 times 

less, than the indices during many previous years. 

Intensive rains at the end of summer, particularly in August and rainless, warm 

weather in September enabled to conduct autumn field work in optimal terms, including 

the sowing of winter crops, the vegetation of which continued practically to the end of 

October. However, at the same time, the autumn was somewhat colder, than usually for 

many years, especially it concerns October and November. 

The precipitation during this period was also not regular. In particular, in September 

it was only 4.9 mm or 40.9 mm less, than usually, and in October and November – 1.4 

and 55.7 mm correspondingly more. 

The temperature rate during December 2016 and January 2017 was higher in 

comparison with average indices for the previous many years on 0.3 and 0.9 °С 

correspondingly, and in February it grew on 1.6 °С. During the spring period the 

precipitation was 21.6 mm less than usually. The total amount of precipitation during 

the summer months was 58.3 mm, while usually it was 169.0 mm, which is on 110.7 mm 
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less. On the whole during the agricultural year the average temperature of air was on 

1.1 °С higher, and the precipitation was on 103.0 mm less. Thus, the experiments were 

conducted in difficult weather conditions, which enabled to establish the effectiveness 

of the preparations and investigate their anti-stress action. 

 

METHODS OF RESEARCH 

 

The experiment was conducted during the period of 2015–2017. The experiments 

were held with varieties and hybrids of winter wheat, soya, corn, and sunflower. The 

number of experiment replication – three times. The distribution of variants was random. 

The results of investigating the variants of the experiment block, in which foliar 

application of 4R Foliar Concentrate stimulator was used, are presented in this article. 

Ammonium nitrate was applied by broadcasting over frozen-melted soil, and growth 

stimulator – by foliar additional fertilizing of the sown areas with a sprayer. 

The variants of the experiment: 

- for winter wheat: 1 – control group (without treatment of seeds by growth 

stimulators only by complex against pests and diseases); 2 – root additional fertilizing 

with ammonium nitrate (150 kg ha-1); 3 – root additional fertilizing with ammonium 

nitrate (100 kg ha-1); 4 – root additional fertilizing with ammonium nitrate 

(100 kg ha-1)+ foliar additional fertilizing of the sown area with 4R Foliar Concentrate 

in the phase of spring tillering (2 kg ha-1); 5 – foliar additional fertilizing of the sown 

area with 4R Foliar Concentrate in the phase of spring tillering (1 kg ha-1); 6 – foliar 

additional fertilizing of the sown area with 4R Foliar Concentrate in the phase of spring 

tillering (2 kg ha-1); 7 – foliar additional fertilizing of the sown area with 4R Foliar 

Concentrate (1 kg ha-1) in the phase of spring tillering and repeated foliar additional 

fertilizing of the sown areas with 4R Foliar Concentrate in the phase of spike formation 

beginning (1 kg ha-1) (the variety of winter wheat – Vatazhok; the proceeding crop – 

soya; the sown area of the experimental plot – 0.15 ha, the record plot – 100 m2); 

- for corn: the main fertilization N40P40K40 1 – control group (without using the 

preparation); 2 – foliar additional fertilizing of the sown area in the phase of 3–5 leaves 

with 4R Foliar Concentrate (1 kg ha-1); 3 – foliar additional fertilizing of the sown area 

in the phase of 3–5 leaves with 4R Foliar Concentrate (2 kg ha-1); 4 – foliar additional 

fertilizing of the sown area in the phase of 3–5 leaves with 4R Foliar Concentrate 

(1 kg ha-1) and repeated foliar additional fertilizing of the sown area in the phase of 10 

leaves with 4R Foliar Concentrate (1 kg ha-1)(corn hybrid Marsel; the proceeding 

crop – soya; the sown area of the experimental plot – 0.18 ha, the record plot – 35 m2); 

- for soya: the main fertilization N15P15K15 1 – control group (without using the 

preparation); 2 – foliar additional fertilizing of the sown area with 4R Foliar Concentrate 

(1 kg ha-1) in the phase of 2–3 ternate leaves; 3 – foliar additional fertilizing of the sown 

area with 4R Foliar Concentrate (2 kg ha-1) in the phase of 2–3 ternate leaves; 4 – foliar 

additional fertilizing of the sown area with 4R Foliar Concentrate (1 kg ha-1) in the phase 

of 2–3 ternate leaves and repeated foliar additional fertilizing of the sown area with 4R 

Foliar Concentrate (1 kg ha-1) in the phase of budding – beginning of blossoming(soya 

variety –Bilosnizhka; the proceeding crop – winter wheat; the sown area of the 

experimental plot – 0.17 ha, the record plot – 100 m2); 
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- for sunflower: the main fertilization N30P30K30 1 – control (without using the 

preparation); 2 – foliar additional fertilizing of the sown area in the phase of 2–3 pairs 

of leaves with 4R Foliar Concentrate (1 kg ha-1); 3 – foliar additional fertilizing of the 

sown area in the phase of 2–3 pairs of leaves with 4R Foliar Concentrate (2 kg ha-1); 

4 – foliar additional fertilizing of the sown area in the phase of 2–3 pairs of leaves with 

4R Foliar Concentrate (1 kg ha-1) and repeated foliar additional fertilizing of the sown 

area in the phase of budding with 4R Foliar Concentrate (1 kg ha-1) (sunflower hybrid 

KC-108; the proceeding crop – winter wheat; the sown area of the experimental 

plot – 0.18 ha, the record plot – 35 m2). 

Variant placing in the experiments was random; repetition was three times. The 

farming system is conventional. The results of the research were processed using the 

method of multivariate disperse analysis. 

 

RESULTS AND DISCUSSION 
 

The analysis of the above presented theoretical material testifies about certain 

debatable problems. The distributors of the preparations categorically support the 

expediency of using humates, but lately, this method has been criticized in publications 

of practical character, as stated in the Ukrainian production journals. The main argument 

of the criticism is the unnatural method of using humic preparations for vegetative 

surfaces, as they must be in contact with the underground part of the plant. 

Indeed, from the view point of the formation and functioning of humic acids this 

approach would be undisputable, but in such case physical-chemical properties of 

humates are ignored, in particular, considerable decreasing the solution surface tension 

force. As foliar additional fertilizing of plants has already been scientifically 

substantiated and confirmed in practice, it would be logical to foresee better availability 

of nutritious elements in case of using this group of preparations in mixtures with 

fertilizers. It should also be added, that the property of humic acids to transform 

nutritious macro- and microelements in the forms accessible to plants, is the peculiarity 

of these substances. 

Humates are also surface active substances, which decrease the surface tension 

force, creating uniform distribution of solutions on the leaf surface and, thus, assisting 

in better assimilation of other substances. If humic preparations contain micro-elements, 

in such case there is no need to use micro-fertilizers, which is one of the sources of 

economizing. 

As to the influence on the yield of winter wheat, foliar additional fertilizing of the 

sown area with 4R Foliar Concentrate in the concentration of 1 kg ha-1in the phase of 

spring tillering was at the same level comparing to root additional fertilizing with 

ammonium nitrate in the amount of 100 kg ha-1. Increasing the dose of 4R Foliar 

Concentrate preparation from 1 to 2 kg ha-1 ensured increasing grain yield on 

0.13 t ha-1 or by 3.4% comparing to the option №5 and by 15.7% comparing to the 

control variant. The maximal crop grain yield was obtained in case of double foliar 

additional fertilizing of the sown area with 4R Foliar Concentrate in the phase of spring 

tillering (2 kg ha-1) and in the phase of beginning spike formation (2 kg ha-1) (Table 2). 

The economic calculations confirmed a high effectiveness of additional fertilizing 

the sown area of winter wheat both with ammonium nitrate and 4R Foliar Concentrate 

growth regulator on the basis of humic and fulvic acids. Thus, the highest profitability 
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of this element of the technology – 310% and 282% was in case of foliar additional 

fertilizing of the sown areas with 4R Foliar Concentrate (1.0 kg ha-1) in the phase of 

spring tillering and 2 kg ha-1 of 4R Foliar Concentrate in the phase of spring tillering and 

2 kg ha-1 in the phase of spike formation beginning. The profitability of root additional 

fertilizing with ammonium nitrate in the amount of 100 and 150 kg ha-1 was equal to 

111% and 155% correspondingly. Changing a part of nitrogen in mineral fertilizers 

(33%) by foliar additional fertilizing with 4R Foliar Concentrate in the phase of spring 

tillering (2 kg ha-1) was also economically effective, the profitability was 135%. 

 
Table 2. Grain yield of winter wheat with different technologies of additional fertilizing of the 

sown areas 

Variant 

Coefficient of 

tillering, stems  

per one plant, 

piece 

Number of  

grains per  

one plant, 

piece 

Weight of  

grain per  

one plant,  

g 

Plant  

height,  

cm 

Yield,  

tha-1 

± comparing 

with the 

control 

t ha-1 % 

1. 1.7 56.3 2.6 82.4 3.38 – – 

2. 2.3 75.2 3.5 97.3 4.05 0.67 19.8 

3. 2.1 69.3 3.3 94.3 3.75 0.37 10.9 

4. 2.3 75.9 3.6 97.5 4.25 0.87 25.7 

5. 2.1 68.3 3.2 92.8 3.78 0.40 11.8 

6. 2.1 69.5 3.3 93.9 3.91 0.53 15.7 

7. 2.3 77.2 3.7 97.1 4.87 1.49 44.1 

LSD0.95     0.34 – – 

 

The difference between the experimental variants of foliar additional fertilizing the 

sown areas with 4R Foliar Concentrate as to the influence on the main structural 

elements forming the yield of soft winter wheat is noticeable. For example, plants were 

5.5 cm higher as compared to the control, the number of grains was 10.1 pieces or by 

15.5% more, grain weight was 0.5 g by 16.7% more. On the whole, spraying the sown 

areas positively affected the crop productivity. 

Using 4R Foliar Concentrate stimulator 

for foliar additional fertilizing of the 

sownareas of corn positively influenced the 

realization of productivity genetic potential 

by the plants of this crop (Table 3). Thus, on 

the whole, the increase of corn grain yield 

was 0.87–1.25 t ha-1 or 12.1–17.3% as 

compared with the control group. 

Nevertheless, the most effective was foliar 

additional fertilizing of the sown areas with 

4R Foliar Concentrate (1.0 kg ha-1) in the 

phase of 3–5 leaves and repeated additional  

 

Table 3. The crop yields in case of foliar 

additional fertilizing of the sown areas 

with 4R Foliar Concentrate preparation,  

t ha-1 (the average during 2015–2017) 

Variant Corn Soya Sunflower 

1. 7.21 2.07 2.84 

2. 8.08 2.45 3.22 

3. 8.43 2.57 3.40 

4. 8.46 2.74 3.50 

LSD0.95 0.51 0.18 0.23 
 

fertilizing with the same dose of the preparation in the phase of 10 leaves. Corn grain 

yield at such additional fertilizing was 8.46 t ha-1 or was 1.25 t ha-1higher in comparison 

with the control. 

The preparations also positively influenced the number of grains in corn ear and 

the weight of 1,000 grains. On the average, there were on 64 grains or by 13.1% more 
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and the weight of 1,000 thousand of seeds – on 8.2 g or by 3.3% more. The economic 

analysis of the experiment results shows a high effectiveness of foliar additional 

fertilizing of corn sown areas with 4R Foliar Concentrate growth regulator on the basis 

of humic and fulvic acids. So, the highest profitability of this element of corn 

cultivation – 804% and 549% was in case of foliar additional fertilizing of the sown areas 

with 4R Foliar Concentrate (1.0 kg ha-1) in the phase of 3–5 leaves and repeatedly in the 

phase of 10 leaves. According to economic indices, the variant of foliar additional 

fertilizing of the sown areas with 4R Foliar Concentrate (2 kg ha-1) in the phase of 3–5 

leaves was intermediate. 

Foliar additional fertilizing of the sown areas under soya with 4R Foliar 

Concentrate growth regulator on the basis of humic acids positively influenced the crop 

productivity. In the variant, where the growth stimulator was used for seed treatment and 

foliar additional fertilizing, the height of soya plants increased on 24.0 cm, the number 

of beans on one plant – on 3 pieces, the number of grains on one plant – on 7.3 pieces or 

by 29.9%, the weight of 1,000 grains – on 7.2 g or 5.3% as compared with the control 

variant. 

The increase of soya grain yield, as compared with the control, was 0.38–0.64 t ha-1 

by 18.4–32.4% (Table 3). From agronomic viewpoint, foliar additional fertilizing of the 

sown areas with 4R Foliar Concentrate (1.0 kg ha-1) in the phase of 2–3 ternate leaves 

and repeated foliar additional fertilizing of the sown area with the same amount of the 

preparation in the phase of budding-beginning of blossoming was the most effective. 

The soya grain yield in this case was 2.74 t ha-1 or was 0.64 t ha-1 higher as compared 

with the control, and also 0.14 t ha-1 more than when 2 kg ha-1 of 4R Foliar Concentrate 

was applied in the phase of 2–3 ternate leaves. 

The increase of sunflower yield at foliar additional fertilizing of the sown areas 

with 4R Foliar Concentrate stimulator was 0.38–0.66 t ha-1 or 13.4–23.2%. The 

preparation also increased the area of leaf surface by 10.5%, the diameter of the 

head – by 7.1%, the weight of 1,000 seeds – on 0.8 g or by 1.6%. As in the previous 

experiments, foliar additional fertilizing of the sown area with 4R Foliar Concentrate in 

the phase of budding with the same amount of the preparation was the most effective. 

The yield of sunflower seeds in this case was 3.50 t ha-1, or it was 0.66 t ha-1 higher as 

compared with the control and 0.1 t ha-1 higher in comparison with applying 2 kg ha-1 of 

4R Foliar Concentrate in the phase of 2–3 pairs of leaves. 

Foliar additional fertilizing in the experiment of growth regulator based on humic 

and fulvic acids did not affect the content and dynamics of humic and fulvic acids in the 

soil during the time of conducting experiments on black soils. 

 

CONCLUSIONS 

 

Based on the obtained test results during the period of 2015–2017, the positive 

impact of foliar additional fertilizing with 4R Foliar Concentrate growth stimulator on 

the basis of humic and fulvic acids on the formation of productivity of the sown areas of 

the main crops was established.  

This agro-technical measure ensured the increase of winter wheat grain yield on 

0.4–1.49 t ha-1 or by 11.8–44.1%, corn – on 0.87–1.25 t ha-1 or by 12.1–17.3%, 

soya – on 0.38–0.67 t ha-1or by 18.4–32.4%, sunflower seeds – on 0.38–0.66 t ha-1 or 

13.4–23.2%. It was found, that the best economic effect is achieved in case of double 
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foliar additional fertilizing of the sown areas of the main field crops with 4R Foliar 

Concentrate preparation in phases of growth and development (1 kg ha-1 in both cases). 

The results of the experiments show, that the conducted foliar additional fertilizing 

of the sown areas of the crops with the growth stimulator leads to improving the 

conditions of plant nutrition and raising the efficiency of applying mineral fertilizers. 
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Abstract. Artificial regulation of the growth and development of cultivated plants aimed to 

increase biological productivity and improve the quality of eco-frienfly products is an important 

goal of modern agricultural production. Application of the natural growth stimulators and 

bacterial agents is quite relevant and effective. The field research was conducted on the basis of 

the research farm ‘Agronomichne’ of Vinnytsia National Agrarian University, village 

Agronomichne, Vinnytsa district, Vinnytsia region, Ukraine. Features of the growth and 

development of white lupine (Lupinus albus L.) plants are examined. There has been established 

a positive effect of the combination of inoculation with the bacterial agent and growth stimulator 

on the productivity of white lupine, which is important for the formation of high and stable yields. 

The papers presents the results of studies on the effect of pre-sowing seed treatment and foliar 

nutrion under conditions of the right-bank Forest-Steppe of Ukraine on the assimilation apparatus 

of white lupine plants. It has been established that bacterial agents and growth stimulators 

increase white lupine productivity due to optimization of the studied technological methods of 

cultivation. The optimal leaf surface area that provided maximum grain yield has been 

determined. The research has established a positive effect of pre-sowing seed treatment with the 

bacterial agent Rhizohumin and the growth stimulator Emistym C and foliar nutrition with 

Emistym C on the chlorophyll content in the white lupine leaves. The influence of the investigated 

technological methods on the formation of the assimilation surface area and chlorophyll synthesis 

in the leaves of white lupine has been proved. The preparations studied induce intensive 

development of the photosynthetic apparatus, yield increase, improvement of the yield structure 

and they improve grain quality under conditions of right-bank Forest-Steppe of Ukraine. The 

issue of seed bacterization and application of growth stimulators requires a more detailed study. 

Theefore, such researches are relevant and significance in terms of both practical and scientific 

value. 

 

Key words: white lupine, assimilation apparatus, chlorophyll, variety, productivity, growth 

stimulator, seed bacterization. 

 

INTRODUCTION 

 

The most important goals of modern agrarian science include the search for new 

ways and techniques aimed to increase crop productivity as well as to improve the 

product quality (Rogach, 2009; Mazur & Pantsyreva, 2017). Significant achievements 

in this area can be achieved through optimization of the level of fulfilment of the genetic 

potential of plants and simultaneous minimization of the effect of negative 
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environmental factors in the process of their ontogenesis (Muhammad & Muhammad, 

2013; Rai et al., 2017). 

Climate resources are important for maximizing the biological potential of 

agricultural crops. The vegetative period in agricultural crops is related to the amount of 

precipitation and the presence of heat. Among allocated in Ukraine natural agricultural 

zones include: Woodland, Forest Steppe and Steppe zones. The Forest Steppe zone 

occupies 34.9% of the territory of Ukraine (20,291,1 thousand hectares). Right Bank 

Forest Steppe is characterized by moderatelycontinental climate and belongs to the zone 

of sufficient moisture. The absence of high altitude increases the free movement of air 

of various origins, which causes a significant variability of weather processes in separate 

seasons (Furseth, 2012; Madzikane-Mlungwana et al., 2017; Mazur & Pantsyreva, 2017). 

Physiologically active substances cause restructuring of the assimilation apparatus 

of plants, changes in morphometric parameters, ratio of the masses of its organs, 

emergence of additional attractive centers, and the strengthening or weakening of the 

functioning of existing ones that indicates changes in the nature of donor-acceptor 

relationships in the plant (Kuryata et al., 2017). The effect of the growth stimulantors is 

associated with the acceleration of the processes of division, stretching and 

differentiation with the simultaneous increase in plant habitus (Madzikane-Mlungwana 

et al., 2017; Rai et al., 2017), the area of assimilation surface (Polyvanyj & Kuryata, 

2015; Ren et al., 2017), an increase in the chlorophyll concentration (Luo et al., 2017; 

Ren et al., 2017) and, as a consequence, the activation of photosynthetic processes 

(Mohammad & Mohammad, 2013; Rai et al., 2017; Ren et al., 2017), and the growth of 

crop productivity (Polyvanyj & Kuryata, 2015; Gonzatto et al., 2016; Khalid et al., 2016; 

Alexopoulos et al., 2017; Pantsyreva, 2017; Rai et al., 2017). 

It is known that the hormonal system plays an extremely important role in the 

regulation of the processes of plant morphogenesis, and the physiological effect depends 

both on the features of varieties and technological methods of cultivation. Application 

of the preparations based on the strains of nodule bacteria and extracts from epiphyte 

fungi affect the yield and quality of agricultural products. The use of growth regulators 

and bacterial agents provides the prospects of artificial redistribution of the flows of 

assimilants from vegetative growth processes to the formation and growth of grain, and, 

as a result, it can become an effective factor for increasing crop yields (Davis, Tim, 2017; 

Rai et al., 2017; Bollman &, Vessey, 2006, Merkushyna, AS, 2013; Xing et al., 2016). 

In the research papers, there is enough information available on the use of natural 

growth stimulators and bacterial agents aimed to activate the production process through 

morphometric changes in the legumes (Xing et al., 2016; Pantsyreva, 2016), cereals 

(Muhammad & Muhammad, 2013; Luo et al., 2017; Zhao et al., 2017), oilseeds 

(Khodanitska & Kuryata, 2011; Fu et al., 2014; Froschle et al., 2017), vegetables (Tubiis 

et al., 2016; Palamarchuk, 2017, Alexopoulos et al., 2017), industrial crops 

(Khhodanitska & Kuryata, 2011; Mohammad & Mohammad, 2013; Rai et al., 2017), 

fruit crops (Ahmed et al., 2012; Cru-Castilloa et al., 2014), medicinal and decorative 

crops (Gouveia et al., 2012; Aremu et al., 2017; Madzikane-Mlungwana et al., 2017). 

Bacterial agents and growth stimulators also increase crop resistance to adverse 

environmental and biotic factors due to the changes in hormonal status and the activation 

of antioxidant plant sustems (Javid et al., 2011; Muhammad & Muhammad, 2013; 

Piotrowska-Niczyporuk et al., 2014; Tubi's et al., 2016; Xing et al., 2016). 
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Domestic and foreign authors indicate that the biological yield depends on the 

content of pigments, primarily chlorophylls in the assimilating organs of plants, time and 

intensity of their work. Chlorophyll content in the leaves affects the intensity of 

photosynthesis, dry matter accumulation, and, finally, their productivity. The need for 

research in this area is caused by the fact that the total mass of green pigment and its 

concentration in the leaf mesophyll as well as the assimilation surface area are 

considered to be the basis of the potential of photosynthetic activity of the plant organism 

as a whole (Pantsyreva, 2017; Rai et al., 2017). 

The difference in the chlorophyll content, as a rule, is an indicator of the level of 

compliance with the growing conditions and it varies depending on the variety genotype. 

The increase in crop yield depends on both the factors affecting photosynthesis and the 

complex of physiological processes associated with it (water exchange, nutrition, 

growth). The formation of a well-developed photosynthetic apparatus that is optimal in 

volume, dynamics and intensity of functioning is the key to the production of organic 

matter, biological and commodity yield (Pantsyreva, 2017). 

Scientifically substantiated foundations of the technologies for growing legume 

crops, including white lupine, determination of the chlorophyll accumulation in plant 

leaves are important as their content affects the intensity of photosynthesis and other 

physiological processes. The researches aimed at establishing the features of the 

photosynthetic apparatus, peculiarities of formation of the assimilation apparatus during 

plant growth and development are of primary importance for assessing the influence of 

the technological methods on the productivity and quality of the plant grain. Therefore, 

such researches are of great importance for modern agricultural production (Rogach, 

2009; Mazur & Pantsyreva, 2017). Thus, the purpose of this research is to establish the 

specifics of the assimilation apparatus formation by white lupine crops depending on the 

technological methods under conditions of the right-bank Forest-Steppe. 

 

MATERIALS AND METHODS 

 

The field research (for 2013–2018 years) was conducted on the experimental field 

‘Agronomichne’ of Vinnytsia National Agrarian University that was sown with white 

lupine, village Agronomichne, Vinnitsa district, Vinnytsia region. White lupine variety 

Veresnevyi was selected as the material for the study. 

In the experiment, the effect and interaction of three factors were studied: A – 

variety, B – pre - sowing seed treatment, C - foliar fertilization. On the day of sowing, 

white lupine seeds were treated with bacterial Risogumin (600 g per hectare seed) and 

growth promoter Emistim C (10 mL per 1 t seed) using PKC-20 Super. Growth 

stimulator Emistim C with a rate of use of 15 mL ha-1 was used in the non-root nutrition. 

The first foliar nutrition of Emistim C was carried out in the budding phase, and the 

second in the phase of seeding. For control, an option is adopted without pre-planting 

and without extra-root crops. On the day of sowing, white lupine seeds were treated with 

water in a control. 

Risogumin is used to bacterialize lupine seeds in order to improve nitrogen nutrition 

of plants, increase productivity of culture. Stimulator of growth of plants Emistim C a  
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wide spectrum of action - a product of biotechnological cultivation of mushroom-

epiphytes from the root system of medicinal plants. Transparent, colorless, water-alcohol 

solution. Contains a balanced set of phytohormones of auxin, cytokinin nature, amino 

acids, carbohydrates, fatty acids, trace elements. 

There was applied the technology of growing white lupine varieties that was 

conventional for the Forest-Steppe zone of Ukraine and involved pre-sowing seed 

treatment with the bacterial agent Rhizohumin combined with the growth stimulator 

Emistym C and foliar nutrition with Emistym C. The registered area was 25 m2. 

Replication was five-time. The variants were located systematically in two layers. 

Evaluation of photosynthetic activity of plants was carried out in accordance with 

the following techniques: leaf area was measured by the method of ‘carving’, 

photosynthetic potential was determined by the method of A.A. Nichiporovich (1996); 

chlorophyll content was determined by the method of alcohol batch using a certified 

electrophotocololymer (KFK-2). 

Statistical analysis of the experimental data was carried out using the computer 

program STATICA - 6. Validity of the difference of the experimental data regarding the 

control was determined using Student's t-criterion. The tables and figures show the 

average data over the years of research. 

The revealed dependencies (Fig. 4) between the formation of indicators of 

individual productivity and grain yield of white lupine varieties can be expressed by the 

following regression equations: 

У = 7.881678 + 0.066816х1 + 0.196308х2 – 0.026010х3 (1) 

where У – grain yield, t ha-1; х1 – number of beans per plant, pcs/plant; х2 – number of 

grains per plant, pcs; х3 – mass of 1,000 seeds, g. 

In this case, the coefficients of the multiple linear correlation in white lupine were 

R = 0.904254 and R = 0.896057, respectively. The pair correlation coefficients (r) 

between the grain yield and the number of beans, the number of seeds per plant, and the 

mass of 1,000 seeds were 0.145801, 0.045127, 0.09706. These indicators show a close 

relationship between the basic indicators of individual plant productivity and the level 

of grain yield of white lupine. 

 

RESULTS AND DISCUSSION 

 

It is known that white lupine is characterized by slow and uneven growth in the 

initial phase of development; however its growth rate increases in the future. White 

lupine grows especially intensely after the beginning of bloom. The growth rate during 

this period depends mainly on the environment and characteristics of the variety. 

It is noted that depending on the factors studied the height of white lupine plants 

before the phase of budding did not change significantly, but since the beginning of the 

stage of full bloom the difference in height between the variants considerably increased. 

The researches (Rogach, 2009; Mazur & Pantsyreva, 2017) have revealed the 

dependence of white lupine plant height on the effect and interaction of bacterial agent 

and growth stimulators that were studied (Fig. 1). 
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Figure 1. Dynamics of while lupine plant height in Veresnevyi variety depending on pre-sowing 

seed treatment and foliar nutrition, cm (average of 2013–2017). 

 
The highest height of this variety was recorded at the beginning of the grain pouring 

and was 87.5 cm in the version where pre-sowing seed treatment with an inoculum 

Risogumin with an Emistim C growth stimulator was carried out in conjunction with 

two non-root nutrients. This indicator exceeded the control version without the use of 

pre-seed treatment on average 13.3 cm. 

In the case of seedless pre-seed treatment, plant height was the lowest in all phases 

of growth and development of white lupine plants. The greatest value of this indicator 

on the control version without foliar feeding at the beginning of the pouring of grain was 

74.2 cm. 

In the version with the use of bacterial preparation Rizogumin without endocrine 

infusions in the phase of the onset of grain, the height of the plant reached 78.9 cm, 

which is 4.7 cm less for this variant. In the variant with pre-sowing treatment with 

growth stimulator Emistim C with two extra-root nutrients, the height of 83.5 cm was 

fixed, which is 9.3 cm less than the control variant. 

The process of formation of fruit elements in white lupine plants depending on pre-

sowing seed treatment and foliar nutrition is of great scientific and practical value for 

maximum fulfilment of the genetic potential of the variety under conditions of the right-

bank Forest-Steppe. Observations of the nature of formation of fruit elements in white 

lupine showed that their number depends on the effect of the biological agents that were 

studied (Table 1). 
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Table 1. Formation of fruit elements in white lupine depending on pre-sowing seed treatment and 

foliar nutrition (average of 2013–2015) 

Factors Average number per plant, pcs. % of mature beans  

Pre-sowing 

seed  

treatment 

Foliar  

nutrition with 

Emistym C 

Flowers 

Beans 

after 

setting 

Beans at the 

period of 

ripening  

from the 

number of 

flowers  

From the 

formed 

beans  

Without pre-

sowing seed 

treatment 

without nutrition 25.1 7.7 5.0 19.9 64.9 

single nutrition 25.4 7.8 5.1 20.1 65.4 

double nutrition 25.8 7.9 5.2 20.2 65.8 

Rhizohumin without nutrition 25.5 8.3 5.6 22.5 67.5 

single nutrition 25.7 8.7 5.9 23.0 67.8 

double nutrition 25.9 8.9 6.0 23.2 67.4 

Emistym C without nutrition 26.3 8.8 6.1 23.2 69.3 

single nutrition 27.1 9.0 6.4 23.6 71.1 

double nutrition 27.9 9.2 6.6 23.7 71.7 

Rhizohumin + 

Emistym C 

without nutrition 28.4 9.3 6.7 23.6 72.0 

single nutrition 29.4 9.5 7.0 23.8 73.7 

double nutrition 29.7 9.6 7.1 23.9 74.0 

LSD0.5: А-0.04; В-0.8; С-0.07; АВ-0.10; АС-0.11; ВС-0.15; АВС-0.20 

2013 LSD0.5 t ha-1: А-0.03; В-0.04; С-0.03; АВ-0.07; АС-0.06; ВС-0.7; АВС-0.10 

2014 LSD0.5 t ha-1: А-0.04; В-0.05; С-0.04; АВ-0.09; АС-0.08; ВС-0.10; АВС-0.14 

2015 LSD0.5 t ha-1: А-0.05; В-0.05; С-0.05; АВ-0.08; АС-0.07; ВС-0.10; АВС-0.13. 
 

 

It was established that the largest number of flowers per plant in white lupine was 

formed in the variant where pre-sowing seed treatment involved the bacterial agent 

Rhizohumin and the growth stimulator Emistym C in combination with double foliar 

nutrition with Emistym C in the budding phase. Thus, the number of flowers per plant 

in Veresnevyi variety was 29.7 flowers per plant, which exceeded the control variant by 

4.6 flowers per plant. The variants without pre-sowing seed treatment and foliar nutrition 

had the lowest figures, which were 25.1 flowers per plant in Veresnevyi variety. 

Thus, the effect of the studied preparations on the figures of the leaf surface area 

was insignificant in the phases of branching and budding. On the site where Veresnevyi 

variety was grown, the leaf area index, depending on the pre-sowing seed treatment and 

foliar nutrition, was within 14.2–15.7 thousand m2 pe ha in the budding phase, and it 

ranged within 22.3–27.6 thousand m2 per ha in the phase of full bloom. 

It was established that the highest index of the area of the leaf surface per hectare 

of lupine of the white variety of the Veresnevyi – 43.7 thousand m2 ha-1 was formed in 

the phase of the beginning of the filling of grain in the variant with the use of the bacterial 

preparation Risogumin in combination with growth stimulator Emistim C with two 

extracorporeal feedings Emistim C. This indicator was greater than control at 

8.1 thousand m2 ha-1 (Fig. 2). 
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Figure 2. Dynamics of the leaf surface area of white lupine plants of Veresnevyi variety 

depending on technological methods, thousand m2 per ha (2013–2015). 

 

The records taken during the trial have showed that pre-sowing seed treatment of 

white lupine with the bacterial agent Rhizohumin in combination with the growth 

stimulator Emistym C with double foliar nutrition with Emistym C have a positive effect 

on the formation of photosynthetic apparatus of plants and on chlorophyll content in the 

leaves of white lupine (Table 2). 

 
Table 2. Formation of the photosynthetic potential of white lupine of Veresnevyi variety 

depending on pre-sowing seed treatment and foliar nutrition, million m2 per ha (average for 2013–

2017) 

Factors Periods of vegetation of plants 

Pre-sowing  

seed  

treatment 

Foliar nutrition  

with Emistym C 

Full 

germination - 

budding 

Full 

germination - 

full bloom 

Full  

germination 

Beginning of 

seeding  

Full 

germination - 

physiological 

maturity 

Without pre-

sowing seed 

treatment 

without nutrition 0.321 0.601 0.989 1.505 

single nutrition 0.321 0.606 1.005 1.529 

double nutrition 0.321 0.606 1.006 1.559 

Rhizohumin without nutrition 0.326 0.616 1.050 1.588 

single nutrition 0.326 0.622 1.075 1.638 

double nutrition 0.336 0.622 1.076 1.689 

Emistym C without nutrition 0.337 0.637 1.125 1.766 

single nutrition 0.337 0.648 1.150 1.819 

double nutrition 0.337 0.648 1.151 1.860 

Rhizohumin + 

Emistym C 

without nutrition 0.354 0.675 1.125 1.941 

single nutrition 0.354 0.689 1.260 1.982 

double nutrition 0,354 0.689 1.262 2.061 

LSD0.5 million m2 per ha: А-0.05; В-0.6; С-0.07; АВ-0.12; АС-0.11; ВС-0.14; АВС-0.09  

2013 LSD0.5 t ha-1: А-0.04; В-0.05; С-0.04; АВ-0.06; АС-0.06; ВС-0.07; АВС-0.1 

2014 LSD0.5 t ha-1: А-0.05; В-0.06; С-0.05; АВ-0.08; АС-0.07; ВС-0.08; АВС-0.1 

2015 LSD0.5 t ha-1: А-0.06; В-0.07; С-0.05; АВ-0.08; АС-0.07; ВС-0.10; АВС-0.13. 
 

 

0

10

20

30

40

50

Budding full bloom beginning of
seeding

physiological
maturity

Control

Rhizohumin + double foliar nutrition

Emistym C + double foliar nutrition

Rhizohumin + Emistym C + double foliar nutrition



213 

It is proved that the effectiveness of application during pre-sowing seed treatment 

of the bacterial agent Rhizohumin and the growth stimulator Emistym C and foliar 

nutrition with the growth stimulator Emistym C is marked in the phase of physiological 

maturation. Thus, the highest figures of formation of photosynthetic potential of white 

lupine plants were observed in the period of full germination – physiological maturity in 

the variants where pre-sowing seed treatment involved a bacterial agent and a growth 

stimulator in combination with with double foliar nutrition and amounted to 2.061, 

which exceeded the control variant by 27.0%. 

The increase in crop yield depends on both the factors affecting photosynthesis and 

the complex of physiological processes associated with it (water exchange, nutrition, 

growth). The formation of a well-developed photosynthetic apparatus that is optimal in 

volume, dynamics and intensity of functioning is the key to formation of organic matter, 

biological and commodity yields. 

Many authors indicate that the biological yield depends on the content of pigments, 

primarily chlorophylls in the assimilating organs of plants, the time and intensity of their 

work. The content of chlorophyll in the leaves affects the intensity of photosynthesis, 

accumulation of dry matter, and, finally, their productivity. The need for research in this 

area is caused by the fact that the total mass of the green pigment and its concentration 

in leaf mesophillous and the size of the assimilation surface are considered as a basis for 

the potential of photosynthetic activity of the plant organism as a whole. 

Availability of the positive effect of pre-sowing seed treatment and foliar nutrition 

on the chlorophyll content in white lupine leaves was established (Table 3). 

 
Table 3. Chlorophyll content in while lupine depending on pre-sowing seed treatment and foliar 

nutrition (average of 2013–2017) 

Factors Chlorophyll content in the leaves,  

Pre-sowing seed 

treatment 

Foliar nutrition with  

Emistym C 
mg g-1 of crude mass mg m-2 

without pre-sowing 

seed treatment 

without nutrition 2.03 2,101.28 

single nutrition 2.03 2,101.28 

double nutrition 2.07 2,560.29 

Rhizohumin without nutrition 2.16 2,699.44 

single nutrition 2.23 2,707.68 

double nutrition 2.33 3,246.51 

Emistym C without nutrition 2.16 2,699.44 

single nutrition 2.23 2,707.68 

double nutrition 2.48 3,679.94 

Rhizohumin  

Emistym C 

without nutrition 2.48 3,679.94 

single nutrition 2.69 4,083.31 

double nutrition 2.87 4,802.12 

 

Pre-sowing seed treatment of white lupine plants both with Rhizohumin and 

Emistym C with subsequent foliar nutrition of plants with Emistym C provided the 

highest pigment content in the experiment, both in terms of crude mass and per unit of 

area. Thus, this indicator in the plants of Varesvenyi variety was 2.87 mg g-1 and 

4,802.12 mg m-2, respectively. 
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Observation of the dynamics of dry matter accumulation in white lupine plants 

showed that the maximum output was formed in the phase of physiological maturity 

(Fig. 3). 
 

 
 

Figure 3. Dynamics of dry matter accumulation in while lupine of Veresnevyi variety depending 

on pre-sowing seed treatment and foliar nutrition, t ha-1 (average of 2013–2017). 

 

It was noted that the intensity of dry matter accumulation during the growing season 

of white lupine varieties depended on the factors studied, namely, pre-sowing seed 

treatment and foliar nutrition. Application of the bacterial agent in combination with 

double foliar nutrition contributed to obtaining the largest output of dry matter of white 

lupine. 

According to our research, individual productivity of while lupine plants depended 

on the features of the variety and the factors studied (Table 4). 

Thus, the maximum individual productivity of white lupine plants of Veresnevyi 

variety was observed in the variant with pre-sowing seed treatment with a bacterial agent 

and a growth stimulator combined with the double foliar nutrition. In this case, the 

indicators of individual productivity were as follows: the number of beans per plant was 

6.5 pcs, the number of grains per plant was 20.3 pcs, the mass of 1,000 grains was 

335.1 g, the mass of grains per plant was 6.8 g. On the control trial sites, where no pre-

sowing seed treatment and no foliar nutrition was applied, indicators of the individual 

productivity were the lowest, and they were as follows: the number of beans per plant 

was 4.9 pcs, the number of seeds per plant was 15.5 pcs, the mass of 1,000 grains was 

317.2 g, the mass of grains per plant was 4.9 g. 

We have found that there is a close relationship between individual productivity of 

plants and the level of crop yield, including white lupine. 

The maximum value of the white lupine grain yield of Veresvenyi variety was 

obtained in the trial variants with pre-sowing seed treatment with the inoculant 

Rhizohumin and growth stimulator Emistym C in combination with double foliar 

nutrition with Emistym C (Table 5). At the same time, the grain yield was 3.61 t ha-1, 

and it exceeded the control variant by 0.65 t ha-1 or 18%, respectively. 
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Table 4. Individual productivity of white lupine plants depending on pre-sowing seed treatment 

and foliar nutrition (average of 2013–2015) 

Factors Number of 

beans per 

plant, pcs. 

Number of 

grains per 

plant, pcs. 

Mass of 

1,000 seeds, 

pcs. 

Mass of 

grains per 

plant, g 

Pre-sowing seed 

treatment 

Foliar nutrition 

Without  

pre-sowing seed 

treatment 

without nutrition  4.9 15.5 317.2 4.9 

single nutrition with 

Emistym C  

5.0 16.0 318.1 5.1 

double nutrition with 

Emistym C 

5.0 16.3 319.4 5.2 

Rhizohumin without nutrition  5.1 16.2 314.9 5.1 

single nutrition with 

Emistym C  

5.2 17.3 317.0 5.5 

double nutrition with 

Emistym C 

5.5 17.5 319.4 5.6 

Emistym C without nutrition  5.2 16.3 317.6 5.2 

single nutrition with 

Emistym C  

5.4 17.6 320.1 5.6 

double nutrition with 

Emistym C 

5.8 17.9 323.7 5.8 

Rhizohumin + 

Emistym C 

without nutrition  5.4 16.6 321.6 5.3 

single nutrition with 

Emistym C  

6.1 18.1 325.9 5.9 

double nutrition with 

Emistym C 

6.5 20.3 335.1 6.8 

 
Table 5. Grain yield of while lupine depending on pre-sowing seed treatment and foliar nutrition, 

t ha-1 (average of 2013–2015) 

Factors  Years 
 

Average 
Pre-sowing seed 

treatment 

Foliar nutrition with 

Emistym C 
2013 2014 2015 

Without pre-sowing 

seed treatment 

without nutrition 3.08 3.24 2.55 2.96 

single nutrition 3.13 3.35 2.59 3.02 

double nutrition 3.18 3.42 2.62 3.17 

Rhizohumin without nutrition 3.15 3.71 2.90 3.25 

single nutrition 3.31 3.88 2.94 3.38 

double nutrition 3.40 3.90 3.05 3.45 

Emistym C without nutrition 3.10 3.68 2.82 3.20 

single nutrition 3.20 3.74 2.86 3.27 

double nutrition 3.31 3.81 2.93 3.35 

Rhizohumin + 

Emistym C 

without nutrition 3.08 3.62 2.88 3.19 

single nutrition 3.12 3.85 3.01 3.32 

double nutrition 3.58 4.10 3.15 3.61 

LSD0.5 t ha-1: А-0.07; В-0.10; С-0.08; АВ-0.14; АС-0.12; ВС-0.17; АВС-0.24 

2013 LSD0.5 t ha-1: А-0.04; В-0.05; С-0.04; АВ-0.07; АС-0.06; ВС-008; АВС-0.12 

2014 LSD0.5 t ha-1: А-0.05; В-0.06; С-0.06; АВ-0.09; АС-0.08; ВС-0.11; АВС-0.16 

2015 LSD0.5 t ha-1: А-0.04; В-0.06; С-0.05; АВ-0.08; АС-0.07; ВС-0.10; АВС-0.14. 
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It has been established that foliar nutrition with Emistym C provided an increase in 

the grain yield of white lupine. However, the increase in grain yield depended on the 

pre-sowing seed treatment, which involved foliar nutrition. Double foliar nutrition on 

the trial sites without pre-sowing seed treatment resulted in the yield increase of 

0.21 t ha-1. 

While the application of double foilar nutrition with the growth stimulator Emistym 

C combined with pre-sowing seed treatment with the inoculant Rhizohumin and growth 

stimulator Emistim C provided a maximum grain yield increase of 0.65 t ha-1. In the 

variants where pre-sowing seed treatment was conducted by the bactericidal agent 

Rhizohumin separately from the growth stimulator Emistym C, the application of double 

foliar nutrition resulted in somewhat lower yield increase of 0.49 t ha-1 and 0.39 t ha-1 or 

14.2% and 12.0%, respectively. Consequently, there was revealed a significant effect of 

foliar nutrition with Emistym C combined with pre-sowing seed treatment with the 

bacterial agent Rhizohumin and growth stimulator Emistym C. 

Plant functioning depends on a significant number of exogenous and endogenous 

factors, among which the regulation of productivity by the growth stimulator and 

bacterial agent is quite significant, since the changes in growth, physiological and 

biochemical processes cause restructuring of the entire plant organism in this way 

(Kuryata et al., 2017; Poprotska & Kuryata, 2017; Mazur et al., 2018). Stimulation of 

growth and development processes is associated with the mobilization of the genetic 

potential of plants and targeting assimilation resources at the enhancement of biological 

productivity, in contrast to the effects of inhibitors, although the effect of the latter, as it 

is known, may also be accompanied by the increased yields due to the redistribution of 

plastic substances between plant organs. 

Application of pre-sowing seed treatment and foliar nutrition with the bacterial 

agent and growth stimulator induces changes in the processes of morphogenesis and 

intensification of metabolism in white lupine plants. 

It is known that the leaf is the main source of assimilates in the plant. Changes in 

the structure and functioning of the leaf apparatus as a donor of plastic substances are 

the key ones in the production process. Enhancement of the activity of all types of 

meristem tissues under the effect of bacterial agent and growth stimulator has 

contributed to the formation of plants, which are bigger in their size (Mesejo et al., 2012; 

Aremu et al., 2017; Madzikane-Mlungwana et al., 2017) and form a more powerful leaf 

apparatus (Rogach, 2009; Polyvanyj & Kuryata, 2015). Setting of a bigger number of 

leaves, increase in the area and mass of crude matter in the leaves has resulted in the 

activation of photosynthetic processes and enhanced the donor function of the leaf. 

Another kind of effect of the studied preparations is the mesostructure organization 

of the leaf. Strengthening of mitotic activity under the effect of preparations contributed 

to the thickening of the leaf blade due to assimilation tissue, which was manifested in 

increasing the number, size and volume of cells. The investigated influence of growth 

stimulators on the mesostructure of leaf blade in the white lupine can provide 

preconditions for increasing the crop photosynthetic productivity. 

Assimilates, which were intensively synthesized under the effect of the bacterial 

preparation and growth stimulator, especially in the initial stages of ontogenesis, actively 

influenced the growth processes and accelerated the development of white lupine plants. 

Thus, the analysis of the ratio of masses of vegetative and generative organs shows that 

at the beginning of formation of grains, i.e. the main acceptors of plastic substances in 
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the plant, their share increased under the effect of preparation studied. At the same time, 

the mass proportion of donor assimilates, i.e. the leaves in the indicated phase of 

ontogenesis, practically did not change, while the share of another powerful acceptor of 

plastic substances, i.e. the stem, significantly decreased. Their application caused 

changes in the activity and direction of growth processes. The treated sites showed a 

stronger branching of the stem compared with the control sites. An increase in the habitus 

of plants was due to effect of preparations. 

The use of pre-sowing seed treatment and foliar nutrition contributed to the 

formation of a powerful photosynthetic apparatus. Under the effect of the growth 

stimulator, a large number of leaves were formed on the stem, and the duration of their 

active functioning was prolonged. At the same time, leaf surface area of white lupine 

plants increased. Under the effect of the preperations studied, the number and size of 

chloroplasts in the leaves increased, which resulted in the increased index of pure 

productivity of photosynthesis, increased photosynthetic performance, more intensive 

growth of the dry matter mass of white lupine plants. Consequently, pre-sowing seed 

treatment with the bacterial agent Rhizohumin and the growth stimulator Emistym C in 

combination with double foliar nutrition with the growth stimulator Emistym C 

contributed to the increase of the gross photosynthetic productivity of white lupine 

plants, which is an important condition for increasing the grain and fodder productivity 

of the crop. 

Consequently, as the result of such application, enhancement of the growth 

processes under the effect of bacterial agents and growth stimulators and changes in 

plant morphometry, including the structure of the leaf apparatus, caused formation of a 

greater number of plastic substances with their subsequent transfer to the economically 

valuable organs in white lupine plants, i.e. grains, the number of which is greater under 

effect of the preparations. This resulted in the increase of biological productivity of the 

crop as a whole and the grain yield in particular. 

 

CONCLUSIONS 

 

Application of the bacterial agent Rhizohumin and the growth stimulator in 

combination with the double foliar nutrition with the growth stimulator Emistym C 

during pre-sowing treatment of white lupine seeds promoted the increase of the leaf area, 

formation of photosynthetic apparatus of plants and chlorophyll content in the leaves. 

The highest stimulatory effect was obtained in the variant of pre-sowing seed treatment 

with Rhizohumin + Emistym C + double foliar nutrition with Emistym C. 
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Abstract. The aim of this paper is to provide a systematic overview of biomass production and 

the use of biomass for the production of key products, as well as to map businesses operating in 

the field of bioeconomy in Estonia. The importance of primary sector in Estonian economy has 

decreased over the last decade. At the same time, the competitiveness of primary sector has 

increased, which will, in the future, contribute towards a stable production of biomass. Therefore, 

bioeconomy and respective business models are some of the key ways of coping with climate 

change. Innovative ways to transform the use of natural resources in a conscious manner are being 

mapped in Estonia as well as in other member states of the European Union. Comprehending the 

current use of biomass is essential for finding new sustainable management solutions. 

Acknowledging these aspects, the study explores biomass production in Estonia. One of the 

aspects observed during the period 2014–2017 is the proportion of the primary sector in total 

gross value added and the use of biomass in the food and feed industry. The results of the paper 

are presented in the form of Sankey diagrams, which illustrate noteworthy connections. 

 

Key words: bioeconomy, primary sector, biomass production, regional development, innovation. 

 

INTRODUCTION 

 

Different sectors of economy are usually highlighted whenever new developments 

arise. The emergence of bioeconomy is associated with sustainable management of the 

environment. In the next decade, the sustainability of economy will increasingly depend 

on bioresources and emerging technologies. Scientific research is applied at an 

increasing rate to explore the possibilities of bioeconomic sustainability. Numerous 

countries have also taken steps to map the potential of their bioeconomy. Since 

guidelines for mapping the prospects for developing bioeconomy have reached the level 

of European Union (EU) policy, most European countries are in the process of creating 

a strategic view of their bioeconomy. The Europe 2020 strategy defines bioeconomy as 

a key element of sustainable economic growth which reduces fossil fuel dependence 

(European Commission, 2012; European Commission, 2018). In OECD’s strategic view, 

bioeconomy can increase the environmental sustainability of food, feed and fibre 

production, improve water quality, provide renewable energy and improve the health of 

animals (OECD, 2009). 
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Several studies – Vandermeulen et al., 2011; Bugge et al., 2016; Efken et al., 2016; 

D’Amato et al., 2017; Fuentes-Saguar et al., 2017; Ronzon, et al., 2017a; Ronzon, et al., 

2017b; Dietz et al., 2018 – have compiled an overview of the use of the bioeconomy 

concept and provide solutions for aggregating the activities related to bioeconomy. 

Pfau et al (2014) have prepared a systematic review of scientific literature regarding 

bioeconomy and describe how authors address the concept of sustainability. The vision 

of sustainable economic development is of utmost importance in the concept of 

bioeconomy. 

An increasing number of public and political debates are touching on the problem 

of potential competition between the use of bioresources for food or fuel production. 

Negative effects of the change of land use and the altering of existing consumer goods 

to incorporate more bioresources are among other frequently mentioned issues. Thus, 

one may observe that bioeconomy with its respective business models is one of the key 

ways to cope with climate change and ensure sustainable economic development 

(Scarlat et al, 2015). 

The goal of this paper is to provide a systematic overview of biomass production 

and the use of biomass for the production of key products, as well as to map businesses 

operating in the field of bioeconomy in Estonia. As bioeconomy is widespread and 

encompasses different sectors, the primary challenge is to understand the current use and 

potential change of biomass use on the product level. In order to evaluate the size of 

Estonian bioeconomy, it is prudent to measure the volume of food and feed industry first. 

The novelty of the study consists in providing an overview of the relationship between 

biomass production and its use in the food industry while also mapping the primary 

products. Furthermore, we outline specific issues that have arisen in the process of 

mapping biomass production, as well as relationships between different sectors, 

providing focus points for further research and policy development. 

The aim of mapping is also to identify underused resources and implement research 

at a more detailed level than biomass mappings have done thus far. The BERST project 

(BioEconomy Regional Strategy Toolkit for benchmarking and developing strategies, 

2016) and DataM of the Joint Research Centre of the European Commission (Ronzon, 

et al., 2017a) have compiled large volumes of data on EU member states to illustrate 

biomass supply from the quantitative perspective. A recent systematic approach to 

understanding and quantifying the EU’s bioeconomy was provided, for example, by 

Ronzon and others (Ronzon, et al. 2017b). They identified three main types of 

bioeconomy and categorized EU member states into three groups according to them. 

Estonia was placed in Group B together with Hungary, Cyprus, Malta, the Czech 

Republic and Slovakia. The bioeconomy in Group B states features below EU average 

labour productivity in bioeconomy and above EU average share of employment in 

sectors (partially) manufacturing biomass. In a nutshell, the following should be noted: 

in Estonia, 68.6 thousand employees were employed in bioeconomy and it generated 6 

million euros of turnover or 2 million euros of value added in 2015 (Ronzon, et al., 

2017a). Previous studies shed no light on the use of biomass at the product level, which 

this study will do. Sankey diagrams have rarely been used to present analytical results in 

earlier articles. Here the overview of biomass products has been presented using Sankey 

diagrams that illustrate bio-based raw material flows towards food processing and other 

industries. These diagrams are used as a reference for describing and characterizing 
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bioeconomy in Estonia, thus demonstrating the usefulness of such visual aids for a better 

understanding of production flows. 

It is important to note that biomass production cannot increase significantly and 

that competition for bioresources between different sectors is increasing. The 

sustainability of the secondary sector depends on how well biotechnology-based 

products and sustainable management are developed. The primary sector’s gross value 

added (GVA) and business links could increase significantly in the future, compared to 

the business model that is currently mainly tied to the food industry. In this study, we 

use data on GVA to measure the size of the agriculture and food industry. 

The research outlook is dependent on the direction of the Estonian bioeconomy 

development study under preparation (project “Bioeconomy value chains in Estonia”, 

duration 2018–2021). Bugge et al. (2016) have found that the vision of bioeconomy 

could be based on different characteristics. Biotechnology vision, bioresource vision or 

bioecology vision are prospective perspectives. Based on findings on the development 

direction of Estonian bioeconomy, this study is primarily aimed at evaluating the value 

of the resources, which hints at an aim towards economic growth and sustainability. The 

creation of value depends on the conversion and upgrading of bio-resources. 

 

MATERIALS AND METHODS 

 

In order to ensure transparency and reproducibility, the methodology relies on 

Estonian official statistics (SE), which is part of Eurostat data. It is used as secondary 

data, supplemented by authors’ calculations to fill data gaps. Based on the European 

Commission’s (EC) definition, the study defines a methodology for the quantification of 

four primary dimensions: (1) classification of activity sectors (NACE Rev. 2); (2) gross 

production and total output; (3) gross value added (GVA); and (4) product. 

As a first step, we use the official definition of bioeconomy provided in EC’s 

communication COM(2012) 60 and interpretations of related activities defined in earlier 

studies, which are reflected in the range of selected activity sectors from NACE Rev.2 

(Eurostat, 2008). According to the EC’s communication COM(2012) 60, bioeconomy 

includes ‘the production of renewable biological resources and their conversion into 

food, feed, bio-based products and bioenergy. It includes agriculture, forestry, fisheries, 

food and pulp and paper production, as well as parts of chemical, biotechnological and 

energy industries’. 

Various understandings of biomass exist due to the different characteristics of such 

resources. As explained by Zörb & Lewandowski (2017), biomass resources can be 

classified according to their (1) origin (plants, animals, microorganisms), (2) sector 

(agriculture, fishing, forestry, waste), (3) physical conditions (solid, liquid), and (4) 

major component (starch, sugar, lignocellulose, oil, protein). A broad definition of 

biomass would include ‘all resources containing non-fossil, organic carbon, recently 

(< 100 years) derived from living plants, animals, algae, microorganisms or organic 

waste streams’ (Zörb & Lewandowski, 2017). This paper considers as biomass such 

organic resources that originate from plants or animals and are produced in agricultural, 

fishing and forestry sectors. Processed food is also included in our definition of biomass. 

Taking into account previous studies in the selection of activities (Rönnlund et al., 

2014; Haarich et al., 2017; Mainar-Causapè et al., 2017; Ronzon et al., 2017a; 

Vitunskienè, et al., 2017), primary sector and its industry chain include 16 main fields 
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of activities that form the entirety of a bio-based economy. Several authors (Efken et al., 

2016; Heijman, 2016) assume that primary sector belongs entirely under bioeconomy. 

This conclusion is logical because biomass production is traditionally dependent on 

natural resources, although some fossil inputs are used. It means that the production of 

biomass is covered by section A of NACE Rev. 2, which is comprised of agricultural 

(A01), forestry (A02) and fishing (A03) sectors. The study uses a three- or five-digit 

code from NACE Rev.2 through which it is possible to describe the links between 

companies in bioeconomy in more detail. The definition of sectors through the NACE 

Rev.2 codes allows to present a production volume, the value of output and GVA 

calculations based the National Accounts Statistics. 

A definition of bioeconomy certainly includes the processing of biomass, which, in 

turn, requires defining the manufacturing industry and the selection of production 

activities. The choice of the latter is complicated by the fact that many industries use 

mineral and fossil components in addition to biomass. It has previously been assumed 

that food industry can be considered an industry falling under the definition of 

bioeconomy (NACE Rev. 2 section C, 12 downstream activity sectors (C10–12)). As it 

encompasses the production and manufacturing of biomass, following NACE Rev.2 

classification, food industry can indeed be considered, fully or partially, a part of 

bioeconomy. The three- or five-digit code from NACE Rev.2 is important for monitoring 

the activities that use both bio-resources and fossil raw materials. The EU Bioeconomy 

Report 2016 (Ronzan et al. 2017a) identifies partially bio-resource based sectors, which 

we also use, and which are described in Fig. 1. 
 

 
 

Figure 1. A simplified block scheme of selected sectors related to bioeconomy and indicators for 

calculations. 
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The indicators serving as the basis for calculations in this study are listed in Fig. 1. 

In order to identify the economic relevance of biomass-based products, gross production 

and GVA are calculated. Calculations of gross production are based on average figures 

from the period 2014–2016, which excludes the impact of a possible extreme year. 

Statistical data of GVA were recalculated according to the proportion of bioproducts 

fully or partly made of bio-materials. The statistics on the sale revenue (NACE  

C13-C14; C21 and C31) or production (NACE C20 and D35) of industrial products 

according to the PRODCOM list (Eurostat, 2018a) and Statistical Classification of 

Products by Activity was used to determine this proportion in partly bio-based 

manufacturing. 

The main food and feed related products from the primary sector are considered 

when exploring the role of primary sector. The List of Products of the European 

Community (Eurostat, 2018a; PRODCOM list 2018) was used for product level analysis 

to describe biomass products. 

 

RESULTS AND DISCUSSION 
 

We will first take a look at the context indicators that characterize bioeconomy. The 

proportion of agriculture, forestry and fisheries in Estonian GVA was 2.5% in 2016, 

while the share of the aforementioned sectors in the GVA of other EU member states 

was on average 2.9% (Eurostat, 2018b), which is a markedly low level. Vásáry and 

Szabó (2018) discovered in the BIOEAST Initiative study that in the period between 

2008 and 2015, there was a decreasing trend in the number of people employed in 

agriculture, forestry, fishing and aquaculture sectors, as well as in the food, beverages 

and tobacco sectors in the BIOEAST countries. After the global financial and economic 

crisis, the level of turnover and value added has remained stable since 2012. Similar 

changes have occurred in Estonia’s labour market. The number of people employed in 

the above-mentioned sectors dropped from 31,361 in 2008 to 30,252 in 2015. The 

number of employees decreased by a further half a thousand by 2017. The fact also 

implies that labour productivity has increased significantly, but this is a relative 

presumption. It is worth pointing out that current emphasis on bioeconomy and negative 

changes in macro-statistics are contradictory. Conventional industry has thus far failed 

to develop and valorise biomaterials and it signifies the importance of innovative 

solutions for production in bioeconomy. 

In order to provide a comprehensive overview of the main biomass production in 

Estonia, one must first focus on biomass production in the primary sector. The data are 

presented for the most important outputs of all the activities in primary sector, but it must 

be taken into account that part of the biomass is also used within the primary sector to 

produce the next level biomass (e.g. the production of milk from grass feed). The authors 

argue that it is necessary to know all the resources in order to find solutions for a better 

use of biomass. The biomass structure, production and value in Estonia are presented in 

Table 1 which demonstrates that the gross production of agricultural and fishery sectors 

is 6,348 thousand tonnes and forestry yield is 13,557 thousand m3. 

Biomass produced in agriculture is divided into two groups: the main products 

(cultivated crops such as cereals, potatoes or milk and meat) and the accompanying 

residues (e.g. straw, other plant residues or animal skins, wool, animal bristles). The 

analysis revealed that national statistics about accompanying residues are lacking. For a 
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more accurate mapping of biomass and bioeconomy, it is necessary to collect more data 

on biological resources mentioned in Table 1. There is no data on waste management 

(NACE E3821) or biological waste, so discussions from the bio-waste perspective are 

not fact-based. 

 
Table 1. Biomass production and value 2014–2016 average in Estonia 

Sector Commodity 

Gross production, 

thousand tonnes; * 

thousand m3 

Production 

value,  

million € 

Share of 

production 

value, %  

Agriculture cereal 1,244 177 8.6 

legumes 78 14 0.7 

technical crops, including oil crops 178 54 2.6 

vegetables, potatoes 185 62 3.0 

berries and fruits 6 7 0.3 

fodder roots 0.9 0.1 0.01 

grazed biomass 3,763 75 3.6 

sheep and goat meat 0.7 2 0.1 

poultry 19 30 1.5 

pork 45 79 3.8 

beef 13 46 2.2 

egg 12 14 0.7 

raw milk 723 229 11.1 

Fishery ocean fishing 13 44 2.1 

aquaculture 3 3 0.1 

Baltic Sea and inland fishing 64 10 0.5 

Agriculture 

and fishery 

total 6,348 846 - 

Forestry* fuelwood and felling waste 3,796 73 3.5 

birch and aspen pulpwood 2,034 71 3.4 

conifer pulpwood 1,762 64 3.1 

soft- and hardwood log 1,220 91 4.4 

conifer log 4,745 921 44.6 

Forestry total 13,557 1,220  

Total - 2,066 100 

Source: Statistics Estonia, 2018; State Forest Management Centre 2018 (Average roadside prices in state 

forest in 2018); Ministry of Rural Affairs fishing catch and prices database 2018; Authors’ calculations. 

 

Comparing two different sectors – agriculture and fisheries – with forestry, it is 

apparent that the calculation units of biomass are different. The quantity of wood is 

measured in cubic meters, which hints at a need for conversion. The conversion would 

scientifically be necessary, but the sector's conventions are based on cubic meters, which 

calls the intelligibility of the data into question. Forest felling measurement and statistics 

are largely model-based, where a conversion of volumes would cause an increase in the 

margin of error. Based on the value of production, once can surmise that since wood 

biomass supply amounts to 59% of total biomass, it has a significant importance in 

Estonia. Considering the average raw milk production share 11% and cereal production 

share 8.6% of the total production value, it can also be deduce that agriculture plays an 

important role. Thus, we conclude that the role of agriculture and forestry sectors as 

suppliers of biomass in Estonia is of utmost significance. Such a result confirms the 
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results from a previous study, where Ronzon et al. (2015) exemplified that the turnover 

of bioeconomy is primarily generated by forestry and its downstream industries. In 

Finland, Sweden, Latvia and Estonia it generates more than 40% of the countries’ 

bioeconomy. Kargytė et al. (2018) also revealed that four Norwegian regions and two 

Estonian regions share a high potential for developing knowledge-based circular 

bioeconomy. Of course, this potential can only be utilised if R&D specialisation matches 

the needs of identified bioeconomy sectors and if a regional business cluster takes the 

lead. Sweden and Finland also display an orientation towards bio-based chemical 

industry. 

In terms of value chains, this primarily implies that the production of food and 

wood materials provides added value to the usage of biological resources. In order to 

explore the role of primary sector in ensuring food supply, product data is analysed at 

the level of the PRODCOM 2018 list. Due to the aforementioned results, we focus on a 

larger volume of resources such as the flow of cereals (1,244 thousand tonnes), raw milk 

(723 thousand tonnes) and oilseeds (178 thousand tonnes) (Table 1). Therefore, in order 

to get a realistic estimate regarding of the position of domestic production of biological 

resources, international trade (imports of biological raw products) as an input for 

downstream industries is also taken into account. 
 

  
 

Figure 2. Cereal (on the left) and oilseeds (on the right) flows and total production in 2016. 

Source: Statistics Estonia, 2018 (see the meanings in Appendix A). 

 

Compared to grain and oilseed products, the nomenclature is very different (Fig. 2; 

see the meanings in Appendix A) due to the characteristics of the raw material. In the 

case of raw materials for cereals, large quantities of cereals are imported into Estonia 

(160 thousand tonnes), while exports amount to more than 1 million tonnes. As the 
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example of grain industry highlights, the importance of raw material cannot be 

completely attributed to domestic production. Cereal processing is diverse, but it is still 

characterized by traditional cereal products like wheat flour ((43) 55 thousand tonnes), 

residues from the sifting of wheat ((3) 17 thousand tonnes), toast ((42) 15 thousand 

tonnes) and fresh white bread ((17) 9 thousand tonnes). Considering the large quantities 

of exported cereals, further development of grain processing could be a possible area for 

growth. Product development and production depend on innovation and export. 

When it comes to evaluating oilseed industry, its primary products are refined rape 

oil and its fractions ((4) 46 thousand tonnes, excluding chemically modified), and oilcake 

and other solid residues resulting from the extraction of rape or colza seed fats or oils 

((2) 81 thousand tonnes; Fig. (2)). Other oil fractions and chemically modified oils have 

a very low share, reflecting the level of development of the sector and its inclination 

towards traditional products. 

In the comparison of milk 

products, drinking milk has the 

largest volume (Fig. 3; (11) 98 

thousand tonnes), but from the 

perspective of dry matter content, 

cheese is definitely noteworthy. 

For instance, unripened or 

uncured cheese (fresh cheese, 

(27)) production quantity per 

year is 18 thousand tonnes, and 

the annual production of (9) 

grated, powdered, blue-veined 

and other non-processed cheese 

(excluding fresh cheese, whey 

cheese and curd) is 26 thousand 

tonnes. 

Looking at marketing 

figures, it is evident that 

processed cereal, raw milk and 

oilseed products are mainly 

geared towards the domestic 

Estonian market, whereas export 

figures show that the primary 

sector is a raw material provider 

at the global level. The results 

underline that food production is 

still dominated by traditional 

products and it is possible to 

implement  new  technologies  to  

 

 
 

Figure 3. Milk flows and total production in 2016. 

Source: Statistics Estonia, 2018 (see the meanings in 

Appendix A). 
 

produce biomaterials.Based on the performed analysis, it is possible to observe primary 

connections, but local impacts of bioeconomy can also be evaluated through 

participatory methods. 

The above shows that successful product and process development within 

bioeconomy sectors is demanding and multidimensional since it has to take into 
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consideration societal concerns. Collecting data and information from local stakeholders 

enables recognising the value chains that complement the models (Paula & Birrer, 2006; 

Mattila et al., 2018). 

Having identified possible product-based trends, the authors of the article with the 

opinion voiced in previous studies (Rönnlund et al., 2014; Ronzon et al., 2015) on Nordic 

countries. The largest innovation and growth potential of bioeconomy could lie in bio-

based chemicals, biomaterials, biofuels, biorefineries, and certainly bioenergy. 

Given the above, it can be stated that the proportion of primary sector and bio-based 

secondary sector in GVA is one of the basic values characterising the scale of biomass 

production. In Estonia, this indicator showed that the share of bioeconomy fluctuated 

between 12.7% to 13.7% (Fig. 4) in the period of 2014–2017. It is important to ensure 

the sustainable development of bioeconomy, given that the observed short-term period 

shows significant instability in the share of the selected sectors. 
 

 
 

Figure 4. Development of gross value added within the selected sectors of bioeconomy in Estonia 

(Statistics Estonia, 2018). 

 

It must also be stressed that despite the primary sector and food production (bio-

based secondary sector) contributing only 11.8% and the primary sector separately 4.2% 

to the total gross value added of the entire Estonian economy, these sectors have a 

significant impact on the economy. At the same time, the major share of GVA of the 

bio-based sectors (S1-S3) was created in the bio-based secondary sector (S2, 58%). The 

role of primary sector (S1) is approximately 30% because one third of GVA came from 

all the bio-based sectors (S1-S3) in total. 

In the period 2014–2017, gross value added increased reasonably slowly and the 

change has occurred in all analysed sectors. In 2014, the gross value added of bio-based 

and partly bio-based sectors (S1-S3) in total was 2,023 million euros and in 2017 the 

value was 2,360 million euros. This implies that the gross value added by bioeconomy 

is steadily improving. Non-bio-based sectors of the economy have apparently enjoyed 

higher growth rates than bio-economy. However, the primary aim of the study was not 
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to monitor the change, but to illustrate biomass production and the size of bioeconomy 

by analysing the interconnected sectors in Estonia which make up the value chain. 

Thus, industries like retail, wholesale and catering are excluded from our study of 

bioeconomy. We believe that further research will necessitate establishing a more 

precise definition of the share of bio-resource use for the aforementioned industries. 

 

CONCLUSIONS 

 

The scope of this study was limited to giving a systematic overview of biomass 

production and the use of biomass for the production of key products, and mapping 

businesses related to the field of bioeconomy in Estonia. However, keeping in mind the 

limitations of a quantitative analysis based on national statistics, the results of the 

analysis illustrate major aspects regarding the role of the primary sector and its possible 

relations to bioeconomy. The analysis of financial indicators encompassed four 

components: gross production, total output, gross value added, and product. 

The results of the study are decisively influenced by the selection criteria of bio-

based sectors and the level of detail of the data. This poses a challenge, as it means that 

there are inherent discrepancies in the measurement of bioeconomy. Moreover, the 

definition of the concept of bioeconomy as such may differ from region to region. 

Therefore, it is also appropriate to use databases created at the European level. The 

mapping of a national development strategy and development needs must take place at 

a level that provides an overview of possible products and value chains. Based on the 

value of production, one could conclude that forestry and agriculture play an important 

role in Estonia. In terms of value chains, this primarily indicates that the production of 

food and wood materials is what mainly provides added value in the use of biological 

resources. 

In exploring the role of primary sector in ensuring the supply of food, results 

indicate that cereal processing is diverse on the product level, but it is still characterized 

by traditional products. The same applies to the milk processing sector. Looking at 

marketing figures, it is evident that processed cereal, raw milk and oilseed products are 

mainly geared towards the domestic Estonian market, whereas export figures show that 

the primary sector is a raw material provider at the global level. It is certainly possible 

to find new technologies for the production of biomaterials in the food industry. 

In the Estonia, gross value added is slowly increasing in the related sectors, yet the 

share of bioeconomy depends on the growth of all activities and on further development 

of bio-based sectors. In the period 2014–2017, the share of bio-based and partly bio-

based economy was around 12.7% to 13.7% of GVA. The gross value added of bio-

based sectors increased at a reasonable pace throughout the period 2014–2017. 

As the article pointed out, several questions arose during the analysis, the most 

significant one of them being related to the future potential of biomass valorisation. In 

order bioeconomy to develop further in the future, it is crucial to involve different 

business sectors and find alternatives for adding value. It should be considered that if 

new opportunities for refinement in bioresource utilisation are found, steps must be taken 

to ensure that currently operating biomass users can continue developing their 

businesses. There is a possibility that those companies will develop new value chains for 

biomass valorisation, but food production sustainability must be guaranteed. There is 

always a need for greater cooperation between entrepreneurs, the private sector and 
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research institutions in analysing the potential of new value chains and developing 

business models. Bottlenecks in the enhancement of value chains and in bioeconomy are 

an outstanding target for additional research and international cooperation. 
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APPENDIX A 
 

1. List of cereals, oilseeds and milk products based on PRODCOM 2018. 

 

Grain products: 1 Barley meal; 2 Bran, sharps and other residues from the sifting, milling or 

other working of cereals (excluding maize (corn), rice, wheat); 3 Bran, sharps and other residues 

from the sifting, milling or other working of wheat; 4 Bread rolls (net weight less than 150 g); 

5 Buns (net weight 100 g or more); 6 Cake and pastry products; other bakers’ wares with added 

sweetening matter; 7 Cakes (in pieces, girdle-cakes); 8 Cereals in grain form, precooked or 

otherwise prepared (excluding maize); 9 Flour, meal, powder of edible vegetable, fruit or nuts; 

10 Fresh bread containing fruit, vegetables etc.; 11 Fresh black bread (content of rye flour 50.1–

89.9%); 12 Fresh black bread (content of rye flour more than 90%); 13 Fresh bread containing 

seeds or grain; 14 Fresh brown bread; 15 Fresh crusty bread; 16 Fresh fine rye bread (from pure 

white rye flour); 17 Fresh white bread (content of wheat meal at least 90%, weight more than 

150 g (excluding toast); 18 Fresh white bread containing more than 2% of cereals, grain, fruit and 

vegetables, raisins etc.; 19 Fresh white bread from various meals (content of wheat meal more 

than 50%); 20 Groats of common wheat and spelt; 21 Meal of common wheat and spelt; 22 Meal 

of other cereals (excluding wheat, rye and barley); 23 Meslin flour; 24 Mixes and doughs for the 

preparation of bread, cakes, pastry, crispbread, biscuits, waffles, wafers, rusks, toasted bread and 

similar toasted products and other bakers' wares; 25 Muffins; 26 Oat flakes; 27 Other prepared 

foods obtained by the swelling or roasting of cereals; 28 Pastry products with added sweetening 

matter; 29 Pearl-barley; 30 Pies (baked, filled or covered, excluding strudels, pies baked in oil); 

31 Pies baked in oil, doughnuts, chebureki etc.; 32 Pre-baked pastry goods; 33 Pure cream rye 

flour; 34 Pure white rye flour; 35 Rye whole grain meal; 36 Semolina; 37 Sponge cakes 

(excluding muffins); 38 Sponge, biscuit; 39 Strudels; 40 Swiss rolls; 41 Tarts; 42 Toast; 43 Wheat 

flour. 

 

Oilseed products: 1 Crude rape, colza or mustard oil and their fractions (excluding chemically 

modified); 2 Oilcake and other solid residues resulting from the extraction of rape or colza seed 

fats or oils; 3 Other oils and their fractions, refined but not chemically modified, fixed vegetable 

fats and other vegetable oils (except maize oil) and their fractions; not elsewhere classified refined 

but not chemically modified; 4 Refined rape, colza or mustard oil and their fractions (excluding 

chemically modified). 

 

Milk products: 1 Butter of a fat content by weight <= 85%; 2 Butter of a fat content by weight 

> 85% and other fats and oils derived from milk (excluding dairy spreads of a fat content by 

weight; < 80%); 3 Buttermilk; 4 Buttermilk powder; 5 Condensed or evaporated milk, sweetened; 

6 Dairy spreads of a fat content by weight < 80%; 7 Flavoured liquid acidified milk (curdled milk, 

cream and other fermented products flavoured or containing added fruit, nuts or cocoa); 

8 Flavoured liquid yoghurt; 9 Grated, powdered, blue-veined and other non-processed cheese 

(excluding fresh cheese, whey cheese and curd); 10 Milk and cream of a fat content by weight of 

<= 1%, not concentrated nor containing added sugar or other sweetening matter, in immediate 

packings of a net content <= 2 l; 11 Milk and cream of a fat content by weight of > 1% but <= 6%, 

not concentrated nor containing added sugar or other sweetening matter, in immediate packings 

of a net content <= 2 l; 12 Milk and cream of a fat content by weight of > 1% but <= 6%, not 

concentrated nor containing added sugar or other sweetening matter, in immediate packings of a 

net content > 2 l; 13 Milk and cream of a fat content by weight of > 21%, not concentrated nor 

containing added sugar or other sweetening matter, in immediate packings <= 2 l; 14 Milk and 

cream of a fat content by weight of > 21%, not concentrated nor containing added sugar or other 

sweetening matter, in immediate packings of > 2 l; 15 Milk and cream of a fat content by weight 

of > 6% <= 21%, not concentrated nor containing added sugar or other sweetening matter, in 
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immediate packings <= 2 l; 16 Milk and cream of a fat content by weight of > 6% <= 21%, not 

concentrated nor containing added sugar or other sweetening matter, in immediate packings > 2 l; 

17 Non-flavoured curdled milk; 18 Non-flavoured kephir; 19 Non- flavoured sour-cream; 

20 Non-flavoured curdled milk drinks (excluding kephir, curdled milk and yogurt); 21 Non-

flavoured yogurt; 22 Other products containing milk fats and vegetable fats, milk fat content  

10–80%; 23 Processed cheese (excluding grated or powdered); 24 Skimmed milk powder of a fat 

content by weight of <= 1.5%, in immediate packings of > 2.5 kg; 25 Solid skim milk (excluding 

for drinking); 26 Substitutes of whole milk powders, of a fat content by weight of > 1.5%), in 

immediate packings of > 2.5 kg; 27 Unripened or uncured cheese (fresh cheese) (including whey 

cheese and curd); 28 Whey and modified whey in liquid or paste forms; 29 Whey and modified 

whey in powder, granules or other solid forms; 30 Whole milk powder, of a fat content by weight 

of > 1.5%, in immediate packings of > 2.5 kg. 
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Abstract. The present investigation was carried out to evaluate the phytoextraction potential of 

three main wild plant species: annual nettle (Urtica urens L.), daisy fleabane (Stenactis 

annua (L.) Ness.) and yarrow (Achillea millefolium L.) that grow spontaneously in heavy metal 

contaminated areas near the thermal power station in Kakanj, Bosnia and Herzegovina. Analyses 

of the heavy metal content (Ni, Fe, Cr, Cu, Zn, Cd, Pb, Mn) in soil and plant samples taken from 

the examined area were performed using atomic absorption spectrophotometry. The results 

obtained revealed that the examined soils are polluted by Ni and Pb and contain relatively high 

value of Cr and Fe. Annual nettle, daisy fleabane and yarrow have not shown high efficiency in 

the absorption and accumulation of heavy metals from polluted soils, and therefore these plants 

are not be considered as potential phytoremediators of soils on the examined area. Furthermore, 

the results of the study undoubtedly confirm the fact that the total content of heavy metals in soils 

is not a sufficient parameter for estimating the toxicity of heavy metals in soils and consequently 

for their transfer and accumulation in plants. 

 

Key words: environment, heavy metals, pollution. 

 

INTRODUCTION 

 

Thermal power station in Kakanj (TPS) uses coal for electricity generation and is 

one of the largest environmental polluters in Bosnia and Herzegovina. Environmental 

deterioration is attributed to emission of large amount of carbon dioxide (CO2), sulphur 

dioxide (SO2), nitric oxide (NO), particulate matter (PM) and heavy metals as result of 

coal burning (Guttikunda & Jawahar, 2014). These hazardous materials are accumulated 

in environment and lead to severe environmental and health impacts, causing respiratory 

and related ailments to humans and animals and leading to disorder in physiological 

processes in the plant (Nagajyoti et al., 2010). Soil and water contaminated with heavy 

metals may pose risks and hazards to human health through: consumption of fruits and 

vegetables grown on these soils, drinking of contaminated ground water, reduction in 

land usability for agricultural production, etc. (Morais et al., 2012). 

The release of heavy metals from TPS and their subsequent deposition in soil is a 

growing global concern that requires much greater attention of society. The necessity for 

https://doi.org/10.15159/AR.19.005
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harmonization of thermal engineering with environment for meeting the needs of the 

living and future generations has become obvious. One of the ways in which above 

mentioned harmonization can be achieved is restoration of heavy metal contaminated 

soils and investment in modern and environmentally-friendly technology, thus reducing 

environmental pollution due to TPS activity. Different approaches are used for the 

restoration of heavy metal contaminated soils: physical, biological and chemical 

(Sharma et al., 2018). Most physical and chemical approach are expensive and do not 

make soil acceptable for plant growth. In contrast, biological approach 

(phytoremediation) offers green technology solution for the heavy metal contamination 

problem without any negative impact on the environment (Marques et al., 2009). 

Phytoremediation represents a group of innovative technologies that use plants to 

remove, detoxify, or stabilize persistent heavy metals and other contaminants in soils by 

inactivating contaminants in the rhizosphere or translocating them in the above-ground 

parts (Lone et al., 2008). 

However, the ability to remediate heavy metals in soils varies significantly between 

plants, as different mechanisms of heavy metal absorption are operative in each plant 

species, based on genetic background of plants, and their morphological, anatomical, 

and physiological characteristics (Liu et al., 2013). 

According to Yoon et al. (2006), wild plants should be preferred for 

phytoremediation since these plants are often better in terms of growth, development, 

reproduction and generally survival under stress conditions compared to plants 

introduced from other environments. 

Some wild plants such as annual nettle (Urtica urens L.), daisy fleabane (Stenactis 

annua (L.) Ness.) and yarrow (Achillea millefolium L.) spontaneously growing on soils 

around TPS in high density and therefore these plants could be very interesting 

candidates as potential phytoaccumulator or phytostabilizer of heavy metals from 

contaminated soils on the examined area. These plants, as annual plants, could be used 

to remove heavy metals from contaminated soils by harvesting/coppicing (Jacobs et al., 

2017). However, up to now, there is no systematic investigation in Bosnia and 

Herzegovina related to the possibility of using these plant species for that purpose, 
especially not in soils surrounding the thermal power stations. 

The main objectives of this study were: 1) to identify the wild plants that grow in 

high density in soils around TPS; 2) to determine the content of heavy metals (Cu, Zn, 

Pb, Co, Cr, Fe, Ni and Mn) in examined soil and plant samples 3) to evaluate ability of 

selected wild plants to remove or stabilize heavy metals based on the determined soil-

plant transfer factor (TF). 

 

MATERIALS AND METHODS 

 

Study Area 

TPS (44°5′26″ N, 18°6′51″ E) is located on the left bank of the river Bosnia, five 

kilometers upstream of Kakanj town, in Central Bosnia. The TPS includes three units 

with a total installed capacity of 450 MW. The climate in this area is classified as Cfb 

by Köppen and Geiger. The average annual temperature in Kakanj is 10.7 °C, and 

precipitation here averages 960 mm. 
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Species richness estimation 

Species richness (i.e., the number of species) is the simplest concept for evaluating 

vegetation community in some area. 

Since the plants were not equally distributed around the TPS, only the areas where 

the individual plants grew in high density were the subject of research. Three study plots 

(each 100 m2) with these characteristics were established in the immediate vicinity of 

TPS. A 1 m x 1 m quadrat was used to study plant population and each experimental plot 

had three quadrats. High density of dominant plant species and cover characteristics was 

criteria for quadrat selection. 

Plant density was determined by counting the number of individuals of plant 

species in uniformly sized sample plots within a site. The dominant plant species on the 

experimental plot 1, 2 and 3 was annual nettle (Urtica urens L.), daisy fleabane (Stenactis 

annua (L.) Ness.) and yarrow (Achillea millefolium L.), respectively (Table 1). 

 
Table 1. Density of dominant plant species at the experimental soil plots 

Plant species 

Number of individuals 

in each quadrat 

Total number  

of individuals 

(S) 

Total number of 

quadrat studies  

(Q) 

Density 

S/Q 

I II III 

Urtica urens L. 

(soil plot 1) 

62 56 59 177 3 59 

Stenactis annua (L.) Ness.  

(soil plot 2) 

112 96 108 316 3 105.33 

Achillea millefolium L.  

(soil plot 3) 

123 100 101 324 3 108 

 

Since these plants have the capacity to successfully growth on the soils surrounding 

the TPS, they were studied as potential plant species for soil remediation. 
 

Soil sampling and preparation 

Soil sampling was carried out in March 2018 from each of the three examined soil 

plots in the immediate vicinity of a thermal power station. At each plot (area of 100 m2) 

soil samples were collected from five spots (north, south, east, west and centre of the 

plot) that were thoroughly mixed to make the average sample. Samples were taken at a 

depth of 0–30 cm using a soil sampler probe. 
 

Estimation of basic chemical properties of soil 

The following basic chemical properties of soil were subject of analysis: soil acidity 

(pH), organic matter (OM), content of available forms of phosphorus (P2O5) and 

potassium (K2O) and CaCO3 content. Soil pH was determined by the potentiometric 

method according to ISO 10390 method (2005), OM by oxidation with potassium 

dichromate in the presence of sulphuric acid according to ISO 14235 method (1998), the 

content of available phosphorus and potassium by AL – method (Egnér et al., 1960), and 

CaCO3 content by volumetric method (Allison & Moodie, 1965). 
 

Extraction of heavy metals from soil samples 

Extraction of heavy metals from the soil was carried out with aqua regia solution 

(a mixture of HCl and HNO3 in a ratio of 3:1) as follows: 3 g of the air-dried soil was 
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placed in 250 mL round bottom flask, and 28 mL of aqua regia (21 mL HCl and 7 mL 

HNO3) was added. The flask was covered with a watch glass and allowed to stand 16 h 

(overnight) at room temperature. After, the mixture was heated on hotplate under reflux 

for two hours and cooled to room temperature. At the end, the mixture was filtered 

through quantitative filter paper into 100 mL Erlenmeyer flasks and diluted to the mark 

with deionized water according to ISO 11466 method (1995). 
 

Plant sampling and preparation 

A 1 m x 1 m quadrat was used to study vegetation cover in the examined area. Each 

examined soil plot had three quadrats. Quadrats were established subjectively within a 

study site (high density of dominant plant species and cover characteristics were criteria 

for quadrat selection). Plants were collected in July 2018 at the flowering stage when 

plants have reached their maximum height. Whole plants (with root) were sampled very 

carefully, then placed in clean plastic bags and transported to the laboratory. Five 

individual plants of dominant plant species from each quadrant were taken for analysis. 

The plants were carefully washed with distilled water, thereafter each plant was 

separately dried and grinded, and then stored in bags until extraction. 
 

Extraction of heavy metals from plant samples 

Extraction of heavy metals from the plant material was performed as follows: 1 g 

of air-dried and grinded plant material was placed into 100 mL round bottom flask, then 

10 mL HNO3 and 4 mL H2SO4 was added. The flasks were left for few hours at a room 

temperature and then heated gently on a hot plate for thirty minutes. After cooling to 

room temperature, the solution in flask was filtered through quantitative filter paper in 

50 mL flask and diluted to the mark with deionized water (Lisjak et al., 2009). 
 

Determination of heavy metals  

Content of heavy metals in soil and plant samples were determined by atomic 

absorption spectrophotometer (AA 7000, Shimadzu, Japan), according to the 

instructions specified in the ISO 11047 method (1998). The standard solutions of 

examined heavy metals were prepared by dilution of standard stock solutions (Merck 

AAS solutions) with deionized water. 
 

Determination of transfer factor soil-plant 

Transfer Factor (TF) is an index used to assess the mobility of heavy metal from 

soil to plant. TF was calculated by dividing the content of heavy metals in the plant by 

the total heavy metals content in the soil (Cui et al., 2004; Osu & Ogoko, 2014). 

TF = C plant / C Soil 

where C plant and C soil represents the toxic metal content in the soil and plant samples 

on dry weight basis, respectively. If the plants have TF values higher than one, they can 

be potentially used for phytoextraction. 
 

Statistical analysis 

All experimental measurements with plant material were carried out in triplicate 

and the results were presented as mean ± standard deviation. The results were processed 

statistically using one-way ANOVA and differences between means were tested using 
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the least significance difference (LSD) test at P < 0.05. Means that differed at P ≤ 0.05 

were considered as significantly different. 

Statistical analysis was performed using Microsoft Excel software and differences 

between means were tested using the least significance difference (LSD) test at P < 0.05. 

 

RESULTS AND DISCUSSION 
 

Heavy metal contents (Ni, Fe, Cr, Cu, Zn, Cd, Pb, Mn) in examined soil plots are 

given in Table 2. 

The content of toxic elements Cd, Cr, Cu, and Zn in examined soil samples did not 

exceed the maximum permissible value (Table 2), indicating that examined soils is not 

polluted by these elements. Permissible value of Fe and Mn in soils is not established by 

legislative, because they are not directly contaminant elements. However, the content of 

Mn in examined soils was lower than toxic level of Mn in soils (850 mg kg-1) reported 

by Pais & Jones (1997), while the Fe content in analysed soils was higher than the 

average value of these elements in soil (0.6–1.2%) reported by Kabata-Pendias & 

Pendias (2001). 

 
Table 2. Content of heavy metals in soil (mg kg-1 dry mass) 

Soil plot 
Heavy metal 

Ni Fe Cr Cu Zn Cd Pb Mn 

1 106.6 19,110.6 71.9 37.1 58.8 0.3 141.3 257.9 

2 111.1 1,9012.5 59.1 44.1 55.1 0.1 138.4 303.1 

3 102.1 20,001.1 65.1 45.2 51.1 0.2 156.1 255.2 

Permissible value1 50 - 100 80 200 1.5 100 - 
1Permissible value prescribed by legislation in BIH; *Abbreviations: - = not listed in legislation. 

 

In the present study, it was found that the content of toxic heavy metals Ni and Pb 

in all examined soil samples exceeded the maximum permissible value for agricultural 

soil prescribed by legislation in Bosnia and Herzegovina (Official Gazette of FBIH, 

2009), and by legislation in some European countries (Pérez et al., 2002). 

The content of heavy metals (Ni, Fe, Cr, Cu, Zn, Cd, Pb, Mn) in dominant plant 

species is presented in Table 3. 

 
Table 3. Content of heavy metals in plant samples (mg kg-1 dry mass) 

Heavy 

metal 

Plant species 
 F test LSD0.05 

Urtica urens L. Stenactis annua (L.) Ness. Achillea millefolium L. 

Ni 0.71 ± 0.33 0.9 ± 0.15 0.89 ± 0.16  n. s. - 

Fe 172.55 ± 10.22c 275.03 ± 16.54b 295.7 ± 14.94a  s. 14.33 

Cr 0.87 ± 0.32 1.17 ± 0.41 1.33 ± 0.32  n. s. - 

Cu 8.53 ± 0.92a 5.7 ± 1.51b 7.04 ± 1.35a  s. 2.02 

Zn 24.65 ± 2.92a 17.24 ± 5.31b 19.45 ± 3.91b  s.  4.19 

Cd n. d. n. d. n. d.  - - 

Pb 0.21 ± 0.11 0.24 ± 0.09 0.31 ± 0.14  n. s.  

Mn 18.97 ± 3.11 15.65 ± 4.14 13.34 ± 3.22  n. s.  

Means in rows followed by the same letter are not significantly different at P = 0.05; *Abbreviations: 

n. d. = not determined; n. s. = no significant; s. = significant; - = not analysed. 
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Annual nettle (Urtica urens L.), daisy fleabane (Stenactis annua (L.) Ness.) and 

yarrow (Achillea millefolium L.) are the spontaneous plants growing in high density on 

the examined area, and therefore the purpose of this study was to examine their ability 

to accumulate heavy metals from soils, especially Ni, Pb and Cr. If these plants have 

ability to absorb these elements in high amounts, then there is an objective possibility of 

their use to remove heavy metals from soils around TPS. 

Verbruggen et al. (2009) reported that plants can be considered as a plant for soil 

remediation, if the content of heavy metals in their harvestable parts is approximately 

1% or more of Zn, 0.1% or more of Co, Cr, Cu, Ni, Pb, Sb and 0.01% or more of Cd. 

Except of ability to take up large amounts of heavy metals from soil, each plant for 

soil remediation must be adaptive to soil and climate characteristics on the examined 

area. Also, the roots of plants must fit the spatial distribution of heavy metals in soil 

(Keller et al., 2003). de Kroon & Hutchings (1995) noted that the root system possesses 

a certain level of plasticity that allows plants to cope with a wide range of soil factors, 

thus enhancing their ability to accumulate heavy metals from soils. The ability of plant 

to absorb heavy metals from soil is also dependent on a number of plant factors. Plant 

seasonality, the characteristics and behaviour of an individual plant species or variety 

are also very important in evaluating the possiblity of plants to absorb large amounts of 

heavy metals from soils (Mondol et al., 2011). 

Unfortunately, in this study the amounts of heavy metals absorbed by above 

mentioned plants were significantly less than the criteria required for classifying these 

plants as potential hyper-accumulators. Moreover, the content of Ni, Pb, Cr and other 

heavy metals in tested plants; annual nettle (Urtica urens L.), daisy fleabane (Stenactis 

annua (L.) Ness.) and yarrow (Achillea millefolium L.) was lower or in the range with 

normal value for these elements in plants. The normal range of Ni, Fe, Cr, Cu, Zn, Cd, 

Pb, Mn in plants are 0.02–50 mg kg-1, 30–300 mg kg-1, 0.1–1 mg kg-1, 5–20 mg kg-1,  

20–100 mg kg-1, 0.1–2.4 mg kg-1, 0.5–30 mg kg-1, 15–150 mg kg-1 respectively 

(Chaney, 1989; Kastori et al., 1997). 

The main reasons for the low level of heavy metals in plants are closely related to 

the chemical properties of soils, primarily to the soil reaction (Chibuike & Obiora, 2014). 

Wang et al. (2006) reported that the availability of most heavy metals, especially Cd and 

Zn, decreased with increases in soil pH. Namely, in alkaline soils, heavy metal ions bind 

with hydroxyl ions and carbonates to forms that have extremely low solubilities, thus 

becoming unavailable or low available to plants (Tack, 2010). This conclusion is 

consistent with some other studies that also reported the low availability of heavy metals 

in neutral and alkaline soils (Alkorta et al., 2004; Lenart & Wolny-Koładka, 2013). 

As shown in Table 4, the all examined soil plots had an alkaline reaction, and 

relatively high content of CaCO3 that negatively affected on the uptake of heavy metals 

by root of plants, so these results confirmed above mentioned hypothesis. 

 
Table 4. Basic chemical properties of soils 

Soil plot 
pH  

(H2O) 

pH  

(KCl) 

OM 

(%) 

P2O5 

(mg 100g-1) 

K2O 

(mg 100g-1) 

CaCO3 

(%) 

1 7.7 7.1 3.54 6.1 22.1 9.62 

2 7.5 7.2 3.59 5.5 18.4 9.11 

3 7.4 7.0 3.81 5.9 21.8 8.96 
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Except soil reaction, several other soil properties have a high influence on the 

availability of heavy metal in soils such as texture, content of organic matter, soil 

oxidation-reduction potential, activity of microorganisms, antagonistic and synergistic 

behaviours among heavy metals (Salgare & Acharekar, 1992; Gadd, 2004). 

Also, seasonal variation of heavy metal content in soils significantly affect the 

ability of the plant to absorb heavy metals from the soil. Rainfall may facilitate the 

leaching of heavy metals from the surface layer of contaminated soils so it can be 

assumed that the average content of heavy metals during the dry season in the root zone 

is higher and this hypothesis has, in fact, been confirmed by many scientists (Rahman et 

al., 2012; Rouane-Hacene et al., 2018). 

Generally, plants may react differently to the highly presence of heavy metals in 

soils, and the same plant under different conditions may exhibit a completely different 

efficiency in absorption of heavy metals from polluted soil. Available literature data on 

the ability of annual nettle (Urtica urens L.), daisy fleabane (Stenactis annua (L.) Ness.) 

and yarrow (Achillea millefolium L.) to absorb heavy metals from soils are quite limited. 
That was an additional reason why these plants were the subject of this research. 

The hypothesis that these plants could not be considered as hyperaccumulators was 

also confirmed by the analysis of the results that refer to the transfer soil–plant factor 

(Table 5). 

 
Table 5. Transfer soil–plant factor values of heavy metals from soil to plants 

Heavy 

metal 

Plant species 

Urtica urens L. Stenactis annua (L.) Ness. Achillea millefolium L. 

Ni 0.007 0.008 0.009 

Fe 0.009 0.014 0.015 

Cr 0.012 0.02 0.02 

Cu 0.23 0.129 0.156 

Zn 0.419 0.313 0.380 

Pb 0.001 0.002 0.002 

Mn 0.074 0.052 0.052 

 

Transfer soil–plant factor (TF) of Zn was the highest (0.419), followed by Cu, Mn, 

Cr, Fe, Ni, and Pb, but TF value for all examined heavy metals were below one, 

regardless of which plant species were subjected to study. Moreover, the TF values of 

hazardous heavy metals Cd and Pb for all studied plants were below 0.01. This data 

indicates that tested plants: annual nettle, daisy fleabane and yarrow have a very poor 

ability to absorb heavy metals, especially Cd and Pb from the examined soils, so it is 

obvious that these plants could not be considered as hyper-accumulators of heavy metals 

under conditions of this study. 

Although tested plants do not have a large ability to absorb heavy metals from 

examined soils, the results of this study have shown that there was a significantly 

difference in ability of plants to uptake heavy metals from examined soils. From Table 4 

it is observed that among studied plants, annual nettle had a highest capability of 

absorbing and accumulating Zn, Cu and Mn. According to Viktorova et al. (2016) nettles 

belong in the group of zinc hyperaccumulating plant species, and the results of this study 

partially support this hypothesis. 
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Gounden et al. (2016) noted that Zn had an antagonistic effect on the Pb and Cd 

uptake by plant roots, which could be one of the reasons for the extremely low level of 

Pb and Cd in tested plants in our experiment. Similar results were obtained by other 

scientists (Pachura et al., 2016; Murtaza et al., 2017). 

Interesting finding of this study was that the daisy fleabane and yarrow had a higher 

capability to absorb and accumulate Cr, Ni and Fe in comparison with annual nettle. 

Irrespective of the fact that the examined plants have not shown high efficiency in 

relation to the absorption of heavy metals from polluted soils in examined area, their 

presence on these soils, as potentially stabilizers, is certainly desirable. Cui et al. (2007) 

reported that each plant with TF value lower than one can potentially be used as the 

stabilizer of polluted soils by heavy metals, of course, assuming that the plant can 

successfully develop on these soils. Furthermore, plants for successful use in soil 

stabilization should be able to prevent or reduce soil erosion and the distribution of the 

toxic heavy metals to other areas, and decrease water percolating through the soil, which 

may result in the formation of a hazardous leachate (Azubuike et al., 2016). 

Considering that the growth and develop of annual nettle, daisy fleabane and 

yarrow are very successful on the soil around the thermoelectric power plant in Kakanj, 

and that the coverage of these soils with the examined plants is extremely large, it is 

assumed that these plants could have a positive effect in remediation of contaminated 

soils as stabilizers, but it is also obvious that their impact on the absorbing of heavy 

metals from examined soils is negligible. 

The results of the present study also undoubtedly confirm the fact that the total 

content of heavy metals in soils is not suitable for estimate the solubility and mobility 

and consequently the availability of heavy metals in soils to plants (Pueyo et al., 2004). 

 

CONCLUSIONS 

 

The examined soils near the thermal power station in Kakanj are polluted with Ni 

and Pb and contain relatively high value of Cr and Fe. Annual nettle, daisy fleabane and 

yarrow have shown a very low capability to absorb and to accumulate heavy metals from 

examined soils, and hence phytoextraction by using these plants is not suitable for 

removing heavy metals from soils on the examined area. The present study also 

undoubtedly confirms the fact that the total content of heavy metals in soils is not a 

satisfactory parameter for estimating the toxicity of heavy metals in soil and 

consequently for their transfer and accumulation in plants. In the future, studies should 

focus on developing strategies to enhance phytoextraction efficiency, taking into 

consideration soils properties, heavy metal levels and characteristics, spatial 

distributions of heavy metals in soils, vegetation coverage and climatic conditions of the 

examined area. 
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Abstract. Electrochemical detection of lead (Pb2+) and cadmium (Cd2+) was accomplished via 

anodic stripping voltammetry (ASV) using bismuth nanoparticle (BiNP) modified graphene paste 

electrode (GPE). The electrode was fabricated by mixing bismuth nanoparticles, graphene, and 

mineral oil and the mixture was packed in a Teflon syringe. The best electrode was determined 

by varying the amount of BiNP while the amount of graphene and mineral oil were kept constant 

at 0.21 g and 0.80 μL, respectively. The highest peak currents were obtained using 1.5 mg BiNP 

modified GPE. The ASV parameters, namely accumulation time, deposition time, and 

accumulation potential, were optimized. The calibration curve, analytical sensitivity, limit of 

detection (LOD), and limit of quantitation (LOQ) of the optimized electrode were determined. 

The correlation values for Pb2+ (R2 = 0.9409) and Cd2+ (R2 = 0.9086) in the calibration curves 

showed a positive linear relationship between the anodic peak current and heavy metal 

concentration. The LOD for both Pb2+ and Cd2+ is found to be 100 ppb. The application of the 

modified electrode on real sample analysis was performed using root crops purchased from local 

supermarkets. According to ASV and AAS analyses, most of the samples contained Cd2+ while 

only a few contained Pb2+. Other metals, such as Fe2+ and Cu2+, were also detected via ASV. 

 

Key words: bismuth nanoparticles, graphene, heavy metals, root crops, voltammetry. 

 

INTRODUCTION 

 

Root crops are one of the most important crops in the Philippines. These are plant 

roots which can be consumed for they are rich in carbohydrates and dietary fiber which 

make them a good alternative to rice. The demand for rice increases in the Philippines 

which makes its price increase as well. This makes root crops such as cassava (Manihot 

esculenta), potato (Solanum tuberosum), purple yam (Dioscorea alata), sweet potato 

(Ipomoea batatas), and taro (Colocasia esculenta) cheaper alternatives to rice. In 

addition, cassava, in particular, contributes less fat which suggests that this root crop can 

be used as an alternative to rice by reducing the risk of diabetes of the consumer (Nwose 

et al., 2017). Potatoes and purple yams are both rich in vitamins B6 and C. Sweet 

potatoes help in maintaining the blood sugar levels of the body. Taro has vitamins B, C 

and E. It also has a low content of saturated fat, cholesterol, and sodium (Pereira et al., 

2015). 

https://doi.org/10.15159/AR.19.015
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Commercially available root crops are those grown conventionally in farms. Toxic 

pesticides used to control insects and weeds on these crops contain toxic chemicals that 

are absorbed through the soil, making them harmful to the environment. These pesticides 

significantly increase the heavy metal content of plants, especially Lead (Pb2+), Copper 

(Cu2+), and Cadmium (Cd2+) (Chiroma et al., 2007). Aside from this, root crops can also 

be contaminated through the accumulation of heavy metals in the atmosphere due to 

industrialization, urbanization, and deforestation. Previous researchers have investigated 

the presence of heavy metal concentrations in soils and vegetation within the urban areas 

of the Philippines (Navarrete et al., 2017). 

According to the World Health Organization (WHO) and the Commission of the 

European Communities (CEC), the permitted threshold of Cadmium for stem and root 

vegetables are 0.1 ppm, but the permissible limit of Cadmium for plants, in general, is 

about 0.02 ppm. For Lead, the limit for metal content within plants is 2 ppm. These 

limitations were measured to monitor the amount of heavy metals people consume from 

food (Nazir et al., 2015). 

Heavy metals are ingested in the body through eating and drinking contaminated 

foods and drinks and inhaling dust. As a result, they impose a serious health risk on the 

person by affecting the central nervous system, and the vital organs. In addition to this, 

heavy metal accumulation in the human body has long-term effects, which include 

degenerative diseases like cancer and Alzheimer’s disease (Chen et al., 2016). As a 

result, the need of detecting heavy metals in the environment increases. There are various 

analytical methods that can be done to detect heavy metals, namely, Atomic Absorption 

Spectroscopy (AAS), inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES), Time-of-Flight Mass Spectrometry (TOFMS), and Microwave Plasma-

Atomic Emission Spectrometry (MP-AES). However, these methods are complicated 

and require expensive machines. 

The electrochemical detection of heavy metals offers several advantages such as its 

high sensitivity, cost-effectiveness, energy-saving, high resolution, and accuracy 

compared to the other techniques (Baldigowski, 2011). One of these detection 

techniques is anodic stripping voltammetry (ASV) which is commonly used due to its 

high sensitivity in detecting trace metals and its low detection limit. For many years, the 

most commonly used working electrode in ASV was the Mercury (Hg) electrode which 

possesses the excellent capability to pre-concentrate heavy metals. However, it is very 

toxic and requires careful handling. Hence, alternative electrodes such as chemically 

modified glassy carbon electrodes and carbon paste electrodes are used. 

Other materials which have good electrical conductivity can be used as an 

alternative to Hg. In the detection of trace heavy metals, Bismuth (Bi) is usually used in 

modifying electrodes because of its inexpensiveness and high sensitivity. Compared to 

Hg electrodes, it is safer to use because it is non-toxic and it has a wider range of potential 

(Sadok, 2016). Aside from this, it has the ability to fuse heavy metals together (Lee et 

al., 2016). These properties allow Bi modified electrodes to detect various electro-active 

species simultaneously in a chosen sample. When used in ASV, bismuth can provide 

accurate, sharp, and well defined current peaks. Hence, these sharp outcomes allow the 

users to identify and quantify the metals present in the sample in a quick and reliable 

manner (Baron-Jaimez et al., 2013). 
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Graphene is a carbon-based conductive material that is commonly used as an 

electrode substrate. Its molecular structure consists of a six-membered aromatic ring 

with sp2 bonds on the carbons. The chemical properties of graphene include wide 

potential window and low background current (Li & Miao, 2013). Even though it is the 

lightest material known, it is very strong and dense (Ghany et al., 2017). 

For decades, the most popular electrode material, carbon paste, was commonly used 

for the construction of different electrodes, sensors, and detectors (Vytras et al., 2009). 

Compared to other electrodes, carbon paste electrodes do not need any pretreatment 

(Olson & Adams, 1960). The universal applicabilities of the carbon paste express the 

specific properties and the versatility of electrode material together with advanced 

technology. This kind of adaptability from the electrode material is described to be the 

most distinguishable feature conveyed by modern electrochemistry with carbon paste-

based electrodes in comparison to the past ones (Zima et al., 2009). 

In this study, bismuth nanoparticle modified graphene paste electrodes (BiNP/GPE) 

were fabricated and were used as the working electrode in anodic stripping voltammetry 

(ASV) for the detection of heavy metals, mainly lead and cadmium, in commercial root 

crops from local supermarkets. 

 

MATERIALS AND METHODS 

 

Chemicals and reagents  

Graphene nanopowder (multilayer graphene; average flake thickness: 60 nm) was 

purchased from Graphene Supermarket (Calverton, NY, USA). Bismuth nanopowder 

(< 100 nm particle size), sodium chloride, lead chloride, cadmium chloride, copper 

chloride, mineral oil, and nitric acid were purchased from Sigma, Aldrich (Sigma-

Aldrich Pte Ltd, Singapore). 
 

Glassware and equipment 

The following are the equipment used in this study: BOSCH SAE200 electronic 

balance, BANDELIN SONOREX sonicator bath, Autolab PGSTAT128N potentiostat, 

Transferette® micropipette, agate mortar and pestle, AA-6300 Shimadzu atomic 

absorption spectrophotometer, spatula, crucible, Thermolyne 48000 furnace, La 

Germania general heat hot plate and glassware such as beakers, petri dish, and graduated 

cylinder. 
 

Fabrication of BiNP modified graphene paste electrode 

The graphene paste was prepared by mixing the graphene powder, bismuth 

nanopowder, and mineral oil together using agate mortar and pestle for a total of 

30 minutes. The amount of graphene was 0.21 grams, which was kept constant for all of 

the fabricated GPE. The resulting paste was transferred to a Teflon syringe whose end 

was cut open to serve as its holder. All the fabricated electrodes maintained the same 

height (2 cm) of the graphene mixture. The diameter of the syringe opening is 3 mm. 

A copper wire with a diameter of 1 mm was then inserted into the GPE to obtain an 

ohmic contact. The electrode surface exposed to the electrolyte solution was rubbed on 

a qualitative filter paper to give it a smooth finish before use. 
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BiNP amount optimization 

The amount of BiNP used was optimized in order to determine the best electrode 

to be used in detecting 10 ppm each of Pb2+, and Cd2+. The Bi was varied from 0 to 

3.0 mg with 0.5 mg increments. The amounts of mineral oil and graphene powder were 

kept constant at 0.80 μL and 0.21 g, respectively. Thus, the corresponding 

BiNP:graphene:mineral oil ratios are 70.35:0.10:29.55, 82.60:0.06:17.35, 

87.68:0.04:12.28, 90.47:0.03:9.50, 92.23:0.03:7.75, and 93.44:0.02:6.54. 
 

Preparation of Stock Solutions  

Stoichiometry was calculated in order to obtain the actual concentration of Cd2+ 

and Pb2+ ions since only CdCl2 and PbCl2 were available in the laboratory. First, the 

gravimetric factor was calculated by dividing the molar mass of the single element over 

the molar mass of the compound. Then, the amount of PbCl2 and CdCl2 was calculated 

to obtain a 10 ppm solution of Pb2+ and Cd2+ in a 100 mL deionized water. For the 

optimization of the ASV parameters, 1.6 mg of CdCl2, and 1.3 mg of PbCl2 with 

0.5844 g of NaCl (0.1 M NaCl) was used to obtain a solution containing 10 ppm of Cd2+ 

and Pb2+. 

To obtain the calibration curves of each heavy metal, 10 ppm stock solution of 

CdCl2 and PbCl2 was utilized. Aliquots of the stock solution were then mixed with a 

0.1 M NaCl solution to obtain a final volume of 100 mL. Six solutions were used for the 

calibration curve: 100 ppb, 200 ppb, 300 ppb, 400 ppb, 500 ppb, and 600 ppb. The 

outcome solution was utilized in retrieving the calibration curves. 
 

Anodic Stripping Voltammetry 

An AUTOLAB potentiostat/galvanostat was used for the measurements made in 

ASV. The fabricated BiNP/ GPE (working electrode), Ag/AgCl electrode (reference 

electrode), and platinum coil (counter electrode) was placed in the voltammetric cell. 

The solution in the voltammetric cell was made of 0.5844 NaCl and 100 mL deionized 

water. Lead and cadmium were detected simultaneously. In order to obtain the 

concentrations of the heavy metals in the real samples, the equation for the calibration 

curve for each heavy metal was used. 

After each ASV run, the electrode underwent cleaning by applying a -0.95 V of 

potential for 15 minutes in order to remove the heavy metals from the surface of the 

electrode back to the used analyte. 
 

Real Sample Analysis 

The real samples underwent wet and dry ashing. The commercial root crop samples 

were cassava, potato, purple yam, sweet potato, and taro. Two sets of samples were 

analyzed: one from Divisoria Supermarket and the other from Balintawak Supermarket. 

The skin and flesh of the samples were tested separately. 

One gram of each sample was placed in a crucible. Then, the crucible was 

transferred in a furnace, which has a temperature of 450 °C. The obtained white colored 

ash was mixed with 2 mL of concentrated nitric acid. It was then placed on a hot plate 

until it was almost dry. Finally, it was cooled to room temperature before it was added 

to the electrolyte solution. 
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Atomic Absorption Spectrometry 

The results from the ASV were verified using AAS. The equipment for AAS was 

the AA-6300 Shimadzu Atomic Absorption Spectrophotometer apparatus. Seven stock 

solutions were prepared: 100 ppb, 200 ppb, 300 ppb, 400 ppb, 500 ppb, and 600 ppb. 

These concentrations were also tested for the calibration curve using ASV. The solutions 

that were used to calibrate the electrode for ASV was also used for AAS calibration. The 

calibration curve that was obtained was used to determine the concentrations of the 

heavy metals in the real samples. 

 

RESULTS AND DISCUSSION 
 

Determination of the Best Electrode 
The optimization of the electrodes was accomplished by varying the amount of 

BiNP in 6 electrodes, which ranged from 0 mg to 3.0 mg of BiNP. The amount of 

mineral oil and graphene were held constant in all of the electrodes. Then, the fabricated 

electrodes were used to detect 10 ppm stock solution of Pb2+ and Cd2+ using the same 

ASV recipe. Consequently, 10 ppm was utilized as the standard solution for optimization 

to be able to discern the voltammetric peaks. 

In the simultaneous detection of Pb2+ and Cd2+, the highest peak current was 

obtained with the electrode modified with 1.5mg of BiNP (Fig. 1 and Fig. 2). The 

voltammograms (Fig. 3 and Fig. 5) and their corresponding bar graphs (Fig. 4 and 

Fig. 6) indicate that the highest peak for the sequential detection of Pb2+ and Cd2+ were 

both obtained with 1.5 mg BiNP. Since the GPE modified with 1.5 mg BiNP exhibited 

the highest anodic peak currents in both simultaneous and sequential detection, it was 

chosen as the best electrode. In addition, it was shown that as the BiNP increased, the 

modified electrode was able to detect more lead than cadmium compared to the lesser 

concentrations of BiNP. At higher Bi concentrations, bismuth will hold the target metals, 

and affect the voltammetric peaks of the heavy metals (Barón-Jaimez et al., 2014). It was 

suggested that lower concentrations of BiNP are more sensitive towards lead. 

 

 
 

Figure 1. Anodic Stripping Voltammograms for varying BiNP amount for the simultaneous 

detection of Pb2+ and Cd2+. 
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Figure 2. Anodic current peaks for varying BiNP amonut for the simultaneous detection of Pb2+ 

and Cd2+. 

 

 
 

Figure 3. Anodic Stripping Voltammograms of Cd2+ detection using BiNP GPE modified 

electrodes with varying amounts of BiNP. 

 

 
 

Figure 4. Anodic current peaks for varying BiNP for the sequential detection of Cd2+. 
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Figure 5. Anodic Stripping Voltammograms of Pb2+ detection using BiNP GPE modified 

electrodes with varying amounts of BiNP. 

 

 
 

Figure 6. Anodic current peaks for varying BiNP for the sequential detection of Pb2+. 

 

Optimized Electrode 

It can be deduced from the obtained results of BiNP optimization that the best 

electrode has 1.5 mg of BiNP. The addition of the BiNP to the electrode enhanced its 

sensitivity and selectivity in detecting the heavy metals in a solution due to its ability to 

form ‘fused’ alloy with Cd2+ and Pb2+. This formation is accountable for the exceptional 

voltammetric performance of bismuth modified electrodes (Yang et al., 2014). Also, the 

large surface area of the BiNP along with the high conductivity of the graphene makes 

the BiNP GPE a sensitive electrode for the detection of heavy metals (Niu et al., 2015). 

 

Characterization of the best electrode: 

Scanning Electron Microscopy (SEM) 
The morphological structures of the graphene nanoparticles, Bismuth 

Nanoparticles, and the best electrode were analyzed by SEM. The obtained images show 

that the graphene has a flaky appearance, while the Bismuth was globular in shape 

(Fig. 7). 
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Figure 7. Scanning Electron Microscopy images of BiNP GPE. 

 

ASV Parameters Optimization 

In order to get the highest peak currents for the best electrode, the parameters in 

ASV were varied namely the accumulation time, deposition time, and accumulation 

potential. The best electrode was utilized to detect Cd2+ and Pb2+ in the stock solution. 

The accumulation time and deposition time were varied from 30 s to 180 s with 

increments of 30 s, The accumulation potential was varied from -0.8 V to -1.0 V 

increments of -0.05 V. 
 

Accumulation Time 

Based on the voltammograms (Fig. 8) and the corresponding histogram (Fig. 9), 

the peak current increased as the accumulation time increased. The peak gradually 

decreased after 120 s. Thus, 120 s was the optimum accumulation time. 
 

 
 

Figure 8. Anodic Stripping Voltammograms for the accumulation time of 10 ppm Cd2+ and Pb2+ 

from 30 s to 180 s. 
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Figure 9. Accumulation time anodic current peaks for the simultaneous detection of 10 ppm Cd2+ 

and Pb2+ from 30 s to 180 s. 

 

Deposition Time 

The voltammograms (Fig. 10) and corresponding histogram (Fig. 11), indicate that 

the current peak increased as the deposition time increased. Thus, the optimum 

deposition time is 150 s. 
 

 
 

Figure 10. Anodic Stripping Voltammograms for the deposition time of 10 ppm of Cd2+ and Pb2+ 

from 30 s to 180 s. 

 

 
Figure 11. Deposition time anodic current peaks for the simultaneous detection of 10 ppm Cd2+ 

and Pb2+ from 30 s to 180 s. 
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Accumulation Potential 

As illustrated in the voltammograms (Fig. 12) and the corresponding bar graph 

(Fig. 13), the highest peak was obtained at -0.95 V. Hence, the accumulation potential 

of -0.95 V is the optimum accumulation potential. 
 

 
 

Figure 12. Anodic Stripping Voltammograms for the accumulation time of 10 ppm of Cd2+ and 

Pb2+ from -0.80 V to -1.0 V. 

 

 
 

Figure 13. Accumulation potential anodic current peaks of 10 ppm of Cd2+ and Pb2+ from -0.80 V 

to -1.0 V. 

 

Calibration Curve 

The calibration curve of the best electrode was obtained by varying the 

concentrations of Cd2+ and Pb2+ from 100 ppb to 600 ppb with increments of 100 ppb. 

Fig. 14 shows the ASV curves for varying concentrations of Cd2+ and Pb2+. For each 

heavy metal, the resulting current peaks were plotted against their respective 

concentrations (Fig. 15 and Fig. 16). 

The R2 value for Pb and Cd are 0.9409 and 0.9086, respectively. These values are 

close to 1, which indicates that there is a positive linear relationship between the peak 

current and the heavy metal concentration. It can also be seen from Figs 16 and 17 that 

the 1.5 mg BiNP modified GPE can detect concentrations as low as 100 parts per billion 

of both Pb2+ and Cd2+. 
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Figure 14. Anodic Stripping Voltammograms for various concentrations of Pb2+ and Cd2+. 

 

 
 

Figure 15. ASV Calibration curve for Cd2+ using the optimized BiNP GPE electrode. 

 

 
 

Figure 16. ASV Calibration curve for Pb2+ using the optimized BiNP GPE electrode. 
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Limit of Detection and Limit of Quantitation 

The theoretical limit of detection and limit of quantitation of the best electrode were  

calculated to determine the minimum 

concentrations of Cd2+ and Pb2+ that 

the BiNP GPE can detect. The 

experimental LOD values were lower 

compared to the theoretical values. As 

seen in Table 1, the lowest 

concentrations that can be detected is 

100 ppb for both Cd and Pb. 

 

Table 1. Limit of Detection and Limit of 

Quantitation 

 Experimental 

LOD (ppb) 

Theoretical 

LOD (ppb) 

LOQ 

(ppb) 

Cd 100 218.93 663.42 

Pb 100 172.92 523.99 
 

 

Real Sample Analysis 

The real sample analysis for this study was done via anodic stripping voltammetry 

using the 1.5 mg BiNP modified GPE, and the optimized recipe with 120 s accumulation 

time, 150 s deposition time, and -0.95 V initial potential. 

The amount of Cd and Pb detected from ASV in the samples are shown in Table 2. 

Those labeled with ‘SB’ are the skin of the root crops from Balintawak. Those labeled 

with ‘SD’ are the skins of the root crops from Divisoria. For those labeled with ‘FB’ and 

‘FD’, these are the inner part of the root crops from Balintawak and Divisoria, 

respectively. The modified electrode was able to detect most of the cadmium content in 

all the samples except for Taro- FB, and Purple Yam-SD. However, lead was detected 

in less than half of the samples. 

 
Table 2. Cd and Pb concentrations detected via ASV 

CADMIUM (ppb)  LEAD (ppb) 

Potato-SB 339.47 Potato-SB N.D. 

Potato-SD 68.71 Potato-SD N.D. 

Potato-FB 41.99 Potato-FB N.D. 

Potato-FD 58.93 Potato-FD N.D. 

Sweet Potato-SB 52.61 Sweet Potato-SB N.D. 

Sweet Potato-SD 18.99 Sweet Potato-SD 25.06 

Sweet Potato-FB 32.68 Sweet Potato-FB 43.40 

Sweet Potato-FD 116.32 Sweet Potato-FD 79.48 

Taro-SB 270.55 Taro-SB N.D. 

Taro-SD 143.81 Taro-SD N.D. 

Taro-FB N.D. Taro-FB 47.12 

Taro-FD 42.55 Taro-FD 28.21 

Purple Yam-SB 112.78 Purple Yam-SB N.D. 

Purple Yam-SD N.D. Purple Yam-SD N.D. 

Purple Yam-FB 69.15 Purple Yam-FB N.D. 

Purple Yam-FD 197.13 Purple Yam-FD 44.67 

Cassava-SB 623.70 Cassava-SB N.D. 

Cassava-SD 276.72 Cassava-SD 24.27 

Cassava-FB 385.64 Cassava-FB N.D. 

Cassava-FD 104.70 Cassava-FD 53.22 
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Evidently, Cassava-SB has the highest cadmium concentration with the amount of 

385.64 ppb, while Sweet Potato- SD has the lowest cadmium concentration of 

18.99 ppb. For the lead concentration, Sweet Potato-FD has the most amount with a 

concentration of 79.48 ppb, while Cassava- SD had the least amount with a concentration 

of 24.27 ppb. For the samples that are labeled with N.D. (Not Detected), their 

concentrations are below the detection limit of the optimized electrode. 

 

Atomic Absorption Spectroscopy 

Atomic Absorption Spectrometry was used to verify the results obtained from the 

ASV. The cadmium and lead concentrations detected from AAS can be seen in Table 3. 

For the cadmium concentration, Purple Yam- SB with a concentration of 37.92 ppb has 

the highest amount, while Sweet Potato-FB with a concentration of 6.66 ppb has the 

lowest amount. For lead, only five samples were detected, Potato- FB, Purple Yam-SB, 

Purple Yam-FB, Cassava- SB, and Cassava- FB. The sample with the most amount of 

lead was Purple Yam- SB with the concentration of 141.58 ppb, and the least amount of 

lead was Potato- FB with a concentration of 2.57 ppb. For samples with a concentration 

that are not detected (N.D.), their concentrations are below the detection limit of AAS. 

 
Table 3. Cd and Pb concentrations detected via AAS 

CADMIUM (ppb) LEAD (ppb) 

Potato-SB 10.71 Potato-SB N.D. 

Potato-SD 23.16 Potato-SD N.D. 

Potato-FB 17.08 Potato-FB N.D. 

Potato-FD 25.18 Potato-FD 2.57 

Sweet Potato-SB 14.76 Sweet Potato-SB N.D. 

Sweet Potato-SD 20.26 Sweet Potato-SD N.D. 

Sweet Potato-FB 6.66 Sweet Potato-FB N.D. 

Sweet Potato-FD 29.24 Sweet Potato-FD N.D. 

Taro-SB 32.99 Taro-SB N.D. 

Taro-SD 18.53 Taro-SD N.D. 

Taro-FB 32.99 Taro-FB N.D. 

Taro-FD 13.32 Taro-FD N.D. 

Purple Yam-SB 37.92 Purple Yam-SB 141.58 

Purple Yam-SD 27.49 Purple Yam-SD N.D. 

Purple Yam-FB 33.87 Purple Yam-FB N.D. 

Purple Yam-FD 26.92 Purple Yam-FD 10.29 

Cassava-SB 34.16 Cassava-SB 46.34 

Cassava-SD 20.84 Cassava-SD N.D. 

Cassava-FB 24.3153 Cassava-FB 10.297 

Cassava-FD 30.39 Cassava-FD N.D. 

 

Comparison of ASV and AAS results 

Based on the data from both ASV and AAS (Table 4), the majority of the samples 

contained small concentrations of cadmium in both the skin and flesh. Lead was also 

detected in some samples. However, the voltammograms from the ASV show that more 

cadmium was detected compared to AAS.  According to WHO, the permissible intake  
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limit for Cd is 100 ppb and 2 ppm 

for Pb2+. For cadmium, nine samples 

exceeded the limit according to the 

results obtained from ASV: sweet 

potato-FD, taro-SB, taro-SD, purple 

yam-SB, purple yam-FD, cassava-

SB, cassava-SD, cassava-FB, and 

cassava-FD. According to ASV, the 

lead concentrations in some of the 

samples were below the WHO limit. 

Since both the skin and flesh of the 

root crops contain trace heavy 

metals, the root crops possibly 

absorbed them from contaminated 

soil or irrigation water. Aside from 

Cd2+ and Pb2+, the BiNP GPE was 

also able to detect iron (Fe3+) and 

copper (Cu2+). However, the 

concentrations of the said metals 

were not determined since the 

electrode was calibrated for Cd  

and Pb only. Fig. 17 and Fig. 18  

are the corresponding bar graphs for 

Table 4. 

Table 4. Comparison of ASV and AAS Results 

 

Sample 

CADMIUM LEAD 

ASV 

(ppb) 

AAS  

(ppb) 

ASV  

(ppb) 

AAS 

(ppb) 

Potato-SB 339.47 10.71 N.D. N.D. 

Potato-SD 68.71 23.16 N.D. N.D. 

Potato-FB 41.99 17.08 N.D. N.D. 

Potato-FD 58.93 25.18 N.D. 2.57 

Sweet Potato-SB 52.61 14.76 N.D. N.D. 

Sweet Potato-SD 18.99 20.26 25.06 N.D. 

Sweet Potato-FB 32.68 6.66 43.40 N.D. 

Sweet Potato-FD 116.32 29.24 79.48 N.D. 

Taro-SB 270.55 32.99 N.D. N.D. 

Taro-SD 143.81 18.53 N.D. N.D. 

Taro-FB N.D. 32.99 47.12 N.D. 

Taro-FD 42.55 13.32 28.21 N.D. 

Purple Yam-SB 112.78 37.92 N.D. 141.58 

Purple Yam-SD N.D 27.50 N.D. N.D. 

Purple Yam-FB 69.15 33.87 N.D. N.D. 

Purple Yam-FD 197.13 26.92 44.67 10.29 

Cassava-SB 623.70 34.16 N.D. 46.34 

Cassava-SD 276.72 20.84 24.27 N.D. 

Cassava-FB 385.64 24.31 N.D. 10.30 

Cassava-FD 104.70 30.39 53.22 N.D. 
 

 

 
 

Figure 17. Bar graph of the amount of cadmium detected from the root crops via ASV and AAS. 
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Figure 18. Bar graph of the amount of lead detected from the root crops via ASV and AAS. 

 

CONCLUSIONS 

 

The fabricated BiNP GPE was shown to be effective in detecting Pb2+ and Cd2+. It 

is evident that the addition of BiNP improved the sensitivity of the GPE. Out of the six 

electrodes with different amounts of BiNP, the electrode with 1.5 mg BiNP exhibited 

the highest anodic current peaks for both the simultaneous and sequential detection of 

Cd2+ and Pb2+. Scanning electron miscroscopy analyses confirmed the presence of BiNP 

and graphene in the fabricated electrode. The calibration curves obtained showed a 

strong linear relationship from 100 ppb to 600 ppb for both Cd2+ and Pb2+. The LOD of 

the optimized modified electrode was found to be 100 ppb for both Cd2+ and Pb2+. Real 

sample analysis showed that majority of the samples contained small concentrations of 

cadmium in both the skin and flesh. Lead was also detected in some samples. 
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Abstract. In today’s global economy, entrepreneurship is an important economic growth engine 

for the European Union. Small and medium-sized enterprises (SMEs) are the backbone of 

Europe’s economy, providing 85 % of all new jobs. The European Commission aims to promote 

entrepreneurship and improve the business environment for SMEs, to allow them to realise their 

full potential in today’s global economy (EC.2015. COSME). The expansion of SMEs in today's 

environment is increasingly influenced by the use of digital networks. The present research 

focuses on the characteristics of digital environment use by SMEs in two EU Member States – 

Romania and Latvia. Groups of entrepreneurs that produced both goods and services and differed 

in number of the employed and geographical location were surveyed in each country. The 

information acquired revealed the technological and economic characteristics of the digitalization 

process in each country, highlighting both similarities and differences. An analysis of the data 

gives an opportunity to identify main priorities to enhance SME digitalization processes in the 

future. The first of them is the accessibility of competent workers in digitization and 

digitalization. 

 

Key words: SMEs, digitalization, economic benefits, rural viability. 

JEL codes: D2, M15, O10, R1. 

 

INTRODUCTION 
 

The Digital Agenda presented by the European Commission forms one of the seven 

pillars of the Europe 2020 Strategy which sets objectives for the growth of the European 

Union (EU) by 2020. The Digital Agenda proposes to better exploit the potential of 

Information and Communication Technologies (ICTs) in order to foster innovation, 

economic growth and progress (EC, 2010). It will help rebooting Europe`s economy by 

delivering sustainable economic and social benefits from a digital single market (EC. 

2014). 

https://doi.org/10.15159/AR.19.030
https://doi.org/10.15159/AR.19.030
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Digitalization as an important phenomenon has been discussed at several forums 

held in Europe. At the TUAC (Trade Union Advisory Committee) Forum (February 

2017), analysing the positive effect of business digitalization on economic growth, a 

focus was placed on the effects of this change on the labour market: employment as such 

and particularly training and new working conditions for employees aimed at raising 

their competences and opportunities in the labour market. The entry of technologies has 

to be aligned with building up the workforce’s knowledge and skills, as new quality jobs 

are created. Only in this way, it is possible to maintain and increase prosperity for the 

population (TUAC, 2017). 

At the Stakeholders Forum (March 2018), the main tracks of industry digitising 

have been widely discussed, stressing that the future of Europe and industry is digital, 

and the needs of digitalization are enormous. Therefore, the European Platform of 

national initiatives on the digitising industry is being established. The participants of the 

forum set the following key functions for the platform: coordination of national and 

regional activities, expansion of private-public partnerships not only in usual fields but 

also in the financial field, exchange of positive experience and the build-up of employee 

and employer competences needed because of changes in economic activity 

(EC, 2018b). 

Since SMEs comprise a significant share of the total enterprises in the European 

Union, one of the key messages from the Stakeholder Forum is dedicated to SMEs. The 

message stresses that only one in five such enterprises is engaged in digitalization, as 

this process is hindered by financial, human skill and time constraints. For this reason, 

there is a need to provide digitalization and financial help to SMEs (EC, 2018a:59) 

The nature of digitalization and the impact of it on the society are important 

research problems for scientists. Digitalization is characterised as the most striking 

feature of the Fourth Industrial Revolution (Schwab K.; 2017; Rachinger M. et al., 2018). 

The concepts of ‘digital production’ and ‘digital people’ emerged, referring to changes 

both in production processes and in people involved in the processes and stressing that 

the digital people represent the new technologies that entered the production of goods 

and services (Perkowitz S., 2005; Rhoades L, 2005). In order for digitalized activities to 

emerge, the territory where the activities develop has to have a digital environment, i.e. 

Fiber to the Premises (FTTP), meaning the Internet is available to any group of 

individuals interested in the use of it (Broadband...2017). Consequently, a new business 

model is emerging, which encompasses the customer dimension, the benefit dimension, 

the value added dimension, the partner dimension and the financial dimension and which 

has to form a system for networking of actors (Shalmo et al., 2017). 

Scientists focus also on the spatial distribution of the digitalized economy in the 

European Union, examining the performance of the EU as a whole and each individual 

Member State and giving an opportunity to do a comparative analysis. In this respect, an 

example is the research on the digital economy that compared Poland with the other EU 

Member States (Moroz, 2017). A similar analysis was done on the pace of business 

digitalization in Sweden, assessing the results achieved (Mahring et al., 2018). A focus 

is placed also on an analytical combination of the spatial and content aspects. An 

example is the research on the digitalization of microenterprises that compared the 

situations in Eastern European and Western European countries and used an online 

survey of 36 microenterprises as an information source (Pytkovska & Korynski, 2017). 
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The present research continues detailing the spatial and content aspects of business 

digitalization. The research object is a combination of SMEs as the content aspect and 

two EU Member States – Latvia and Romania – as the spatial aspect. The research aims 

are: a) to assess the positions of Romanian and Latvian SMEs within the EU based on 

the DESI index and b) to compare and assess the technological and economic 

characteristics of the digitalization process in each country. Methodology and methods: 

The research used the following information sources: the Digital Economy and Society 

Index (DESI), which showed the situation of each country examined by the research 

within the EU, while a more detailed situation in both countries was identified by 

conducting a survey in each of the countries (n = 100 in Romania and n = 100 in Latvia 

operating in the manufacture of goods, in the supply of services and marketing). Since 

most of the respondents represented microenterprises (81.0% in Romania and 70.0% in 

Latvia) located outside cities, the data acquired gave an opportunity to get insight into 

the manifestations of digitalization contributing to maintaining the viability of rural 

space both in Romania and in Latvia. To maintain the viability of rural areas, the society 

has to move with the times and engage in modernisation processes. Nowadays, the key 

path of modernisation is digitalization that significantly affects the economy and the 

society’s life as a whole. 

To assess the situation, the research used the DESI index component ‘Business 

technology integration: the digitalization of business and development of the online sales 

channel’ (EC. 2018a). 

 

RESULTS AND DISCUSSION 

 

1. Positions of Rumania and Latvia within the EU with regard to SME 

digitalization 

The DESI is a composite index (five components) that shows the overall situation 

in a spatial unit examined. According to the latest data, both Latvia and Romania still 

lagged behind the EU average. However, the data indicated the two countries progressed 

and continued approaching the EU average (Fig. 1). 
 

 
 

Figure 1. Digitalization progress in Rumania and Latvia in the last three years. Source: (DESI 

composite index, EC. 2018a). 

 

In the last three years, the EU average rose by 8.0%, while the index for Latvia 

increased by 10.4% and for Romania by 17.2%. In the result, Latvia reached 94.1%, 

while Romania – 69.4% of the EU average. The population’s interest in the use of the 

Internet and the build-up of digital skills to be used for mutual communication as well as 

communication with national regulatory authorities increased. 
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As regards the research problem, 

the authors were particularly 

interested, first, in the composite 

index components showing residents’ 

use of the Internet for shopping  

(3c2) (Table 1), as the Internet serves 

as a source of various information  

and a means of communication  

and as a platform for shopping. Online  

Table 1. Increase in the use of the Internet as a 

tool for shopping, (%) 

Online 

shopping  
2015 2017 

Growth,  

%-points 

Romania 18% 23% 5% 

Latvia 48% 74% 26% 

EU average 65% 68% 3% 

Source: authors’ calculations based on the DESI index 

(3c2) (EC. 2018a). 

shopping is a form of electronic commerce, which allows  consumers to buy goods and 

services directly from a seller (Moroz, 2017). 

According to the authors’ calculations, online shopping as an option of consumer 

behaviour rose sharply in Romania and in Latvia in particular over the last years, 

exceeding the average growth rate for the EU. Nevertheless, a lot of efforts have to be 

made to increase the availability of digital services and reach the most optimum level 

(84% in Sweden, 82% in Denmark), in Romania in particular. 

Second, the composite index 

components for SMEs reveal 

important facts regarding the research 

problem, as they show the SMEs 

engagement in this form of electronic 

commerce (DESI 4b1, 2, 3) (Table 2). 

SME electronic commerce in 

Romania and Latvia has begun and 

expands. The number of SMEs 

engaged in such activities rose, which 

was indicated by an increase in the 

share of those engaged in the 

digitalization process. Online selling 

in Romania approached the EU level 

(44.8% of  the  EU average),  while in 

 

Table 2. Engagement of SMEs in online selling 

(% of total SMEs) 

 
2015 2017 

Growth,  

%-points 
Selling online 
Romania 7.4% 7.7% 0.3% 

Latvia 8.3% 10.6% 2.3% 

EU average 16.0% 17.2% 1.2% 

Selling online cross-border 
Romania 1.9% 1.8% - 0.1% 

Latvia 3.9% 4.7% 0.8% 

EU average 7.5% 8.4% 0.9% 

Source: authors’ calculations based on the DESI index 

(4b1, 3) (EC. 2018a). 

 

Latvia this level slightly exceeded the EU average (61.6% of the EU average). The levels 

for online cross-border selling were lower, yet this kind of activity grew. Overall, 

electronic commerce is an indicator of successful economic activity for SMEs, which is 

confirmed by an increase in e-commerce turnover in the last year (2017/2016) by 0.9% 

in Romania and 0.4% in Latvia. 

If analysing SME e-commerce, a comparison of an indicator for an individual 

country with the EU average represents only an intermediary comparison. A comparison 

of it with the optimum level among the EU Member States has to be the next step. For 

example, 30.0% of the population in Ireland, 28.5% in Sweden, 27.8% in Denmark and 

21.9% in Lithuania were involved in online commerce. This is an obvious target to move 

towards for the employees of SMEs in Romania and Latvia (The Digital... 2018). 
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2. Technological and economic characteristics of the digitalization process in 

Romania and Latvia 

The DESI composite index components give a rough notion of the phenomenon 

researched, as they indicate the overall situation in the countries, whereas the survey of 

SME businesspersons conducted by the authors and an analysis of the data give some 

insight into the digitalization process at the enterprises engaged in e-commerce in each 

of the countries and allow assessing the process. Since the survey involved respondents 

from enterprises producing goods and services and trading enterprises with less than ten 

employees as well as with a larger number of employees, this gives an opportunity to 

identify whether the kind of economic activity and the size of enterprises can affect the 

SME digitalization process. Progress in the SME digitalization process both in Romania 

and in Latvia has been confirmed by the DESI index (4b1, 2, 3). The survey, however, 

gives insight into the purposes of engagement in Internet marketing or e-commerce, the 

results achieved and the problems related to this activity. 

2.1. Purposes of engagement in Internet marketing or e-commerce 

Marketing as a phenomenon involves at least three components – communication 

with customers, advertising goods or services and, finally, sales of the goods or services 

offered. 

The survey results allow concluding that overall, communication with customers 

was almost of the same importance for SMEs in both countries. Selling goods as a 

purpose was more stressed by the respondents in Latvia, yet there was a considerable 

difference in perception of the role of advertising between both countries. It was referred 

to as dominant by the Romanian respondents, whereas only a tenth of the Latvian 

respondents mentioned it (Table 3). This could be explained by the fact that online 

shopping as an option of shopping was more popular in Latvia than in Romania (EC 

2018, 3c2). In Latvia, there are service enterprises developing Internet tools (websites, 

social networks, mini blogs etc.) for other enterprises ordering the tools (Marketing 

Angels Ltd). 

 
Table 3. Main purposes of using the Internet environment by enterprises, % (several answers 

possible) 

Purpose  Average 

Goods- 

producing 

enterprises 

Services- 

producing 

enterprises 

Trading 

enterprises 
Others 

Romania 

Advertising 73.0 64.3 67.3 90.9 88.9 

Selling goods or services 67.0 60.7 86.5 36.4 44.4 

Communication with customers 72.0 78.6 73.1 45.4 33.7 

Latvia 

Advertising 11.0 96.0 83.8 44.4 23.5 

Selling goods or services 77.o 78.3 73.0 66.7 64.7 

Communication with customers 71.0 0.0 5.4 27.8 70.6 

 

Since the SMEs surveyed were comprised of those producing goods or services and 

trading ones, the data acquired in the survey gave an opportunity to analyse the 

components of interest in e-commerce as well as the kinds of economic activity 

represented. In both Romania and Latvia, the interest in the use of the Internet 
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environment differed between business entities producing goods or services and trading 

ones as well as those engaged in other kinds of economic activity. In Romania, the role 

of advertising increased for the mentioned groups of enterprises, whereas the role of 

sales promotion and communication with consumers decreased. In Latvia, the situation 

was completely opposite – the demand for advertising decreased, whereas the demand 

for the Internet environment increased in order to communicate with consumers of goods 

and services. 

As regards the size of enterprises, in both Romania and Latvia the replies given by 

the representatives of microenterprises with up to ten employees were consistent with 

the average for all the SMEs (Table 3) – communication with consumers dominated, 

followed by opportunities for selling goods or services. However, the needs for 

advertising were different. In Romania, advertising as an important purpose was noted 

by 69.1% of the respondents, whereas in Latvia – only by 12.9%. In Romania, the larger 

the enterprise in terms of employment, the higher the interest in digitalized advertising. 

The interest of enterprises with more than 25 employees could reach even 100%. In 

Latvia, the situation was opposite – the larger the enterprise, the lower the interest in 

business digitalization. 

2.2. Gains from engagement in Internet marketing or e-commerce 
Net turnover includes the revenues from the sale of products, goods, and services. 

The ability to use electronics provides an opportunity to increase net turnover from both 

producing goods and producing services (21st century...). In the opinion of the Romanian 

and Latvian respondents, the SMEs benefited from it in both countries. 

 
Table 4. Net turnover increase after commencing Internet marketing or e-commerce,  

% (enterprises operating for more than one year) 

Turnover increase Average  

Goods- 

producing 

enterprises 

Services- 

producing 

enterprises 

Trading 

enterprises 
Other 

Romania 

No increase 8% 20.0% 4.2% 9.1% 0% 

Insignificant 23% 48.0% 12.8% 18.2% 33.3% 

Significant 52% 28.0% 70.2% 72.7% 44.5% 

Very significant 9% 4.0% 12.8% 0% 22.2% 

Latvia 

No increase 5% 0% 0% 5.6% 11.8% 

Insignificant 31% 52.2% 32.4% 33.3% 29.4% 

Significant 47% 47.8 45.9% 44.4% 58.8% 

Very significant 12% 0% 21.6% 16.7% 0% 

 

Even though the percentages of increase in net turnover differed between Romania 

and Latvia, the dominant positions were the same. An insignificant increase in net 

turnover was specific to goods-producing enterprises, while a significant increase in net 

turnover was specific to services-producing enterprises irrespective of the kind of 

services they provided. For such enterprises, an increase in net turnover was very 

significant in Romania. This indicates Romania expanded activities paving the way to 

approach the EU average for financial gains from Internet marketing or e-commerce 

activity. 
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Both in Romania and in Latvia, e-commerce took both forms – domestic trade as 

well as cross-border sales (EC. 2018a - 4b1, 3). The survey results revealed a breakdown 

of domestic e-commerce transactions for the SMEs that had engaged in digital 

marketing. In both countries, the percentages of enterprises engaged only in domestic 

trade were equal (71%). For this reason, the percentages of SMEs engaged in cross-

border commerce were also equal (29%). Nevertheless, the degrees of engagement in 

the European Union or even the global markets were quite different (Fig. 2). 
 

 
 

Figure 2. Exports of goods or services abroad, as a % of SMEs using e-commerce. 

 

The data acquired in the survey were consistent with the DESI index values 

presented in Table 2, i.e. SMEs slowly commenced their cross-border commerce. A 

breakdown of the enterprises by kind of economic activity revealed that in Romania, 

their engagement in cross-border commerce ranged from 9.1% (trading enterprises) to 

38.5% (providers of various services). Just like in Romania, in Latvia too trading 

enterprises were minimally (18.8%) engaged in cross-border commerce, whereas goods-

producing enterprises were maximally (45.5%) engaged in cross-border commerce. This 

means there were both differences and similarities between the countries. 

The survey data revealed the effect of enterprise size on their extent of cross-border 

commerce. A comparison of the enterprises by size (in terms of employment) revealed 

that the engagement of the enterprises employing more than 25 people in cross-border 

commerce was the highest both in Romania and in Latvia (80.0% in Romania, 83.3% in 

Latvia), whereas the engagement of the microenterprises (up to 10 employees) was the 

lowest: 13.5% in Romania, 14.3% in Latvia. 

The slow engagement of SMEs in e-commerce and particularly in cross-border 

commerce was affected, in the opinion of the respondents, by two factors. The first one 

was high costs of maintaining the e-commerce environment. A larger problem, 

according to the Romanian and Latvian respondents, was a lack of competent specialists 

at enterprises (12% in Romania and 35% in Latvia). To expand e-commerce and 

particularly cross-border commerce, specialists having competences in production and 

particularly competences for organising sales on the Internet were needed. 

A survey of Western and Eastern European microenterprises done by Polish 

researchers identified a lack of finances as a factor constraining the expansion of 

digitalization; another obstacle was the insufficient skill of consumers themselves to use 

the Internet for shopping (Pytkovska & Korynski, 2017). The aspects of a digital buyer 

have become a research problem (Managing..., 2018). The European programme 

‘COSME’ (2014 – 2020) was established for strengthening the positions of SMEs within 

the business sector and getting access to financial assistance for entry into the single 
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market and for cooperation networks, with a special focus being placed on promoting 

business digitalization (EC, 2015). Successfully implementing the programme could 

contribute to mitigating the mentioned problems. How fast this could be done largely 

depends on the implementation of the digitalization policy in each EU Member State. 

2.3. Assessment of the results achieved of Internet marketing efforts according 

to the goals set 

Commencing any innovative activity is associated with the goals to be achieved by 

implementing this activity. Commencing Internet marketing or e-commerce, as 

described in section 2.1 of the paper, is associated with specific goals. The survey of 

SMEs in Romania and Latvia gave an opportunity to identify not only the goals of 

beginning something new but also the extent to which the goals, in the opinion of SME 

representatives, had been achieved at their enterprises. 

A positive fact, of course, is that engagement in business digitalization and e-

commerce has yielded real results. In both countries, the SMEs achieved some results 

for each of the goals set: advertising goods and services, communication with buyers of 

their goods and services as well as selling their goods and services (Fig. 3). 
 

 
 

Figure 3. Respondents’ ratings of e-commerce activity at their enterprises (weighted average on 

a five-point scale). 

 

The survey revealed both similarities and differences between the countries. The 

first difference was the respondents’ perspective on opportunities provided by e-

commerce. In Romania, all the use options of digitalization were rated almost equally 

(ratings varied around 2.5 on a 5-point scale). In contrast, in Latvia the respondents’ 

ratings of use options of digitalization were different. Communication, advertising and 

image popularisation were rated relatively high (ratings varied around 4.0), whereas 

selling goods and services was rated relatively low (only 2.7). It is interesting that in 

both countries particularly the ratings of selling goods and services were almost equal. 

This, in the opinion of the authors, confirms the opinion of the respondents of both 

countries once more that the relatively high development level of the Internet 

environment providing a possibility to advertise goods or services as well as 

communicate with buyers of goods and services does not ensure e-commerce activity is 

successful. As noted by the SME representatives, specialists competent in both 

digitalization and commerce organisation were needed. This was convincingly 

confirmed by the DESI indicator. In Romania, ICT specialists accounted for 2.0% of the 
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total employees, in Latvia – 2.2%, while in Sweden where e-commerce activity was two-

fold higher, they comprised 6.3%, i.e. three times more (EC. 2018a). 

 
Table 5. Role of e-commerce in selling goods or services (weighted average on a five-point scale) 

Country 
Goods-producing 

enterprises 

Services- producing 

enterprises 

Trading 

enterprises 
Other 

Romania 2.33 2.54 2.90 3.0 

Latvia 2.30 3.52 3.57 4.33 

 

In both countries, in the opinion of the respondents, the largest problems were faced 

by goods-producing enterprises selling their goods through e-commerce, as the 

representatives of this group of enterprises gave the lowest ratings of e-commerce. This 

means that this group of enterprises in particular has to seriously and actively consider 

hiring ICT specialists, and – what is important – the specialists being able to also 

improve the performance of their e-commerce units. Swedish researchers associate it 

with their skill to better understand the needs and wishes of diverse consumer groups 

and the fact that the demand for goods is differentiated if the society is differentiated. 

Since the dominant part of the market is represented by buyers/consumers, this fact has 

to be taken into consideration in e-commerce and particularly cross-border selling 

management in order to promote the sales of goods and services (Monitoring ...2018). 

 

CONCLUSIONS 

 

The DESI index data aggregated by the authors confirm that the digitalization 

process progresses both in Romania and in Latvia. It is showed both by the DESI 

composite index and by the characteristics of SME economic activity, indicating that 

both countries are approaching the level of the old European Union Member States. 

The data of the survey of Romanian and Latvian SME representatives gives an 

opportunity to express some conclusions on the pace of digitalization in two new 

European Union Member States that are very different in area size and population 

density as well as geographical location. There are similarities in SME digitalization 

between both countries. Communication with buyers/consumers promote sales of goods 

and services. In Latvia and Romania e-commerce takes the form of both domestic and 

cross-border selling. As result most of the SMEs financially benefit from digitalization, 

as their net turnovers rise. Also released problematic similarities. The Internet 

environment for the purpose of e-commerce is expensive. Lack of ICT specialists that 

can manage the e-environment and also competently organise cross-border selling, as it 

is not the same job. The smaller the enterprise (in terms of employment, net turnover), 

the lower the share of the enterprises engaged in e-commerce because of the two 

mentioned factors. 

At the same time, one quite important difference in opinion on e-commerce 

between the Romanian and Latvian SME representatives has to be stressed. The 

Romanian respondents rated communication, advertising and sales with regard to  

e-commerce quite equally. The Latvian respondents’ opinions on the same phenomena 

were different. The Latvian SME representatives rated advertising goods or services and 

communication with consumers higher than the Romanian counterparts did. However, 
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the key purpose of economic activity – selling goods and services – that brings financial 

gains was rated considerably lower.  
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Abstract. In consistent with the growing research activities regarding the Farm 4.0 concept, it is 

valuable to consider each possible chance of enhancement which is expected to contribute 

positively to the productivity and the safety of planned operations. Human centred design concept 

is becoming essential for the multitasking vehicles market, which promotes the research 

experiments aiming to understand the human behaviour inside the vehicle cabins to proceed with 

upgrading the design, planning and production procedures based on validated inputs leading to 

introducing reliable solutions for more productive and safety conduct of operations. The accurate 

and deep analysis of the operator behaviour inside the cabin will lead to a better understanding 

for the problems and issues need to be resolved in new designs in addition to providing the 

production planning (i.e. manpower planning and working shift period) with the necessary data 

to ensure achieving the maximum efficiency and effectiveness. In this research, the operator’s 

glance behaviour inside the tractor cabin is studied during the harvesting operation to develop a 

model for the change of operator's focusing scheme along working hours. 

 

Key words: off-road vehicle, operator’s behaviour, eye tracking, focusing scheme, passive 

fatigue, precision farming. 

 

INTRODUCTION 

 

Herdovics (2013) mentioned a very important role of the academic sector 

improving the development of agricultural operations by problem resolving and 

developing the recommendations based on the advanced analysis of data to be used in 

advanced farming processes easily. To the purpose of assisting the decision-making 

activity during the planning phase (Man-power planning, operational procedures, …etc.) 

this research activity is conducted. Thereafter; the availability of such models will 

provide decision makers by a factual based method coming from deterministic data 

analysis, which is usually done based on managerial assumptions in the absence of 

validated models from research and development centres and/or academic sector. 

In continuation of the research work done by Szabo et al. (2017) and Szabo et al. 

(2018) regarding Operator’s behaviour measuring methodology inside off-road vehicle 

cabin and the developed two models for windrowing and cultivating agricultural 

operations, in which the passive fatigue is examined due to the nature of the said two 

operations requiring a continual physical movement to turn back and check for the rear 
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attached tool. However; it is stated that the increasing mental load is inherent inside the 

resulted models. 

This research activity depends on the validated methodology to develop a model 

representing the change on the resulted operator’s focusing scheme along working hours 

in harvesting agricultural operation in which the operator doesn’t need to physically turn 

back and check for a rear attached tool, but the operator is still requested to pay enough 

attention to the front mounted tool doing the necessary steering and monitoring. 

Due to the operational nature of multi-tasking off-road vehicles, operators need to 

spend long working hours, which increases the level of mental workload leading to 

human error. Li & Haslegrave (1999) introduced similar conclusion of which the vehicle 

design should be human oriented in order to maximize comfort and ability to perform 

the driving task perfectly and safely by reducing the human error possibility. 

In the in-road vehicles market, such a study is conducted more thoroughly to check 

for the distraction caused to the driver due to the increasingly added systems and 

technologies to the driving cabin. Indirect measures are usually applied to assess safety 

and attention of drivers due to complexity of definitions and criteria of safety and 

attention. That is why some studies such as (Alm & Nilsson, 1995; Hulst et al., 2001; 

Lai et al., 2001; Lee et al., 2001; Broy et al., 2006) commonly used measures of driver 

distraction related to secondary task interaction by primary task measures such as lateral 

control (e.g. measurement of lane keeping performance) and longitudinal control (e.g. 

speed maintenance). 

Therefore, it is quite common to make inferences, such that higher driver workload 

when interacting with an in-vehicle system implies greater lateral movement and more 

frequent lane exceedances. It is interesting to note that a measure such as the number 

and length of lane exceedances during in-vehicle interaction is not considered primarily 

safety-relevant by everyone.  

Cnossen et al. (2000) and Liua & Lee (2006) studies argue that if there are no other 

traffic users nearby, if the lane exceedance is small or of short duration, or if the lane 

exceedance or speed reduction reflects the driver’s strategy for compensation and 

reducing workload during concurrent task execution, there is no safety implication at all. 

It is a general aim to improve comfort and safety (Sheridan, 1992; Endsley, 1996; 

Fukunaga et al., 1997; Scheding et al., 1999; Shen & Neyens, 2017; Zewdie & Kic, 2017; 

S. Kumar et al., 2018), additionally, it is stated that, in the automated driving condition, 

driver responses to the safety critical events were slower, especially when engaged in a 

non-driving task. At the same time in their paper – dealing with driver visual attention 

(Louw & Merat, 2017) reached a conclusion shows that the drivers understanding of the 

automated system increases as time progressed, and that scenarios which encourage 

driver gaze towards the road centre are more likely to increase situation awareness during 

high levels of automation. 

Operating an off-road vehicle is a complex task, requiring a concurrent execution 

of various cognitive, physical, sensory and psychomotor skills (Young & Regan, 2007), 

additionally to control attached tools to perform in-field productive tasks such as 

agricultural and industrial operations. Ensuring the comfortable ride is considered 

essential for any vehicle, as well as executing happily and safely requested operational 

tasks, to that end, the driver ergonomics comes to play as considered as an important 

parameter that can’t be neglected in the design phase of the vehicle (Hsiao et al., 2005). 
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Driving is not only a physical task but also visual and mental tasks. The eyes of a 

driver are indispensable in performing visual tasks such as scanning the road and 

monitoring in-vehicle devices. Mental tasks are important during driving, and include 

such factors as understanding vehicle dynamics, making situation-dependent decisions, 

and judging time/space relationships (Kramer, 1990), (De Waard, 1996), (Brookhuis & 

De Waard, 2010) and (Marquart et al., 2015) were examined the eye-related measures 

of drivers’ mental workload. The mental workload could be defined as the relation 

between demands resulted from various tasks to be performed on the operator and his 

ability to fulfil; with satisfactory; these demands. While (Sporrong et al., 1998) described 

the mentioned demands as multidimensional, as it involves tasks, operator and system 

demands together with other factors. Additionally; many studies showed that; the need 

for well fitted architectural space to the operator’s dimensions is considered crucial. The 

mental workload level is found to be increasing with the time passing. 

For the purpose of this research, the passive fatigue is investigated. This type of 

fatigue is characterized by being the indirect product of the human driver’s exertion of a 

set of tasks whose demands are low, monotonous or repetitive (Saxby et al., 2013). These 

rules out any sort of physical fatigue or mental active fatigue. 

 

MATERIAL AND METHODS 

 

Tobii equipment and software packages 

Tobii solutions were used to conduct the eye tracking and glance measuring of the 

operator inside the off-road vehicle cabin. 

Tobii glasses 2 (Fig. 1) package was selected due to its mobility feature in addition 

to the powerful properties enable the operator to use it in the daylight and night in the 

field. A brief description of the package is illustrated in the figure below: 

 

 

 

 
 

Figure 1. Tobii glasses 2 package. 

1 – Eye tracker: consists of cameras, 

illuminators, and algorithms;  

2 – Scene camera: a camera is recording what 

the operator is looking at; 

3 – Illuminators: creates a pattern of near 

infrared light on the eyes;  

4 – The cameras: take a high-resolution 

image of the user’s eyes and patterns; 

5 – The image processing algorithms: find 

specific details in the user’s eyes and 

reflection patterns;  

6 – The eye position and gaze point are 

calculated using a sophisticated 3D eye 

model algorithm based on the inputs and 

configurations mentioned previously. 

 

MATLAB 

The Curve Fitting Toolbox is used for modelling the resulted data of the change in 

operator’s focusing scheme along working hours for the samples collected from 

harvesting agricultural operation. 
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Research methodology 

Followed methodology is summarized in process map showed in (Fig. 2). 
 

 
 

Figure 2. Methodology process map (Szabo et al., 2018). 

 

The selected area of interest (AOI), to the purpose of this research, is the front 

mounted harvesting tool (Fig. 3). The operator needs to keep focusing on AOI for 

continuously monitoring and steering the vehicle into the right path, which requires more 

mental load than the additional physical passive fatigue for turning around and check a 

rear tool as an example. 

A reference snapshot (Fig. 4) is taken for the selected AOI form videos recorded 

by the Tobii Glasses 2 equipment. 

 

  
 

Figure 3. The front mounted tool for  

harvesting operation. 

 

Figure 4. Reference snapshot for the  

harvesting tool. 

 

The operator is requested to wear Tobii glasses and to go through the calibration 

process whenever a new recording is started. The glasses are connected wirelessly to the 

windows tablet which is running the Tobii controller software to register the recording 

information, monitor the real-time view of the operator, conduct the calibration process 

and to stop, pause and start the recording process. 
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Thereafter, the collected video recordings are transferred to the PC which is running 

the Tobii Pro Lab software to be analyzed using the real-time mapping and available 

filtering packages to obtain the accumulated times. Recorded videos are splitted out into 

number of recording samples, each one represents 600 seconds of the real-time recording 

of the operator’s gaze during the windrowing operation. 

Due to the differences between the planned and actual recoding time, each sample 

is normalized to represent the 600 seconds of recording with a factor (N). However, 

collected gaze time spent on the attached tool (X) is multiplied by the Normalization 

factor (N) according to the formula: 

(X)Normalized = (N) ∙ (X)Actual 

 

 

Cultivating operation 

The experimental trials are 

conducted for harvesting the 

sunflowers field using the vehicle 

(CLAAS Dominator 202) 

(Fig. 5), in a field beside Gödöllői 

airport to the south west of 

Gödöllő city. 

 

 
 

Figure 5. CLAAS Dominator 202. 
 

 

RESULTS AND DISCUSSION 
 

Measurements and analysis results 

After recording the harvesting operation along one working day with calibration 

process conducted successfully whenever it was needed, the recorded samples were 

analyzed by Tobii Pro Lab analyzer software and exported to MS Excel sheet. 

The samples were normalized in accordance to the mentioned normalization 

formula and the exported results (Table. 1) showed the following: 

 The sample reference in the original video (column 1); which represents the 

reference of a certain sample inside the used analyzer software (Tobii Pro Lab). 

 The sample serial number (X) (column 2); which will represent the X-Axis on 

the resulted curve. 

 The tool gaze times in (X) sample (column 3); which will represent the 

accumulated time of operator’s gaze inside the AOI on the Y-Axis on the resulted curve. 

 The normalization factor (N) for the sample (X) (column 4). 

 The Normalized tool gaze times (X*N) (column 5). 

 The generated heat map for the sample (X) (column 6); which is a graphical 

representation for the operator’s gaze distribution and accumulated time over the 

reference image along the sample recording time. 
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Table 1. Sample Experiment results of windrowing operation 

Sample 

Reference 

X  

value 

Tool gaze time 

(Sec) 

N  

Factor 

Time (Normalized) 

(Sec) 

Generated  

Heat map 

1 1 481 0.90 245.52 

 

2 2 413.5 1.00 274.79 

 

3 3 500.05 1.00 369.99 

 

4 4 409.89 1.00 282.74 

 

5 5 440.73 1.00 362.42 

 

 

Putting the resulted data of accumulated time of each sample on the y-axis and the 

and the samples sequence on the x-axis, after the normalization of results based on the 

actual recording time to represent 600 seconds of recording for each sample, the results 

are shown in (Fig. 6). 
 

 
 

Figure 6. Accumulated time of operator’s focusing scheme for each sample in harvesting 

agricultural operation. 

1 2 3 4 5 6 7 8 9 10 11 12 13

Normalized 2.46 2.75 3.70 2.83 3.62 3.42 2.52 2.03 3.18 2.89 3.00 3.43 2.29
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Modelling results 

The curve fitting operation is conducted using the MATLAB Curve Fitting 

Toolbox™, the resulted curve (Fig. 7) for the harvesting operation was processed 

selecting the Linear model (Poly 4) which generates a polynomial equation with the forth 

degree and using Bi-square robust method. 

Where: 
X-Axis represents the samples serial number (1 unit = 600 working seconds) 

Y-Axis represents the OFS (Accumulated gaze time on the AOI in seconds)  

 

 
 

Figure 7. Curve fitting of results. 

 

The results showed the operator’s gaze on selected area of interest. The used 

equipment and supporting software packages easily defined the time in which the 

operator paid his attention to the front mounted tool during working time in the 

harvesting operation developing the model describing the change on the OFS along 

working hours Xharv (t): 

Xharv(t) = 274.3 - 35.07t + 103.3t2 + 18.12t3  - 50.04t4 

Resulted models and the goodness of fit as per exported from MatLab Curve fitting 

toolbox: 

Linear model Poly4: 

f(x) = p1*x^4 + p2*x^3 + p3*x^2 + p4*x + p5 

p1 = -50.04 

p2 = 18.12 

p3 = 103.3 

p4 = -35.07 

p5 = 274.3  

Goodness of fit: 

R-square: 0.2816 

RMSE: 54.34 
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DISCUSSION 

 

The used equipment and supporting software packages easily defined the time in 

which the operator paid attention to the defined areas of interest during the operations. 

All experimental trials were conducted in similar environmental and operational 

conditions. The daylight recording, use of closed cabin controlling the temperature and 

humidity inside the cabin, protection from dust and insects… etc.; all of it; are considered 

to be similar along executing all experimental trials in order to keep on consistency of 

environmental and operational conditions trying to include the same uncertainties 

sources along all developed models which is reflecting the routine duties conducting by 

the operator in agricultural operations. 

The resulted models can be used to give an indication estimating the effort required 

by operators to conduct different agricultural operations based on deterministic data 

driven models. 

The impact of the learning process on the operator’s focusing scheme is subjected 

to be under more investigation in order to assess the contribution of the experience of 

the operator to the production phase in a certain agricultural operation which is proposed 

to be conducting by developing different models for the same operation executed by 

different operators with differentiated levels of operating experience. 

The resulted models are developed to be used as a simple tool predicting the 

behaviour of an operator inside the off-road vehicle cabins based on deterministic data 

analysis. The contribution of the implemented models is expected to assist the decision-

making process regarding many aspects (i.e. scheduling of breaking times, working 

hours and payment estimation). Which make it necessary not to exclude any 

uncertainties expected to accrue during the real-time implementation of the model. 

Taking into consideration keeping on the simplicity of the model and not excluding 

of uncertainties, the resulted models are showing low R2 coefficient of determinization. 

This small number is resulted from the huge variation of accumulated operator’s gaze 

from each sample to other samples. Each sample result represents summation of 

operator’s gaze along the 10 minutes of the sample record analysis. Repeating some 

routine tasks require more operator attention to the AOI might be repeated twice in the 

same sample while it would not happen in next or previous sample (i.e. lifting the tool 

to turn over at the end of the field will be reflected twice in one sample and might not 

happen in the next recording sample). 

However; the resulted models for the tested agricultural operations are found to be 

the first attempt to modelling the change on operator’s focusing scheme along working 

hours, which is subjected to be improved on a continual base. 

 

CONCLUSIONS 

 

This work presents a method for measuring change of operator focusing scheme 

over time during an agricultural operation. The time is not the only factor affecting the 

operator focusing scheme. Other factors such as age, gender, experience, working 

conditions... etc. are not within the scope of this work and are left for future works. 
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The resulted model showed a notable decrement behaviour in operator’s focusing 

scheme along working hours, which is correlated to the passive fatigue and mental load 

accumulated along working hours. However, the resulted trend of decrement is slower 

than it was in the previous experiments which require the operator contribution to 

monitor and control the rear attached tool on a continual base. 

The resulted model is subjected for further development in term of the modelling 

quality. However; it is still usable to provide an indication for comparing different 

agricultural operations. 
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Abstract. In recent years chemical pesticides are being replaced by environmentally friendly and 

universal means of plant protection that are able to exert a complex effect on the plant (stimulate 

growth and development, improve metabolic processes, develop resistance to pathogens, etc.). 

The effect of new synthetic growth regulators of the 1,2,3-triazolo[5,1-b][1,3,4]thiadiazine class 

and trade phytohormones (6-BAP, GA and TDZ) on the growth processes, growth energy and 

vitality of tomato seeds, as well as morphological parameters of seedlings was researched in this 

article. It was revealed that the effect of synthesized compounds on seed vigor and viability of 

seedlings are superior to commercial phytohormones. In the early stages of germination the seed 

vigor of tomato seeds treated with the compounds TT1-TT5 were superior to one in treatments 

with phytohormones and in control experiment. As a result of the experiment, the most viable 

seedlings were formed into the treatments TT1, TT2 and TT3 (in all studied concentrations). 

Tomato seedlings treated with 6-BAP and GA at a concentration of 5 mg L-1 produced the worst 

results. 

 

Key words: seed germination, plant grow regulators, Solanum lycopersicum, tomato seeds,  

1,2,3-triazolo[5,1-b][1,3,4]thiadiazine, 6-benzylaminopyrine, gibberellic acid, thidiazurone, leaf 

tissue, development/growth, root, shoot. 

 

INTRODUCTION 

 

Both seed germination and the earliest stages of seedling development are crucial 

for the establishment of viable plantlets of agricultural plants and are important processes 

that determine the competitiveness and fitness of the plants in various environments, 

such as lighting, temperature, humidity, etc (Luo et al., 2019). The establishment of seed 

dormancy, subsequent germination and other developmental processes in plants, are 

heavily influenced by hormones. Abscisic acid is required for the establishment of seed 

dormancy and inhibits germination. Gibberellins, on the other hand, counteract abscisic 

acid responses and are considered a promoting factor in seed germination. Cytokinins 

also appear to act positively on germination, possibly by stimulating ethylene synthesis 

(Toh et al., 2011). 

https://doi.org/10.15159/AR.19.025
https://doi.org/10.15159/AR.19.025
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Both natural and synthetic phytohormones are used for regulation of seed 

germination and plant growth. In addition, regular fertilization, and/or growth stimulants 

are required for normal growth and development of plants as well as increasing yields 

and increasing resistance to pathogens of various types (Senberga et al., 2018). 

After a long period of uncontrolled use of chemical fertilizers, strict measures have been 

taken to regulate and use the latter. Crop producers are interested in the emergence of 

new natural and synthetic compounds that do not harm the environment (Pal & 

McSpadden Gardener, 2006). 

Currently, growth regulators and elicitors are a vast group of natural and synthetic 

organic compounds that influence the metabolism which stimulate plants’ immunity to 

many bacterial and viral diseases, as well as adverse environmental factors (Pekarskas 

& Sinkevičienė, 2015; Nugmanova, 2017). 

The requirements for the properties of chemically synthesized growth regulators 

are rather high: physiological activity, rapid disintegration in tissues after their action, 

and the absence of harmful effects on the environment and humans (Harman, 1991). A 

special property of a physiologically active compound should be its ability to act in low 

concentrations (a low number of milligrams per liter of solution). 

Plant seeds are a convenient test system in the study of certain properties of 

substances or the study of completely new chemical compounds because the growth and 

development of the seed can be used as an integral indicator of the state of the plant, which 

reflects the physiological processes at the level of the whole organism (Taiz & Zeiger, 

2002). The seeds of agricultural crops are the best for studying stimulation effects. 

This article is a continuation of a study on the growth-regulating properties of newly 

synthesized chemical compounds of the 1,2,3-triazolo[5,1-b][1,3,4]thiadiazine class 

(Fig. 1) on plants of the Solanaceae family. Previously, some of the studied substances 

showed a stimulating effect on the growth and development of seeds of common pine 

and animal cells (Kalinina et al., 2015; Kalinina et al., 2018). In this paper, we studied 

the growth-regulating properties of five synthesized compounds and three commercial 

phytohormones (gibberellic acid, 6-benzylaminopurine, thiadiazuron) on tomato seeds. 

The aim of this work was to investigate the influence of tested compounds on seed 

germination and seedling development. 

 

MATERIALS AND METHODS 

 

The objects of study were 8 chemical compounds. 3 commercial phytohormone 

were used (gibberellic acid (GA), 6-benzylaminopurine (6-BAP), thiadiazuron (TDZ)), 

as were 5 synthesized substances: TT1, TT2, TT3, TT4, TT5 (Fig. 1). 

The tested compounds (TT1-TT5) were produced according to the previously 

described method (Kalinina et al., 2017). The spectroscopic characteristics of the 

compounds T1–T4 are in accordance with the previously reported data (Kalinina et al., 

2017). Compound T5 was synthesized for the first time according to the procedure 

described in (Kalinina et al., 2017). 
1Н and 13С NMR spectra were acquired on a Вruker Avance II spectrometer 

(400 and 100 MHz, respectively) in DMSO-d6, with TMS as the internal standard. Mass 

spectra were recorded on a GCMS-QP2010 Plus gas chromato-mass spectrometer (EI 

ionization at 70 eV). Elemental analysis was performed on a Рerkin Еlmer РЕ 2400 

CHNS-analyser. Melting points were determined on a Stuart SMP3 apparatus. 
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Figure 1. The structure of the studied compounds and commercial phytohormones. 

 

Ethyl 5-(4-chlorobenzoyl)-6-methyl-6-p-tolyl-6,7-dihydro-5H-

[1,2,3]triazolo[5,1-b][1,3,4]thiadiazine-3-carboxylate (TT5). Reaction yield is 76%, 

white powder, melting temperature 217–218 °С. IR υ (cm−1): 3234 (NH), 2964 (CH), 

2834 (CH), 1738 (CO), 1712 (CO). 1H NMR (J, Hz): δ 1.29 (3H, t, J=6.5, Me), 1.47 

(3H, s, Me), 3.73 (s, 3H, OMe), 4.22 (q, 2H, J=6.5, OCH2), 5.75 (s, 1H, CH), 6.82 (d, 2H, 

J=7.9, ArH), 7.52 (d, 2H, J=7.9, ArH), 7.63 (d, 2H, J=7.8, ArH), 7.96 (s, 1H, NH), 8.31 

(d, 2H, J=7.8, ArH). Attached proton test (APT) NMR: δ 13.9 (CH3), 27.8 (CH3), 40.6 

(OCH3), 54.9 (CHTDZ), 59.7 (CTDZ), 60.4 (CH2), 113.8 (CHAr), 126.5 (CHAr), 127.1, 

129.0 (CHAr), 130.8 (CHAr), 133.9, 134.8, 139.4, 158.4, 159.8, 195.7 (CO). MS-

spectrum (m/z relative intensity): 472 [M]+ (5), 416 (7), 400 (4), 285 (3), 251(2), 148 

(100), 141 (11), 139 (35), 134 (59), 119 (18), 113 (5), 111 (14), 107 (13), 105 (5), 103 

(4), 92 (18), 77 (32), 65 (7), 51 (3). Found, %: С 57.78; Н 4.70; N 12.08. C22H21ClN4O3S. 

Calculated, %: С 57.83; Н 4.63; N 12.26. 

 

Biological study 

The effect of the synthesized chemical compounds on seed germination was studied 

in 3 concentrations: 0.5, 1 and 5 mg L-1. Negative control was administered with water. 

We used seeds of the ‘Siberian early’ tomato variety (Russia). 

The experiment on the effect of the studied substances on the germination of tomato 

seeds was run in the Binger climate chamber for full control of the temperature and 

humidity conditions, as well as creating conditions close to natural ones: 20 °C, 55–60% 

humidity, and 16 daylight hours. In the experiment, we used mature tomato seeds with 

a stated commercial germination rate of 90%. The seeds were placed in Petri dishes on 

filter paper, 100 pcs per dish. For each concentration of the substance, the experiment 

was run three times. A total of 7,000 ‘Siberian early’ tomato seeds were sown. To each 
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Petri dish 3 mL of solutions of the studied substances were added (distilled water for 

negative control). The measurement of the weight of the Petri dishes for humidity control 

was carry out every day, the difference from the starting weight was determined and the 

necessary amount of water to return to the starting weight was added. 

The measurement of seed vigor parameters was carried out at 3 time control points: 

5, 10 and 15 days (FAO, 2010). The experiment was over on 15th day. Germination (%) 

is percent of germinated seeds from total seeds. Seeds were counted as germinated when 

the length of the radicle/root was more than twice the length of the seed. To assess the 

quality of the seedlings, the following parameters were selected: the total length and 

thickness of the root, the length and width of the cotyledons, the thickness of the stem at 

the base of the cotyledons, the elongation of the cotyledons and the root, and the 

branching of the root system. These features give an estimate of the vitality of the 

seedling and the quality of the assimilation apparatus being formed. Simultaneously with 

the measurement of the linear parameters of the seedlings, a visual assessment of the 

condition of the seedlings was carried out on plant health scale of 0 to 5, where 0 is 

unsatisfactory (signs of wilting, drying out, lodging, underdevelopment, etc.), and 5 is 

excellent (all seedlings are viable, crops do not lodge, the cotyledons are open and have 

a rich green colour, etc.). The fungal contamination was evaluated visually. For this, the 

Petri dish was separated into 4 sectors and infested area determined in percent. The 

average for all experimental treatments are presented in Table 1. The experimental 

results were processed using the STATISTICA 8.0 software package (ANOVA, 

Kruskal-Wallis test, Tukey test; graph is based on the calculated Mahalanobis distances 

in the discriminant analysis module). 

The variability of the linear parameters and the shape of the cells were studied on 

the first true leaf in triplicate for each treatment. To study the effect of the substances 

under investigation on the growth of individual cells, the tissue maceration method was 

used. Maceration was carried out in KOH solution on pre-dried and cut (FastPrep-24) 

leaflets, which were taken three times from the middle of the crown. After the solution 

with leaf tissues was evaporated, the tissues were additionally crushed on a glass slide 

with a dissecting needle, covered with a slide and examined under a CarlZeizz 

microscope (15 × 40) in five visual fields for each concentration. The photographs were 

measured in the program AxioVizion CarlZeizz. 

 

RESULTS AND DISCUSSION 
 

The effect of 1,2,3-triazolo[5,1-b][1,3,4]thiadiazine derivatives and trade 

phytohormones (6-BAP, GA and TDZ) on the growth processes, growth energy and 

vitality of tomato seeds was evaluated. 
 

Assessment of the morphological and physiological parameters. On the 5th day 

of the experiment, an assessment of seed germination energy was performed. In general, 

the seed vigor of tomato seeds ranged from 2% (GA treatment at a concentration of 

5 mg L-1) to 77.6% (TT3 treatment at a concentration of 1 mg L-1). Inhibition of growth 

processes was observed in one Petri dish in the TDZ treatment at a concentration of 

0.5 mg L-1. Influence of concentration of substance on the germination process was not 

detected for compound TT2. Seed vigor of tomato seeds treated TT2 was more than in 

the control and phytohormone treatments for all concentration of compound TT2 and 
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ranged from 41 to 51% (Table 1). By the 10th day of the experiment, the proportion of 

germinated seeds reached maximum values in almost all treatments and concentrations, 

as well as in the control (water), with the exception of GA at a concentration of 5 mg L-1, 

which demonstrated 35.7% (Table 1). By the 15th day of the experiment, the proportion 

of germinated seeds in the GA treatment, regardless of the concentration, increased 

slightly. It was noted that with increasing GA concentration, a general inhibition of seed 

germination rate was observed (Gupta & Chakrabarty, 2013). 

 
Table 1. The share of germinated seeds of the ‘Siberian early’ tomato variety 

C
o

n
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n
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m
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5th day 10th day  15th day 

Germinatio, 

% 

Fungi 

infected, 

% 

Germinatio, 

% 

Fungi 

infected, 

% 

Plant 

health 

scale 

Germinatio, 

% 

Fungi 

infected, 

% 

Plant 
health 

scale 

TT1         

0.5 27.6 ± 4.5 0 92.7 ± 2.6 0 5.0 100 ± 0.0 9.0 ± 3.3 5.0 

1 30.0 ± 9.5 10.0 ± 7.6 94.7 ± 2.0 5.0 ± 2.9 3.8 100 ± 0.0 9.0 ± 2.1 4.5 

5 40.6 ± 3.5 3.3 ± 1.7 97.7 ± 0.3 10.0 ± 5.8 4.2 97.7 ± 0.3 10.7 ± 0.3 4.5 

TT2         

0.5 51.3 ± 3.8* 23.3 ± 7.3 97.4 ± 0.9 8.3 ± 1.7 3.7 97.0 ± 1.5 8.3 ± 1.7 4.0 

1 41.3 ± 3.8* 11.7 ± 73 94.0 ± 0.6 8.3 ± 2.9 3.7 97.4 ± 0.9 8.3 ± 2.9 4.0 

5 49.0 ± 7.8* 16.7 ± 8.3 94.7 ± 0.3 9.0 ± 3.3 3.0 97.4 ± 0.3 10.0 ± 2.9 4.0 

TT3         

0.5 48.0 ± 24.2* 16.7 ± 3.3 94.4 ± 2.7 3.3 ± 1.7 4.3 97.0 ± 0.6 5.0 ± 0.0 4.0 

1 77.6 ± 1.9* 0 98.4 ± 1.2 5.0 ± 2.9 4.0 97.4 ± 0.9 6.7 ± 1.7 4.0 

5 37.6 ± 19.6 8.3 ± 4.4 92.0 ± 3.0 5.0 ± 3.0 5.0 97.4 ± 2.3 6.7 ± 1.0 4.0 

TT4         

0.5 65.6 ± 6.4* 8.3 ± 3.3 92.7 ± 0.7 3.3 ± 3.3 4.3 95.0 ± 1.2 10.0 ± 5.8 4.0 

1 64.3 ± 4.8* 21.7 ± 3.3 92.7 ± 2.4 8.3 ± 1.7 4.0 95.4 ± 1.5 11.7 ± 1.6 3.8 

5 47.0 ± 6.7* 10.0 ± 5.8 91.7 ± 2.4 8.3 ± 1.7 3.3 94.0 ± 2.4 21.7 ± 7.3 3.3 

TT5         

0.5 59.6 ± 1.2* 36.7 ± 1.7 92.0 ± 2.1 6.7 ± 1.7 4.3 97.4 ± 0.3 15.0 ± 5.0 3.0 

1 36.3 ± 1.7* 3.3 ± 3.3 95.4 ± 0.7 8.3 ± 3.3 4.7 95.4 ± 0.9 20.0 ± 1.7 3.0 

5 64.0 ± 12.0* 21.7 ± 7.3 94.4 ± 1.2 18.3 ± 4.4 4.7 94.0 ± 9.2 25.0 ± 5.6 3.0 

TDZ         

0.5 0 – 84.4 ± 8.4 16.7 ± 4.4 1.3 83.4 ± 14.3 18.3 ± 8.3 1.8 

1 11.3 ± 9.4 26.7 ± 26.7 78.4 ± 14.5 18.3 ± 9.3 1.8 77.4 ± 3.8 21.7 ± 11.7 2.5 

5 25.6 ± 2.3 53.3 ± 3.3 89.4 ± 3.3 18.3 ± 5.3 2.8 80.4 ± 3.0 21.7 ± 1.7 2.5 

GA         

0.5 20.6 ± 7.5 31.7 ± 4.4 93.0 ± 0.6 18.3 ± 7.3 3.2 93.0 ± 0.3 33.3 ± 12.0 3.0 

1 17.0 ± 9.5 23.3 ± 12.0 79.0 ± 9.0 20.0 ± 7.3 2.5 89.0 ± 9.6 40.0 ± 10.1 3.0 

5 5.0 ± 2.0 16.7 ±  35.7 ± 23.7 30.0 ± 10.0 1.0 66.3 ± 21.0 50.0 ± 26.5 1.3 

6-BAP         

0.5 19.0 ± 4.0 13.3 ± 3.3 88.4 ± 0.7 23.3 ± 3.3 3.0 95.0 ± 2.5 36.7 ± 11.7 1.0 

1 29.0 ± 9.0 16.7 ± 3.3 84.0 ± 0.6 18.3 ± 8.3 2.8 93.7 ± 0.7 39.7 ± 13.0 1.0 

5 15.0 ± 5.1 40.0 ± 5.8 83.4 ± 5.5 23.3 ± 9.3 2.8 97.4 ± 1.2 40.0 ± 5.0 0.8 

water         

– 34.0 ± 4.0 45.0 ± 0.1 91.5 ± 2.5 20.0 ± 10.0 3.3 94.0 ± 1.8 10.0 ± 5.0 4.0 

Note: * – significant differences from water (Tukey test, ANOVA, p < 0.001). 
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By day 10, the tomato seedlings treated with compounds TT1 and TT2 at a 

concentration of 1 mg L-1 were in the lead in terms of the parameter of growth processes 

(Table 2, Fig. 2). The maximum linear dimensions of the root, which were noted in the 

TT2 treatment at a concentration of 0.5 mg L-1, were 49.07 ± 2.55 mm. The maximum 

linear dimensions of the cotyledons (7.78 ± 0.55 mm) were noted in the TT1 treatment 

at a concentration of 1 mg L-1. The maximum thickness of the young spine was noted in 

the 6-BAP treatment in two concentrations – 0.5 mg L-1 and 1 mg L-1 (1.42 ± 0.23 mm 

and 0.99 ± 0.12 mm), more than 2.5 times the size of the control. Earlier, it was noted 

that high concentrations of 6-BAP (more than 1 mg L-1) are able to inhibit the growth of 

cells following stretching, which leads to the formation of short internodes and highly 

branched plant forms (Pan et al, 2013). In the TT2 and TT4 treatments, the formation 

of lateral roots was noted in all concentrations. Probably, these substances, like 

cytokines, are capable of removing the apical dominance, causing inhibition via the 

growing apical bud of lateral shoots (Engelbrecht, 1971). 

 
Table 2. Linear parameters of the seedling of the ‘Siberian early’ tomato variety on the 10th 

experimental day 

C
o

n
ce

n
tr

at
io

n
, 
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Stem  

length, cm 

(M  m) 

Root  

length, mm 

(M  m) 

Root 

thickness, 

mm 

(M  m) 

Root  

elongation 

(M  m) 

Cotyledon 

length,  

mm 

(M  m) 

Cotyledon 

width,  

mm 

(M  m) 

Cotelydon 

elongation 

(M  m) 

TT1        

0.5 1.36 ± 0.17 38.22 ± 3.79 0.52 ± 0.01 0.014 ± 0.003 6.22 ± 0.36 1.48 ± 0.22 0.23 ± 0.04 

1 1.33 ± 0.14 40.56 ± 6.21 0.79 ± 0.16 0.024 ± 0.006 7.78 ± 0.55I, 

III 

1.70 ± 0.23 0.23 ± 0.03 

5 1.26 ± 0.11 44.83 ± 4.13 0.46 ± 0.07II, 

III 

0.011 ± 0.002II, 

III 

6.29 ± 0.53 1.48 ± 0.19 0.26 ± 0.04 

TT2        

0.5 1.45 ± 0.07I,  

II, III 

49.07 ± 2.55 
II 

0.59 ± 0.04 0.012 ± 0.001 6.60 ± 0.40 1.13 ± 0.07 0.18 ± 0.01 

1 1.37 ± 0.06 II 42.87 ± 3.69 0.59 ± 0.03 0.016 ± 0.002 5.73 ± 0.28 1.46 ± 0.09 0.26 ± 0.02II 

5 1.24 ± 0.03 47.40 ± 2.88 0.59 ± 0.02 0.013 ± 0.001 5.60 ± 0.29 1.44 ± 0.03II 0.27 ± 0.02 

TT3        

0.5 1.33 ± 0.08 42.18 ± 3.56 0.39 ± 0.04III,

V 

0.010 ± 0.001 5.91 ± 0.46 1.33 ± 0.16 0.24 ± 0.04 

1 1.39 ± 0.12II 46.36 ± 3.58 0.41 ± 0.04III 0.010 ± 0.001I, II 6.93 ± 0.39 1.64 ± 0.09III 0.24 ± 0.01 

5 0.99 ± 0.09II 47.70 ± 5.21I,  

II 

0.36 ± 0.04II, 

III,V 

0.009 ± 0.001I, 

II,III 

6.00 ± 0.33 1.55 ± 0.12II 0.26 ± 0.02 

TT4        

0.5 1.27 ± 0.07 39.67 ± 2.49 0.41 ± 0.04III, 

V 

0.011 ± 0.001 6.33 ± 0.30 1.49 ± 0.07 0.24 ± 0.02 

1 1.23 ± 0.09 38.29 ± 1.87 0.69 ± 0.09 0.019 ± 0.003 6.14 ± 0.25 1.62 ± 0.09 0.27 ± 0.01II 

5 1.12 ± 0.07 33.79 ± 3.03 0.79 ± 0.10VI 0.028 ± 0.006 5.93 ± 0.27 1.46 ± 0.08 0.25 ± 0.02 

TT5        

0.5 1.61 ± 0.08I, 

III 

43.53 ± 3.01I,  

III 

0.60 ± 0.02 0.015 ± 0.002 5.40 ± 0.19 1.47 ± 0.04 0.28 ± 0.01 

1 1.67 ± 0.09II 42.07 ± 2.65I, III 0.62 ± 0.02VII 0.015 ± 0.001 5.47 ± 0.26 1.56 ± 0.05 0.30 ± 0.02 

5 1.61 ± 0.10 43.71 ± 4.33 0.84 ± 0.11VI 0.022 ± 0.003III 5.79 ± 0.24 1.56 ± 0.09II 0.28 ± 0.02 
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Table 2 (continued) 

TDZ        

0.5 0.62 ± 0.06 25.00 ± 3.91V 0.50 ± 0.10 0.021 ± 0.003 6.20 ± 0.80 0.93 ± 0.26 0.14 ± 0.02 

1 0.57 ± 0.06 27.20 ± 3.03VI 0.55 ± 0.06 0.024 ± 0.005 5.60 ± 0.48 0.72 ± 0.04V 0.14 ± 0.01V 

5 0.58 ± 0.04I 16.73 ± 1.06 0.81 ± 0.06 0.052 ± 0.007 6.07 ± 0.36 1.10 ± 0.07V,

VI 

0.19 ± 0.02 

GA        

0.5 1.39 ± 0.09 40.69 ± 3.19 0.53 ± 0.02 0.014 ± 0.001 5.08 ± 0.37 1.28 ± 0.08 0.27 ± 0.03 

1 1.38 ± 0.14 31.89 ± 3.30 0.54 ± 0.04 0.019 ± 0.002 4.89 ± 0.35IV 1.12 ± 0.14 0.23 ± 0.03 

6-BAP       

0.5 0.74 ± 0.17IV, 

V,VI 

13.20 ± 2.46 1.42 ± 0.23 
IV 

0.128 ± 0.041 
IV 

4.20 ± 0.37 1.32 ± 0.13 0.32 ± 0.02 

1 0.88 ± 0.09II 25.17 ± 3.06 1.03 ± 0.11VI

I 

0.054 ± 0.014 
V,VI,VIII 

5.25 ± 0.28 1.17 ± 0.06 

VII 

0.23 ± 0.01 

5 0.96 ± 0.07  

V 

11.10 ± 1.21 
I, III 

0.99 ± 0.12VI,

VII 

0.106 ± 0.023 
V,VI 

5.60 ± 0.34 1.30 ± 0.15 0.24 ± 0.03 

water        

– 1.15 ± 0.07 II 21.90 ± 3.03VI 0.53 ± 0.03 0.033 ± 0.009 5.00 ± 0.39 1.30 ± 0.04 0.28 ± 0.03 

Note: M – mean value; m – standard error of mean. 
I – significant differences from water (Kraskall-Wallis test, ANOVA, p < 0.001); II – significant differences 

from TDZ (Kraskall-Wallis test, ANOVA, p < 0.001); IV – significant differences from TT4 (Kraskall-

Wallis test, ANOVA, p < 0.001); V – significant differences from TT5 (Kraskall-Wallis test, ANOVA, 

p < 0.001); VI – significant differences from TT3 (Kraskall-Wallis test, ANOVA, p < 0.001); 
VII – significant differences from TT1 (Kraskall-Wallis test, ANOVA, p < 0.001). 

 

 
Note: ۰ – mean value; │– standard error of mean. 

 

Figure 2. The visualisation of some of the linear parameter of the seedling of the “Siberian early” 

tomato variety on the 10th day of  the experiment. 

 

The maximum length of a young root on the 15th day is seen in seedlings treated 

with the TT2 compound (5.24 ± 0.49 cm) at a concentration of 1 mg L-1, which is almost 

1.5 times more than in the control (3.64 ± 0.69 cm), while the minimum length was 

demonstrated by seedlings treated with the TDZ compound (1.92 ± 0.20 cm) in the same 

concentration, which is 1.9 times less than in the control. In the remaining 

treatments TT2, TT3, TT4, and TT5, the seedlings were characterized by some increase 

in the length of the linear parameters (with respect to the control) (Table 3, Fig. 3). 
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Table 3. Linear parameters of the seedlings of the “Siberian early” tomato variety on the 15th 

experimental day 

C
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Stem length,  

cm 

(M  m) 

Root  

length,  

mm 

(M  m) 

Root 

thickness, 

mm 

(M  m) 

Root 

elongation 

(M  m) 

Cotyledon 

length,  

mm 

(M  m) 

Cotyledon 

width,  

mm 

(M  m) 

Cotelydon 

elongation 

(M  m) 

Branching 

of the root 

system 

TT1          

0.5 3.85 ± 0.36 
VI 

1.49 ± 0.11 0.66 ± 0.03 0.19 ± 0.02 7.46 ± 0.29 1.72 ± 0.08 0.23 ± 0.01 0.31 ± 0.01 

1 5.24 ± 0.49 1.52 ± 0.07 0.72 ± 0.02 0.15 ± 0.01 7.77 ± 0.34 
I, V 

1.85 ± 0.07 
II 

0.24 ± 0.01 0.85 ± 0.01 

5 4.37 ± 0.40 1.45 ± 0.07 0.75 ± 0.02 
II 

0.20 ± 0.02 6.80 ± 0.22 1.53 ± 0.09 0.23 ± 0.02* 1.00 ± 0.01 

TT2         

0.5 4.88 ± 0.36 1.68 ± 0.09 0.60 ± 0.04 0.13 ± 0.02 7.40 ± 0.31 1.78 ± 0.04 0.25 ± 0.01 1.00 ± 0.01 

1 4.15 ± 0.35 1.79 ± 0.08 0.72 ± 0.03 0.19 ± 0.02 7.40 ± 0.34 
I, V 

1.77 ± 0.07 0.25 ± 0.02 0.80 ± 0.01 

5 5.05 ± 0.45 1.65 ± 0.07 0.72 ± 0.02 

II, IV, V 

0.16 ± 0.02 7.53 ± 0.22 
II 

1.63 ± 0.05 0.22 ± 0.01 
II 

1.00 ± 0.01 

TT3         

0.5 4.95 ± 0.35 1.77 ± 0.05 0.55 ± 0.03 0.12 ± 0.01 7.13 ± 0.26 1.48 ± 0.08 0.21 ± 0.02 0.80 ± 0.01 

1 4.61 ± 0.48 
I, II 

1.53 ± 0.07 0.56 ± 0.03 0.15 ± 0.02 6.80 ± 0.22 1.66 ± 0.05 0.25 ± 0.01 0.93 ± 0.01 

5 4.99 ± 0.52 1.49 ± 0.09 0.57 ± 0.02 
II, IV,V 

0.14 ± 0.02 7.07 ± 0.23 1.47 ± 0.06 0.21 ± 0.01 0.73 ± 0.01 

TT4         

0.5 4.30 ± 0.30 1.65 ± 0.09 0.58 ± 0.02 0.15 ± 0.02 7.13 ± 0.31 1.60 ± 0.07 0.23 ± 0.01 1.00 ± 0.01 

1 4.65 ± 0.34 1.51 ± 0.07 0.59 ± 0.03 0.13 ± 0.01 6.80 ± 0.33 
II 

1.52 ± 0.07 0.23 ± 0.02 0.93 ± 0.01 

5 4.82 ± 0.35 1.58 ± 0.05 0.63 ± 0.02 0.14 ± 0.01 7.00 ± 0.20 1.43 ± 0.08 0.21 ± 0.01 0.86 ± 0.01 

TT5         

0.5 3.57 ± 0.51II 2.14 ± 0.09 0.64 ± 0.03 0.21 ± 0.03 5.90 ± 0.28 
VII 

1.70 ± 0.12 0.30 ± 0.03 0.70 ± 0.01 

1 4.04 ± 0.33 
II,VII 

2.11 ± 0.11 0.58 ± 0.03 0.16 ± 0.02 5.87 ± 0.26 
II 

1.44 ± 0.09 
II 

0.25 ± 0.02 0.40 ± 0.01 

5 3.76 ± 0.35 2.01 ± 0.18 0.57 ± 0.03
II, VII 

0.18 ± 0.02 5.73 ± 0.23 
V 

1.52 ± 0.10 0.27 ± 0.02 
II 

0.53 ± 0.01 

TDZ         

0.5 2.58 ± 0.25 
I, V 

1.03 ± 0.05 
I 

0.96 ± 0.09
I, IV,V 

0.44 ± 0.07 7.85 ± 0.27 

V 

1.26 ± 0.09 
I, V 

0.16 ± 0.10I, 

V 

0.00* 

1 1.92 ± 0.20I, 

V, VI, VII 

1.02 ± 0.05 
I, VI 

0.86 ± 0.05 
V 

0.50 ± 0.05 
VI 

8.23 ± 0.38 

I, V 

1.52 ± 0.12 0.19 ± 0.01 0.00* 

5 1.53 ± 0.18 
I, V, VI 

1.10 ± 0.04 
I, V, VI 

0.99 ± 0.07
VI, VII 

0.73 ± 0.10 
I 

10.75 ± 1.0 
I, V, VII 

1.23 ± 0.13 0.12 ± 0.02V 0.00* 

water         

– 3.64 ± 0.69 1.80 ± 0.22 0.62 ± 0.08 0.21 ± 0.05 6.00 ± 0.32 1.71 ± 0.15 0.29 ± 0.03 0.40 ± 0.01 

Note: M – mean value; m – standard error of mean. 

* – significant differences from all groups (Kraskall-Wallis test, ANOVA, p < 0.001); I – significant 

differences from water (Kraskall-Wallis test, ANOVA, p < 0.001); II – significant differences from TDZ 

(Kraskall-Wallis test, ANOVA, p < 0.001); IV – significant differences from TT4 (Kraskall-Wallis test, 

ANOVA, p < 0.001); V – significant differences from TT5 (Kraskall-Wallis test, ANOVA, p < 0.001); 
VI – significant differences from TT3 (Kraskall-Wallis test, ANOVA, p < 0.001; VII – significant differences 

from TT1 (Kraskall-Wallis test, ANOVA, p < 0.001). 
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All seedlings treated with GA and BAP on 15th day were contaminated by fungi and 

most of them were putrefied. The minimal linear parameters of seedlings were noted in 

the TDZ treatment (Table 3) in all concentrations. The seedlings with minimal linear 

parameters were observed in experimental treatment TDZ in a concentration of 5 mg L-1: 

the length of the root was 1.53 ± 0.18 cm, which is 2.4 times lower than in the control, 

and 1.23 ± 0.13 mm wide, which is 1.4 times lower than in the control. However, a 

number of authors have noted the positive effect of low concentrations of 6-BAP and 

TDZ (0.5 mg L-1) on plant rhizogenesis (Shein et al, 2004; Laplaze et al, 2007). 
 

 
Note: ۰ – mean value; │– standard error of mean. 

 

Figure 3. The visualisation of some linear parameter of the seedling of the “Siberian early” 

tomato variety on the 15th day of the experiment. 

 

In the course of this experiment, a positive effect of TDZ at a concentration of 

5 mg L-1 on the formation of cotyledons was revealed, the length of which was 

10.75 ± 1.08 mm (maximum). This is probably due to compensatory mechanisms: 

blocking the development of the root and the apical meristem by a maximum 

concentration of TDZ provoked an increase in the linear parameters of the cotyledons, it 

is important  for incresing of photosynthetic activity. 

By the 15th day, the share of fungal invasion in the studied treatments remained at 

an average level of 10–15%, which indicates a certain inhibition by these compounds of 

the development of the fungal mycelium. An increase in the pathogenic fungal mycelium 

in the TT4 treatment at a concentration of 5 mg L-1 to 35% was noted once. In the 

comparison group (in the GA, 6-BAP, and TDZ treatments), only in the TDZ treatment 

at a concentration of 5 mg L-1 did the proportion of fungi by the end of the experiment 

range from 5 to 10%. In the remaining treatments, GA and 6-BAP, the share of fungi 

increased to 55% by the 15th day, and once amounted to 100% (GA, 5 mg L-1) (Table 3). 

Tomato seeds treated with these compounds formed weakened seedlings by 15th 

day, which later quickly died when planted into the soil substrate. 

The general condition of the tomato seedlings formed was significantly different 

depending on the studied compounds and their concentration. By the end of the 

experiment, the most viable seedlings grew in treatments TT2, TT1, and TT4 (in all 

concentrations), where a low percentage of cup infection with mold fungi was also noted. 

The seedlings treated with 6-BAP and GA in the maximum concentrations, where fungal 

invasion was high, produced the worst results (Table 1). In a number of works 
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(Yamauchi, et al, 2004; Kucera et al, 2005; de Lucas et al, 2008), growth was inhibited 

against a background of an increase of mitoses in the shoot meristems with high 

concentrations of GA, 6-BAP, and TDZ, applied both separately and in various 

combinations. It is known that GA plays an important role in the revival of seeds from 

the state of rest, has a stimulating effect during the period of cell division, and also 

ensures the growth of an interstice by stretching the cells. With prolonged exposure to 

GA, as well as high concentrations in plants, seedlings are formed with a changed ratio 

of cotyledons to root system: equally, the seedlings have a pale green colour and the root 

may lag behind or not develop at all and also effect on cell elongation and as a result in 

long thin hypocotyls. (Lang, 1970; Bewley, 1997; Kucera et al., 2005). 
 

Assessment of the anatomical parameters of the leaf. Significant statistical 

differences in the size and shape changes of mesophyll cells of tomato leaves grown 

using synthesized compounds and trading phytohormones were not found. We selected 

three substances - gibberellic acid (GA), one synthesized compound (TT3) and water as 

control to illustrate cell structure of a mesophyll of treated tomato plants (Fig. 4). 
 

 
 

Figure 4. Cell structure of a mesophyll of tomato plants treated with: a) water, b) GA (1 mg L-1), 

and c) TT3 (5 mg L-1). 

 

Comparison of the studied parameters of the leaf showed that the length, width, and 

area of cells leads in plants treated with GA at a concentration of 1 mg L-1 exceeds 

control by 56%, 43%, and 36%, respectively (Table 4). It is interesting to note that a 

sharp increase in the linear dimensions of cells in the GA treatment (1 mg L-1) somewhat 

reduces their tortuosity. The treatment of GA at concentrations of 0.5 and 5 mg L-1 does 

not give such a pronounced result, although the most tortuous cells were noted at a 

concentration of 0.5 mg L-1 (Table 4). It was once again possible to confirm that one of 

the most important stimulation effects of GA is the acceleration of cell growth by 

stretching them (Gupta & Chakrabarty, 2013). 

The length of the cells of plants treated with TT3 at a concentration of 5 mg L-1 and 

GA at a concentration of 1 mg L-1 have a similar value. At the same time, the 

concentration of TT3 5 mg L-1 even exceeds that of GA (only 55.9 ± 3.22 μm). The 

width and area of cells in plants treated with TT3 exceeds the control by an average of 

1.4–2.1 times, but is inferior to cells of healthy plants after exposure to GA, except for 

the cell area at a concentration of 5 mg L-1 (Table 4). The mesophyll cells of plants 

treated with TDZ had the most minimum linear parameters in comparison with 

mesophyll cells of the other experiment treatments. 

a) b) c) 
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Table 4. Average parameters of the mesophyll cells of tomato leaves 
C

o
m

p
o

u
n
d
 

Concentration, 

mg L-1 

(M  m) 

Length,  

μm 

(M  m) 

Width,  

μm 

(M  m) 

Area,  

μm 2 

(M  m) 

Perimetr,  

μm 

(M  m) 

TT1 0.5 62.01 ± 6.80 29.28 ± 1.90 1,382.97 ± 92.42 132.77 ± 11.60 

1 59.34 ± 4.90 27.80 ± 1.45 1,295.24 ± 98.33 148.39 ± 12.80 

5 64.12 ± 8.01 22.45 ± 2.09 1,404.67 ± 101.08 139.99 ± 10.42 

TT2 0.5 52.13 ± 6.44 22.69 ± 1.88 1,136.23 ± 136.08 142.83 ± 12.45 

1 55.06 ± 4.81 25.07 ± 1.95 1,354.98 ± 104.73 125.70 ± 10.80 

5 59.86 ± 5.05 25.33 ± 1.64 1,476.65 ± 128.12 149.64 ± 13.17 

TT3 0.5 56.18 ± 3.20 24.66 ± 1.14 1,143.53 ± 87.65 154.12 ± 9.12 

1 69.27 ± 6.17 25.62 ± 1.86 1,544.36 ± 160.40 180.49 ± 11.77 

5 68.01 ± 7.97 31.81 ± 2.36 1,638.25 ± 197.81 155.85 ± 28.08 

TT4 0.5 54.72 ± 4.99 21.86 ± 1.90 1,451.22 ± 142.08 150.33 ± 14.98 

1 63.97 ± 4.01 27.77 ± 2.23 1,539.17 ± 127.84 171.45 ± 17.80 

5 67.90 ± 5.62 25.90 ± 2.56 1,595.38 ± 160.55 163.98 ± 11.23 

TT5 0.5 53.81 ± 5.29 26.38 ± 2.43 1,206.87 ± 109.70 134.66 ± 10.65 

1 58.32 ± 6.87 27.53 ± 2.53 1,387.90 ± 129.58 139.43 ± 13.99 

5 55.43 ± 5.33 27.84 ± 1.69 1,364.73 ± 111.17 154.87 ± 14.04 

TDZ 0.5 51.06 ± 4.02 19.15 ± 1.96 983.72 ± 231.56 105.44 ± 9.52 

1 59.34 ± 5.12 21.22 ± 1,55 1,108.56 ± 126.90 138.33 ± 10.20 

5 49.74 ± 5.33 20.68 ± 2.49 949.01 ± 195.40 122.84 ± 11.15 

GA 0.5 65.42 ± 6.41 31.43 ± 4.31 1,501.62 ± 241.13 421.38 ± 254.84 

1 70.08 ± 7.09 41.74 ± 2.59 2,191.54 ± 300.30 193.2 ± 16.12 

5 55.95 ± 3.22 37.49 ± 2.02 1,622.78 ± 123.96 283.29 ± 124.99 

6-BAP 0.5 55.82 ± 4.65 25.62 ± 1.96 1,254.38 ± 121.40 138.59 ± 26.97 

1 58.21 ± 6.01 24.06 ± 1.54 1,304.25 ± 98.65 129.31 ± 19.55 

5 56.93 ± 3.44 25.22 ± 2.07 1,298.03 ± 109.21 140.50 ± 10.39 

water – 39.55 ± 3.38 17.93 ± 2.54 789.19 ± 227.90 122.47 ± 11.12 

Note: M – mean value; m – standard error of mean. 

No significant differences (Kraskall-Wallis test, ANOVA, p ≥ 0.001). 

 

Fig. 5 shows the results of discriminant analysis. The scatter plot is based on the 

calculated values of the Mahalanobis square of the studied treatments. In terms of linear 

parameters, the tomato seedlings formed from seeds treated with TT1–TT4 treatments 

are close. An exception is the TT5 treatment, where the maximum dimensions of the 

young stalk (2.14 ± 0.09 cm) and the minimum length of the cotyledons 

(5.90 ± 0.27 mm) are noted. The differences of the linear dimensions of the cotyledons 

is well illustrated in the graph (Fig. 4). Along the Y-axis, the separation of the treatments 

passed the branch parameter of the root system. In the TT1–TT4 treatments, the 

appearance of well-developed lateral roots was observed by the 15th day in all 

concentrations, with the exception of the TT5 treatment. In the comparison group 

(6-BAP, TDZ, GA) branching was not observed. In the control, the beginning of lateral 

root growth was observed in 30% of cases. 
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Figure 5. Visualisation of discriminant analysis results. 

 

CONCLUSIONS 

 

Thus, seed treatment with TT series compounds positively affected seed vigor and 

viability of seedlings (plant health scale on the 10th and 15th day of the experiment, 

Table 1) compared with treatments with commercial phytohormones (GA, 6-BAP, TDZ). 

Among the tested treatments of the TT series, the best properties for stimulating 

germination, subsequent removal of the apical blockade, the formation of the 

photosynthetic apparatus, and the suppression of the development of pathogenic fungal 

mycelium are possessed by compounds TT1 and TT4. It should be noted that, in terms 

of their properties, these compounds are close to the cytokine group (triggering 

embryogenesis, stimulating the development of meristem, removing the apical 

dominant, accelerating the growth of the axial root and the development of lateral roots, 

etc.) (Kim et al, 2005; Osugi, A. & Sakakibara, 2015). From the compounds TT2 and 

TT3 in individual concentrations on 5th day, up to 77.6% showed good stimulation in 

the early stages of germination. 

Despite the high concentrations (5 mg L-1), there was not only inhibition of growth 

processes (as opposed to TDZ, GA, and 6-BAP), but also a reduction in the linear 

parameters of the roots and cotyledons of tomato seedlings of the ‘Siberian early’ variety. 

Synthetic compounds TT1–TT4 can be recommended, after checking their safety, 

for stimulating the germination and subsequent development of crops with a low 

percentage of seed germination or low viability of young seedlings, as well as for 

increasing the quantity and quality of planting material. 
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Abstract. One of the Sustainable Development objectives is to promote life-long learning 

opportunities for all, but one of the Lifelong Learning competences is mathematical competence, 

which can be obtained studying mathematics at schools and universities. The question is how 

much and whether the course of mathematics should be included in the curriculum of the 

agronomy specialties at universities. The aim of the article is to highlight the insufficient amount 

of higher mathematics in the education of agriculture specialist in the context of sustainable 

development. 

The objectives of the study: to identify the importance of mathematics for agronomy specialists 

by analysing the role of the mathematics education for agronomy specialists and to analyse the 

proportion of mathematics courses in the curriculum of the agronomy programmes in the Baltics 

States and the Baltic Sea region’s higher education institutions. The mathematics education is 

important for agronomy specialists in many fields. Agronomy specialists need knowledge and 

skills in basic mathematics, in statistical analysis and interpretation, mathematical modelling, in 

scientific methods, in economic analysis. The knowledge and skills in a direct and indirect means 

is provided by mathematical studies at universities. In order to analyse the proportion of 

mathematics courses in study programmes of Agriculture, Agronomy and Horticulture, three 

universities of the Baltic States were compared: the Latvia University of Life Sciences and 

Technologies, Aleksandras Stulginskis University (Lithuania) and Estonian University of Life 

Sciences. For a more comprehensive analysis and comparison several universities from the Baltic 

Sea region were chosen that provide studies in agricultural sciences. Unfortunately, not all 

agronomy programmes in the Baltic Sea region contain the higher mathematics course that would 

help to understand the role of derivatives, integrals, and differential equations in the modelling 

process, as well as further developing general problem-solving skills. 

 

Key words: agronomy specialist, mathematics competences, mathematics education, sustainable 

agriculture. 

 

INTRODUCTION 

 

We all live in any age where we need to think about the sustainable development 

of our planet and our people. To get rid of poverty and hunger in the world, as well as 

the worst of climate change effects, leaders from 193 countries created a plan called the 

Sustainable Development Goals (SD) in 2015 which consists of 17 goals (Sustainable 
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Development goals, 2015). The fourth SD objective is ‘Ensure inclusive and equitable 

quality education and promote life-long learning opportunities for all’. It is essential for 

each individual in a knowledge-based society to acquire lifelong learning competences. 

The Recommendation of the European Parliament and of the Council sets out eight key 

competences for lifelong learning: 1) Communicating in a mother tongue: 

2) Communicating in a foreign language; 3) Learning to learn; 4) Social and civic 

competences; 5) Cultural awareness and expression; 6) Mathematical, scientific and 

technological competence; 7) Digital competence; 8) Sense of initiative and 

entrepreneurship. The sustainability citizens need to have certain key competencies 

which would allow responsible engagement in today's world. Competences include 

cognitive, emotional, electoral and motivating elements. It is the interaction of 

knowledge, abilities and skills, motivation and affective attitudes (Education for 

Sustainable Development, 2017). 

Sustainable agriculture is often described as a set of ideal objectives which it is 

supposed to achieve (Goals). Overarching goals are ethics, multi-functionality, safety, 

stability and resilience (Velten et al., 2015). Overarching goals can be divided into 

Environmental goals (Production- Specific and Non- Production- Specific), Social goals 

and Economic goals. In order to achieve these goals, different approaches and principles 

(strategies) can be used, such as adaptive management, cooperation, ecology-based 

strategy and economics-based strategy, holistic & complex systems thinking, knowledge 

& science, subsidiarity. In order to be able to acquire these strategies, agronomy 

specialists need to develop lifelong learning competences. 

One of the Lifelong Learning competences is Mathematical, Scientific and 

Technological competence, which can be obtained by studying mathematics at schools 

and universities. Mathematical competence in general is the ability to design and apply 

mathematical thinking to solve a range of problems in everyday situations. 

Mathematical education provides the skills to solve problems related to the 

acquisition of algorithms and formulas necessary for calculations. What is sustainability 

in mathematics? First, mathematical studies must develop mathematical competences. 

Secondly, studying mathematics, we can reveal three qualitatively different concepts of 

mathematics (Petocz & Reid, 2003): 

– Components - Mathematics made up of individual components and we must 

concentrate our attention on different mathematical activities or aspects of mathematics, 

including the concept of calculation interpreted in the broadest sense, for example, the 

statistical components of a census of population; 

– Models - Creating mathematical models we should translate some aspects of 

reality or specific situations into mathematical form, for example, a production line; 

– Life - Mathematics is a way of thinking that helps to represent reality in 

mathematical terms, creating a strong personal relationship between mathematics and 

your life. 

At the same time, learning objectives for sustainable education can overlain upon 

almost any mathematics course without losing the appropriate content. In the study 

programme we must carefully review the content of mathematics, enrich it with real 

examples and increase the involvement of students in the study process (Hamilton & 

Pfaff, 2013). 

Like many other areas of life, mathematics plays an important role in agriculture, 

for example, in soil analysis, calculation of various fertilizer contents, use of statistics in 
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estimation. Mathematics is also needed in estimation of requirements of fertilizers or 

insecticides, estimation of yield based on the sample of crop etc. (Pande, 2017). 

The problem is that in recent years, the proportion of mathematics courses has 

decreased in the curricula of agronomy specialties of the Baltic States’ universities which 

was highlighted in the XI Nordic-Baltic Agrometrics conference held in September 2018 

(Nordic-Baltic Agrometrics conference, 2018). The question is how much mathematics 

should be taught in schools and whether the course of high mathematics should be 

included in the curriculum of agriculture specialties at higher education institutions. 

The aim of the article is to highlight the insufficient amount of higher mathematics 

in the education of agriculture specialist in the context of sustainable development. 

The objectives of the study: 

1) to identify the importance of mathematics for agronomy specialists, to analyse 

the role of the mathematics education for specialists of agronomy, and 

2) to analyse the proportion of mathematics courses in curriculum of the agronomy 

studies in the Baltic States universities and compare with the Baltic Sea region’s higher 

education institutions. 

 

MATERIALS AND METHODS 

 

In the process of the study inductive approach, appropriate qualitative and 

quantitative research methods have been used: the general research, monographic, 

analysis and synthesis, comparative method, data grouping, statistical data processing 

method. 

Mathematics studies have two impacts (Zeidmane & Sergejeva, 2013): i) a direct 

impact, which provides skills for solving and calculating various real, conjunct 

problems; ii) an indirect impact, which develops general problem-solving skills (Fig. 1). 
 

 
 

Figure 1. Mathematics impact in Education. 

 

In order to investigate the first main role of mathematics in agronomy education, a 

direct impact, mathematics textbooks offered by the Internet resources to agronomists 

were examined to find out the necessary topics of mathematics. Further, agricultural areas 

requiring knowledge of mathematics were identified. In addition, trends in sustainable 

agriculture were studied in order to clarify the increasing role of mathematics in them. 

To analyse the indirect impact of mathematics, the competences acquired with the 

help of mathematics were identified. 

To analyse and compare the content of Bachelor’s study programmes as well as to 

measure a proportion of mathematics courses, universities from the Baltic States which 

provide education related to agricultural sciences and agronomy and which are active 

Baltic and Nordic Agrometrics network members since 1998, i.e., Latvia University of 

Life Sciences and Technologies (LLU), Alexandras Stulginskis University (ASU), 

Direct impact 

MATHEMATICS in Education 

Indirect impact 

as tool as providing the other outcomes 
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Estonian University of Life Sciences (EMU), were selected. The purpose of this 

cooperation network was the necessity to understand what kind of mathematics and what 

amount of it agriculture specialists need as well as to achieve common standards in 

higher agriculture education. To extend the scope of the research, universities from the 

Baltic Sea region were chosen for the comparison: University of Hohenheim (Germany), 

University of Helsinki (Finland), Swedish University of Agricultural Sciences (SLU) 

(Sweden), Aarhus University (Denmark). 

Detailed descriptions of the study programmes were downloaded from the websites 

of each of the above mentioned universities. The courses of study programmes were 

divided into several groups: mathematics courses (higher mathematics, statistics, 

biometry with or without IT application), physics, general courses, industrial courses, 

the practice or project and a thesis. Based on the description of a study programme and 

study courses, the amount in ECTs credits and proportion of each group were 

determined. 

To calculate the proportion of mathematics courses and other groups of courses in 

a study programme, the formula was used: 
 

𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑢𝑟𝑠𝑒 𝑔𝑟𝑜𝑢𝑝, % =
𝑠𝑢𝑚 𝑜𝑓 𝑐𝑜𝑢𝑟𝑠𝑒𝑠 𝑐𝑟𝑒𝑑𝑖𝑡𝑠 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 (𝐸𝐶𝑇𝑆)

𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡𝑠 𝑖𝑛 𝑠𝑡𝑢𝑑𝑦 𝑝𝑟𝑜𝑔𝑟𝑎𝑚𝑚 (𝐸𝐶𝑇𝑆)
∙ 100% 

 

RESULTS AND DISCUSSION 

 

There is no doubt that prospective farmers need mathematics, but the questions are:  

 what kind of mathematics should be learned in the study process; 

 how and what subjects related to mathematics should be included in the 

agronomy study course; 

 whether the study process requires mathematics as a separate subject? 
 

Importance of mathematics for agronomy specialists 

The main objective in mathematics for agriculture is to provide an adequate 

overview of basic arithmetic, statistical interpretation and algebraic concepts for 

preparing students in mathematics involved in other agricultural and horticultural 

courses. There are textbooks for this purpose, for example, B.C Rogers ‘Mathematics 

for Agriculture’ (Rogers, 2000) which deals with parts of mathematics such as: Whole 

Numbers, Common Fractions, Decimals, Percent and Percentages, Interpretation and 

Analysis of Data, Introduction to Algebra, Linear Equations, Ratios and Proportions, 

Special Formulas, Measurement. The role of mathematics in agronomy courses has been 

studied by various authors. For example, an interview with 15 professional farmers, 13 

vocational teachers in agriculture, 11 mathematics teachers who teach agricultural 

students and 40 secondary vocational education students was conducted (Muhman, 

2015), and the results showed that percent, geometry and statistics were considered as 

the main areas of mathematics according to the respondents’ opinion. Similar 

information can be found in online resources (Masula, 2015; Jenkins, 2017) etc.. These 

subjects in mathematics are at the secondary level and textbooks are for special 

vocational schools. The problem is only that graduates from the secondary schools may 

also join the agricultural specialties at universities and they have not mastered this 

specific mathematics. 
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Research into agricultural sectors that require mathematics has been considered to 

be insufficient to complete secondary school mathematics. Agronomic work is closely 

linked to the knowledge of mathematics in economics. G. Beer mentions areas where 

mathematical skills are vital (Beer, 2016): 

• Soil Analysis 

• Calculation of various fertilizer contents 

• For foreign markets, conversions to/from metric 

• Areas of various shapes 

• Market Protection Strategies 

• Evaluation of Retailer Performance 

• Application Rates 

• Finance Decisions 

• Piloting of airplane for more efficient travel 

This creates the need for special courses in mathematics in the curriculum of 

agronomy at universities. 

The emergence of new trends in sustainable agriculture causes the necessity of 

modelling different processes. The computational methods in applied mathematics blog 

(The Importance of Maths, 2017) indicate seven ways how and why mathematical 

models are used in agriculture: 

1) Mathematics allows you to design better climate models;  

2) Mathematics improves the accuracy of soil analysis; 

3) Mathematics makes chemical content analysis for fertilizers more accurate; 

4) Conversion of units at A drop of A hat requires A strong background in maths;  

5) Planning, plotting, and laying out plot sizes and dimensions;  

6) Improving estimates for expenditure and yields; 

7) Mathematics lays the foundation for innovation in agricultural methods. 

The question can be raised for a discussion: will an agronomy specialist be a creator 

or a user of these models. If agronomy specialists are involved in developing these 

models, then they need higher mathematics knowledge (even if they work in a team with 

a mathematician). In addition, agronomists should understand the mathematical meaning 

of the operation of these models when using them. For example, a model for the a 

nitrogen cycle in pasture has to deal with Distributed-delay-differential equations  

y’(t) = y(t-T). The integral calculus and differential equations must be solved in the 

fundamental problem of optimal control theory to determine the probable control that 

maximizes (or minimizes) where u (t) is the parent infusion rate, and x (t) is the current 

mass of the fruit (Wake, 2008). 

The area of agriculture, which has benefited from mathematics, is precision 

agriculture which increases agricultural efficiency by helping farmers identify which 

plants to plant, where and how to harvest them. Nowadays, more and more farmers 

introduce precision agriculture. Precision agriculture or precision farming, is a modern 

farming management concept which uses digital techniques to monitor and optimise 

agricultural production processes. CEMA, the European Agricultural Machinery 

Industry (CEMA, 2018), has given a detailed list of the most common technologies used 

in precision farming practices (Fig. 2). 

Precise farming production has increased the demand for high-quality training in 

order to accurately assess the spatial variability in the countryside. 
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Figure 2. Precision Farming: key technologies & concepts, (adapted by CEMA). 

 

With the increasing impact of precision farming, there has been an increased 

demand for quality training to accurately evaluate spatial variability within fields. The 

book ‘Practical Mathematics for Precision Farming’, which was issued in 2017, provides 

hand-on training and examples (Clay et al., 2017). The target audience for this book 

include certified crop consultants (CCAs), farmers, crop consultants, and undergraduate 

and graduate students. This book covers examples, how to conduct and analyse on-farm 

studies, write simple programmes, use precision techniques to scout for pests and collect 

soil samples, develop management zones, determine the cost of production, assess the 

environmental consequences of precision techniques, understand soil test results, and 

develop site-specific nutrient and plant population algorithms. Again, the questions 

arise: what core mathematics knowledge and skills of agronomists are necessary to be 

able to master the course and should this course or part of the course be included in the 

agronomy study curriculum in universities? 

Mathematics plays an important part in everyone's life, but the increasing 

complexity of agricultural technology makes it mandatory that workers in agricultural 

occupations have skills in the analysis and solution of mathematical problems. In 

addition, the 13th International Conference on Precision Agriculture (USA), describing 

the current situation in agriculture (Ericson et al., 2016), emphasized that: 

• It is often difficult to find skilled professionals to work in precision agriculture 

• Ag school graduates not always ‘field ready’ to hit ground running 

• Information-intensive future vs. current automated systems 

• Lack of maths/analytic skills. 

It makes us think about the competences, learning by studying mathematics. This 

also shows the indirect impact of mathematics in education. Mathematical competence 

in general is the ability to design and apply mathematical thinking to solve a range of 

problems in everyday situations. Mathematical studies at universities should develop the 

ability to ask and answer questions in and with mathematics, as well as the ability to deal 

with mathematical language and tools (Niss & Hojgaard, 2007). The ability to ask and 

answer questions cover four competences: mathematical thinking, problem tackling, 

modelling and reasoning competences. The ability to deal with mathematical language 

and tools cover other four competences: representing, symbol and formalism, 

communicating and aids and tools competences (Fig. 3). 
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Based on the above, it should be 

concluded that the proportion of maths courses 

in agronomy specialties in universities should 

increase. The reality is exactly the opposite: 

the proportion of mathematics courses has 

been reduced. 
 

The analysis of the proportion of 

mathematics courses in curriculum of the 

agronomy programmes 

Seven Bachelor’s level study 

programmes were analysed in the framework 

of this study. These programmes have been 

chosen based on available information about 

their content on the webpages of universities. 

Fig. 4 contains a summary of information 

about volume, duration  and other details of 

each  programme.  The  universities provide 3  

 
 

Figure 3. A visual representation of the 

‘KOM (Competences and the Learning 

of Mathematics) flower’ of the eight 

mathematical competences presented 

and exemplified in the KOM report 

(Niss & Jensen, 2002). 

and 4 years study programmes in equal proportion. Only the Polish university provides 

3.5 years study programme. 
 

 
 

Figure 4. The basic information about programmes. 
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In this research programme courses are divided in six groups: mathematics, 

physics, other general courses, industrial courses, the practice or project and the thesis. 

Fig. 5 shows the proportion of different courses’ groups in each particular programme 

of Baltic States universities: Alexandras Stulginskis University (ASU) in Lithuania, 

Estonian University of Life Sciences (EMU) and Latvia University of Life Sciences and  

Technologies (LLU). 

For the comparison several 

programmes from the Baltic Sea 

Universities (Fig. 6.) have been analysed: 

University of Hohenheim (Germany, GE), 

University of Helsinki (Finland, FI), 

Swedish University of Agricultural 

Sciences (Sweden, SW), Aarhus University 

(Denmark, DM). 
 
 

 
 

 
 

 
 

Figure 5. The proportion of courses groups in 

study programmes of Baltic States universities. 

 

 
 

 
 

 
 

 
 

Figure 6. The proportion of courses 

groups in study programmes. 
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The largest proportion of mathematics courses is observed in programmes of 

Danish, German and Lithuanian universities. Physics is not always included in study 

programmes of the investigated universities. Physics is mostly studied in the Finnish 

university. The largest part of study programmes in all universities is devoted to 

industrial specialized courses. 
 

 
 

Figure 7. The distribution of credit points with mathematical content in the Baltic States’ 

universities. 

 

The comparison of the credit points given to courses with mathematical content in 

the Baltic States’ universities (Fig. 7.) and other Baltic Sea region’s universities (Fig. 8.) 

shows that Lithuanian study programme is the programme which provides students with 

knowledge and skills about basic concepts of higher mathematics. But the amount of 

mathematics in the course accounts only for 3 credits from 6 credits. The other focus in 

the course is on informatics, i.e., preparation of documents with spreadsheet, graphical 

analysis, database technology, projection of tables and their connections, completion of 

forms, questionnaires and reports. 

 

 
 

Figure 8. The distribution of credit points with mathematical content in the Baltic sea region’s 

universities. 

 

All three Baltic States’ universities provide students with the statistical subjects. 

The detailed list of subjects can be seen in Table 1. 
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Table 1. The content comparison of Mathematics and Statistics in programmes of the Baltic 

States’ universities 

Subject EMU ASU LLU 

Matrices and actions with matrices. Determinants  x  

Linear equation systems and their solutions methods  x  

Elements of limit theory. Concept of a continuous function   x  

Function derivative. Derivative applications. Concept of function 

differential 

 x  

Concept and characteristics of indefinite integral. Applications of definite 

integrals 

 x  

Basic concepts of probability theory  x  

Random variables, characteristics, distributions and densities x x x 

Descriptive statistics x x x 

Testing of normal distribution x   

Introduction to interferential statistics. Research methodology: statistics 

application 

 x  

Population. Statistical samples. Data classification  x x 

Statistical hypotheses and tests: t- test x x x 

F-test, chi-square test x  x 

Dispersion analysis - one and two factors   x 

One and two-way ANOVA and their applications x x  

Correlation, regression analysis. Single and multifactor linear regression 

Non-linear single factor models 

x x x 

Interpretation and presentation results of statistical data analysis x x x 

Statistics with agronomic and economic databases x   

Use of software packages (MS Excel) x x x 

Computer based application of statistics to agricultural research  x  

 

The content in statistical course programmes is almost the same, only the number 

of hours in auditoriums varies. Mathematical modelling is not included in any of the 

programmes. A similar situation can be observed in other universities of the Baltic Sea  

region. Only the university in Germany includes learning of mathematical basic 

concepts. The particular attention should be paid to the Finnish University which has not 

included mathematical courses in their programme at all. The Danish university devotes 

the largest amount of time to statistics. Similarly to the Baltic States’ universities, the 

Baltic Sea region’s universities have not included mathematical modelling. 

The Lithuanian university is the only one that provides knowledge and skills about 

basic concepts of higher mathematics including an overview of main concepts of the 

probability theory. The set of statistical topics in study programmes of the Baltic States’ 

universities is almost the same. The Lithuanian university devotes more attention to 

statistics application and research methodology including experiments in laboratories 

and field experiments which form 4.5 ECTs of the course volume from 6 ECTs. 

 

CONCLUSIONS 

 

Based on the literature studies on the need for mathematical content for agronomy 

specialists, it was concluded that agronomists need knowledge in mathematical areas 

such as algebra, geometry, percent and statistics. These subjects in mathematics are 

taught at the secondary level and textbooks are designed for special vocational schools. 
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In addition, work in agronomy is closely linked to the knowledge of mathematics in 

economics. This creates the need for special courses in mathematics in the curriculum 

of agronomy at universities. 

The Lithuanian university is the only Baltic States’ university that provides 

knowledge and skills about basic concepts of higher mathematics including an overview 

of the main concepts of the probability theory. All three Baltic universities provide 

students with the statistical subjects in their programmes, but the largest amount of credit 

points for statistics is devoted by Denmark among the universities of the Baltic Sea 

region. 

Mathematical modelling is not included in the Bachelor’s level studies of the Baltic 

Sea region’s universities. 

The analysis of different study programmes shows that the most proportion of 

mathematical courses is provided in programmes of the Danish university (6%), the 

German university (5%) and the Lithuanian university (5%). 

The emergence of new trends in sustainable agriculture demands modelling of 

different processes. Using these models, agronomists should understand the 

mathematical meaning of the operation of these models. It requires additional knowledge 

in higher mathematics (differential, integrals, differential equations, etc.). 

Nowadays, more and more farmers introduce precision agriculture. This requires 

the development of mathematical competences which, of course, are provided by 

mathematics studies. Based on the above, it should be concluded that the proportion of 

mathematics courses in agronomy specialties in universities should be increased. The 

reality is exactly the opposite: the proportion of mathematics courses has been reduced. 
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