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ABSTRACT. There is a need to expand the information on genetic 

relationships between tomato (Solanum lycopersicum L.) lines to improve 

hybridization breeding. The genetic diversity and relationships among 24 

tomato lines were evaluated by simple sequence repeat (SSR) markers. A 

total of 65 bands were generated with 15 SSR primers, of which 64 bands 

were polymorphic. The mean polymorphic information content was 0.356. 

There was a high degree of polymorphism between tomato cultivars. The 

mean marker index and heterozygosity were 0.045 and 0.454, respectively. 

Cluster analysis grouped cultivars into 6 main clusters. The cvs. Mo. H. P, 

'C. C. Orange', and 'Marb' had the greatest genetic distance from other 

cultivars and is suitable for hybridization to achieve maximum variability 

for selection in segregating populations. The data can be used to select 

appropriate parents in tomato hybridization breeding. 

© 2021 Akadeemiline Põllumajanduse Selts. | © 2021 Estonian Academic Agricultural Society. 

 

Introduction 

Various genetic bottlenecks resulting from self-

pollination or artificial selection have occurred during 

the domestication of the cultivated tomato (Solanum 

lycopersicum L.), resulting in a loss of genetic diver-

sity, especially within commercial cultivars (Foolad, 

Panthee, 2012).  

Resistance, organoleptic properties, and variety have 

all been systematically favoured by domestication at 

the cost of high yield and efficiency. Extant diversity 

among tomato species may be a beneficial opportunity 

for enriching the genetic pool of planted tomatoes with 

marginalized alleles that could boost productivity and 

adaptability to challenges (Gur, Zamir 2004; Bai, 

2017). 

Despite attempts to improve tomato resistance by 

traditional and biotechnological breeding, findings 

have been insufficient due to the complexity of respon-

ses to different abiotic and biotic stresses. Landraces 

are diverse species of cultivated plants with specific 

eco-geographical backgrounds that have been adapted 

to local climatic conditions as well as conventional 

management and uses (Casanas et al., 2017). Typically, 

landraces have evolved under natural and artificial 

selection in low-input agricultural systems and repre-

sent much of the lost diversity (Terzopoulos, Bebeli, 

2010; Corrado et al., 2014). Although pathogen resis-

tance genes are usually absent from landraces, they may 

represent an important genetic diversity reservoir for 

traits like abiotic stress tolerance in plant breeding 

(Sacco et al., 2015). 

The phenotypic and molecular diversity of cultivated 

tomato has been investigated (Jin et al., 2019; Kaur et 

al., 2019). Parental lines for hybrid breeding are shown. 

Landraces' use in breeding is also limited by a lack of 

knowledge regarding phenotypic variation and genetic 

relationships between them, as well as high pheno-

typing costs (Corrado et al., 2014). A subset of indi-

viduals reflecting the conserved diversity must be 

created in germplasm collections. Advances in whole-

genome sequencing facilities, the abundance of several 

genomic databases, and the availability of a high-

quality reference tomato genome sequence (The Toma-

to Genome Consortium, 2012), offer new possibilities 

for the development of highly informative molecular 

markers, overcoming some limitations associated with 

phenotypic selection. The low genetic diversity of culti-

vated tomatoes necessitates the use of modern mole-

cular techniques for the discovery of markers able to 

detect minor variations within tomato germplasm 

(Foolad, Panthee, 2012). 

Molecular markers have been used in tomato for the 

identification and characterization of numerous genes 

and Quantitative Trait Loci (QTL) linked to resistance 

to late blight, leaf mould or tomato spotted wilt virus 

(Kim et al., 2017; Panthee et al., 2017; Tseng et al., 
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2016). The QTL analysis of fruit quality traits, inclu-

ding flavour and aroma (volatiles), firmness, vitamins 

(especially vitamin C and carotenoids) provide infor-

mation into the genetic control of complex metabolic 

pathways that contribute to attributes for the market 

(Causse et al., 2002; Sun et al., 2012). 

Several types of molecular markers, including simple 

sequence repeat (SSR; microsatellites), amplified frag-

ment length polymorphism (AFLP), sequence charac-

terized amplified region (SCAR), and single nucleotide 

polymorphism (SNP), has been developed and exten-

sively used for the genetic characterization of tomato 

germplasm collections and in Marker Assisted Selec-

tion (MAS) (Bauchet et al., 2017). SSR markers have 

long been popular due to their high reproducibility, co-

dominance, and polymorphism; however, SNP markers 

are becoming more popular due to their cost-effective-

ness, precision, and suitability for large-scale genoty-

ping and allelic determinations through technologies 

including High-Resolution Melting (HRM). The value 

of SSR (Benor et al., 2008; Mazzucato et al., 2008; 

Sardaro et al., 2013) and SNP (Sacco et al., 2015; 

Wang et al., 2016) markers in the study of Solanum 

genetic variation and the genotyping of promising 

germplasm have been confirmed. 

This study was undertaken to assess genetic diversity 

in 24 breeding lines of tomato using SSR markers to 

assist in parental selection for hybridization and to 

avoid the genetic similarities between hybrid pedigrees 

in future genetic improvement programs for tomato. 

Material and methods 

Seed of tomato (Solanum lycopersicum L.) breeding 

lines: 'Rose', 'S. G', 'Wis 55', 'Tas. Ch', 'Bran. 21', 

'Glacier', 'Red P.t', 'San II', 'A. Pas.', 'German J.', 'Mo.', 

'Nepal', 'Red Pear', 'Amish Pa.', 'Pi. Bee', 'B. B.', 'Fr.', 

'Mo. H. P', 'C. C. Orange', 'Marb', 'T100S', 'T120S', 

T125S', T150S', were provided by the Tomato Genetics 

Resource Center (TGRC) of the University of Cali-

fornia, Davis, USA (http://tgrc.ucdavis.edu). The 

experiment was conducted in a greenhouse at the 

horticultural gardens of the Department of Horticulture 

and Landscape Gardening, College of Agriculture, 

Diyala of University, Baqubah, Iraq. Ten seed/line 

were directly sown and germinated in 1 L plastic pots, 

on 10 January 2020, containing a growth medium 

composed of 45–50% composted pine bark, vermi-

culite, Canadian sphagnum, peat moss, perlite, and 

dolomitic limestone. 

Plants were thinned to 5 per pot after emergence. 

Greenhouse temperature was 20–29 °C with a relative 

humidity of 75–90%. Light intensity was about 9678 

lux. Pots were irrigated once every 2 days with 500 mL 

of distilled water. Each variety was replicated 3 times. 

No pesticides or additional fertilizer were used during 

the experiment. 

Four weeks after emergence, leaf tissues were 

sampled from each plant and used to extract genomic 

DNA for molecular analyses. Genomic DNA extraction 

from leaves was according to a modified cetyl trimethyl 

ammonium bromide method (Hwang, Kim, 2000). 

About 0.5 g of fresh young leaves were powdered in 

liquid nitrogen. The leaf powder was transferred to a 

tube containing 0.6 mL of extraction buffer containing 

1% of β-mercaptoethanol added just before use. The 

extract was incubated for 40 min at 60 °C with occasio-

nal swirling, mixed with an equal volume of chloro-

form: isoamyl alcohol (24:1; v:v), and centrifuged at 

16,128 relative centrifugal force (rcf) for 10 min at 

4 °C. The aqueous phase was transferred to a new tube 

and mixed with 2/3 volume of ice-cold isopropanol. 

The mixture was left at –20 °C for 30 min and again 

centrifuged at 16,128 rcf for 10 min at 4 °C. The pellet 

was washed with 70% ethanol and air-dried at room 

temperature for 20 min; the dried pellet was dissolved 

in 80 μL TrisEDTA (TE) buffer (Tris–hydrochloride 

buffer, pH 8.0, containing 1.0 mM ethylene diamine 

tetraacetic acid (EDTA) and stored at –20 °C. 

The quality of total DNA was determined with 2% 

agarose gel electrophoresis and quantified by spectro-

photometry. The concentration of extracted DNA for 

PCR was adjusted to 50 ng∙μL–1. The PCR reaction for 

tomato lines was conducted using 15 SSR primers 

(Table 1). Amplification was carried out in 12.5 μL of 

reaction mix containing 1.5 μL of genomic DNA 

(50 ng·μL–1), 0.6 μL of the primer (10 μM), 1.25 μL of 

10× reaction buffer, 1 unit of Taq DNA polymerase 

(5 U·μL–1), 0.25 mM of each dNTP, and 2.5 mM MgCl2. 

The PCR reactions were conducted in a thermal 

cycler, model AG (Eppendorf, Germany). Amplifi-

cations were conducted with an initial denaturation of 

95 °C for 3 min, followed by 40 cycles of denaturation 

at 95 °C for 1 min, annealing at 35 °C for 1 min, and 

extension at 72 °C for 1 min; followed by 1 cycle of a 

final extension at 72 °C for 10 mins. The PCR products 

were separated by electrophoresis on 2% agarose gel. 

Gene ruler 100 bp DNA ladder plus SM0321 

(Fermentas, Lithuania) was used as the standard to 

determine the size of polymorphic fragments. The 

DNA fragments were visualized by staining the gel 

with ethidium bromide and images documented using 

Gel Doc (Vilber Lourmat, France). 

Group method with arithmetic averages (UPGMA). 

Combined analysis was performed using the dendro-

gram and Jaccard's coefficient using NTSYS software 

(Rohlf, 1998). Polymorphism Information Content 

(PIC) was calculated according to Roldan et al. (2000); 

PIC refers to the value of a marker for detecting 

polymorphism within a population. Depending on the 

number of detectable alleles, and distribution of their 

frequency, it provides an estimate of the discriminating 

power of the marker. 

The SSR polymorphisms in the tomato accessions 

were measured in terms of numbers of alleles, gene 

diversity, and PIC using the Power Marker software 

ver. 3.23 (Liu, Muse, 2005). 
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Table 1. Primers used with annealing temperature and amplicon band size 

Marker identifier Primer sequence (5' → 3') Annealing 

temperature (°C) 

Amplicon 

band size 

SSR47 
TCC TCA AGA AAT GAA GCTCTG A 

CCT TGG AGA TAA CAA CCA CAA 
58.4 200–1000 

SSR63 
CCA CAA ACA ATT CCA TCT CA 

GCT TCC GCC ATA CTG ATA CG 
54.3 200–1200 

SSR111 
TTC TTC CCT TCC ATC AGT TCT 

TTT GCT GCT ATA CTG CTG ACA 
57.4 200–1000 

SSR248 
GCA TTC GCT GTA GCT CGT TT 

GGG AGC TTC ATC ATA GTA ACG 
59.4 150–700 

SSR304 
TCC TCC GGT TGT TAC TCC AC 

TTA GCA CTT CCA CCG ATT CC 
60.5 125–500 

SSR603 
GAA GGG ACA ATT CAC AGA GTT TG 

CCT TCA ACT TCA CCA CCA CC 
61.1 150–700 

T-57 
GTG GAC CAT TTC AAG TTC AAC A 

TGA ATG ACA TCC ATC CAT GA 
58.4 125–800 

TG12-13 
GAA AGA GGT AA ATC GCG GGT 

CCT TTA CGA TTT CGC CTA CG 
59.4 200–300 

SLM-6-7 
CAA TTG AAG ATT GGG GCT TT 

AGC AGC TCA CCT CAC GTT TT 
54.3 225–1000 

STI-0012 
GAA GCG ACT TCC AAA ATC AGA 

AAA GGG AGG AAT AGA AAC CAA AA 
57.4 200–1200 

TMS-42 
AGA ATT TTT TCA TGA AAT TGT CC 

TAT TGC GTT CCA CTC CCT CT 
54.0 100–450 

TMS-9 
TTG GTA ATT TAT GTT CGG GA 

TTG AGC CAA TTG ATT AAT AAG TT 
54.0 125–1000 

AI486387.1 
ACG CTT GGC TGC CTC GGA 

AAC TTT ATT ATT GCC ACG TAG TCA TGA 
60.7 300–400 

STI003 
ACC AAT CCA CCA TGT CAA TGC 

CTC ATG GAT GGT GTC ATT GG 
58.4 125–300 

Le-tat002 
ACG CTT GGC TGC CTC GGA 

AAC TTT ATT ATT GCC ACG TAG TCA TGA 
62.2 100–1000 

Results 

The PCR amplification using SSR primers resulted in 

the generation of reproducible amplification products. 

Analysis with 9 SSR primers identified a total of 65 

reproducible fragments in the tomato cultivars (Tab-

le 2). Most bands were produced by SSR63 and the 

lowest number of bands was obtained by TG 12–13, 

and A1486387.1. 

The numbers of polymorphic bands ranged from 1 for 

TG 12–13 to 7 for SSR63. Most SSR primers produced 

100% polymorphism, the exception was for TG12-13 

primers (50%). Of the 15 SSR markers, the overall PIC 

value ranged from 0.290889 (TG12-13) to 0.497149 

(AI486387.1) with an average of 0.3561703. A higher 

marker index value occurred for AI486387.1 (0.55875) 

compared to SSR47 (0.003549). The marker index is a 

feature of a marker that elucidates the discriminatory 

power of a marker and was calculated for all the 

markers. 

The maximum heterozygosity values of the 

AI486387.1 codominant marker were 0.55875 in 

comparison to SSR47 (0.360725). 

The genetic similarity matrix, based on Jaccard's 

similarity coefficients, indicated that the cultivars were 

genetically similar (Table 3). The highest genetic 

similarity was related to the 'C. C. Orange' vs. 'Wis 55' 

or 'San II' or 'Glacier', and 'Mo. H. P' vs. 'San II' and 

'Glacier', followed by 'C. C. Orange', vs. 'S. G', and 'C. 

C. Orange' vs. 'Tas. Ch'. The lowest similarity was for 

'San II' vs. 'Red P.t' followed by 'Mo.' vs. 'German J.' 

(Table 3). In hybridization, crossing cultivars with 

greater genetic distances are expected to produce more 

heterosis and desirable recombinants in segregating 

generations. The average genetic similarity (Table 3) 

indicated the existence of high levels of diversity 

among genotypes. 

Table 2. Data on primer polymorphism in the diversity of 
tomato genotypes 

Marker 

identifier 

No. of 

bands 

No. of 

poly-

morphic 

bands 

Poly-

morphism 

% 

Poly-

morphic 

info-

rmation 

content 

Marker 

index 

Hetero- 

zygosity 

SSR47 3 3 100 0.295664 0.003549 0.360725 

SSR63 7 7 100 0.336086 0.005513 0.427438 

SSR111 5 5 100 0.351488 0.006635 0.455000 

SSR248 4 4 100 0.361526 0.012131 0.473741 

SSR304 4 4 100 0.366056 0.011935 0.482422 

SSR603 4 4 100 0.369627 0.011682 0.489366 

T-57 5 5 100 0.373258 0.009482 0.496528 

TG12-13 2 1 50 0.290889 0.011347 0.353299 

SLM-6-7 5 5 100 0.323648 0.004794 0.406111 

STI-0012 6 6 100 0.362349 0.007702 0.475309 

TMS-42 4 4 100 0.361526 0.012131 0.473741 

TMS-9 5 5 100 0.374374 0.008971 0.498750 

AI486387.1 2 2 100 0.497149 0.558750 0.558750 

STI003 3 3 100 0.304688 0.011719 0.375000 

Le-tat002 6 6 100 0.374227 0.009808 0.498457 

Cluster analysis, based on similarity matrix 

coefficients using UPGMA, grouped the cultivars into 

6 main clusters (Fig. 1). According to the cluster, cvs. 

'Rose', 'S. G', 'Wis 55' and 'Tas. Ch' were placed in the 

same group and cvs. 'Bran. 21', 'Glacier', 'Red P.t' and 

'San II' were placed in another group (Fig. 1). The cvs. 

'German J.', 'Mo.' and 'Nepal' were placed alone in a 

separate category and cvs. 'A. Pas.', 'Red Pear', 'Amish 

Pa.', 'Pi. Bee', 'B. B.', and 'T150S' were placed in 
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another group. The cvs. 'Fr., T125S', 'T100S', and 

'T120S' were placed in the fifth group, and cvs. 'Mo. H. 

P', 'C. C. Orange', and 'Marb' were placed in a sixth 

group. Divergent genotypes may have good breeding 

value. Genotypes in the same cluster may represent 

members of a single heterotic group. 

Table 3. Similarity coefficient matrix of tomato cultivars using SSR markers 

V
a
ri

e
ty

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

2 0.2307 

3 0.2571 0.0847 

4 0.2812 0.1698 0.2413 

5 0.2584 0.3589 0.2771 0.3246 

6 0.3571 0.4520 0.3589 0.4166 0.1134 

7 0.2727 0.4026 0.3170 0.3947 0.1287 0.0833 

8 0.2954 0.4026 0.3170 0.3947 0.1287 0.0833 0.02 

9 0.3580 0.5714 0.5466 0.5652 0.2766 0.2584 0.2258 0.2258 

10 0.5873 0.7692 0.7193 0.8039 0.3947 0.3802 0.4133 0.4133 0.2941 

11 0.5937 0.7735 0.7241 0.8076 0.3766 0.3888 0.3947 0.4210 0.3043 0.0588 

12 0.5625 0.7358 0.6896 0.7692 0.4026 0.3888 0.3684 0.3947 0.2463 0.1372 0.1153 

13 0.3589 0.5522 0.5277 0.5757 0.2527 0.2558 0.2000 0.2000 0.1084 0.2307 0.2121 0.2121 

14 0.3246 0.5151 0.5211 0.5076 0.2666 0.2941 0.2359 0.2359 0.1219 0.3437 0.3230 0.3230 0.0886 

15 0.3600 0.5625 0.5362 0.5873 0.3181 0.3253 0.2413 0.2643 0.1750 0.2580 0.2381 0.2381 0.1168 0.1315 

16 0.4594 0.6190 0.5882 0.6451 0.3103 0.3170 0.3023 0.3023 0.1645 0.2131 0.1935 0.1935 0.1052 0.1466 0.0958 

17 0.4386 0.5652 0.6078 0.5555 0.5428 0.5692 0.4782 0.5072 0.4193 0.4545 0.4666 0.4222 0.3559 0.3448 0.3214 0.3454 

18 0.7674 0.8125 0.8378 0.8064 0.8214 0.8823 0.8181 0.8545 0.7916 0.7333 0.7419 0.6774 0.7777 0.7727 0.7619 0.7561 0.5833 

19 0.8095 0.8709 0.8888 0.8666 0.8545 0.8800 0.8518 0.8888 0.8297 0.7241 0.7333 0.7333 0.8181 0.8139 0.8048 0.8000 0.6521 0.1111 

20 0.5833 0.7297 0.7619 0.7222 0.6721 0.7142 0.6666 0.7000 0.6603 0.5428 0.5555 0.5000 0.6000 0.5918 0.5744 0.5652 0.4482 0.3333 0.4285 

21 0.4098 0.5200 0.5636 0.5102 0.4594 0.4202 0.3972 0.4246 0.3636 0.3750 0.3877 0.3877 0.2698 0.2903 0.3333 0.3220 0.2381 0.7142 0.7037 0.4545 

22 0.5294 0.5500 0.6000 0.5384 0.6562 0.6949 0.6190 0.6507 0.5714 0.6315 0.6410 0.5384 0.5094 0.5000 0.4800 0.4693 0.2500 0.4444 0.5294 0.3913 0.3333 

23 0.5254 0.5416 0.5849 0.5319 0.5555 0.5522 0.4929 0.5211 0.4375 0.4782 0.4893 0.4468 0.3770 0.4000 0.3448 0.2982 0.2000 0.6153 0.6800 0.5483 0.2272 0.2352 

24 0.3600 0.5625 0.5652 0.5555 0.2954 0.3012 0.2413 0.2413 0.2250 0.2903 0.3015 0.3015 0.1428 0.1842 0.1891 0.2054 0.3214 0.7619 0.8048 0.5744 0.3000 0.4800 0.3103 

1 = 'Rose', 2 = 'S. G', 3 = 'Wis 55', 4 = 'Tas. Ch', 5 = 'Bran. 21', 6 = 'Glacier', 7 = 'Red P.t', 8 = 'San II', 9 = 'A. Pas', 10 = 'German J', 11 = 'Mo.', 

12 = 'Nepal', 13 = 'Red Pear', 14 = 'Amish Pa', 15 = 'Pi. Bee', 16 = 'B. B.', 17 = 'Fr.', 18 = 'Mo. H. P', 19 = 'C. C. Orange', 20 = 'Marb', 21 = 

'T100S', 22 = 'T120S', 23 = 'T125S' and 24 = 'T150S'. 

Numbers 1 to 24 are 'Rose', 'S. G', 'Wis 55', 'Tas. Ch', 'Bran. 21', 'Glacier', 'Red P.t', 'San II', 'A. Pas.', 'German J.', 'Mo.', 'Nepal', 'Red Pear', 

'Amish Pa.', 'Pi. Bee', 'B. B.', 'Fr.', 'Mo. H. P', 'C. C. Orange', 'Marb', 'T100S', 'T120S', 'T125S' and 'T150S' respectively.  

Figure 1. Cluster analysis of tomato cultivars using SSR data

Discussion 

Sufficient knowledge from the genetic diversity of a 

crop for the selection of parental materials is essential 

to maximize genetic improvement. More accurate, and 

complete, descriptions of genotypes, and genetic 

diversity patterns, can help determine breeding 

strategies and facilitate the introgression of diverse 

germplasm into the current commercial tomato genetic 

base (Tsivelikas et al., 2009). 

Molecular markers, which assess genome sequence 

composition, enable the detection of differences in the 

genetic information of genotypes and utilize genetic 

variability for breeding. 

The SSRs have been employed to assess genetic 

diversity within germplasm. In self-pollinating species 

such as tomato, genetic diversity mainly depends on 

domestication history and pool size of accessions 

(Mazzucato et al., 2008). Tomato is generally 

considered to present low genetic diversity. Landraces 
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and local populations of tomatoes are thought to have 

more genetic and phenotypic diversity than commercial 

cultivars (Park et al., 2004; Mazzucato et al., 2008). 

Exploring genetic diversity among tomato accessions 

is important to breeding and germplasm management 

(Kanjariya et al., 2017; Gonias et al., 2019). To 

investigate genetic relationships between the 24 tomato 

accessions (modern cultivars), 15 SSR loci were 

selected that have been previously reported to be highly 

informative in distinguishing tomato genotypes. 

Although several different tomato landraces are 

grown, in the Middle East, exhibiting phenotypic 

variation, few experiments have been conducted to 

genetically classify the collections or differentiate them 

from commercial cultivars. Iraq tomato landraces are 

believed to have grown in semi-arid environments with 

low inputs, which may be useful genetic material in 

productive agricultural systems. Emerging evidence 

suggests that some of these landraces have high 

nutritional value. These microsatellites have been 

verified to be highly polymorphic and able to 

discriminate different patterns. 

The efficiency of a molecular marker system in 

distinguishing genotypes depends largely upon the 

polymorphism it can discover (Castellana et al., 2020; 

Gbadamosi et al., 2020). Based on high polymorphism 

information content (PIC) values, marker index, and 

the number of bands (Table 2) the SSR markers used 

were informative in the assessment of the genetic 

diversity of tomato accessions. The high PIC values 

indicate all primers were informative and can be related 

to high genetic variation among accessions, with 

similar results previously reported for tomato (Ronga et 

al., 2018). The variation may have been contributed by 

gene flow, natural hybridization, propagation by seed 

and human selection (Choudhary et al., 2018; 
Gbadamosi et al., 2020). 

The heterozygosity and marker index measurements 

display the distribution and number of alleles (bands) 

within the genotypes. Bands scored in most genotypes 

would possess optimal discriminatory power, and with 

an increase in the number of bands, the heterozygosity 

of a particular primer pair will be increased (Mazzucato 

et al., 2008; Ronga et al., 2018; Castellana et al., 2020). 

Primers with the highest PIC, marker index, and 

heterozygosity values (AI486387.1) were generally 

most effective in distinguishing between accessions 

and could be further used in genetic diversity studies. 

Considering time and cost savings, the SSR can 

differentiate and characterize cultivars useful in tomato 

breeding. Depending on objectives, potential lines to be 

selected from different clusters as parents in a 

hybridization program may be based on genetic 

distance. The clustering pattern can be used for parent 

selection for cross-combinations likely to generate the 

highest possible variability for economic characters. 

 

 

 

 

Conclusions 

The highly polymorphic nature of the SSRs used in 

this analysis was shown, and the existence of a high 

degree of genetic variation among tomato cultivars was 

clearly shown. 

The discovery of genetic similarities between tomato 

cultivars makes for more effective germplasm 

management and use. The results of the SSR analysis 

showed that each genotype could be distinguished from 

the others, that the primers were appropriate for tomato 

germplasm evaluation, and that the SSR marker method 

was reliable and efficient for identifying tomato 

cultivars and clonal identification. 

The use of well-known divergent genotypes as 

crossing parents could boost the amount of diversity in 

a segregating population, which could be beneficial in 

a tomato development programme. 

In the current climate-change scenario, which 

threatens tomato development, the studied materials 

could serve as a possible source of genes responsible 

for widespread adaptation. It may also mean that the 

observed variety could be exploited by developing a 

strong crossing programme to produce hybrid cultivars 

that combine high yield, efficiency, and climate change 

resilience. The current fingerprint data may be used to 

build a DNA reference database for the molecular 

identification of the cultivars in the future breeding 

program. 
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ABSTRACT. The experimental research was carried out on a specially 

designed laboratory-and-field test unit with the use of a hydraulic vertical 

rotor drive and strain-gauge equipment mounted on a tractor as well as the 

set of interchangeable coupling pieces for setting the machine's operating 

duty. Research into the process of breaking two adjacent potato row beds 

with the vanes of a vertical rotor has been undertaken. A design and 

process schematic model has been proposed for the operation of the potato 

harvester. Experimental research into the geometrical parameters of the 

potato row has been carried out to select the design parameters of potato 

harvesters. Based on the results obtained during the experimental 

investigations, the rational ranges have been established for the work 

process of the rotary potato harvester, the methods of engineering clod 

breaking tools have been developed. Following the completion of the full 

factorial experiment, regression functions have been generated. Their 

analysis has proved that the following factors have the greatest impact on 

the optimisation parameters: the rotor diameter and the clearance between 

the rotor and the spherical discs. The following parameters have been 

optimised based on the response surface analysis: soil separation ratio 

S = 93.5%, tuber damage rate Pb = 0.97%, total power consumption by 

unit operation Nа = 18.27 kW, at the following pre-set values of the 

factors: nр = 77 min–1, Vm = 2.2 m∙s–1, dр = 0.825 m, l2 = 0.3 m. The 

maximum discrepancy between the results of the theoretical and 

experimental investigations for determining the design and process 

parameters of the potato harvester does not exceed 15%. The completed 

economic testing has proved the advantages of the experimental potato 

harvester as compared to the existing ones. That said, the separation ratio 

of the pilot machine is equal to S = 91.4%, which is 23% higher than in 

the reference case, while its tuber damage rate is equal to 1.14%, which is 

5.0% better than in the reference case. The recommendations for the 

selection of the rational operation duty of the rotary potato harvester as 

well as the methods for the engineering analysis of the design and process 

parameters of clod breaking tools have been developed. 

© 2021 Akadeemiline Põllumajanduse Selts. | © 2021 Estonian Academic Agricultural Society. 
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Introduction 

Harvesting is one of the most complicated and 

energy-intensive process operations in the potato 

production structure (Wang et al. 2017; Xin, Liang, 

2017). The quality, with which this operation is perfor-

med, has a significant impact on the labour intensity of 

the following operations and the storage life of the 

obtained product (Wei et al., 2019a; Gulati, Singh, 

2019). As distinct from many other crops, harvesting 

the ripe potatoes requires lifting soil slices of great 

volumes and then separating the tubers from the soil, 

achieving the cleanness rate in the combined unit 

hopper of at least 80% and the damage rate not 

exceeding 3% (Hevko et al., 2016; Wei et al., 2017; 

Bulgakov et al., 2018). 

When potatoes are cultivated in heavy loam soils, 

which are prone to compacting during tillage, by the 

time of harvesting, when the potato harvesters lift 

tuber-bearing soil slices, a great amount of clods is 

formed and these clods cannot be removed by the 

separating tools of the combined unit (Petrov, 2004, 

Kheiry et al., 2018, Pshechenkov et al., 2018; Wei et 

al., 2019b). 

In that case, the soil content in the potato heap 

arriving at the hopper exceeds 20%, which does not 

meet the agronomical standards. Because of the above-

said, the industrially produced potato harvesters are 

capable of operating only on sandy, sandy loam and 

medium grain-size composition soils with optimal 

moisture contents. When operating on heavy loam 

soils, the potato heap cleanness rate does not exceed 

55–74%, while the tuber damage rate varies within the 

range of 18–25% (Lü et al., 2015; Bulgakov et al., 

2018; Ruzhylo et al. 2020).  

That complicates the process of potato heap 

classification and makes it necessary for the farm 

businesses to use manual labour extensively in the 

harvesting operations, which significantly increases the 

production cost of the final output. All efforts before 

potato harvesting have to be focused on loosening the 

tuber-bearing soil slice structure, removing hard clods 

from it and establishing the conditions that provide for 

essentially reducing the arrival of the soil impurities 

sized commensurate with potato tubers to the potato 

harvester separating tools. Meeting these conditions 

will facilitate raising the efficiency of the use of 

combined units on heavy soils and reducing the potato 

tuber loss and damage rates (Bulgakov et al., 2019). 

After analysing the known designs of clod breaking 

tools as well as the results of the research into their 

operation (Misener, McLeod, 1989; Ruysschaert et al. 

2006; Bishop et al. 2012; Ichiki et al. 2013; Lü et al., 

2017), it becomes obvious that it is necessary to explore 

the agronomical characteristics of the operation of such 

tools. Among the reviewed potato harvesters, the 

greatest attention is to be paid to rotary-type tools 

(Petrov, 2004). The analysis of the operation of finger 

and vane beaters has proved that it is a most promising 

direction to design the clod breaking devices, in which 

the tools produce an increased impact on the tuber-

bearing soil slice at the initial stage of the work process, 

at the same time taking into account the tuber damage 

rate (Brook, 1993; Blahovec, Židova, 2004; Gao et al., 

2011; Feng et al., 2017; Bulgakov et al., 2018; Issa et 

al., 2020). 

The experimental research into the operation of the 

rotary potato harvester has to find out the impact that 

different factors (shape and type of the rotary tool, 

machine’s translational motion velocity, rotation 

frequency of the rotor, type and properties of the soil) 

have on the performance indices of the machine, such 

as the soil separation ratio, the tuber damage rate, the 

tuber-bearing heap distribution pattern on the raddle 

chain (Feller et al., 1987). 

The relevancy of carrying out the experimental 

research is proved by the absence in the available 

publications of any data on the investigation of the main 

parameters and operation duties of rotary tools as well as 

the data that would specify the efficiency of their 

operation in the vertical position in the inter-row spacing 

between two adjacent potato rows. 

Taking into account the above-mentioned circums-

tances, the following targets were included in the experi-

mental research programme: 

 

– to explore the relations and patterns observed in 

the process of breaking clods in the potato row by the 

vanes of the vertical rotor and justify the positioning of 

spherical discs relative to the rotor as well as the other 

design and kinematic parameters of the machine’s clod 

breaking tools; 

– to determine experimentally the effect of the 

machine translation velocity, rotor rotation frequency, 

rotor diameter, spherical disc positioning, soil type and 

properties on the potato harvester's performance; 

– to determine the tractive resistance of the 

experimental unit and the total power consumed in the 

work process; 

– to test the operating efficiency of the vertical rotor 

on the soil contaminated with stones and plant debris; 

– to carry out the comparative analysis of the 

economic and energy efficiency in the operation of the 

experimental unit and the commercial potato harvester 

KST-1.4. 

 

The following tasks had to be performed to fulfil the 

above programme of experimental investigations: 

 

– developing the techniques for carrying out 

individual stages of research; 

– selecting the needed standard equipment; 

– engineering and manufacturing the laboratory-

and-field test unit; 

– producing the necessary quantity of accessory 

parts for the performance of experiments; 

– designing and manufacturing the equipment for 

the vertical rotor hydraulic drive installation as well as 

the calibration instruments; 

– carrying out the calibration of measuring tools;  
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– organising the performance of the investigations 

following the experiment planning procedure and the 

processing of research results. 

 

The research aimed to study the influence of the 

rational design, process and energetic parameters for 

clod crushing tools in the rotary-type potato harvester 

to improve its separating capacity. 

Materials and methods 

The method of experimental investigations was 

developed regarding the GOST 28713-90 and the RD 

10.8.5-89 "Testing of agricultural machinery". To carry 

out the experimental investigations, it was necessary to 

arrange the monitoring of the work process perfor-

mance utilizing measurements. That said, the perfor-

mance of the overall research was divided into two 

phases: exploratory tests and main experiments. 

The exploratory tests were carried out after the 

following design:  

 

– determining the factors that have an effect on the 

process of soil separation and clod breaking by the 

vertical rotor in conjunction with the spherical discs 

and the raddle chain, i.e. selection of main factors; 

– determining the effect the main factors have on 

the performance of the work process of breaking clods 

in the potato row bed; 

– partially checking the testing method and condi-

tions; 

– checking the devices concerning the testing 

conditions; 

– determining the data needed to calculate the 

number of experiments. 

 

The exploratory tests do not provide for fully dis-

covering the relations in the performance of the work 

process. They can be applied during the development 

of the research method, during the research or after it. 

To carry out the exploratory and main tests, it was 

necessary to produce a pilot unit with an assortment of 

accessory parts, a set of measuring devices, strain-

gauge equipment (Bulgakov et al., 2021). 

With provision for the above programme of experi-

mental investigations, to explore the performance of the 

rotary tool operating in combination with the spherical 

discs and raddle chain, the experimental unit is shown in 

Fig. 1 and described further was designed and produced.  

Frame 1 is used for mounting the components and 

mechanisms and comprises two parts: main and 

auxiliary. The main part of the frame carries the 

following components: depth rollers, vertical rotor, 

spherical discs and hydraulic drive. The auxiliary part of 

the frame carries a solid share, raddle chain, carrying 

wheels, which could be mounted on the main part of the 

frame. The depth rollers 2 mounted in the forepart of the 

unit are simultaneously the feeling and carrying 

members, which allow adjusting the depth of processing. 

 
Figure 1. Field experiment unit for research into the operation 
of new potato harvester (the unit comprises the following 
components: frame 1, depth rollers 2, vertical rotor 3, spherical 
discs 4, solid share 5, raddle chain 6, carrying wheels 7, jolting 
device 8, vertical rotor hydraulic drive 9, pressure gauge 10, 
connection hoses 11) 

 

The spherical discs 4 positioned at the angle of attack 

relative to the machine's line of travel overturn the two 

potato row beds broken by the vertical rotor towards the 

inter-row spacing centreline, thus forming the windrow 

to be picked up by the solid share 5. 

The raddle chain 6 operates together with the jolting 

device 8 providing for the dispersion of the broken 

tuber-bearing soil slice and the separation of the tubers 

from the soil, the latter being then thrown off onto the 

field surface. It is to be noted that the travel rate of the 

conveyor belt and the amplitude of its jolting are equal 

to those of the conventional potato harvester raddle 

chains (Lovkis, 1991; Misener, McMillan, 1996). The 

carrying wheels 7 are used for adjusting the running 

depth of the unit's tools as well as for its transportation. 

The vertical rotor 3 mounted on the centreline of the 

machine is used for breaking the two adjacent potato 

row beds by shifting them away from the inter-row 

spacing centreline, in order to disintegrate the soil 

clods. It is shown in more detail in Fig. 2. 

 

 
Figure 2. Vertical rotor: 1 – planetary reduction gear, 2 – upper 
beater, 3 – lower beater, 4 – disk blade 
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The design of the vertical rotor is as follows. The top-

mounted planetary reduction gear 1 changes the senses 

of rotation of the upper 2 and lower 3 beaters that rotate 

at different angular velocities with a reduction ratio of 

2.39. The upper beater 2 and the lower beater 3 each 

feature two curved vanes. The vanes of the lower beater 

have a cone-shaped surface with the offset radius 

facilitating the smooth penetration and disintegration of 

the lower layer of the potato row. The vanes of the 

upper beater have a cylinder-like surface with the offset 

radius and change the direction of motion of the tuber-

bearing soil slice broken by the lower beater. The disk 

blade 4 of the vertical rotor provides for the uniform 

penetration and smooth motion of the vertical rotor.  

The tools in the pilot unit can be driven by the tractor's 

power take-off (PTO) shaft, so by its hydraulic system. 

In particular, an MGP-160 hydraulic motor has been 

installed for driving the vertical rotor. 

The power transmission comprises a reduction gear, 

two transmission gears, three transmission shafts, a 

universal-joint drive, a V-belt drive and a chain gear. 

After selecting the main factors, in the second phase 

of research, the experiments had to be carried out. For 

that purpose, it was necessary to prepare the design of 

a full factorial experiment 2n.  

The measurement results were recorded in the test 

log, then processed with the use of the mathematical 

statistics methods (Brandt, 2014).  

As is known, it is necessary to change during the 

experiments the machine's operating duty as well as the 

geometric parameters of its tools. Therefore, the rotor 

rotation frequency was changed with the use of a flow 

metering valve, the machine translation velocity – by 

shifting the tractor's gears, the rotor diameter – with the 

use of the assortment of accessory connection plates for 

the vanes of the lower and upper beaters, as shown in 

Fig. 3 and 4. 

 

 
Figure 3. Assortment of accessory connection plates for 
vertical rotor 

 
Figure 4. Schematic model of changing rotor diameter with 
the use of connection plates: 1 – rotor vane; 2 – connection 
plate 
 

The spherical discs were mounted on the frame of the 

experimental unit and positioned in the longitudinal 

and transverse directions with the use of special 

brackets fastened with clamps (Fig. 5). 
 

 
Figure 5. Schematic model of positioning spherical discs on 
experimental unit's frame: 1 – vertical rotor; 2 – spherical disc; 
3 – frame 

 

To determine the main relations between the 

performance indices and provide for the objective 

analysis of the experimental data, it was necessary to 

define the conditions for carrying out the research 

(Fig. 6). 

Using the equipment installed in the tractor's cabin, 

the above-listed parameters, except for the tractive 

resistance, were synchronously recorded on the 

oscillograph tape. The traction resistance of the 

experimental unit was measured by the strain-gauge 

installation mounted in the rear part of the tractor's 

cabin. 

 



 Experimental research into operation of potato harvester with rotary tool 45 

Agraarteadus | Journal of Agricultural Science  1 ● XXXII ● 2021 41–48 

 
Figure 6. Experimental unit with strain-gauge equipment 
during measurement of energy characteristics: 1 – experi-
mental unit; 2 – strain-gauge equipment; 3 – carrying tractor 
MTZ-80 

 

The experimental investigations were carried out 

taking into account the following analytic relations. 

The hydraulic moment on the vertical rotor is equal 

to: 

 
. .

1
,

2
p M g gM q Р


   (1) 

where qM – constant of the hydraulic motor (cm3 rev–1);  

Р = Рn – Рzl – pressure drop on the hydraulic motor 

(MPa);  

g.g. – mechanical efficiency of the hydraulic motor. 

 

Angular velocity of the rotor is equal to: 

 

30

pn
  , (2) 

where np – rotation frequency of the rotor (according to 

the oscillogram) 

 0

0

60
,

K
n

t n



 (3) 

where K0 – number of revolution marks on the 

oscillogram;  

t – time-division value on the oscillogram;  

n0 – number of time marks on the oscillogram. 

 

The power rating of the rotor drive is equal to: 

 ,P i iN M   (4) 

Total power consumption by the experimental unit 

operation is equal to: 

 ,a а m Р PTON R V N N    (5) 

where Rа – tractive resistance of the unit (kN); NPTO – 

power consumption by the tractor’s power take-off 

shaft (kW). 

Results 

Design and operating parameters 

Following the programme and methods of experi-

mental investigations, to obtain reliable and full infor-

mation about the process under consideration, the main 

experiments were carried out following the method of 

full factorial orthogonal central-composition planning. 

After carrying out the theoretical analysis and 

exploratory screening tests, the following parameters 

had been identified as those having the greatest effect 

on the performance of the work process: machine 

translation speed Vm, rotor rotation frequency np, rotor 

diameter dp, the distance between the spherical discs 

and the rotor’s diameter l2. Thus, the main experiments 

had to be carried out as four-factor full factorial 

experiments 24. 

The soil separation ratio S and the tuber damage rate 

Pb were taken as the optimisation parameters that 

represented the quality of operation of the experimental 

unit. Simultaneously with the assessment of the 

machine’s operation quality, the energy characteristics 

were estimated. For that purpose, the unit's tractive 

resistance Ra and the rotation moment on the rotor shaft 

Mp were measured with the use of the strain-gauge 

installation mounted on the tractor, then the total power 

consumption by the unit operation Nа was determined 

taking into account the power output at the tractor's 

PTO, which was equal to 6.25 kW (Bulgakov et al., 

2020). The numbers of measurements needed to ensure 

the target reliability of experiments were determined 

from the table by Brandt (2014). The number of 

experiment replications was equal to five. 

After processing the experimental data to determine 

the effect of the above-mentioned factors on the 

optimisation parameters, the following three regression 

equations were obtained in the encoded form: 

 

For the soil separation ratio S: 

 2 2 2 2

1 1 4 1 2 2 4 3 4 1 2 3 491.39 1.13 2.06 0.281 0.219 0.344 1.003 1.288 0.553 0.445y x x x x x x x x x x x x           (6) 

For the tuber damage rate Pb: 

 2 2

2 1 2 3 4 2 4 1 32.159 0.557 0.593 0.245 0.584 0.258 0.108 0.138y x x x x x x x x         (7) 

For the total power consumption by the unit operation Na: 

 2 2

3 2 3 4 1 3 1 4 3 4 2 317.24 1.934 0.813 0.33 0.625 0.813 0.275 1.72 1.02y x x x x x x x x x x x          (8) 

After a transition from the encoded form of the regression equations to the natural one, the following equations 

were obtained for each of the optimisation parameters, respectively: 
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 2 2

2 2 2 2

2

26.418 108.179 0.135 4.496 9.713 0.018 0.092 7.866

64.171 4.912 24.577 0.00071

p p p m m m p p

p p p

S d n d V V V n l n l

d V l n

        

   

 (9) 

 2 2

2 28.308 15.861 0.362 2.047 0.054 0.021 6.912 6.133b p m p m p pP d V l n V n d l         (10) 

2 2

2 2 218.511 24.508 11.22 0.223 33.333 29.511 0.26 0.073 6.88 45.333а m p p p p p p mN V l n d l d d n l n V l            (11) 

where  
1

0.825

0.125

pd
x


 ;   

2

1.5

0.5

mV
x


 ;   2

3

0.3

0.15

l
x


 ;   

4

75

25

pn
x


 .  (12) 

 

Testing the above relations by Fisher's ratio allowed 

us to state that the model adequacy hypothesis was not 

rejected at a significance level of 0.05. 

The obtained equations were analysed with the use 

of the path-of-steepest-ascent method applied on the 

PC in the MathCAD environment. For that purpose, 

two of the factors were fixed at pre-set values, while the 

other two were variable. The response surfaces for 

different cases and their analysis with fixed values of 

the factors of soil separation ratio S and tuber damage 

rate Pb are presented in Fig. 7–10. 

 

 
Figure 7. Relation between soil separation ratio S, on the one 
hand, and machine translation speed Vm and distance between 
rotor diameter and spherical discs l2, on the other hand (at d = 
0.825 m, np = 75 min–1) 

 

 
Figure 8. Analysis of response surface for soil separation ratio S 

 

 
Figure 9. Relation between tuber damage rate  Pb, on the one 
hand, and machine translation speed Vm and distance between 
rotor diameter and spherical discs l2, on the other hand  

 

 
Figure 10. Analysis of response surface for tuber damage rate Pb  

 

Energetic parameters 

Following the method of research with the use of 

strain-gauge equipment, the following data were 

recorded: oil pressure in the pressure Pn and return Pz 

lines of the hydraulic rotor drive, rotor rotation 

frequency np as well as the tractive resistance of the 

experimental unit Ra. By the analytic relations des-

cribed in the experiment procedure, the following 

parameters were determined: the rotor shaft rotation 

moment Mp, the power consumption by rotor drive Np 

as well as the power consumption by the unit operation 

Nа (Fig. 11, 12). 



 Experimental research into operation of potato harvester with rotary tool 47 

Agraarteadus | Journal of Agricultural Science  1 ● XXXII ● 2021 41–48 

Basing on the analysis of response surfaces, the 

optimum value has been established for the total power 

consumption in the operation of the two-row tractor-

hitched potato harvester developed by the authors. It is 

equal to Nа = 18.27 kW at the following pre-set values 

of the other design and kinematic parameters: 

nр = 77 min–1, Vm = 2.2 m∙s–1, dр = 0.825 m, l2 = 0.3 m. 

That said, the maximum discrepancy between the 

results of the theoretical and experimental investiga-

tions does not exceed 15%.. 

 

 
Figure 11. Relation between total power consumption for unit 
operation Na, on the one hand, and machine translation speed 
Vm and distance between rotor diameter and spherical discs l2, 
on the other hand. 

 

 
Figure 12. Analysis of response surface for total power 
consumption by unit operation Na  

Conclusions 

1. In the completed exploratory tests, the factors that 

have the greatest effect on the performance of the 

potato harvester have been established: machine 

translation speed Vm, rotor rotation frequency np, rotor 

diameter dp, the distance between the spherical discs 

and the rotor diameter l2. 

2. The working capacity of the machine has been 

established at different operating duties and the 

revealed deficiencies have been eliminated. 

3. The main experiments have been carried out 

following the design of the full factorial experiment 24. 

As a result, the rational design and process parameters 

of the potato harvester have been established. 

4. The regression equations have been generated for 

the following three optimisation parameters: soil 

separation ratio S, tuber damage rate Pb, total power 

consumption by the unit operation Na. 

5. The response surfaces have been analysed with 

the use of the path-of-steepest-ascent method. 
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ABSTRACT. The objective was to evaluate dry matter intake, metabolite 

concentrations and milk production of cows with different dry period body 

condition score (BCS). In addition, to support these results with previously 

reported insulin resistance and adipose tissue mRNA data on the same 

cows. Multiparous Estonian Holstein cows (n = 42) were assigned to three 

experimental groups on the basis of BCS 28 days before expected calving 

(d –28) as follows: BCS ≤ 3.0 (2.25–3.00; thin (T), n = 14); BCS = 3.25–

3.5 (optimal (O), n = 14); BCS ≥ 3.75 (3.75–4.50; over-conditioned (OC), 

n = 14). Blood samples were taken between d –21 and d 42 in relation to 

calving, milk production data were collected throughout lactation. The OC 

cows' adaptation to the demands of lactation was the worst based on the 

comparison of dynamics of blood parameters between BCS groups. They 

had the most unbalanced metabolism and used more stored lipids 

compared to T and O cows. Fatty acids concentrations in the first week of 

lactation, related to insulin resistance status in the dry period and DMI in 

the first days of lactation, describe most of the variation (R2 = 0.55) in 

BCS loss during the first 42 days of lactation. 

© 2021 Akadeemiline Põllumajanduse Selts. | © 2021 Estonian Academic Agricultural Society. 

 

Introduction 

The transition period is metabolically the most 

demanding period throughout the productive period, 

which is illustrated by high disease incidence and 

culling rates (Ingvartsen, Moyes, 2013). In order to 

have trouble-free transitions, the cow needs to 

successfully adapt to lactation challenges (Gross, 

Bruckmaier, 2019) and homeorchetic changes during 

pregnancy play a vital role in the ability to adapt 

(Bauman, Currie 1980). The main goals for herd 

managers during the dry-period in supporting good 

adaption are to avoid overfeeding, overconditioning, 

and declining dry matter intake (DMI) before 

parturition (Drackley, Cardoso, 2014). 

It has been shown that overfeeding either during the 

far-off or close-up periods results in higher lipid 

mobilization postpartum (Dann et al., 2006, Mann et 

al., 2016). However, the negative effect of overfeeding 

seems to be more pronounced with diets high in starch 

and its residues as studies with grass-based feeding 

have not given similar results (Agenäs et al., 2003, 

Salin et al., 2018). Long term overfeeding, irrespective 

of diet, will lead to increased fat reserves as the excess 

of dietary energy is mainly stored in the adipose tissue. 

Body condition score (BCS) is a good proxy for the 

amount of fat reserves, and over-conditioned cows face 

a greater risk of high lipid mobilization leading to high 

risk for health problems, while under-conditioned cows 

produce less milk and have lower fertility (Roche et al., 

2009). The range of optimum body condition is still 

debated and may depend on a genotype as cows with 

higher genetic merit or milk production are prone to a 

higher rate of lipolysis compared to lesser peers (Khan 

et al., 2013, Karis et al., 2020). Adequate intake during 

the transition period indicates cows' adaption to 

lactation and leads to reduced negative energy balance 

(NEB). Both overfeeding and overconditioning are 

associated with lower DMI postpartum (Drackley, 

Cardoso, 2014).  

At the beginning of lactation cows' endocrine status 

favours lipid mobilization mainly through adrenergic 

signalling and the blunted effect of its main antagonist 

insulin on adipocytes will further induce lipolysis. This 

https://dx.doi.org/10.15159/jas.21.05
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50 Priit Karis, Hanno Jaakson, Katri Ling, Maksim Runin, Merike Henno, Andres Waldmann, Meelis Ots  

Agraarteadus | Journal of Agricultural Science  1 ● XXXII ● 2021 49–58 

situation of insulin resistance (IR) is deemed to develop 

during the dry period (De Koster, Opsomer, 2013). We 

have previously shown that the development of IR, 

changes in the expression of mRNAs and proteins 

related to glucose and lipid metabolism are dependent 

on the body condition in the dry period (Jaakson et al., 

2018, Karis et al., 2020). In this study, we set out to test 

the hypothesis that the factors through which the 

amount of fat reserves before calving affects cows' 

adaption to lactation are interrelated. Our objective was 

to evaluate DMI around calving, concentrations of 

metabolites related to a potential overload of 

metabolism, and milk production of cows with different 

dry period BCS. 

Material and methods 

Experimental design 

The European Council Directive regarding the 

protection of animals and the Estonian Animal 

Protection Act have been complied with in this 

experiment. The study was approved by the Committee 

for Conducting Animal Experiments at the Estonian 

Ministry of Rural Affairs. The study was carried out 

over two consecutive years (2013–2015) on the 

experimental farm of the Estonian University of Life 

Sciences with a herd size of 120 cows and a mean 

annual milk yield of 9 200 kg cow–1.  

Cows BCS was assessed fortnightly according to the 

method described by Edmonson et al. (1989) starting 

from dry-off approximately 60 days before expected 

calving. Cows whose BCS 28 days before expected 

calving (d –28) was the same as at dry-off were eligible 

for the study. In total, 46 Estonian Holstein cows were  

assigned to three experimental groups on the basis of 

BCS on d –28 as follows: BCS ≤ 3.0 (2.25–3.00, thin 

(T)); BCS 3.25–3.5 (optimal (O)); BCS ≥ 3.75 (3.75–

4.50, over-conditioned (OC)). Due to culling in the first 

two weeks of lactation, 4 cows were excluded from the 

study. The remaining 42 cows were equally distributed 

between three experimental groups, 14 each. The 

average parity of the cows after calving during the trial 

period was the following: T – 2.6 ± 0.9 (parity 2 

[n = 9], 3 [n = 3], 4 [n = 1], 5 [n = 1]), O – 3.2 ± 1.2 

(parity 2 [n = 5], 3 [n = 4], 4 [n = 3], 5 [n = 1], 6 

[n = 1]), OC – 3.7 ± 1.0 (parity 2 [n = 1], 3 [n = 6], 4 

[n = 4], 5 [n = 2], 6 [n = 1]). Cows were enrolled in 

accordance with blocked design with each block 

consisting of three cows, one from each experimental 

group. Fortnightly BC scoring was continued until d 42 

postpartum. 

On d –28 cows were removed from the dry cow barn 

to tie-stall housing and from the seventh milking, cows 

were moved to a free-stall barn with a milking parlour.  

The cows were milked twice daily at 05:00 and 15:00. 

Milking parlour hardware (DeLaval, Tumba, Sweden) 

recorded milk yields. Morning and evening milk 

samples were collected either on Sundays and 

Thursdays (from March 2013 to April 2014) or on 

Sundays, Thursdays and Tuesdays (from May 2014 to 

December 2015) with in-line milk meters (DeLaval, 

MM27BC, Sweden). Milk samples were stabilized with 

bronopol (Broad Spectrum Microtabs, DF Control 

Systems Inc., Norwood, MA) and were analysed for fat 

and protein with an automatic infrared milk analyser 

(System FT+, Foss Electric, Hillerød, Denmark) in the 

Milk Analysis Laboratory of Estonian Livestock 

Performance Recording Ltd. ECM-yields were calcu-

lated according to Sjaunja et al. (1990). A fourth-order 

polynomial was fitted to milk, ECM, milk fat and milk 

protein production values. The area under the curve was 

calculated for each of the variables as the definite 

integral of the fitted polynomial and used as an estimate 

for total production over 42 and 305 DIM.  

Disease events during the trial period are reported 

elsewhere (Jaakson et al., 2018), these disease events 

were not taken into account in the current study. In 

addition, three cows from group T and three cows from 

group OC were culled before the end of lactation. The 

culling reasons were the following: two incidences of 

feet disease and four incidences of udder disease.  

We have previously reported data on glucose 

tolerance test carried out on d –21 and d 21, data on 

mRNA and protein abundance in subcutaneous adipose 

tissue taken on d –21 and d 21 of the same cows 

(Jaakson et al., 2018, Karis et al., 2020). Blood samples 

were taken approximately one hour before the start of 

the glucose tolerance test.  

Feeding, DMI drop, BCS loss 

Diets, ingredients and chemical composition are 

presented in table 1. Cows were fed TMR ad libitum 

twice a day, at 05:30 and 14:30. Diets were calculated 

according to Estonian feeding recommendations: 

metabolizable energy (ME) according to Oll and Tölp 

(1995), metabolizable protein (MP) as described by 

Kärt et al. (2002). Between d –28 to d 2 cows were fed 

individually and orts were collected and weighed twice 

daily before the fresh feed was offered. Daily intake 

was calculated as the difference between the weight of 

feed offered and the weight of orts. To calculate the 

DMI drop average DMI between d –14 to d –8 were 

calculated for each cow, which was thereafter 

subtracted from DMI on d –1.  

Third-order polynomial was fitted to BCS data, and 

BCS loss was calculated as the difference between the 

model's value on d 42 minus the value on d 1. 

Blood sampling and laboratory analyses 

Blood samples were taken on d –21 ± 2.3,  

d –14 ± 2.1, d –7 ± 2.6, d 7 ± 0.9, d 14 ± 0.8,  

d 21 ± 1.0, d 28 ± 1.1 and d 42 ± 2.1 at around 10:00 

from the coccygeal vein into vacuum tubes containing 

Li-heparin (VACUETTE®, Greiner Bio-One Interna-

tional GmbH, Kremsmünster, Austria). Samples were 

centrifuged (5 000 × g, 15 min, +4°C) and stored at –

80 °C. Clinical chemistry analyser (ERBA XL300, 

ERBA Diagnostics Mannheim GmbH, Mannheim, 

Germany) was used to measure the concentration of 

plasma fatty acids (also known as non-esterified fatty 

acids (NEFA)) (cat. no. FA 115; Randox Laboratories 

Ltd., Crumlin, United Kingdom), β-hydroxybutyrate 

(BHB) (cat. no. RB 1007; Randox Laboratories Ltd.), 
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total antioxidant status (TAS) (cat. no. NX 2332; 

Randox Laboratories Ltd.), aspartate aminotransferase 

(AST) (product code XSYS016, ERBA Diagnostics 

Mannheim GmbH, Germany), glucose (product code 

XSYS012, ERBA Diagnostics Mannheim GmbH), 

albumin (product code XSYS001 ERBA Diagnostics 

Mannheim GmbH), blood urea nitrogen (BUN) 

(product code XSYS020 ERBA Diagnostics 

Mannheim GmbH), uric acid (product code BLT00062 

ERBA Diagnostics Mannheim GmbH). All of the inter- 

and intra-assay CVs were below 8.3 and 6.1%, 

respectively. 

Insulin was analysed from the same eight samples by 

bovine-optimized sandwich ELISA (cat no 10-1201-

01; Mercodia AB, Uppsala, Sweden), with a detection 

limit of 0.025 ng mL–1, on a microplate reader 

(SunriseTM, Tecan Group Ltd., Switzerland); results 

were calculated using cubic spline regression 

(Magellan™ data analysis software; Tecan Group Ltd., 

Switzerland). The inter-assay coefficients of variation 

for plasma insulin concentrations of 0.2 ng mL–1 and 

1.6 ng mL–1 were 4.6 and 6.6%, respectively and the 

intra-assay coefficients of variation were 4.2 and 4.1%, 

respectively. 

Statistical analysis 

Statistical analyses were performed with software R 

(version 3.5.0, R Foundation of Statistical Computing, 

Vienna, Austria). The DMI data from d –28 to d –15 

and from d –14 to d –8 were averaged for each cow. To 

estimate the effect of the BCS group and time on the 

dependent variables a mixed linear model was fitted, 

considering the fixed effects of the BCS group, time, 

their interaction and the confounding factors of parity 

and relative breeding value for milk production, and 

random effects of animal and block. Pre- and post-

partum blood sample data were modelled separately 

with the exception of DMI between d –7 to d 2 in 

relation to calving. For variables that were measured 

once or pooled, the fixed effect of time and random 

effect of the animal was removed from the model. If the 

modelling resulted in a singular fit due to the effect of 

a block being close to zero it was removed from the 

model. Modelling was performed with the function 

"lmer" in the package "lme4" and the least square 

means (LSM, alias marginal or model-based means) 

were estimated with the function "emmeans". The 

pairwise comparison of LSM was performed with the 

function "contrast". P-values were adjusted for multiple 

testing with the Tukey method. The significance of the 

effect of factors considered in the model was estimated 

with the type 2 Wald Chi-Square Test with the function 

"Anova". Two analyses were performed for variables 

that were not normally distributed (normality tested 

with the Kolmogorov-Smirnov test): at first, the models 

were fitted and the LSM were estimated on an 

arithmetic scale, and subsequently, the P-values were 

estimated fitting the same models on logarithm-

transformed values. Linear regression lines and 

coefficients of determination were calculated to 

investigate the relationships between fatty acids on d 7 

and DMI on d 2, between fatty acids on d 7 and BCS 

loss. Statistical significance was declared at P < 0.05. 

 
Table 1. Diets ingredients and chemical composition (Mean ± SD) of total mixed rations diets (published in Jaakson et al., 2018 
and Karis et al., 2020) 

Item Diets 

Far-off 

Until d –15 

Close-up 

d –14 to –1 

Lactation 1 

d 1 to 6 

Lactation 2 

d 7 to 14 

Lactation 3 

from d 15 

Ingredient, g kg–1 
     

Grass silage 955 ± 81 599 ± 71 604 ± 72 460 ± 49 384 ± 37 

Hay 33.6 ± 81 28.3 ± 69 28.6 ± 70 20.3 ± 49 15.6 ± 37 

Barley meal – 301 ± 10 303 ± 10 309 ± 0.1 296 ± 0.2 

Cornmeal – – – 64.3 ± 0.0 120 ± 0.1 

Heat-treated rapeseed cake – 47.1 ± 0.6 47.5 ± 0.6 129 ± 0.0 168 ± 0.1 

Mineral-vitamin feed 11.7 ± 0.11 7.82 ± 0.21 10.5 ± 0.32 8.58 ± 0.02 7.99 ± 0.02 

Anionic mineral feed3 – 10.4 ± 0.2 – – – 

Limestone – 6.26 ± 0.2 – 4.29 ± 0.0 4.41 ± 0.7 

Sodium chloride – – 5.78 ± 0.1 4.72 ± 0.0 4.40 ± 0.0 

DM of diet 348 ± 78 435 ± 64 433 ± 64 483 ± 53 511 ± 45 

Chemical composition 

CP, g kg–1 of DM 131 ± 10.5 144 ± 7.2 145 ± 7.3 161 ± 5.6 169 ± 4.8 

MP, g kg–1 of DM 72.8 ± 3.3 86.6 ± 2.1 87.3 ± 2.1 97.9 ± 1.6 104 ± 1.3 

ME, MJ kg–1 8.70 ± 0.3 10.1 ± 0.2 10.2 ± 0.2 10.9 ± 0.1 11.3 ±  0.1 

NDF, g kg–1 of DM 534 ± 51 455 ± 32 458 ± 32 410 ± 25 380 ± 22 

ADF, g kg–1 of DM 387 ± 47 278 ± 29 280 ± 29 242 ± 22 220 ± 18 

Ca, g kg–1 of DM 11.4 ± 1.9 10.3 ± 1.3 9.33 ± 1.3 9.54 ± 1.0 8.97 ± 0.8 

P, g kg–1 of DM 3.42 ± 0.4 4.06 ± 0.2 4.03 ± 0.2 4.48 ± 0.2 4.77 ± 0.2 

1 Composition (as-fed basis): 170 g kg–1 of Ca; 50 g kg–1 of P; 30 g kg–1 of Na; 140 g kg–1 of Mg; 30 g kg–1 of S; 1000 mg kg–1 of Cu; 

4500 mg kg–1 of Zn; 4000 mg kg–1 of Mn; 40 mg kg–1 of Se; 50 mg of Co; 200 mg of I; 800 000 IU kg–1 of vitamin A; 190 000 IU kg–1 of 

vitamin D; and 8000 IU kg–1 of vitamin E. 
2 Composition (as-fed basis): 150 g kg–1 of Ca; 35 g kg–1 of P; 75 g kg–1 of Na; 90 g kg–1 of Mg; 1 g kg–1 of S; 4000 mg kg–1 of Cu; 6667 mg kg–1 

of Zn; 6452 mg kg–1 of Mn; 94 mg kg–1 of Se; 109 mg of Co; 650 000 IU kg–1 of vitamin A; 150 000 IU kg–1 of vitamin D; and 4000 IU kg–1 of 

vitamin E. 
3 Composition (as-fed basis): 9 g kg–1 of Ca; 1 g kg–1 of P; 5 g kg–1 of Na; 100 g kg–1 of Mg; 1000 mg kg–1 of Cu; 5000 mg kg–1 of Zn; 

2000 mg kg–1 of Mn; 27 mg kg–1 of Se; 40 mg of Co; 100 mg of I; 1 000 000 IU kg–1 of vitamin A; 60 000 IU kg–1 of vitamin D; and 

10 000 mg kg–1 of vitamin E, 100 000 mcg kg–1 of biotin. 
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Results 

Group differences in milk yield, DMI and BCS loss 

Milk yield for the first 42 DIM, 305-day milk and ECM 

production did not differ between the groups, but ECM 

production up to d 42 was greater in group OC compared 

to group T (P < 0.05; Table 2). OC cows had a higher 

milk fat percentage in the first 42 days of lactation 

compared to O (P < 0.05) and T (P < 0.01) cows. 

DMI from d –14 to d –8 was lower in OC cows 

compared to T cows (P < 0.05; Table 2). In addition, OC 

cows DMI were lower than those of T cows on d –3 and 

d –1 (P < 0.05; Fig. 1). On d 1 and 2 postpartum DMI 

was the greatest in T cows (P < 0.01). A DMI drop was 

significant for all groups (T – P < 0.05; O and OC – 

P < 0.01), but it did not differ between groups.  

The BCS on d –28 was different between the groups 

(P < 0.01) and the loss until 42 DIM was the greatest in 

OC cows (P < 0.01). 
 

  
Figure 1. Dry matter intake around calving in multiparous 
Holstein cows grouped according to BCS on d –28 as follows: 
≤ 3.0 – Thin; 3.25–3.5 – Optimal; ≥ 3.75 – Over-conditioned 
(n = 14 each). Values are expressed as LSM ± SEM. Letters 
“A” and “B” indicate a difference (P ≤ 0.05) 

Group differences in blood metabolites 

Throughout the study period OC cows had a higher 

concentration of fatty acids, differing from T and O 

cows on d –28 and d –14, and from T cows on d –7, d 7 

and d 21 (P < 0.05; Fig. 2). The BHB concentration was 

lowest on d –14 for OC cows and higher than in T cows 

on d 14 (P < 0.05). On d –21 the glucose concentration 

in T cows was lower than in OC cows (P < 0.05; 

Fig. 3). From pre- to postpartum glucose and insulin 

followed the same dynamics. No differences were 

recorded in the concentrations of insulin between the 

BCS groups. The activity of AST was highest in OC 

cows on d 7 (P < 0.05), on d 14 (P < 0.01), and higher 

than in T cows on d 21 (P < 0.05; Fig. 4). 

Albumin concentration was higher prepartum in OC 

cows compared to T cows (P < 0.01), in addition, it was 

higher than O cows on d –14 (P < 0.01; Fig. 5). No 

differences were recorded postpartum. No differences 

were also found in TAS throughout the experimental 

period. Uric acid concentration differed only on d –21, 

at which point OC cows had greater concentrations 

compared to T cows (Fig. 6). The BUN concentration 

did not differ between groups prepartum, but in the 

postpartum period, T cows had the highest concent-

ration on d 21 (compared to O, P < 0.05; compared to 

OC, (P < 0.01)) and higher than OC cows on d 28 

(P < 0.05). 

Associations between DMI, BCS loss and blood 

fatty acids 

In the calculation of regression lines and coefficients 

of determination, the BCS groups were not differen-

tiated. There was a negative correlation between fatty 

acids on d 7 and DMI on d 2 and a positive correlation 

between fatty acids on d 7 and BCS loss during the first 

42 DIM (Fig. 7). DMI on d 2 described 37% of fatty 

acids variance on d 7 and fatty acids on d 7 described 

55% of BCS loss variance (P < 0.01). 

 

 
Table 2. Milk yield and composition, DMI, and body condition score (BCS) characteristics. Values are expressed as LSM. Letters 
"a", "b" and "c" indicate a difference (P ≤ 0.05) 

  Group 
SEM P-value 

Characteristic Thin Optimal Over-conditioned 

Milk           

up to d 42, kg d–1 36.0 36.7 38.0 54.4 0.573 

up to d 305, kg 10 079 10 639 10 824 463 0.495 

ECM1 up to d 42, kg d–1 37.1a 38.6ab 42.7b 56.2 0.019 

ECM up to d 305, kg 9 901 10 484 10 909 384 0.133 

Fat up to d 42, % 4.25a 4.38a 4.99b 0.15 0.000 

Fat up to d 305, % 3.89 3.87 4.02 0.14 0.717 

Protein up to d 42, % 3.32 3.36 3.33 0.06 0.816 

Protein up to d 305, % 3.22 3.31 3.34 0.06 0.308 

DMI, kg           

d –28 to d –15 14.2 13.8 12.2 0.72 0.126 

d –14 to d –8 15.1a 14.8ab 12.7b 0.68 0.017 

drop2 1.77 3.52 3.46 0.85 0.235 

BCS           

on d –28 2.86a 3.33b 3.89c 0.06 0.000 

loss3 0.45a 0.64a 1.07b 0.08 0.000 

1 Energy corrected milk, calculated according to Sjaunja et al., 1990. 
2 The subtract between the average DMI on d –14 to d –8 and d –1. 
3 Total BCS loss on the first 42 days in milk. 
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Figure 2. Concentrations of fatty acids and β-hydroxybutyrate 
(BHB) during the experimental period in multiparous Holstein 
cows grouped according to BCS on d –28 as follows: ≤ 3.0 – 
Thin; 3.25–3.5 – Optimal; ≥ 3.75 – Over-conditioned (n = 14 
each). Values are expressed as LSM ± SEM. Letters "A" and 
"B" indicate a difference (P ≤ 0.05) 

 

Figure 3. Concentrations of glucose and insulin during the 
experimental period in multiparous Holstein cows grouped 
according to BCS on d –28 as follows: ≤ 3.0 – Thin; 3.25–3.5 – 
Optimal; ≥ 3.75 – Over-conditioned (n = 14 each). Values are 
expressed as LSM ± SEM. Letters "A" and "B" indicate a 
difference (P ≤ 0.05) 

 

 

Figure 4. The activity of aspartame aminotransferase (AST) in 
plasma during the experimental period in multiparous Holstein 

cows grouped according to BCS on d –28 as follows: ≤ 3.0 – 

Thin; 3.25–3.5 – Optimal; ≥ 3.75 – Over-conditioned (n = 14 
each). Values are expressed as LSM ± SEM. Letters "A" and 
"B" indicate a difference (P ≤ 0.05) 
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Figure 5. The concentration of albumin and total antioxidant 
status (TAS) during the experimental period in multiparous 
Holstein cows grouped according to BCS on d –28 as follows: 
≤ 3.0 – Thin; 3.25–3.5 – Optimal; ≥ 3.75 – Over-conditioned 
(n = 14 each). Values are expressed as LSM ± SEM. Letters 
"A" and "B" indicate a difference (P ≤ 0.05) 

 
Figure 6. The concentrations of uric acid and blood urea 
nitrogen (BUN) during the experimental period in multiparous 
Holstein cows grouped according to BCS on d –28 as follows: 
≤ 3.0 – Thin; 3.25–3.5 – Optimal; ≥ 3.75 – Over-conditioned 
(n = 14 each). Values are expressed as LSM ± SEM. Letters 
"A" and "B" indicate a difference (P ≤ 0.05)

 

 

Figure 7. Regression line and coefficient of determination (R2) of dry matter intake (DMI) on d 2 postpartum and body condition 
score (BCS) loss during first 42 days in milk with plasma fatty acids concentration on day 7. Points represent the values of 
individual multiparous Holstein cows 
 

Discussion 

This paper is a companion paper to that of Jaakson et 

al. (2018) and Karis et al. (2020) and proposes an 

integration of those findings with longitudinal 

dynamics in DMI, BCS, blood metabolite concentra-

tions and milk composition of the same cows.   

A limitation of our study is the uneven distribution of 

parity between the experimental groups. To compen-

sate, we added the effect of parity to each mixed linear 

model as a confounding factor. In most cases, the effect 
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of parity was small and insignificant; the only 

exception is DMI between d –28 to d –15. 

The magnitude of change in most of the concent-

rations of the measured metabolites illustrates the 

drastic shift in cows' metabolism in order to adapt to 

lactation.  

The effect of BCS on DMI, milk and blood 

biomarkers 

Greater glucose concentrations on d –21 and fatty 

acids concentrations throughout the prepartum period 

in OC cows compared to T cows might be a reflection 

of IR, as we have previously reported that OC cows had 

greater glucose and insulin AUC (Jaakson et al., 2018) 

as well as longer fatty acids latency (Karis et al., 2020) 

after glucose infusion on d –21. The differences in 

glucose concentrations between groups disappeared 

after d –21 probably because the DMI of OC cows was 

lower between d –14 to d –8 compared to T cows, and 

diet starch concentrations were increased two weeks 

before calving. 

We observed differences in uric acid and albumin 

concentrations prepartum, but the physiological causes 

and meaning remain uncertain. Albumin serves as a 

marker of liver activity, inflammation, protein 

degradation or undernutrition (Agneäs et al., 2003; 

Bertoni, Trevisi, 2013), but neither of those seems 

plausible explanations for these cows prepartum. 

Roche et al. (2013) also found a tendency for lower 

albumin in thin cows prepartum. The difference in uric 

acid, a marker for microbial protein degradation in the 

intestine that correlates with DMI (Tas, Susenbeth, 

2007), is counter-intuitive as its concentration was 

lower for T cows even though the DMI was higher on 

d –28 to d –15 (though, no significance was observed). 

It has become common knowledge that a dairy cow's 

DMI gradually decreases up to 30% over the last three 

weeks of gestation (Ingvartsen, Andersen, 2000). 

However, our findings do not support this notion as we 

observed a DMI drop only in the final days of gestation, 

and this seemed to be dependent on BCS as we saw a 

slight DMI drop in T, but a noticeable drop in O and 

OC cows in the final days of gestation. In agreement 

with our results, Agenäs et al. (2003) and Salin et al. 

(2018) did not report a depressed DMI during close-up 

in cows overfed with grass silage. High starch intake 

seems to be one of the possible reasons for DMI 

depression prepartum (Grummer et al., 2004, Roche et 

al., 2013). The reason could be the fact that glucose, 

availability of which is increased, is more tightly 

regulated and has more of an effect on the endocrine 

system (Bradford, Allen, 2007). We hypothesize that 

grass-based diets in the dry period protect cows from a 

gradual DMI drop. This is also consistent with the 

hepatic oxidation theory for DMI as acetate, the more 

dominant volatile FA in grass silage based diets is not 

extracted from the blood by the liver (Allen, 2020).  

The DMI drop for O and OC cows resulted in a 

difference between T cows in the first two days of 

lactation. Regarding the T and O groups, this difference 

was not reflected in the concentrations of blood 

metabolites as we only recorded differences on BUN 

concentrations on d 21 between the groups postpartum. 

Our DMI data end at d 2, thus there is a 5-day 

discrepancy between the first postpartum blood samples. 

We hypothesize that the DMI of O cows must have 

caught up with that of the T cows. This is supported by 

the facts that we previously reported no difference in the 

total energy balance during the first 21 DIM (Jaakson et 

al., 2018) for the same cows nor a difference in body 

condition loss between groups T and O. 

Even though OC cows' fatty acids and BHB 

concentrations postpartum differed only from the 

T cows, we conclude that OC cows had the highest 

lipolysis up to the third week of lactation. We argue that 

the excess of fatty acids released from the adipose 

tissue of OC cows was divided between compartments 

within the organism (e.g. liver, udder) and synthesized 

into other metabolites (e.g. BHB), thereby lowering 

fatty acids concentration in plasma. This is supported 

by the very high BHB concentrations on d 7 and d 14 

in OC cows and the highest total ECM production 

during the first 42 DIM, which is driven mainly by a 

high-fat content in milk. In the first week of lactation, 

the uptake of fatty acids from the blood by the 

mammary gland accounts for approximately 40% of 

total milk fatty acids (Bell, 1995). Probably the OC 

cows' high milk fat percentage, particularly in the first 

week of lactation, is caused by high lipolysis and fatty 

acids concentrations in the blood. This is supported by 

the highest C18:1 cis-9 fatty acid concentration in the 

milk (P < 0.01, unpublished data) and the greatest BCS 

loss in OC cows during six weeks of lactation. 

The high activity of AST in OC cows agrees with 

other metabolites and milk traits data indicating again 

high lipolysis in OC cows that put them at risk of 

metabolic and infectious disease (Ingvartsen, Moyes, 

2013). Over-conditioned cows are known to be at risk 

for fat infiltration to liver cell and AST activity is one 

of its indicators (Bobe et al., 2004). In agreement with 

his, low urea is also associated with increased TAG in 

the liver (Jorritsma et al., 2001) and lower expression 

of some mRNA encoding of enzymes involved in 

ureagenesis in the liver for cows at risk of high lipid 

mobilization (Graber et al., 2010). Pires et al. (2013) 

reported evidence indicating higher labile protein 

mobilization in thin cows, presumably to compensate 

for the lack of energy from adipose tissue, thus it is 

plausible that the highest BUN for T cows on d 21 may 

arise from the differences in protein degradation in 

addition to liver function.  

Increasing TAS postpartum shows that dairy cows are 

challenged with high rates of oxidation, which is 

caused by ongoing metabolic stress and NEB. This 

leads to increased synthesis of reactive oxygen species 

that may overwhelm the antioxidant capacity and lead 

to oxidative stress and inflammation response 

(Sordillo, Raphael, 2013). Even though high lipid 

mobilization (Sordillo, Raphael, 2013) and high BCS 

(Bernabucci et al., 2005) are associated with systemic 

oxidative stress and inflammation, we observed no 
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differences in TAS or albumin between the BCS groups 

postpartum. There are more specific biomarkers for 

inflammation and oxidative stress, for example, tumour 

necrosis factor α and glutathione peroxidase, than used 

in this study and tissue-specific alterations might occur 

(e.g. adipose tissue inflammation) (Contreras et al., 

2018), therefore a definitive decision on this cannot be 

made.  

Association between DMI, fatty acids and BCS 

loss 

DMI on d 2 describes 37 per cent of the variation of 

fatty acids on d 7, which in turn seems to be the major 

determinant for the overall BC loss over the first 6 

weeks of lactation. Thus, the success of the transition 

period is determined in early lactation and relies on the 

adaption of cows metabolism to a new physiological 

state during the dry period. In agreement, according to 

the hepatic oxidation theory, increased plasma fatty 

acid concentration, and thus intensified oxidation in the 

liver, is the limiting factor for DMI during early 

postpartum (Allen, Piantoni, 2013) and improving 

cows DMI intake pre- and postpartum is seen as the 

main goal to ensure a trouble-free transition period 

(Drackley, Cardoso, 2014). De Koster et al. (2019) 

clustered cows based on glucose, fatty acids, BHB and 

insulin-like growth factor 1 concentrations in blood at 

the beginning of lactation and reported that the main 

differences between metabolically balanced and 

unbalanced cows are DMI and BCS loss postpartum. 

Our data show that in addition to unfavourable 

metabolite concentrations OC cows had lower DMI 

compared to T cows and greater BCS loss than T and 

O cows and therefore can be classified as metabolically 

unbalanced. Although, DMI between OC and O cows 

did not differ on d 1 and 2 postpartum, OC cows still 

mobilize more body lipids, especially in the first weeks 

of lactation, suggesting that there are more factors 

determining the balance of metabolism or, in other 

words, OC cows experience higher lipolysis regardless 

of DMI. As only two days of postpartum DIM data was 

available in our study, and it might not reflect the actual 

feed intake during early lactation, our interpretation 

must be taken with caution. The underlying reason for 

higher lipolysis might be IR, as we have shown its 

interaction with body condition, and that cows with 

greater insulin AUC prepartum have decreased 

lipogenesis potential (lower LPL and DGAT2 mRNA 

abundance) and greater fatty acids concentration on d 7 

(Karis et al., 2020). With good management practices 

the BCS of dry off cows can be optimized, but the 

reason for IR prepartum needs to be further studied, 

including the role of a genetic component in its 

development.  

Conclusions 

Overconditioning causes minor differences in 

glucose and fatty acids concentrations during the last 

three weeks of prepartum. During the first six post-

partum weeks, the OC cows' adaptation to the demands 

of lactation was the worst, they had the most un-

balanced metabolism and used more stored lipids 

compared to T and O cows. This also reflected in higher 

milk fat percentage and higher ECM production in OC 

cows during the first six lactation weeks. Fatty acids 

concentrations in the first week of lactation, related to 

IR status in the dry period and DMI in the first days of 

lactation, describe most of the variation in BCS loss 

during the first six weeks postpartum. Thus, metabolic 

processes during the dry period and in the first week of 

lactation are important determinants for metabolic 

health in the first weeks of lactation. 
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ABSTRACT. It was found that southern ecotype alfalfa (Medicago sativa) 

of variety 'Angelica' adapted to the soil and climatic conditions of the 

Forest-Steppe and was not inferior in yielding capacity to variety 'Rosana' 

which provided maximum indices in the phase of the beginning of budding 

at sowing rates of 6.0 million pcs ha–1 and ordinary row sowing method 

with row spacing 12.5 cm. It was discovered that with the increase of 

alfalfa sowing rate from 4.0 to 8.0 million ha–1 the dry matter content of 

varieties increased by 0.11–0.20% for sowing with row spacing of 25.0 

cm. compared to row spacing of 12.5 cm. (22.62–22.83%). The average 

crude protein content in variety 'Rosana' was 20.68–21.37 and 'Angelica' 

20.67–21.07%. Narrowing of row spacing contributed to an increase in 

crude protein content by 0.55–0.58%. The highest content NDF and ADF 

were observed in the second year of alfalfa grass life, respectively 30.72–

34.91 and 23.02–24.60%. During the third year of alfalfa grass usage, the 

indices decreased to 27.09–33.03 and 19.53–24.18%, respectively. Thus, 

during three years of life at different geographical origins, alfalfa in the 

phase of budding provided a stable dry matter output of 27.45–27.81 and 

crude protein output of 5.86–5.87 t ha–1 for sowing with row spacing of 

12.5 cm. and sowing rate of 6.0 million pcs ha–1. 

© 2021 Akadeemiline Põllumajanduse Selts. | © 2021 Estonian Academic Agricultural Society. 

 

Introduction 

One of the priority development directions for the 

agro-industrial complex of Ukraine is the provision of 

husbandry with high-protein fodders at unstable mois-

ture supply and high-temperature regime (Kvitko et al., 

2014; Petrychenko, Hetman, 2017). Therefore, the 

creation of long-term agro-phytocenoses requires inno-

vative approaches, especially in the selection of alfalfa 

varieties, which, with the maximum realization of 

genetic potential can form stable yields under extreme 

hydrothermal conditions. Today, alfalfa (Medicago 

sativa L.) due to its biological characteristics is the most 

drought-resistant crop (Holoborodko, Pohinaiko, 2018) 

and an unsurpassed component of agro-phytocenoses 

of cheap plant protein for the preparation of various 

fodder types (Petrychenko et al., 2020). 

In fodder production intensification for the produc-

tion of high-quality fodder primarily is used new gene-

ration alfalfa varieties (Syniuha) which can produce on 

soils of high acidity (Hetman, Tsyhansky, 2014) resis-

tant to salt stress ('Nadezhda') (Tyshchenko et al., 

2013) and have high nitrogen-fixing ability ('Angelica', 

'Zoriana', 'Veselka' and others) (Vozhegova, 

Tyshchenko, 2017). 

The method of sowing alfalfa with row spacing of 

15 cm and sowing rate of 8–10 million ha–1 for un-

covered growing provides an increase in crude protein 

output by 27.4–36.0 and 30.4% – 12 million ha–1 

compared to cover sowing under spring barley for grain 

has been scientifically substantiated (Petrychenko, 

Kvitko, 2010). 

Scientists from around the world have established the 

dependence of crop production processes on the width 

of row spacing and soil-climatic conditions of growing. 

Thus, in the United States on sub-sandy soils of 'Sesil' 

the yield of alfalfa green mass increased with the 

narrow-row sowing method compared to the broad-row 

sowing method (Madhav et al., 2020а; Karbivska et al., 

2020; Tonkha et al., 2021) and crude protein content 

mailto:andb201727@ukr.net
https://dx.doi.org/10.15159/jas.21.10
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remained unchanged with increasing row spacing 

(Stringer et al., 1996). On clay soils in Bandeirantes, 

Pararana state (Brazil), no significant influence of row 

spacing (15, 20, 30, 40 cm) on plant height and alfalfa 

dry matter output was observed (Bellettini et al., 1997; 

Karbivska et al., 2019; Karpenko et al., 2019), and 

under conditions of southern Serbia (Geren et al., 2003) 

with the increase of row spacing were improved water 

balance and the number of generative organs (Madhav 

et al., 2020b). 

Based on literature analysis was not established a 

unanimous opinion concerning the width of alfalfa row 

spacing when growing for green fodder. Under condi-

tions of climate change, this issue has become the 

subject and object of in-depth study of the life cycle of 

alfalfa new varieties in the Forest-Steppe of Ukraine. 

The research aims to study alfalfa (Medicago 

sativa L.) yielding capacity depending on variety, 

seeding rates and row spacing. 

Materials and methods 

The field study was conducted during 2017–2019 in 

the experimental field of the department of field fodder 

crops, hayfields and pastures at the Institute of fodders 

and agriculture of Podillia NAAS of Ukraine. 

The soil of the experimental field is grey forest, 

medium loamy by mechanical composition. The arable 

layer of soil (0–30 cm) contained 2.06% of humus 

(according to Tiurin), alkaline hydrolyzed nitrogen – 

7.7 mg per 100 g of soil (according to Cornfield), 

movable phosphorus and metabolic potassium, respec-

tively 14.2 and 8.0 mg per 100 g of soil (according to 

Chirikov), рНsal. – 5.9. Soil analysis was conducted in 

the Vinnytsia branch of SE Derzhgruntohorona at the 

Institute of soil protection of Ukraine.  

The weather conditions in May-September 2017 were 

arid. The air temperature was 18.2 °С and the hydro-

thermal coefficient 0.68. In 2018–2019, air temperature 

during this period fell to 16.7–17.8 °С and the hydro-

thermal coefficient (HTC) increased by 1.21–1.25 

(Fig. 1). 

The technology of alfalfa growing was generally 

accepted for the Forest-Steppe of Ukraine. Predecessor 

– spring rye for grain. In the experiment was sown 

alfalfa varieties 'Rosana' (Forest-Steppe) and 'Angelica' 

(southern Steppe) which are included in the State 

Register of Plant Varieties Suitable for Growing in 

Ukraine. Superphosphate and potassium-magnesium 

were used as mineral fertilizers and lime was added 

according to hydrolytic acidity. Sowing was carried out 

in the third decade of April 2017 by the uncovered 

method. Alfalfa was sown by row method with row 

spacing of 12.5 and 25.0 cm at sowing rates of 4, 6, 8 

million pcs ha–1 of similar seeds. 

 

 
Figure 1. Hydrothermal conditions during the years 2017–2019 

 

In the year of sowing, alfalfa was sprayed with herbicide 

Bazagran (a.m. bentazol, 3.0 l ha–1) + Achiba (a.m. 

Hizalofol-P-ethyl, 50 g l–1, Вауеr) in a norm of 2.0 l ha–1 

at alfalfa plant height of 12–14 cm. During the 2nd and 

3rd years of life, alfalfa grasses were mowed at the 

beginning of the budding phase. 

The research was carried out by the method of field 

experiments. The chemical composition of alfalfa dry 

matter was determined in a certified laboratory of the 

Institute of fodders and agriculture of Podillia NAAS. 

Statistical and correlation-regression analysis of re-

search results was conducted on a personal computer 

using modern packages of applied programs for 

mathematical processing MS Excel, Statistica 6.0 and 

appropriate methods for conducting field experiments 

(Dospekhov, 1985; Ushkarenko et al., 2009). 
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Resuts and discussion 

With the uncovered method of cultivation, alfalfa 

crops were infested with weeds, which took the largest 

share of crops in terms of botanical composition. The 

cropped grass was mainly represented by such weed 

species as Raphanus raphanistrum, Chenopodium 

album, Thlaspi arvense, Setaria pumila and others, 

which germinated at low average daily air temperature 

and inhibited the growth processes of the main crop. 

After spraying alfalfa crops in the year of sowing 

weeding decreased by 85–90%. Due to arid conditions 

of May and June, as well as uneven distribution of 

precipitation in July and August, alfalfa plants formed 

a bush and reached the stemming phase. Already in the 

first decade of September, it was in the phase of 

budding-beginning of flowering with a plant height of 

29–33 cm, yield capacity of 8.39–8.88 and 2.17–

2.26 t ha–1 of green mass and dry matter respectively. 

During the second and the next years of life, to obtain 

high-quality plant material (green mass, hay) mowing 

of alfalfa grass was carried out at the beginning of the 

budding phase as harvesting in the flowering phase 

although provides a higher yield of green mass, but of 

low quality. It is worth noting that regrowth and for-

mation of subsequent hay harvest depended on the 

timing of mowing and weather conditions.  

After the restoration of vegetation in the second year 

of life alfalfa reached the beginning of the budding 

phase in 40 days. The grass was formed mainly due to 

the usage of productive moisture of the autumn-winter 

period but not from precipitations of April-May 

(29 mm). In the third year of life, the phase of budding 

began 5 days later after the restoration of vegetation in 

spring. It is explained by excessive moisture in May 

(144 mm, long-term norm of 63 mm). Therefore, there 

was a reduction in the time of green mass formation to 

30–40 days, compared to 2018 – 37–42 days. 

Optimization of row spacing from 25.0 to 12.5 cm. 

provided the highest yield capacity of alfalfa green 

mass. The studied varieties differed slightly in terms of 

green mass yield and realization of biological potential. 

The southern variety of alfalfa 'Angelica' adapted to the 

conditions of forest-steppe cultivation and in the third 

year of life provided the largest yield of green mass of 

66.15 t ha–1 with sowing rates of 8.0 million ha–1 and 

row spacing of 12.5 cm. Variety 'Rosana' distinguished 

by the stability of green mass yield formation at the 

level of 58.33 t ha–1 (2018) and 61.13 t ha–1 (2019). 

With row spacing of 25.0 cm, the green mass yield was 

53.66–56.05 t ha–1 for variety 'Rosana' and 51.10–

60.20 t ha–1 for variety 'Angelica'. 

The distribution of biomass between hay harvests 

differed over the years and amounted to 21.7–27.2% of 

total yield. The largest percentage difference was 

observed between the third and the fourth hay harvests 

– 5.5% and the smallest between the first – the third 

1.3–2.3% in the second year of life. Opposite 

conditions were created for the formation of alfalfa 

green mass for the third year of life where the 

percentage of the first hay harvest was the highest – 

31.6 and 14.7% for the fourth hay harvest. 

The influence of factor "precipitation" increased the 

duration of the stalking phase in 2019, and therefore the 

beginning of plant budding was observed after 45 days. 

High yields of green mass in the first hay harvest were 

obtained by increasing the height of plants by 7.7–

8.1 cm. compared to 2018 which was 69.2–71.9 ± 

3.5 cm. Hence, we can state that alfalfa can form stable 

yields of green mass in compliance with mowing dates. 

It is established that there is a strong positive 

correlation R = 0.731–0.742 between green mass yield 

formation and hydrothermal conditions. Correlation 

between obtained data are described by the following 

multiple regression equations: 

 

 y = 20.2316 + 0.0299 x1 – 0.5143 x2; R = 0.731 (1) 

 

where: y – green mass yield, t ha–1; х1 – precipitation, 

mm, х2 – average daily air temperature, °С. 

 

 y = 14.7522 + 0.0205 х1 – 0.2222 х2; R = 0.742 (2) 

 

where: y – green mass yield, t ha–1; х1 – precipitation, 

mm, х2 – length of daylight, hours. min. 

 

In characterizing the nutritional value of alfalfa 

fodder, the dry matter content plays an important role, 

the indices of which were determined by hydrothermal 

conditions, seeding rates and row spacing. Obtained 

data are confirmed by scientists from different count-

ries. When passing the stages of organogenesis, the dry 

matter content in plants increases and proportion of 

leaves decreases (Aksoy, Nursoy, 2010; Ayhan et al., 

2004) and the percentage of fibre increases compared 

to early stages of growth and development (Chatepa, 

2012; Geren et al., 2003; Homolka et al., 2008; Yu et 

al., 2003; Karpenko et al., 2020). 

During crop vegetation with the increase of daylight 

duration (14:23–16:19) and optimal hydrothermal 

conditions, dry matter content in alfalfa green mass 

increased from the first to the second hay harvests from 

23.72–23.76 to 26.74–26.91% respectively. And with 

reduction of daylight duration and temperature 

lowering, in the third hay harvest dry matter decreased 

to 21.34–21.44 % and in the fourth – to 21.77–22.01%. 

Under conditions of excessive moisture, dry matter 

content in the green mass of the first hay harvest of 

alfalfa was the lowest 18.52–19.27%, in the second hay 

harvest it gradually increased to 20.28–20.58%. With 

air temperature rising and uneven distribution of 

precipitation in the third hay harvest, the indices were 

already 21.62–22.06% and the largest ones were 

received in the fourth hay harvest – 27.32–27.52%. 

It can be concluded that dry matter content was 

determined by hydrothermal conditions and the factors 

studied. With the increase of seeding rate from 4.0 to 

8.0 million ha–1, it decreased from 23.02 to 22.52% and 

increased with increasing row spacing from 22.62–

22.83 to 22.82–22.94%, regardless of variety. Alfalfa 
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variety 'Rosana' dominated in dry matter content by 

0.16% (22.88%) over 'Angelica' variety – 22.72%. 

It was found that twice the narrowing of row spacing 

contributed to dry matter yield increase by 0.63–

2.04 t ha–1 at alfalfa seeding rates of 6.0–8.0 million ha–1. 

At the same time, yielding capacity indices, regardless 

of variety, distinguished by stability, which for 'Rosana' 

variety amounted to 12.65–12.97 t ha–1, and in sum for 

three years – 27.45 t ha–1 (Table 1). 

 

Table 1. Accumulation of dry matter in the green mass of alfalfa (Medicago sativa L.) depending on sowing rates and row spacing, t ha–1 

Row spacing, cm 

(factor С) 

Seeding rate, 

million ha 

(factor В) 

Variety 'Rosana' (factor А) Variety 'Angelica' 

Vegetation years Sum for 3 

years 

Vegetation years Sum for 3 years 

2017 2018 2019 2017 2018 2019 

12.5 

4.0 1.96 12.05 12.21 26.22 1.81 11.50 13.12 26.43 

6.0 1.83 12.65 12.97 27.45 1.58 12.42 13.81 27.81 

8.0 2.26 12.06 12.89 27.21 2.17 11.64 13.79 27.60 

25.0 

4.0 1.62 12.44 12.59 26.65 1.17 11.84 13.18 26.19 

6.0 1.68 12.49 12.65 26.82 1.27 11.72 13.14 26.13 

8.0 1.21 12.46 11.72 25.39 1.00 11.90 12.66 25.56 

LSD05 2017: А – 0.04; В – 0.05; С – 0.07; 2018: А – 0.11; В – 0.10; С – 0.12; 2019 А – 0.09; В – 0.09; С – 0.11. 

Southern ecotype of alfalfa 'Angelica' provided 

maximum dry matter output of 13.81 t ha–1 at the third 

year of life at a seeding rate of 6.0 million –1ha and row 

spacing of 12.5 cm or was 6.5% higher than 'Rosana' 

and 11.2% compared to the second year of life. During 

three years of grass usage, the output of dry matter was 

27.81 t ha–1 and there was a tendency to reduction of 

dry matter output in other variants. 

It is known that fodder quality is one of the yielding 

capacity indices of cattle where alfalfa is the main 

component in the diet of animals in the form of green 

mass, hay or haylage. 

Content of crude protein, neutral and acid-detergent 

fibre was determined in the dry matter of alfalfa green 

mass collected at the beginning of the budding phase. 

With the reduction of daylight length (period of the 3–

4th hay harvest formation) was established regularity of 

increase in crude protein content from 21.11 to 23.47%. 

In the first and second hay harvests, there was a 

decrease in the percentage of crude protein 19.79–

20.31 and 17.83–20.14% respectively, which is explai-

ned by increased dry matter content in the green mass. 

Regardless of the width of row spacing, the content of 

crude protein in variety 'Rosana' increased by 0.38–

0.53 and in variety 'Angelica' by 0.63–0.79% – (Fig. 2, 

3). 

The southern ecotype of alfalfa variety Anzhelika 

provided the highest indicators during the third year of 

vegetation (13.81 t ha–1) under the seeding rates of 

6.0 million seeds ha–1 and row spacing of 12.5 cm. Over 

three years of mowing the dry matter yield were 

27.81 t ha–1. Under other seeding rates and changes in-

row the spacing, there was observed a tendency towards 

the decrease in the dry matter yield. 

Agricultural and ecological conditions and the ele-

ments of cultivation technology influenced the crude 

protein content, neutral- and acid-detergent fibre con-

tent over the years of vegetation of alfalfa of different 

dormancy classes. During the second year of vegetation 

with a reduction in the daylight duration and optimal 

moisture supply of plants at the time of formation of the 

third and fourth harvests, the crude protein content was 

the highest, which was 22.10–23.47 and 21.11–

22.40%, respectively. In the first and second harvests, 

the percentage of crude protein in the dry matter of 

alfalfa decreased significantly and amounted to 20.18–

20.25 and 18.08–18.32% (Fig. 2). 

 

 
Figure 2. The content of crude protein in alfalfa dry matter of varieties 'Rosana' and 'Angelica' depending on hay harvest and row 
spacing width for the second year of life, %
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In our opinion, due to dense grass formation of the 

crop, evaporation of moisture decreased with narro-

wing of row spacing, and conditions for nitrogen trans-

formation in plants improved. Therefore, the content of 

crude protein in alfalfa of varieties 'Rosana' and 

'Angelica' differed little between them and averaged 

20.68–21.37 and 20.67–21.07% respectively. In parti-

cular, narrowing of row spacing increased crude protein 

content by 0.55–0.58% and the factor "variety" pro-

vided a difference between ecotypes of 0.15% in favour 

of the 'Rosana' variety. 

 

 
Figure 3. The content of crude protein in alfalfa dry matter of varieties 'Rosana' and 'Angelica' depending on hay harvest and row 
spacing width for the third year of life, % 

 

The highest output of crude protein (5.86–5.87 t ha–1) 

the varieties provided at sowing rates of 6.0 million ha–1 

and sowing with row spacing of 12.5 cm. For three-year 

usage of alfalfa grass at the beginning of budding phase 

with an increase in sowing rate from 6.0 to 8.0 mil-

lion ha–1 and twice increase of row spacing width was 

registered the tendency to reduction of crude protein 

output in both varieties from 5.40–5.55 to 5.37–

5.39 t ha–1 (Fig. 4). 

According to the practice and research of scientists in 

the system of evaluation of fodder carbohydrate nutri-

tion in the diets of ruminants, it is advisable to control 

the content of neutral-detergent fibre (NDF) and acid 

detergent fibre (ADF). The level of NDF in fodder is 

related to dry matter consumption and ADF is related 

to digestibility. The authors believe that for highly 

productive cows (40 kg day–1 of milk) it is recommen-

ded to optimize rations with a content of NDF not more 

than 32%, and for cows with lower-yielding capacity 

(20 kg day–1 of milk), so as not to minimize fodder 

consumption – not higher than 44% (Ruban et al., 

2018).  

 

 
Figure 4. The output of alfalfa crude protein for varieties 'Rosana' and 'Angelica', depending on sowing rates and row spacing 
width for three years of life, t ha–1
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ABSTRACT. In the overview nomenclature, properties, distribution, 

productivity and usage of ryhky soils, as the Year 2021 Soil of Estonia, are 

treated. As synonyms of the name ryhky soils, also the names pebble 

rendzina and gravelly soils have been used in Estonian Soil Classification 

(ESC). In overview, the main attention is paid to dry, fresh and moist rich 

in coarse calcareous material mild-humuous (mull-type) soils. After WRB 

these soils may be characterized by prefix qualifiers as calcaric or eutric, 

skeletic or hyperskeletic and rendzic or mollic CAMBISOLS, LITHOSOLS 

or REGOSOLS, whereas all of them have endogleyic versions as well. The 

wet and eroded ryhky soils have been excluded from the overview as their 

properties depend not so on the coarse calcareous earth content as on 

feeding their soil water or water erosion. The area of ryhky soils forms 

6.3% from whole Estonian soil cover and 11.1% from the arable land. The 

main criteria of ryhky soil species' determination are calcareousness, 

content and shape of coarse soil fragments, and water regime of soil cover. 

By ESC six soil species have been determined, from which three ones have 

endogleyic character. The fine earth texture of ryhky soils is mainly loam. 

From the coarse fractions, the indicative role belongs to the small stones 

(ryhk, pebble and shingle). The morphology, humus status and suitability 

of ryhky soils for management are treated on the level of soil species 

independence of land use (arable, forest or grassland). 

© 2021 Akadeemiline Põllumajanduse Selts. | © 2021 Estonian Academic Agricultural Society. 

 

Sissejuhatus 

Eesti aasta 2021 mullaks on valitud rähkmuld. Rähk-

muldade perekonda iseloomustab suur liikide omaduste 

amplituud ja erimite mitmekesisus. Järgnevas ülevaates 

tutvustatakse suhteliselt lähedaste agronoomiliste ja 

metsakasvatuslike omadustega normaalse arenguga 

põuakartlikke, parasniiskeid ja niiskeid koreserikkaid 

karbonaatseid muldasid. Siinjuures ei käsitleta alaliselt 

liigniiskeid (märgi) rähkseid gleimuldi ega vee-

erosioonist tugevasti mõjutatud erodeeritud rähkmuldi, 

kuna nende olemus ei sõltu niivõrd korese sisaldusest 

kui liigniiskusest või vee-erosioonist.   

Rähkmuldade tunnused ja nomenklatuur 

Rähkmullad on rohkesti karbonaatset korest sisal-

davad (ehk koreselised) humaatse (ehk pehmehuumus-

liku või mull-tüüpi) huumusega mullad. Rähkmuldade 

üheks olulisemaks tunnuseks on karbonaatse mulla-

peenese ja korese sügavus maapinnalt, mida testitakse 

10% soolhappega kihisemise järgi ning mis on kõigis 

rähkmuldades kõrgemal kui 30 cm. Eestis kasutatava 

mulla korese ja lõimiste käsitlemise Katšinski süsteemi 

järgi on mulla korese ja peenese osakeste läbimõõdu 

vaheliseks piiriks 1 mm (Astover jt, 2013). 

Rähkmullaliikidele nime andvaks tunnuseks on 

karbonaatsete peenkivide (Ø 1−10 cm) kuju ja sisaldus. 

Rähkmuldade kores pärineb valdavalt massiivsest 

lubja- ja/või dolomiidirikkast kivimist. Sõltuvalt nende 

murenemisele (rabenemisele) järgnevatest geoloogi-

listest protsessidest (kulutus, transport) eristatakse 

kolme erineva kujuga peenkivide liiki: rähk, veeris ja 

klibu. Rähk on teravaservaliste murdepindadega, veeris 

suuremal või vähemal määral ümardunud rähk ning 

klibu ümardunud ja lapikuks lihvitud peenkivid. 

Vastavalt koresele eristatakse rähk-, veeris- ja klibu-

muldasid. Niiskusoludest lähtuvalt on käesolevas töös 

https://dx.doi.org/10.15159/jas.21.09
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Tabel 4. Rähkmuldade huumuskatted põllul ja metsas ning nende A-horisondi pHKCl 
Table 4. Humus covers on field and forest, and their A horizon's pHKCl 

Huumuskate1) 

Humus cover 

Kõlvik 

Land use 

Muld 

Soil 

pHKCl 

Kuiv pehmehuumuslik vähese huumusvaruga / Dry mild-humuous with scars humus stock Põld / Field Kr Kk 6,9−7,3 

Värske pehmehuumuslik rähkne / Fresh  mild-humuous ryhky Põld / Field K 6,8–7,2 

Niiske pehmehuumuslik rähkne / Moist mild-humuous ryhky Põld / Field Kg 6,8–7,2 

Kuiv mull / Dry mull Mets / Forest Kk Kr 6,3−6,9 

Värske kaltsi-mull / Fresh calci-mull Mets / Forest Kr K 6,1−6,5 

Värske metsa-mull / Fresh forest-mull Mets / Forest K 5,5−5,8 

Niiske kaltsi-mull / Moist calci-mull  Mets / Forest Krg Kkg 5,6−6,0 

Niiske metsa-mull / Moist forest-mull Mets / Forest Kg 5,5−5,9 

1) Põllud – lühiiseloomustus, metsad – klassifikatsiooni (Astover jt, 2013) alusel määratud tüüp. 

1) For field short characterization, for forests determined by local classification humus cover type. 

 

Tompjas või teralis-tompjas struktuursus on hästi 

väljakujunenud liivsavilõimisega looduslikel rähkmul-

dadel, nõrgemini saviliivadel ja eriti liivadel. Inten-

siivselt haritavatel põldudel on mõningane osa agre-

gaatidest purustatud. Tingituna heast struktuursusest ja 

tihenenud mullakihtide puudumisest on rähkmullad hea 

loodusliku drenaažiga. Veeläbilaskvus on parim kore-

serikastel ja väikseim sügavatel koresevaesematel 

rähkmuldadel. Rähkmullad on kevadeti kiiresti tahene-

vad ja soojenevad, mida soodustab rähkmuldade huu-

muserikkusest tingitud tume värvus. Rähkmullad on 

hästi õhustatud ning nendes domineerivad hapendus-

tingimused.  

Rähkmuldade A-horisondi peenese eripind, mis sõltub 

mulla lõimisest ja huumusesisaldusest, on liivsavi-

muldadel valdavalt 40–90 m2 g-1 ja saviliivmuldadel – 

25–65 m2 g-1. Looduslike rähkmuldade huumushorison-

di hüdrolüütiline happesus on <1,5 cmol kg-1 ning alus-

mullas nullilähedane (<0,5 cmol kg-1). Neeldunud aluste 

sisaldus muutub hüdrolüütilisele happesusele vastu-

pidises suunas. Keskmisena on rähkmuldade huumus-

horisondis neeldunud aluseid kuni 35–40 cmol kg-1. 

Sellega kooskõlas oleva mullapeenese neelamismahu-

tavus on väiksem alusmulla huumusvaestes horisontides. 

Rähksete muldade huumushorisondi küllastusaste on 

kõrgem haritavates muldades (>95%) võrreldes loodus-

likus olekus olevate muldadega (>90%). Küllastusaste 

suureneb sügavuse suunas, ulatudes 100%-ni karbonaa-

dirikastes horisontides. 

Rähkmuldade alusmullast ja lähtematerjalist 

Rähkmuldade alusmullas suuri füüsikaliste ja kee-

miliste omaduste erinevusi sõltuvalt kasutusviisist 

(põld, mets, rohumaa) eriti ei ole. Alusmulla üles-

ehituse erinevused on tingitud peamiselt mullaliikide 

koreselisusest (korese liik ja sisalduse määr) ja alus-

mulla tüsedusest, vähemal määral ka mulla niiskus-

oludest ja lõimisest. Tüsedamate rähkmuldade (K, Kg) 

B-horisondi heast struktuursusest sõltuv lasuvustihedus 

on B-horisondis ca 0,1–0,2 Mg m–3 võrra suurem kui 

A-horisondis. Samas on B-horisondi tasakaalustunud 

lasuvustihedus ikkagi suurem põllumuldadel võrreldes 

metsamuldadega. Suurem üldpoorsus teeb metsarähk-

mullad vett hästi läbilaskvateks ehk nad on hea loodus-

liku drenaažiga.  

Väliveemahutavus on suurim koresevaestel raskema 

lõimisega muldadel. Tingituna õhukeste koreserikaste 

muldade peenese ja huumuse vähesest massist on need 

rähkmullad (Kr, Kk) põuakartlikud. Produktiivsust 

limiteeriv aktiivvee mahutavus koreserikaste muldade 

1 m kihis on alla 80–100 mm. Suurema tüseduse ja 

väiksema rähasisaldusega muldades on see ühemeetrise 

mullakihi kohta üle 160–180 mm. Sügavamate gleistu-

nud rähkmuldade aktiivveemahutavus on võrreldav 

parasniisketega, kuid tunduvalt kõrgemal asuva põhja-

vee tõttu need mullad (Kg, Krg) suviti põua all ei 

kannata. Veerežiimi muudab ebastabiilsemaks muld-

katte all lasuv paas. Mida lähemal maapinnale paas on, 

seda põuakartlikum muld on. Enamarenenud rähkmul-

dades esinev savistunud Bw-horisont loob taimede 

kasvuks soodsa vee- ja õhurežiimi ning samas ei ole 

häiritud oluliselt ka vee läbilaskvus. 

Rähkmuldade levinumateks lõimisteks on rähksed 

liivsavid ja saviliivad ning veeriselised kruusad ja 

liivad. Liivsavidest on ülekaalus kerged liivsavid. 

Vähem leidub keskmist liivsavi, kuna rasket liivsavi ja 

savi esineb väga piiratud ulatuses. Rähkmuldade jäme-

dad liivad on enamasti fluvioglatsiaalse päritoluga. 

Peenliiva ning jämeda tolmu osatähtsus on rähkmul-

dades väike. Mullapeenese osatähtsus alusmullas (B, 

BC) ja lähtekivimis on kordselt väiksem võrreldes 

huumuskattega. Veerismuldadele on iseloomulik peale 

suure veerise, kruusa ja liiva  osatähtsuse ka nende 

kihilisus ja sorteeritus.  

Alusmulla, kui ülemineku ala, koresesisaldus on 

kooskõlas nii huumuskatte kui lähtekivimi korese 

sisaldusega. Kivirikastes moreenide ja fluvioglatsiaal-

sete setete koresesisaldus võib ulatuda kuni 60–70 

mahuprotsendini, kuid klibuvallides kuni 80–95%-ni. 

Üldreeglina on huumuskatted 1–2 astme võrra väikse-

ma koresesisaldusega võrreldes lähtekivimi ja/või alus-

mullaga. Samas võib domineerivate koresesisalduste 

kõrval (tabel 3) leida palju alternatiivseid korese ja 

peenese osakaaluga mullaerimite kombinatsioone (joo-

nised 6–8). 

Rähkmuldade produktiivsus ja selle seos 
huumusseisundiga 

Mulla produktiivsust hinnatakse temal kasvava 

(taim-muld süsteemi moodustava) taimkatte aastafüto-

produktiivsuse (AFP) järgi (Kõlli, 1987). AFP on antud 

kuiva fütomassi pindtihedusena ajaühiku kohta (tonni 

ha-1 a-1). Võrreldavuse huvides on metsamuldade pro-
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duktiivsus määratud kiire kasvufaasi läbinud eelval-

minud kuni raieküpsete puistutega metsaökosüstee-

mides. AFP hõlmab puhta primaarse produktsooni, 

millest on maha arvatud aasta jooksul irdunud varis ja 

kulud sekundaarse (loomse) biomassi moodustumisele.  

Madalaima AFP-ga (5–6 t ha-1 a-1) on kuivadel 

õhukese huumushorisondiga koreserikastel rähk-(vee-

ris-) ja klibumuldadel (Kr, Kk) ning ebastabiilse 

veerežiimiga gleistunud rähkmuldadel (Krg, Kkg) 

kasvavad hõredad leesika- ja kastikuloo männikud. 

Sügavamate ja väiksema koresesisaldusega parasniis-

kete liivsavimuldade (K) sinilille kuusikute (vähemal 

määral ka männikute ja kaasikute) AFP ulatub 10–12 

tonnini hektari kohta. Sügavate gleistunud rähksete 

(Kg) muldade salumetsad on veelgi kõrgema potent-

siaalse viljakusega (AFP 10–13 t ha-1 a-1). Puistuteks on 

siin laialehelisi puuliike sisaldavad naadi kaasikud ja 

kuusikud. 

Rähkmuldade liigirikka alusmetsa tihedus sõltub 

puurinde tihedusest, kuid on valdavalt hõre kuni kesk-

mise ehk varieeruva tihedusega, maapealse AFP-ga 

piirides 0,1–0,4 t ha-1 a-1. Rohurinne on rähkmuldadel 

liigirikas, kusjuures liikide levikumuster sõltub peale 

huumuskatte tüüpide ka maapinna valgustatusest. 

Rohurinde AFP varieerub sellest tingitult piirides alates 

0,4 kuni 0,9 tonni ha-1 a-1. Rähkmuldade samblarinne 

on enamjaolt liigivaene, hõre ja katkendlik AFP-ga 

0,1–0,4 t ha-1 a-1. Puistute AFP erinevus väljendub ka 

puistute boniteedis, mis ulatub väheviljakast V-st 

boniteediklassist kuni kõrge produktiivsusega Ia-ni. 

Muldade rea Kr(Kk)–K–Kg(Krg) keskmised bonitee-

did on seega vastavalt IV-V–I-II–I-Ia.  

Võrreldavuse huvides hinnatakse ka agroökosüstee-

mide AFP ühe kindla kultuuri (meie odra) järgi. Odra 

AFP kalkuleeriti odra erinevate osade (lehed, kõrred, 

pähikud, terad, juured) fütomassi pindtiheduse dünaa-

mika alusel. Teatavasti saabub erinevate fütomassi 

osiste maksimum erinevatel aegadel, samas toimub 

kasvuperioodi jooksul varise irdumine ja kaasneb umb-

rohtude fütomassi moodustumine. Odra AFP on reeg-

lina teatud määral suurem odraga moodustunus agro-

ökosüsteemi maksimaalsest massist. Meie uurimuste 

järgi on odra AFP K mullal 6–11 t ha-1 a-1 sh umbrohud 

0,1–0,6 t ha-1 a-1.  

Haritavate rähkmuldade hindepunktid erinevad 

metsamuldadega sarnase seaduspärasuse järgi. Kerge-

ma lõimisega koreseliste rähkmuldade boniteet on 

ligikaudu 25 hindepunkti, liivsavilõimisega sügava-

matel rähkmuldadel aga ca 50. Kuivendatud liivsavilõi-

misega Kg muldade boniteet on keskmiselt 40–43 

hindepunkti. Suured koresesisalduse kõikumised või-

vad muuta rähkmuldade viljakuse varieeruvaks ja 

põllud ebaühtlaseks (joonis 12).    

 

 
Joonis 12. Maastik rähkmuldadel. Valli Loide foto 
Figure 12. Landscape on ryhky soils 
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Enamlevinumateks rähkmuldadega looduslikeks 

rohumaadeks on loo- ja künka-arud ning lausk-aru-

rohumaad. Taimkate on neil liigirikas, kuid põuakart-

likel muldadel (Kr, Kk) on paljud taimeliigid kääbus-

jad. Looduslike rohumaade produktiivsust näitab kuiva 

heina (niiskust ca 14%) saagikus. Rähkmuldade reas 

Kr(Kk)–K–Kg(Krg) ulatub kuiva heina saagikus 

0,5 t ha-1 kuni 3 t ha-1. Võttes arvesse rohumaaökosüs-

teemide kõigi maapealsete osade aastase juurdekasvu 

võib järeldada, et kateena Kr(Kk)–K–Kg(Krg) ulatuses 

suureneb AFP alates 1,1 kuni 2,5 t ha-1 a-1, mis aga 

moodustab vaid ligikaudu poole rohumaaökosüsteemi 

kogu AFP-st. 

Rähkmuldade produktiivsus sõltub huumuskatte 

huumuse-, lämmastiku- ja teiste oluliste toiteelemen-

tide sisaldusest, millised vähenevad alates kuivadest 

koreserikastest kuni niiskete rähavaeste muldadeni. 

Liigirikka ja lubjalembese taimestikuga rähkmuldade 

AFP-st limiteerivaks teguriks on koreserikaste õhu-

keste muldade puhul väike aktiivvee mahutavus. Vaid 

sügavad rähkmullad koresevaesel lähtekivimil suuda-

vad valdaval osal aastatest taimi normaalselt veega 

varustada. Parasniisketel rähkmuldadel asub põhjavesi 

sügaval ja ei ole taimedele kättesaadav. Taimede poolt 

kasutatava mullavee hulk on suurim rohkema mulla-

peenese- ja vähema koresesisaldusega gleistunud rähk-

muldades, millistele on kujunenud kõrge produktiiv-

susega looduslikud rohumaad. 

Rähkmuldadest on suurima huumusvaruga 

(>150 t ha-1) tüseda huumushorisondiga liivsavi- ja 

saviliivmoreenil kujunenud mullad. Huumusvarudes 

suuri erinevusi seoses maakasutusega ei ole. Arvestatav 

huumusvaru on rähkmuldadel ka AB- ja Bw-hori-

sontides ja juurekäikudes, olles näiteks liivsavidel 

keskmiselt 20–35 Mg ha-1. Kg huumusvaru ulatub 110–

140 tonnini hektari kohta. Metsakõdu tuhavaba orgaa-

nilise aine mass on K muldadel piirides 9–13 t ha-1, Kg 

metsakõdul aga valdavalt 14–18 t ha-1. Haritavate rähk-

muldade (peamiselt K ja Kg) huumuskatte tüsedused 

ning mulla orgaanilise süsiniku sisaldused, mis ole-

nevad mullapeenese lõimise ja niiskusolude kõrval ka 

kasutatud agrotehnoloogiast, on  suuresti ühtlustunud 

ning nende MOA varud varieeruvad suhteliselt vähesel 

määral (60–80 t ha-1).  

Rähkmuldade EMK ja WRB nimetuste 
korrelatsioon 

Eesti muldasid tuleks määratleda ja nende omadusi 

teada ennekõike ikkagi lokaalse s.o EMK järgi. 

Muldade nimetusi võib ju ka tõlkida inglise keelde, 

kuid need tavaliselt ei ole kuigi informatiivsed ilma 

vastavat klassifikatsiooni kui töövahendit tundmata. 

Seega on hoopiski otstarbekam  need konverteerida 

rahvusvaheliselt laialtkasutatavasse süsteemi. Antud 

juhul on selleks World Reference Base for Soil 

Resources (WRB; IUSS 2015).  

Rähkmuldade profiilide ülesehituse ja omaduste järgi 

on tegemist vähearenenud (noorte) muldadega, milli-

seid kajastab WRB süsteemi järgi kõige adekvaatse-

malt referentsmuld Cambisols. Koreserikaste väheare-

nenud rähkmuldade vasteks WRB järgi on Regosols ja 

Lithosols. WRB järgi kasutatakse detailse mulla-

nimetuse andmiseks referentsmullale lisatud kvalifi-

kaatorite ehk täiendsõnade süsteemi (tabel 5). Selgi-

tuseks olgu öeldud, et taoline mullanimede konventee-

rimine ei saa olla kunagi üks-ühele, sest suuremal või 

vähemal määral erinevad omaduste jaotuse põhimõtted. 

Sarnaselt WRB süsteemiga võiks ka eestikeelsetes 

kirjutistes anda mullaerimi nimetuse mahukamalt ja 

komplekssemalt, lisades sellesse võimalikult palju 

vastavat erimit iseloomustavat terminitel põhinevat 

informatsiooni. 

 
Tabel 5. EMK ja WRB mullanimetuste korrelatsioon 
Table 5. Correlation between soil names of EMK (Estonian 
Soil Classification) and WRB 

Grupp1)  

Group 

Kvalifikaatorid ja 

referentsmullad 

Qualifiers and 

Reference soils 

K2) Kg Kr Krg Kk Kkg 

1 calcaric + + + + + + 

eutric + + + + + + 

skeletic + + – – – – 

hyperskeletic – – + + + + 

rendzic – – + + + + 

mollic + + – – – – 

endogleyic – + – + – + 

protic – – – – + + 

2 CAMBISOLS + + – – – – 

LEPTOSOLS – – + + + + 

REGOSOLS – – – – + + 

3 arenic – – + – + + 

loamic + + + + – – 

aric + + – – – – 

1) Grupp: 1 – täiendsõna eesliitena, 2 –  referentsmulla grupp, 3 – 

täiendsõna järelliitena; 2) Mullanimetusi vt tabelist 1. 

1) Group: 1 – prefix qualifiers, 2 – Soil Reference Groups, 3 – suffix 

qualifiers; 2) Soil names by code see Table 1. 

 

Rähkmuldade kasutamissobivus 

Kuna muldade parim kaitse on nende õige kasutamine, 

siis oleks vaja teada nende erinevate liikide kasutus-

sobivust. Tingituna kaltsiumi- ja huumuserikkusest on 

rähkmuldade A-horisondi struktuursus hästi väljakuju-

nenud ja nad on harimisele vastupidavad ehk harimis-

kindlad mullad. Rähkmuldade haritavust (põlluna kasu-

tamisel) mõjutab korese hulk ja kuju. Rohkem, võrreldes 

veerise ja klibuga, takistab harimist rähk oma teravaser-

valisuse tõttu. Raskesti haritavateks muldadeks on õhu-

kesed rähk- (veeris-, klibu-) mullad (Kr, Krg, Kk, Kkg) 

oma väga õhukese huumuskatte ja koreserikka alusmulla 

tõttu. Õigem oleks taolised mullad jätta looduslikku ole-

kusse või võtta ehituste alla. Rähkmuldade põuakart-

likkuse tõttu tuleb mullaniiskuse maksimaalse ärakasu-

tamise huvides teha kevadine mullaharimine ja külv 

esimesel võimalusel (joonised 13–14). 

Rähksed, veeriselised või klibused mullad on koha-

semad tugeva ja sügavale ulatuva juurestikuga kultuu-

ridele (lutsern, mesikas) või vee ökonoomsetele kasu-

tajatele (oder, rukis). Sügavamad rähksed (K) mullad 

suudavad kultuure veega paremini varustada. Teravilja-

dest on siin odral eelised kaera ja rukki ees. Põldhein 

(ristik, timut) on nendel muldadel suhteliselt lühikese 
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kestvusega kuna juba teise aasta põldheina saagid on 

madalamad esimese aasta saakidest. Kuivendamata Kg 

mullad, mis on hästi sobivad heintaimede ja metsa 

kasvatamiseks, vajavad põllumaana kasutamisel kui-

vendamist. Kuivendatud gleistunud rähksed liivsavi-

mullad on sarnaselt parasniiskete muldadega univer-

saalse kasutussobivusega. Kivised, räha-(veerise-) ja 

kliburikkad mullad (Kr, Kk) on vähesobivad rühvel-

kultuuride kasvatamiseks ja kartuli mehhaniseeritud 

koristamiseks. Tugevasti kivised ja koreserikkad gleis-

tunud karbonaatsed mullad (Krg, Kkg) on piiratud 

kasutussobivusega. Nende kuivendamine ei ole ots-

tarbekas. 

 

 
Joonis 13. Rähkne põld. Mullateaduse õppetooli fotokogu 
Figure 13. Ryhky field 

 
Joonis 14. Põldkatse räharikkal mullal. Valli Loide foto 
Figure 14. Experimental field on ryhky soil 

Status and distribution of ryhky soils in 
Estonian agricultural and forest landscapes 

Raimo Kõlli, Tõnu Tõnutare 

Estonian University of Life Sciences, Institute of 

Agricultural and Environmental Sciences, Chair of Soil 

Science, 5 Fr. R. Kreutzwaldi St., 51006 Tartu, Estonia 

 

Summary 
 

The year 2021 Soils of Estonia are ryhky soils, which 

may be characterized as dry, fresh and moist rich in 

coarse calcareous material mild-humuous (mull-humus) 

soils. The main criteria of ryhky soil species' 

identification after Estonian Soil Classification (ESC) 

are the fine earth calcareousness, content and shape of 

small stones (Ø 1–10 cm), and water regime of soil 

cover. The wet and eroded ryhky soils have been 

excluded from the overview as their properties depend 

not so on the coarse calcareous earth content as on 

feeding their soil water or water erosion. By ESC six soil 

species have been distinguished, from which three ones 

have endogleyic character (Table 1). The fine earth 

texture of ryhky soils is mainly loam, but as well are 

presented with loamy sands, sands and clays. Stoniness 

by volume per cent of small stones (ryhk, pebble and 

shingle) in humus cover and subsoil varies to a very large 

extent from 2–10% to >70% (Table 3). After WRB ryhky 

soils may be characterized as calcaric or eutric, skeletic 

or hyperskeletic and rendzic or mollic CAMBISOLS, 

LITHOSOLS or REGOSOLS. The area of ryhky soils 

forms 6.3% from whole Estonian soil cover and 11.1% 

from the arable land. The morphology, humus status and 

suitability of ryhky soils for management are treated on 

the level of soil species in dependence of land use 

(arable, forest or grassland). In connection with this more 

profoundly are characterized humus cover types of 

arable and forest soils and their agrochemical properties. 

Ryhky soils productivity, which is characterized by their 

annual phyto-productivity in ton ha-1, is varied to great 

extent in all land use conditions (arable, forest and 

grassland) in dependence of soil types' humus status and 

content of skeletal material in soil cover. The overview 

contains 5 Tables, 14 Figures. The list of used literature 

contains 6 sources. 
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