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Fennel (Foeniculum vulgare Mill.) belonging to the Apiaceae family is a valuable medicinal,
spice, aromatic, melliferous, vegetable and ornamental plant. A successful cultivation of fennel
in the southern Steppe of Ukraine requires scientific modelling and prediction of the seed yield,
taking into account different parameters of the technological practices and their effect on
the productive processes of plants.

The field experiments were carried out in 2011-2013 in the Kherson region on the dark
chestnut soils typical for the southern Steppe of Ukraine. The experimental design included
the followzng factors and their variants: Factor A — nutrition background: without fertilizers;
N, N, N, Factor B —sowing date: early (the third ten-day period of March at the right soil
tilth stage) "id-time (the first ten-day period of April); late (the second ten-day period of April);
Factor C —row spacing, cm: 15; 30; 45, 60.

The model testing was conducted in 2014-2019 on the farms of Kherson region. According to
the results of regression analysis, a multiple linear regression model of fennel seed productivity
depending on the studied technological practices was created: Y =7.2302 +0.0024X —0.0039X, +
0.0012X,, where Y — fennel seed yield, t/ha; X, — nutrition background (rate of mtrogen femllzers)
kg reactant/ha X, — sowing date (the sum of effective temperatures above 10°C), °C; X, — row
spacing, cm. A compamson of the experimental yield data and the values of the yielding capacity,
calculated using the regression equation, confirmed the accuracy of the created multiple linear
regression model of the fennel seed productivity.

The range of variationin the residual seed yield, depending on the interaction of the investigated
parameters of the technological practices, was 0.11... + 0.16 t/ha. In most variants, difference
indicator between the true and modelled values of crop productivity was within limits of + 0.05 t/ha.

The results of the developed model application in agricultural enterprises of the region
confirm the relevance of a mathematical approach to increasing the seed productivity of common
fennel and reducing the potential yield losses. The introduction of statistical methods into
the technology of fennel cultivation is a promising strategy for crop productivity improvement.

Key words: fennel, cultivation technology, seed yield, multiple linear regression model,
statistical analysis, model testing.

Makyxa O.B. IIpoznosysanns epoxcaio penxenio 3unaitnozo (Foeniculum vulgare Mill.)
3 GUKOPUCMAHHAM pPezpeciitnol mooeni

Denxenv (Foeniculum vulgare Mill.) — yinna nixapcoka, npsaHocmMakosa, apomamuina, meoo-
HOCHa, 080Yesa ma dekopamugHa pocauna poounu Apiaceae. Ycniwine gupowysanis genxento
6 nigoennomy Cmeny Vkpainu eumazae HAyK08020 MOOETIOSAHHS | NPOSHO3VEAHHS BPOANCAIO
HACIHHA 3 YPAXYBAHHAM PI3HUX NAPAMEMPI6 MEXHON0IUHUX 3aX00I8 I IX NIUBY HA NPOOYKYILIHI
npoyecu poCiuH.

Honvosi docniou nposoounucy y 2011-2013 pokax 6 Xepcoucwkiu obracmi Ha mem-
HO-KAWMANOGUX TPYHMAX, Munogux ons niedennozo Cmeny Vipainu. Cxema ()ocmdy ekﬂroua/za
maki pakmopu ma_ix éapianmu. gpaxmop A — ¢on sicuenenns: bes oobpus; N, ; N N, pak-
mop B — cmpox cieou: panniii (mpems Oexada bepesns, npu HACManHi d)ls’ulmoz cmitenocmi
IpyHmYy), cepedHiil (nepuia oexada Keimus), nizuii (Opyea dexaoa keimus); ¢paxmop C — wupuna
Mixepaoos, cm: 15; 30; 45; 60.

Bupobnuua nepesipxa pospobnenoi mooeni nposoounacs y 2014-2019 poxax y pepmepcokux
2ocnodapcmeax Xepconcvkoi obnacmi. 3a pesynbmamamu CMamucmuino20 andrizy cmeo-
DeHO MOOeNb MHOJICUHHOI NHIIHOL pe2pecii HACIHHEBOI NPOOYKMUBHOCMI (heHXeNI0 36UHALHO20
3aN€HCHO 6I0 OOCTIOICYSAHUX MexHONo2iunoi 3axodis: ¥ = 7,2302 + 0,0024X, — 0,0039X, +
0,0012X,, de Y — ypoocaiinicmo nacinnsa genxeno, m/ea;, X, — o scusnenns (003a azomiux
Oobpus), ke 0.p./2a; X, — cmpox ciebu (cyma epexmueHux meMnepamyp suuge 10°C), °C; X, —
WUPUHA MIXHCPAOOS, cit.
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Topienanus excnepumeHmanoHux OaHux i 3Ha4eHb YPOICAUHOCI, PO3PAXOBAHUX 30 OONO-
MO2010 PIBHSHHS pezpecii, NiOmeepouLo MouHICMb po3pooIeHol MoOeni HACIHHEBOL NPOOYKMUG-
Hocmi Kynomypu. [ianason eapilosants pizHuyi hakmuunoi ma 3mo0enbo8anol 8posCcatlHocmi
cmanosus 0,11 ... + 0,16 m/2a 3anedxicro 8i0 63a€MO0ii 0CIIONCYBAHUX NAPAMEMPIE MEXHOIO02IU-
HUX 3ax00i6, y binbuwiocmi apianmis 3naxoouscs 6 mesxcax + 0,05 m/za.

Pezynomamu 3acmocysantisi po3poonenoi Mooeni 6 CilbCbKo20Cn00apCbKux niOnpuEMCcmeax
peziony niomeepoX*Ccyloms aKmyarbHiCMb MAmeMamuyHo2o nioxo0y 00 NIOBUUEeHHS HACIHHE-
601" npooykmueHocmi ghenxenio i 3mMeHuieHHs NOMEeHYInUX empam ypooicaio. Bnpoeadicenns
CMamucmudHux Memooié y mexHoa02ii0 GUPOUWYBANHS (eHXeNI0 36ULAlIHO20 € NePCHEKMUBHOIO
cmpameziero NOKpauyeHHs NOKAZHUKIE NPOOYKMUBHOCTHI KYIbINYPU.

Knrwuosi cnosa: gernxenv 36uuaiinuil, mexHonio2isi BUPOULYBAHHS, YPOXHCALl HACIHHA, MOOeb
MHONMCUHHOT TIHIUHOT peapecil, cmamucmuyHutl aHais, nepesipra Mooeri.

Problem formulation. Fennel (Foeniculum vulgare Mill.) belonging to the Apiaceae
family is a valuable medicinal, spice, aromatic, melliferous, vegetable and ornamental
plant. It finds application in official and folk medicine, cooking, food, pharmaceutical,
perfume and cosmetics and other industries, as well as in veterinary medicine, animal
husbandry [1, p. 3, 2; p. 1578].

Fennel has now been naturalized and cultivated for commercial purposes
throughout the world [3, p. 83]. Foeniculum vulgare is one of the most commonly used
and extensively studied medicinal herbs in the world due to its economic importance
and significant pharmaceutical industry applications [4, p. 2, 5; p. 237]. An increased
interest in the improvement of agricultural yield of fennel has encouraged the cultivation
of the plant on large scale. In many countries of the world, considerable attention has
been paid to improving the growing technology of this crop [1, p. 4, 6; p. 1505].

A successful cultivation of fennel in the southern Steppe of Ukraine requires scientific
modelling and prediction of the seed yield, taking into account different parameters
of the technological practices and their effect on the productive processes of plants.

Analysis of recent research and publications. One of the most popular mathematical
methods of statistical analysis and development of simple models is linear regression,
which finds application in solving diverse practical and theoretical tasks [7, p. 32].
In agricultural science, linear regression models are frequently used for the statistical
data evaluation and forecasting [8, p. 47; 9, p. 125]. The general purpose of regression
analysis is to determine the relationship between several independent variables
and a dependent variable [9, p. 128; 10, p. 897]. Regression models are applied for
crop yield prediction depending on the cultivation technology elements, soil properties,
nutrition and water use efficiency, weather parameters, etc. [11, p. 83; 12, p.46;13,p.212].

The multiple linear regression model creating will ensure yield prediction of common
fennel in the context of the influence of nitrogen fertilizers doses, sowing dates and row
spacing, as well as formation of abundant sustainable fennel yields, and a reduction of its
possible losses by providing the most favourable interaction of the above mentioned
agrotechnical practices. Consequently, mathematical modelling is important for efficient
agronomic management in the cultivation of fennel. The introduction of the elaborated
multiple linear regression model into growing technology of fennel will allow increasing
the interest of farmers in this promising, highly profitable crop. The cultivation
of common fennel, even on small areas, will significantly improve the performance
of the agricultural enterprises in the region, especially farms [14, p. 109].

Task formulation. The field experiments were carried out in the period from 2011 to
2013 on the fields of Kherson Regional State Centre for Plant Variety Examination
(latitude 46°43°5”N and longitude 32°38°23”E). The study was devoted to determining
the effect of doses of nitrogen fertilizers, sowing dates, and row spacing on the fennel
seed yield under the arid conditions of the southern Steppe of Ukraine (Fig. 1).
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Fig. 1. The field experiment with fennel: a — fennel field in the phase of stem formation-
flowering, b— fennel field in the phase of flowering-fruit formation, ¢ — the productive
umbel of fennel in the phase of flowering, d — the productive umbel of fennel in the phase

of ripening

The experimental design included the following factors and their variants: Factor A—
nutrition background: without fertilizers; N, ; N, ; N ; Factor B — sowing date: early
(the third ten-day period of March at the right soil tilth stage); mid-time (the first ten-day
period of April); late (the second ten-day period of April); Factor C — row spacing, cm:
15; 30; 45; 60. The field experiments were carried out in accordance with the generally
accepted requirements and recommendations [15, p. 38-200]. The trial was based
on a split plot method with a four-fold replication. The sown area of the third-order
elementary plot was 70 m?; the record plot was 55 m?.

The soil of the experimental plot is dark chestnut weakly alkaline medium loamy,
typical for the southern steppe zone of Ukraine. The arable layer of the soil contains
humus (2.28%), nitrates (26), movable phosphorus (34), and exchangeable potassium
(250 mg/kg of soil), pH of water extract (7.0-7.2).

The climate of the zone is moderately continental, hot and dry, characterized by low
and unevenly distributed precipitation, low air humidity, frequent droughts and strong
dry winds, a lot of heat and light. The sum of active temperatures above 10°C is 3200-
3400°C, average annual precipitation is 340-400 mm, and the hydrothermal coefficient
is 0.5-0.7. The weather conditions during the years of research differed somewhat in
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the temperature regime, amount and distribution of atmospheric precipitation, but
overall were typical for the zone. The most favourable conditions for the growth
and development of fennel plants were observed in 2011, satisfactory and moderate
conditions were recorded in 2012 and 2013, respectively (Table 1).

Table 1
The weather conditions during the years of research
Air temperature, Precipitation amounts, Air humidity,
Months °C mm %
2011 | 2012 | 2013 | 2011 | 2012 | 2013 | 2011 | 2012 | 2013

January -2.8 -1.7 -0.4 255 | 70.8 | 29.6 90 86 92
February -3.8 -7.4 2.3 10.6 | 20.9 19.6 79 80 85
March 2.4 2.5 3.1 3.8 25.6 | 38.8 74 77 76
April 9.7 13.2 11.9 | 39.1 5.9 3.7 65 70 66
May 16.8 20.8 20.7 | 36.7 | 39.6 0.3 67 63 58
June 21.4 23.4 23.0 | 762 | 20.1 | 79.1 65 58 63
July 24.7 26.6 23.2 11.0 | 40.2 | 44.1 62 50 60
August 223 23.6 24.2 54 79.2 12.4 56 57 52
September | 18.4 19.1 15.1 17.1 1.6 43.7 59 64 71
October 9.5 14.7 9.3 7.0 27.6 | 53.9 72 76 84
November | 2.2 6.6 7.5 1.0 7.1 4.0 72 87 86
December | 3.8 -0.9 0.5 50.3 | 35.0 3.7 88 88 82
Annual 104 11.7 11.7 | 283.7 | 373.6 | 332.9 71 71 73

The generally accepted agricultural practices of fennel cultivation were used,
except for the factors and variants studied. Winter wheat was the preceding crop in
the experiment. The seeding rate was 5 kg/ha, seeding depth — 3-4 cm. The fennel seeds
were harvested when the fruits reached maturity on the central umbel and first-order
umbels. Harvesting and yield registration were done according to the relevant methods
[15, p. 38-200].

The multi-factor analysis of variance (ANOVA) of the fennel yield data was
performed by using the standard methodology within AgroStat add-on for Microsoft
Excel software application [16, p. 75]. Statistical evaluation was performed for
the reliability level of 95% (p<0.05).

The fennel seed productivity was modelled by the results of the multiple linear
regression analysis (MLR). It was conducted by using the common calculations by
the method of the least squares within Microsoft Excel software [17, p. 52-59; 18, p. 27].
The model of the fennel seed yield was developed as a common linear function Y =b, +
b X, +bX, + ... + b X . The studied factors were expressed in mathematical form:
nutrition background — in kilograms of the active ingredient of nitrogen fertilizers per
ha, sowing dates — in the sum of effective temperatures above 10°C, needed for seed
ripening, row spacing — in centimetres.

A comparative analysis of the true and modelled yielding capacity of common fennel
was done to determine the accuracy of prediction. The model testing was conducted in
2014-2019 on the fields of Nadiia farm of Velyka Oleksandrivka district, Dawn farm
of Vysokopillia district and other agricultural enterprises of Kherson region.
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Research results. The research results showed that the elements of the growing
technology such as doses of nitrogen fertilizers, sowing dates, and row spacing are
important measures for managing the seed productivity of common fennel. The yielding
capacity of the fennel seeds changed in the context of variants from 0.72 to 1.38 t/ha
(Table 2).

The least favourable conditions for the productive processes of plants were obtained
on the plots without fertilizers application, when fennel was sown in the second decade
of April with a row spacing of 15 cm. The highest values of the fennel seed yield
at 1.35 and 1.38 t/ha were recorded in the variants of the interaction of early spring
sowing, row spacing of 45 cm, nitrogen fertilizers of 60 and 90 kg of the active ingredient
per ha, respectively. An increase in the dose of nitrogen fertilizers from 60 to 90 kg
reactant/ha ensured an insignificant growth of the studied parameter of 0.03 t/ha (2.2%).

Table 2
Seed yield of fennel depending on the factors under study, t/ha
(average for 2011-2013)
Nutrition Sowin . Average
background, date,g Row spacing, cm, factor C for fac t%rs
factor A factor B 15 30 45 60 A B
. early 0.93 1.01 1.06 0.96 1.15
le.ﬂ?OL‘t mid-time | 0.80 0.88 0.94 0.83 | 0.87 [ 0.99
ertilizers
late 0.72 0.78 0.83 0.74 0.87
early 1.04 1.14 1.22 1.08
N, mid-time 0.91 0.98 1.07 0.93 0.99
late 0.80 0.88 0.95 0.83
early 1.12 1.24 1.35 1.17
N, mid-time 0.98 1.06 1.15 1.01 1.06
late 0.85 0.94 1.01 0.89
early 1.15 1.27 1.38 1.20
N,, mid-time 0.99 1.08 1.18 1.03 1.08
late 0.85 0.95 1.03 0.89
Average for factor C 0.93 1.02 1.10 0.96 1.00
LSD,,, t/ha (assessment of significance of partial differences): A = 0.029; B = 0.041;
C=0.029
LSD,,, t/ha (assessment of significance of mean (main) effects): A = 0.008; B = 0.010;
C=10.008

Note: LSD . the least significant difference.

On average, by factor A, application of the investigated doses of nitrogen fertilizers
led to an increase of the yielding capacity by 13.8-24.1%. The degree of influence
of the sowing dates on the crop productivity was, on average, by factor B, 16.2-32.2%.
Changing the row spacing resulted in 3.2-18.3% increase of the mean factor value
of this indicator.

The mathematical processing of fennel yield data allowed to define the coefficients
of correlation, determination, and regression, as well as to determine the effect of different
cultivation technology elements on the crop productivity. When the mathematical
model was created, the studied factors were used as independent variables (X, X, X,),
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and the fennel seed yield was used as a dependent variable (Y). All the inputs were
expressed in a digital quantitative form to ensure correct data processing.

The statistical analysis proved the high strength of ties between the factors under
investigation and the yielding capacity of the fennel seeds. A multiple correlation
coefficient (R) was close to 1.0 and made up 0.9477 (Table 3).

Table 3
Correlation and regression analysis of the fennel seed yield depending
on the factors under study

R — multiple and D — general and b, and b, — regres-
Related X, r,— pair correlation | d, - partial coefficients gion coiafﬁcien ts
coefficients of determination
X, XX, 0.9477 0.8981 7.2302
X, 0.7159 0.5123 0.0024
X, -0.8517 0.7254 -0.0039
X 0.3658 0.1339 0.0012

Note: X, — nutrition background (dose of nitrogen fertilizers), kg of the active ingredient
per ha (factor A); X, — sowing date (the sum of effective temperatures above 10°C), °C
(factor B); X, —row spacing, cm (factor C)

The factor of nutrition background had a strong positive effect on the fennel seed
yield (r = 0.7159). The high degree of influence of the nitrogen fertilizers on the seed
productivity of common fennel can be connected with the low content of nitrogen in
the dark chestnut soils of the southern Steppe of Ukraine. Nitrogen is the first most
commonly used plant nutrient in agriculture. It plays a key role in increasing of crop
yield [19, p. 211].

A strong negative linear statistical relationship was revealed between the sowing
dates, expressed in mathematical form as the sum of effective temperatures above 10°C,
and the crop productivity. The coefficient of correlation for the above mentioned factor
amounted to -0.8517. An increase in the sum of effective temperatures with a delay in
sowing is associated with a decrease in the yielding capacity. The seed productivity
of fennel reduced from early to late sowing. Under the moisture deficiency conditions
ofthe southern Steppe of Ukraine, the sowing dates indirectly influence the moisture supply
of fennel sprouts, as well as affect the hydrothermal environment of the phases of growth
and development [20, p. 238]. Postponing sowing from the third ten-day period of March
to the first-second decade of April led to deterioration in the conditions for the productive
processes of plants. It is connected with adverse impact of the summer drought on
the flowering and fruits formation, and that of autumn rains on maturing [21, p. 77].

The correlation analysis indicates a moderate positive statistical relationship between
the row spacing and the fennel seed yield. The correlation coefficient for these variables
was 0.3658. Changing the inter-row width, which is accompanied by the changes in
the intra-row spacing and the form of the plant nutrition area, can affect the growth
and development of the crop, as well as the conditions for the moisture and nutrients
absorption by the plants.

Thus, among the factors studied, the dates of sowing had the most significant effect
on the crop productivity under arid conditions of the southern Steppe of Ukraine.
The general coefficient of determination reached the value of 0.8981. This indicates
sufficiently high accuracy and reliability of the developed mathematical model.
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According to the results of regression analysis the multiple linear regression model

of fennel seed productivity depending on the studied technological practices was created:

Y =7.2302 +0.0024X, - 0.0039X, + 0.0012X (1)

where Y — fennel seed yield, t/ha; X, — nutrition background (dose of nitrogen

fertilizers), kg reactant/ha; X, — sowing date (the sum of effective temperatures above
10°C), °C; X, — row spacing, cm.

The model shows that an increase of the dose of nitrogen fertilizers on 1 kg/ha lead
to an increase in the yielding capacity of fennel on 2.4 kg/ha. The growth of the crop
productivity under the influence of an inter-row widening on 1 cm can be equal to
1.2 kg/ha. However, an increase in the sum of effective temperatures on 1°C causes
a reduction in the fennel seed yield on 3.9 kg/ha.

The results of variance analysis allowed determining the peculiarities in the influence
of investigated agrotechnical measures on the seed productivity of common fennel.
The factor of sowing date with the share of 43.4% had the strongest influence on
the yielding capacity of the crop. The doses of nitrogen fertilizers can also be considered
as a determinant factor for fennel seed yield. Its share was 28.4%. The degree

Table 4
A comparison of the true and modelled seed yield of fennel depending
on the factors under study, t’ha

bNutrltlon Sowing date, | Row spacing, | True seed | Modelled Residual
ackground, factor B cm, factor C ield seed yield seed yield
factor A ac ’ y y y
15 0.93 1.01 -0.08
carly 30 1.01 1.03 -0.02
45 1.06 1.05 0.01
60 0.96 1.06 -0.10
15 0.80 0.86 -0.06
Without . 30 0.88 0.88 0
fertilizers | id-time 45 0.94 0.90 0.04
60 0.83 091 -0.08
15 0.72 0.74 -0.02
late 30 0.78 0.75 0.03
45 0.83 0.77 0.06
60 0.74 0.79 -0.05
15 1.04 1.08 -0.04
carly 30 1.14 1.10 0.04
45 1.22 1.12 0.10
60 1.08 1.14 -0.06
15 091 0.93 -0.02
N mid-time 30 0.98 0.95 0.03
30 45 1.07 0.97 0.10
60 0.93 0.98 -0.05
15 0.80 0.81 -0.01
late 30 0.88 0.82 0.06
45 0.95 0.84 0.11
60 0.83 0.86 -0.03
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Table 4 (continuance)

15 1.12 1.15 20.03

carl 30 124 1.17 0.07

y 45 135 1.19 0.16

60 1.17 121 20.04

15 0.98 1.00 -0.02

. 30 1.06 1.02 0.04

N mid-time 45 1.15 1.04 0.11

60 1.01 1.06 -0.05

15 0.85 0.88 20.03

e 30 0.94 0.90 0.04

45 1.01 0.91 0.10

60 0.89 0.93 20.04

15 1.15 122 20.07

carl 30 127 1.24 0.03

y 45 138 1.26 0.12

60 120 1.28 20.08

15 0.99 1.07 -0.08

. 30 1.08 1.09 20.01

Ny mid-time 45 118 111 0.07

60 1.03 1.13 -0.10

15 0.85 0.95 20.10

e 30 0.95 0.97 20.02

45 1.03 0.98 0.05

60 0.89 1.00 011

of effect of the row spacing on the crop productivity made up 17.0%. The total share
of the interaction of the factors under study amounted to 8.9%. The share of occasional
influence of other unaccounted factors was 2.3%.

A comparison of the experimental yield data and the values of the yielding capacity,
calculated using the regression equation, confirmed accuracy of the created multiple
linear regression model of the fennel seed productivity (Table 4).

The range of variation in the residual seed yield, depending on the interaction
of the investigated parameters of the technological practices, was 0.11... + 0.16 t/ha.
In most variants, difference indicator between the true and modelled values of the crop
productivity was within limits of + 0.05 t/ha.

The statistical model examination conducted in the period from 2014 to 2019 in
the farms of Kherson region allowed evaluating its effectiveness in the context potentially
using in agricultural science and practice for the prediction of the fennel seed yield.
The value of the modelled yielding capacity changed during the years of testing from
0.97 to 1.18 t/ha. The actual seed productivity of the crop reached 0.93-1.13 t/ha and was
lower compared to the estimated indicator by 0.04-0.07 t/ha.

Crop yield prediction is important for agricultural planning and resource distribution
decision making. It is a difficult task because crop production is influenced by
a great variety of interrelated factors. Agricultural management specialists need simple
and accurate estimation techniques such as regression models to predict crop yields in
the planning process [22, p. 101; 23, p. 6].
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Regression models are successfully created and used for yield forecasting
of wheat, barley, maize and many other crops [9, p. 127; 10, p. 901; 13, p. 216]. It is
possible to evaluate the share of all independent variables included in the model. All
the inputs should be easily available for agricultural producers without special research
[9, p. 130]. Regression models provide a sufficiently high level of accuracy in prediction,
the possibility of simulation in the current year, before harvest [8, p. 19; 9, p. 129].
An accurate and timely forecast of yields is the basis for estimating production volumes
during the harvest, planning farm work and risk management [9, p. 127; 23, p. 7].

The results of the developed model application in agricultural enterprises of the region
confirm the relevance of a mathematical approach to increase the seed productivity
of common fennel and reduction the potential yield losses.

Conclusions. The multiple linear regression model of the fennel seed yield depending
on the nitrogen fertilizers doses, sowing dates and row spacing is characterized by
the following advantages: a simple and quick calculation, available initial data, a high
enough level of prediction accuracy, the use in agricultural enterprises of the southern
Steppe of Ukraine, the ability to determine the cultivation efficiency.

There is a need to create mathematical models of the yielding capacity of common
fennel specific to various regions, accepted agricultural practices of its cultivation,
different variants of the interaction of the growing technology elements. The introduction
of statistical methods into the technology of fennel cultivation is a promising strategy
for the improvement of the crop productivity.
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