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to 6.692 mmol  kg−1 (2018). α-amine-nitrogen of the 
tested protective treatments varied from 6.03 (for phe-
nological criterion in 2011) to 37.95 mmol  kg−1 (for 
intervention criterion in 2018). Technological yield 
of sugar beet tested protective treatments varied from 
171.4 (for phenological criterion in 2015) to 360.0 t 
 ha−1 (for soil spraying of plants—in 2012) through-
out the 8 years, with an average of 280.47 t  ha−1. The 
use of the AMMI model to estimate the interaction of 
conducted insecticidal treatments based on environ-
mental conditions showed the additivity of the effects 
of the applied treatments on the effectiveness of the 
obtained quality features of the technological yield of 
sugar beet.

Keywords Technological yield of sugar beet · 
Polarization · Molasses-forming compounds · 
AMMI-biplot · Sugar beet

Introduction

Gross sugar yield is the most important trait for grow-
ers, and it depends on the weight of the roots pro-
duced per hectare and on the sugar content, i.e., the 
percentage above-mentioned of sucrose present in the 
roots. In addition to the gross sugar yield, the extract-
able sugar must be considered, indicating how much 
white sugar can be extracted in the factory (Biancardi 
et al. 2010).
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the effects of different date of insecticidal treatment 
against Noctuinae caterpillars on the technological 
yield from sugar beet using the additive main effect 
and multiplicative interaction (AMMI) model. The 
AMMI model is one of the most widely used statis-
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The problem of technological quality of roots is a 
very important issue both in terms of the sugar yield 
and the requirements of the sugar industry (Camp-
bell 2002). The influence of agrotechnical factors on 
the technological sugar yield of sugar beets occurs 
primarily through the impact on the root yield, and 
then the sucrose content in the roots, which is most 
influenced by the habitat conditions (also by cul-
tivars) (Nowakowski and Krüger 1997; Klotz and 
Finger 2004; Michalska-Klimczak and Wyszyński 
2010; Hoffmann and Kenter 2018). The content of 
molasses-forming compounds (α-amino nitrogen and 
sodium and potassium ions) in beet roots has a sig-
nificant impact on the sugar production process. The 
higher their content, the worse the technological value 
of beets (Jakubowska et  al. 2020a). The increased 
content of molasses also hinders the sugar production 
process (Michalska-Klimczak and Wyszyński 2010). 
Sugar beet is a plant with high habitat and agrotechni-
cal requirements and strongly reacts to various grow-
ing conditions. Root and sugar yields, plant morpho-
logical features, including ground and underground 
parts, polarization and molasses content are changed 
throughout the beet vegetation period under the influ-
ence of many factors. In this paper, the weather con-
ditions prevailing during the experiment, soil quality, 
the date of sowing and harvesting and the insecticide 
treatments applied at different times were evaluated in 
relation to selected quality parameters of yield. Sugar 
beet is attacked by many pests which may directly 
(feeding on plant tissue) or indirectly (vectors of plant 
pathogens) affect the plants. Pimentel (2005) esti-
mated the world wide losses (due to weeds, pathogens 
and insects) as 25–35% pre-harvest and 10–20% post-
harvest agricultural plants. Viral diseases and nema-
todes are a serious problem for beet cultivation, in 
most parts of the world. Similarly cutworms, or sur-
face caterpillars, damage sugar beet plants and have 
negative impact on obtained crop yield. Several spe-
cies are known to damage sugar beet, usually feeding 
on stem bases or crowns, including larvae of various 
noctuid moths (Jakubowska et al. 2020b). Many spe-
cies of cutworms including Agrotis segetum Den. et 
Schiff. (Turnip moth) and Agrotis exclamationis L. 
(Heart and dart moth) affect sugar beets in Poland 
every year. Currently, it is estimated that the harm-
fulness caused by cutworms in different agricultural 
crops in Poland ranges from 2 to 30%, depending on 
the different agricultural crops.

The assessment of the genotype-environmental 
interaction of sugar beet depends on the impor-
tance of the selection of varieties for the stability of 
raw material production and its quality in different 
regions of this plant cultivation in Poland (Jaskulska 
et  al. 2017; Hassani et  al. 2018) furthermore other 
different abiotic conditions e.g. temperature of air. 
One of the most effective and most frequently used 
methods for analysis genotype-environmental inter-
action (GEI) based on various modifications of the 
two-way ANOVA model is the combined regression 
analysis to determine the significance and strength of 
correlation and dependence of features called AMMI 
(Additive Main Effect and Multiplicative Interaction 
analysis) (Zobel et al. 1988; Gauch and Zobel 1990). 
The additive main effects and multiplicative interac-
tion (AMMI) model (Gauch 1992) is one of the most 
widely used statistical methods. It can be used to 
understand and structure interactions between geno-
types and environments. In its essence, the AMMI 
model applies the singular value decomposition 
(SVD) to the residuals of an additive two-way analy-
sis of variance (ANOVA) model as applied to the GEI 
table of means (Gauch, 2013; Rodrigues et al. 2014).

The aim of the study was to evaluate the effects of 
chemical treatment by year interaction (TYI) for six 
quantitative traits (root weight, sugar content, potas-
sium molasses, sodium molasses, α-amine nitrogen, 
and technological yield of sugar beet) depending on 
different decision-making methods to insecticidal 
treatments against caterpillars of cutworm using the 
AMMI model. The following hypothesis was pro-
posed: abiotic conditions, varieties, chemical applica-
tion of insecticides significantly modifies the content 
of molasses in root of sugar beet plants.

Material and methods

The experiment was carried out in Słupia Wielka (52° 
13′ 02″ N, 17° 13′ 04″ E) (COBORU Field Experi-
mental Station) in 2011–2018. The soils on which the 
research was carried out were podzolic soils devel-
oped on light loamy sands and fawn soils. These are 
soils of a very good rye complex, valuation class IIIa, 
IIIb and IVa. Three varieties of sugar beet were used: 
Jagoda, Janusz, Maryna. Soil pH was close to neutral 
as required for sugar beet, with medium phosphorus 
(P) content, and high potassium (K) and magnesium 
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(Mg) content. The winter wheat was a fore crop for 
sugar beet in every year. The experiments were car-
ried out according to the same methodology, assum-
ing the use of generally accepted agrotechnical pro-
cedures and treatments for sugar beet. All plots were 
fertilized with the same dose of nitrogen (120 kg N 
 ha−1). Half of the nitrogen dose was applied before 
sowing and when sugar beets had four pairs of leaves 
developed (BBCH 14). One week before sowing the 
soil was fertilized with P, dose 60  kg of  P2O5  ha−1, 
combined with K. During the growth period standard 
herbicide and fungicide protection were used. Years 
of research were characterized by differently weather 
conditions for the growth and yielding of sugar beet. 
The amount of precipitation during the growing 
season (April–October) was a the biggest in 2017 
(454.7  mm) and the smallest in 2015 (221.2  mm). 
The largest rainfall deficiency was observed in July 
(2011–2012; 2015–2018) and September (2013) as 
well as in May 2014. The hydrotermical coefficient 
(K) deficiency occurred in May and August in years 
2012–2018 (without 2011) as well as in September in 
2011, 2014–2016). The average daily temperature in 
the study period was greater in July and August in all 
the years (Table 1).

In the experiment, a variety of sugar beet—
Beta vulgaris (L.) ssp. vulgaris were used: Jagoda 
(2011–2013), Janusz (2014–2016), and Maryna 
(2017–2018). All sugar beet seed varieties were 
treated with Tachigaren 70 WP fungicide (hymek-
sazol—active ingredient (a.i.)—700  g  kg−1—70%) 
in dose 40  g per seeds unit·ha−1. The seeds were 
sown in the first decade of April (between on 4–9 of 
April) the sowing density was 1.02 the seeding unit 
per  ha−1. The automatic seed drill ZÜRN D82 was 
used for sowing sugar beet, intended for precise sow-
ing of test plots. The area of the plot for sowing was 
13.5  m2 (width—1.8 m, length—7.5 m). The number 
of plants per plot was 108, when sowing beet seeds 
every 24.0  cm and with a row spacing of 45.0  cm. 
The number of rows in the plot was 4. The mean final 
plant density was 86 sugar beet plants per plot. The 
decision to use an insecticide treatment was deter-
mined based on the following criteria:

– signaling criterion—S—catches of the first adults 
(moths),

– intervention criterion—P based on feeding symp-
toms,Ta
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– prophylactic criterion treatment in the form of soil 
spraying of plants (after sugar beet emergence)—
PD,

– phenological criterion—F based on the calculated 
sums of effective temperatures,

– control object (without treatment)—K,
– control object—K1, plants were taken for analysis.

All chemical treatments were carried out with 
the use of a plot sprayer with the recommended 
amount of water of about 400–450 L per hectare. 
The spraying fluid had a pressure of 0.3 MPa. In year 
2011–2014 was used Dursban 480 EC insecticide 
[a.i. chloropiryfos 480 g (44.86%)] at a dose of 1 L 
per hectare. The next years (2015–2018) was used 
Pyrinex 480 EC [a.i. chloropiryfos 480  g (44.4%)] 
at dose of 0.9  l  ha−1. The sugar beet root yield and 
parameters of their technological quality, i.e. the bio-
logical content of sugar (polarization) and molasses-
forming components (α-amino nitrogen, potassium, 
and sodium ions) were assessed in the beet techno-
logical maturity phase (BBCH 49). The roots were 
harvested by hand from each plot, from the four mid-
dle rows, 6  m long, which was an area of 10.8  m2. 
The quality of the collected roots was determined on 
the basis of a sample of 20 roots taken from each plot 

from the two middle rows (10 consecutive roots). The 
weight of harvested roots, the sugar content—polari-
zation, nitrogen, sodium, and potassium (K, Na and 
N-amines) were assessed on the automatic Venema 
Type II G line at the Środa Wlkp Sugar Plant. The 
technological sugar yield was calculated according 
to the formula of Bucholtz et al. (1995) (Górski et al. 
2017).

(a) sugar processing losses:

(b) technological sugar expenditure: Pol − CT [%]
(c) technological sugar yield (white):

where CT is the sugar processing losses, Pol is 
the sugar content in roots—polarization [% fresh 
weight], K, Na, N-α-amines are the potassium, 
sodium, and nitrogen content α-amino [mmol (100 g 
fresh roots)−1],  YPK is the root yield [t  ha−1],  YPCT is 
thetechnological sugar yield [t  ha−1].

The experiment was based on a randomized block 
system. One-factor field experiments were carried 
out in a design in four replications of the objects. 

CT = 0.12 × (K + Na) + 0.24 × (N-�-amines) + 1.08 [%]

YPCT = YPK × (Pol − CT) × 100−1[t ha−1]

Table 3  Average root weight (Mg  ha−1), for the protective treatments and years, principal component analysis values and AMMI 
stability value (ASV) of tested treatments

F—phenological criterion—based on the calculated sums of effective temperatures, K—control object—without treatment, K1—
control object—plants were taken for analysis, P—intervention criterion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar beet emergence), S—signaling criterion—catches of the first adults 
(moths); IPCAg—interactive principal component analysis for treatment; IPCAe—interactive principal component analysis for year; 
ASV—AMMI stability value

Year Treatment Mean IPCAe1 IPCAe2

F K K1 P PD S

2011 13.75 14.41 12.54 12.74 13.2 13.34 13.33 0.675 0.142
2012 19.46 15.3 18.56 18.3 20.64 16.5 18.13 0.066 − 1.974
2013 18.35 19.65 19.59 19.14 18.56 18.76 19.01 0.524 0.337
2014 18.24 19.14 19.91 20.44 18.8 18.96 19.25 0.466 0.260
2015 9.4 10.16 13.03 10.07 9.2 9.69 10.26 0.627 0.216
2016 12.19 16.54 17.73 17.1 21.32 17.2 17.01 − 2.051 0.235
2017 16.21 18.66 18.19 16.05 20.04 18.49 17.94 − 0.653 0.186
2018 14.99 16.09 15.61 18.56 16.02 17.5 16.46 0.346 0.598
Mean 15.32 16.24 16.89 16.55 17.22 16.3 16.42
ASV 3.014 1.284 0.069 0.578 3.428 0.867
IPCAg1 1.563 0.187 − 0.013 0.312 − 1.868 − 0.181
IPCAg2 − 1.216 1.241 − 0.066 0.177 − 0.942 0.806
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The analyses were performed for a completely rand-
omized system.

Obtained data were analysed using additive main 
effects and multiplicative interaction (AMMI) model 
(Gauch and Zobel 1990) for each trait, independently. 
The AMMI model first fits additive effects for the 
main effects of treatments (T) and years (Y) followed 
by multiplicative effects for treatment by year inter-
action (TYI) by principal component analysis (PCA). 
Results of AMMI analysis was presented by biplot 
graphs. The AMMI model (Nowosad et  al. 2016) is 
given by:

yge = � + �g + �e +

N
∑

n=1

�n�gn�en + Qge,

where yge is the trait mean of treatment g in year e, 
μ is the grand mean, αg is the treatment mean devia-
tions, βe is the year mean deviations, N is the num-
ber of PCA axis retained in the adjusted model, λn is 
the eigenvalue of the PCA axis n, γgn is the treatment 
score for PCA axis n, δen is the score eigenvector for 
PCA axis n, Qge is the residual, including AMMI 
noise and pooled experimental error. The AMMI sta-
bility value (ASV) was used to compare the stability 
of treatment as described by Purchase et al. (2000):

where SSIPCA1 is the sum of squares for first compo-
nent from interactive principal component analysis 
(IPCA1), SSIPCA2—the sum of squares for second 

ASV =

√

[

SSIPCA1

SSIPCA2

(

IPCA1

)

]2

+
(

IPCA2

)2
,

Fig. 1  Biplot for protective treatments by year interaction 
of root weight in the protective treatments in 8 years, show-
ing the effects of primary and secondary interactive principal 
components (IPCA1 and IPCA2, respectively). F—phenologi-
cal criterion—based on the calculated sums of effective tem-
peratures, K—control object—without treatment, K1—con-

trol object—plants were taken for analysis, P—intervention 
criterion—P based on foraging symptoms, PD—prophylactic 
criterion treatment in the form of soil spraying of plants (after 
sugar beet emergence), S—signaling criterion—catches of the 
first adults (moths)
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component from interactive principal component 
analysis (IPCA2), the  IPCA1 and  IPCA2 scores are the 
treatment scores in the AMMI model, IPCA means 
interactive principal component analysis. Lower ASV 
score indicate a more stable treatment across years 
(Nowosad et al. 2017). The rank of the ASV (rASV) 
for the particular treatment was calculated for each 
trait. The total rank of the ASV (TrASV) was calcu-
lated for each treatment as the sum of the rASVs for 
all six traits (Bocianowski et al. 2021a; Bocianowski 
and Prażak 2022). The total of ASV (TASV) for the 
particular treatment was calculated for each treatment 
as the sum of the ASVs for all six traits. Finally, the 
rank of the TASV (rTASV) was calculated for each 
treatment. All the analyses were conducted using the 
GenStat v. 18 statistical software package. 

Results

AMMI model represents observations into a system-
atic component that consists of main effect and inter-
action effect through multiplication of interactions 
components, apart from random errors component 
(Sa’diyah and Hadi 2016). The year was statistically 
significant for all six observed traits of sugar beet 

(Table  2). The protective treatment was significant 
important for root weight and yield, while TYI was 
significant for root weight, sodium molasses and yield 
(Table 2).

Root weight—tests

The sum of squares for year main effect represented 
53.48% of the total root weight variation. The differ-
ences between the protective treatments explained 
2.25% of the total root weight variation, while the 
effects of TYI explained 10.78% (Table 2). Values for 
the two principal components were also significant 
and accounted jointly for 71.11% of the whole effect 
it had on the variation of root weight; the IPCA1 and 
IPCA2 accounted for 45.39% and 25.72%, respec-
tively, of the variation caused by interaction. Root 
weight of the tested protective treatments varied from 
9.2 (for PD variant in 2015) to 21.32  Mg  ha−1 (for 
PD in 2016) throughout the 8 years, with an aver-
age of 16.42 Mg  ha−1 (Table 3). The protective treat-
ment PD variant had the highest average root weight 
(17.22 Mg  ha−1), and the F (phenological treatment) 
had the lowest (15.32  Mg  ha−1). The average root 
weight per years also varied from 10.26 in 2015, to 
19.25  Mg  ha−1 in 2014 (Table  3). The stability of 

Table 4  Average polarization (%), for the protective treatments and years, principal component analysis values and AMMI stability 
value (ASV) of tested treatments

F—phenological criterion—based on the calculated sums of effective temperatures, K—control object—without treatment, K1—
control object—plants were taken for analysis, P—intervention criterion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar beet emergence), S—signaling criterion—catches of the first adults 
(moths); IPCAg—interactive principal component analysis for treatment; IPCAe—interactive principal component analysis for year; 
ASV—AMMI stability value

Year Treatment Mean IPCAe1 IPCAe2

F K K1 P PD S

2011 19.46 19.38 19.56 19.5 19.55 19.34 19.46 − 0.010 0.233
2012 18.04 17.72 17.71 17.7 17.92 17.86 17.82 0.036 − 0.268
2013 18.52 18.45 18.57 18.71 18.62 18.5 18.56 − 0.076 0.301
2014 16.24 16.26 16.11 16.26 16.29 16.18 16.22 − 0.132 0.099
2015 19.69 19.64 19.37 19.55 20.16 19.69 19.68 − 0.529 − 0.377
2016 16.65 16.52 16.48 16.63 16.5 16.42 16.53 0.043 0.184
2017 18.36 17.99 18.14 18.3 18.24 18.09 18.19 0.060 0.098
2018 16.97 16.31 16.67 16.31 16.33 16.58 16.53 0.609 − 0.271
Mean 17.99 17.78 17.83 17.87 17.95 17.83 17.87
ASV 0.904 0.357 0.776 0.516 1.129 0.234
IPCAg1 0.427 − 0.178 0.375 − 0.104 − 0.561 0.041
IPCAg2 − 0.327 0.063 0.231 0.473 − 0.218 − 0.222
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tested protective treatments can be evaluated accord-
ing to biplot for root weight (Fig. 1). Sugar beet pro-
tective treatments interacted differently with climate 
conditions in the observed years. The P variant inter-
acted positively with the 2011, 2013, 2014, 2015 
and 2018, but negatively with the 2016 (Fig. 1). The 
analysis showed that some protective treatments have 
high adaptation; however, most of them have specific 
adaptability. AMMI stability values (ASV) revealed 
variations in root weight stability among the six pro-
tective treatments (Table  3). According to Purchase 
et al. (2000), a stable protective treatment is defined 
as one with ASV value close to zero. Consequently, 
the protective treatment K1- control variant, with 
ASV of 0.069 was the most stable, while the treat-
ment PD (3.428) was the least stable (Table 3).

Sugar content—tests

The sum of squares for year main effect represented 
93.39% of the polarization (Table  2). Values for 
the two principal components were significant and 
accounted jointly for 89.17% of the whole effect 
it had on the variation of polarization. The IPCA1 
accounted for 59.24% of the variation caused by 
interaction, while IPCA2 accounted for 29.94%. 
Polarization of the tested protective treatments var-
ied from 16.11 (for K1 in 2014) to 20.16% (for PD 
in 2015) throughout the 8 years, with an average of 
17.87% (Table  4). The F had the highest average 
polarization (17.99%), and the K the lowest (17.78%). 
The average polarization per years also varied from 
16.22% in 2014, to 19.68% in 2015. The protec-
tive treatment S interacted positively with the 2012, 

Fig. 2  Biplot for protective treatments by year interaction 
of polarization in the protective treatments in 8 years, show-
ing the effects of primary and secondary interactive principal 
components (IPCA1 and IPCA2, respectively). F—phenologi-
cal criterion—based on the calculated sums of effective tem-
peratures, K—control object—without treatment, K1—con-

trol object—plants were taken for analysis, P—intervention 
criterion—P based on foraging symptoms, PD—prophylactic 
criterion treatment in the form of soil spraying of plants (after 
sugar beet emergence), S—signaling criterion—catches of the 
first adults (moths)
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but negatively with the 2013 (Fig. 2). The protective 
treatment F interacted positively with the 2018; PD 
positively with 2015, while K with 2014. The treat-
ment S with ASV of 0.234 was the most stable, while 
the protective treatment PD (1.129) was the least sta-
ble (Table 4).

Potassium molasses—tests

The sum of squares for year main effect represented 
89.48% of the total potassium molasses variation 
(Table 2). Value for the first principal component was 
significant and accounted for 61.75% of the whole 
effect it had on the variation of potassium molas-
ses. Potassium molasses from the base of the tested 
protective treatments varied from 27.27 (for F in 
2016) to 61.43  mmol  kg−1 (for S in 2015) through-
out the 8 years, with an average of 42.88 mmol  kg−1 
(Table 5). The protective treatments S had the high-
est average potassium molasses (43.88  mmol  kg−1), 
and the F had the lowest (42.17  mmol  kg−1). The 
average potassium molasses per years also varied 
from 27.93 mmol  kg−1 in 2016, to 55.95 mmol  kg−1 
in 2015. The stability of tested protective treatments 
can be evaluated according to biplot for potassium 
molasses (Fig.  3). The protective treatments F and 

K1 interacted positively with the 2017, but negatively 
with the 2018 (Fig.  3). The S interacted positively 
with the 2015, but negatively with the 2013 and 2014. 
The P interacted positively with the 2018, but nega-
tively with the 2017 (Fig. 3). The protective treatment 
P and K1 with ASV of 1.016 and 1.247, respectively, 
were the most stable, while the S (8.155) was the 
least stable (Table 5).

Sodium molasses—tests

The sum of squares for year main effect represented 
92.71% of the total sodium molasses variation, while 
the effects of TYI explained 1.42% (Table  2). Val-
ues for the two first principal components were sig-
nificant and accounted jointly for 83.50% of the 
whole effect it had on the variation of sodium molas-
ses (IPCA1: 52.43% and IPCA2: 31.07%). Sodium 
molasses of the tested protective treatments varied 
from 1.125 (for K1 in 2015) to 7.000  mmol  kg−1 
(for F and K in 2018) throughout the 8 years, with 
an average of 3.019  mmol  kg−1 (Table  6). The pro-
tective treatment F had the highest average sodium 
molasses (3.153 mmol  kg−1), and the K1 had the low-
est (2.888  mmol  kg−1). The average sodium molas-
ses per years also varied from 1.196  mmol  kg−1 in 

Table 5  Average potassium molasses (mmol  kg−1), for the protective treatments and years, principal component analysis values and 
AMMI stability value (ASV) of tested treatments

F—phenological criterion—based on the calculated sums of effective temperatures, K—control object—without treatment, K1—
control object—plants were taken for analysis, P—intervention criterion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar beet emergence), S—signaling criterion—catches of the first adults 
(moths); IPCAg—interactive principal component analysis for treatment; IPCAe—interactive principal component analysis for year; 
ASV—AMMI stability value

Year Treatment Mean IPCAe1 IPCAe2

F K K1 P PD S

2011 46.98 47.5 44.9 46.48 47.7 47.83 46.9 0.222 0.527
2012 44.23 43.4 43.75 44.75 42.9 44.95 44 − 0.144 − 0.494
2013 48.4 48.57 48.52 47.05 50.88 48.62 48.67 0.773 0.019
2014 44.03 43.98 43.83 45.38 45.03 42.55 44.13 0.981 0.206
2015 54.48 54.25 55.78 55.88 53.92 61.43 55.95 − 2.002 − 0.546
2016 27.27 27.75 28.5 27.72 28.5 27.82 27.93 0.457 − 0.216
2017 28.9 29.02 30.47 28.1 29.07 29 29.1 0.464 − 0.840
2018 43.12 46.9 45.38 47.5 46.68 48.85 46.4 − 0.751 1.344
Mean 42.17 42.67 42.64 42.86 43.08 43.88 42.88
ASV 2.842 1.78 1.247 1.016 4.048 8.155
IPCAg1 0.710 0.440 0.183 − 0.220 1.060 − 2.173
IPCAg2 − 0.991 0.665 − 1.042 0.593 0.748 0.028
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2015, to 6.692  mmol  kg−1 in 2018. The stability of 
tested protective treatments can be evaluated accord-
ing to biplot for sodium molasses (Fig. 4). The pro-
tective treatments S and K1 interacted positively with 
the 2013, 2015, 2016 and 2017, but negatively with 
the 2018 (Fig. 4). The protective treatments F and K 
interacted positively with the 2011. The P interacted 
positively with the 2012. The protective treatments 
PD and K1 with ASV of 0.318 and 0.448, respec-
tively, were the most stable, while the protective treat-
ment P (1.455) was the least stable (Table 6).

α-Amin-nitrogen—tests

In the ANOVA, the sum of squares for years 
main effect represented 87.92% of the total 

α-amin-nitrogen, and only this factor was signifi-
cant on the α-amin-nitrogen. α-amin-nitrogen of the 
tested protective treatments varied from 6.03 (for F in 
2011) to 37.95  mmol  kg−1 (for P in 2018) through-
out the 8 years, with an average of 16.67 mmol  kg−1 
(Table  7). The S had the highest average α-amin-
nitrogen (17.16 mmol  kg−1), and the F had the low-
est (15.99 mmol  kg−1). The average α-amin-nitrogen 
per years also varied from 6.83  mmol  kg−1 in 2011 
to 36.58  mmol  kg−1 in 2018. The stability of tested 
lines can be evaluated according to biplot for α-amin-
nitrogen (Fig.  5). The protective treatment K inter-
acted positively with the 2011 and 2017, but nega-
tively with the 2018 (Fig.  5). The PD interacted 
positively with the 2016, but negatively with the 
2015. The protective treatment P with ASV of 1.307 

Fig. 3  Biplot for protective treatments by year interaction of 
potassium molasses in the protective treatments in 8 years, 
showing the effects of primary and secondary interactive prin-
cipal components (IPCA1 and IPCA2, respectively). F—phe-
nological criterion—based on the calculated sums of effective 
temperatures, K—control object—without treatment, K1—

control object—plants were taken for analysis, P—intervention 
criterion—P based on foraging symptoms, PD—prophylactic 
criterion treatment in the form of soil spraying of plants (after 
sugar beet emergence), S—signaling criterion—catches of the 
first adults (moths)
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was the most stable, while the protective treatment 
PD (2.614) was the smallest stable (Table 7).

Technological yield—tests

The three sources of variation for the yield were 
significant. The sum of squares for year effect rep-
resented 49.68% of the total yield variation, the dif-
ferences between protective treatments explained 
2.22% of the total yield variation, while the effects 
of TYI explained 11.41% (Table  2). Values for the 
two principal components were also significant and 
accounted jointly for 70.52% of the whole effect it 
had on the variation of yield. The first principal com-
ponent (IPCA1) accounted for 41.24% of the vari-
ation caused by interaction, while IPCA2 accounted 
for 29.28%. Yield of the tested protective treatments 
varied from 171.4 (for F in 2015) to 360.0 t  ha−1 (for 
PD in 2012) throughout the 8 years, with an average 
of 280.47 t  ha−1 (Table  8). The PD had the highest 

average yield (294.7 t  ha−1), and the F had the lowest 
(264.0 t  ha−1). The average yield per years also varied 
from 187.7 t  ha−1 in 2015, to 341.6 t  ha−1 in 2013. 
The stability of tested protective treatments can be 
evaluated according to biplot for yield (Fig.  6). The 
protective treatments P interacted positively with the 
2011, 2013, 2014, 2015 and 2018 (Fig. 6). The pro-
tective treatment K1 with ASV of 0.604 was the most 
stable, while the PD (11.618) was the least stable 
(Table 8).

The rank of the ASV, the total rank of the ASV, the 
total of ASV, the rank of the TASV

The best ASV (rASV equal to 1) was observed (two 
times) for K1 (root weight and yield) and P (potas-
sium molasses and N-α-amin-amine-α-nitrogen) 
(Table 9). The best total rank of the ASV was observe 
for K1 treatment (TrASV = 14), and the worst for F 
and PD treatments (TrASV = 433). The total AMMI 

Table 6  Average sodium molasses (mmol  kg−1), for the protective treatments and years, principal component analysis values and 
AMMI stability value (ASV) of tested treatments

F—phenological criterion—based on the calculated sums of effective temperatures, K—control object—without treatment, K1—
control object—plants were taken for analysis, P—intervention criterion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar beet emergence), S—signaling criterion—catches of the first adults 
(moths); IPCAg—interactive principal component analysis for treatment; IPCAe—interactive principal component analysis for year; 
ASV—AMMI stability value

Year Treatment Mean IPCAe1 IPCAe2

F K K1 P PD S

2011 3.5 2.85 2.35 2.5 2.375 2.625 2.7 0.628 − 0.375
2012 5.325 5.125 5.225 6.425 5.475 5.275 5.475 − 0.858 − 0.202
2013 1.625 1.475 1.6 1.575 1.675 1.575 1.588 − 0.004 0.276
2014 2.4 2.425 2.225 2.425 2.575 2.325 2.396 − 0.027 0.126
2015 1.225 1.175 1.125 1.225 1.15 1.275 1.196 0.018 0.249
2016 2.725 2.7 2.675 2.625 2.575 2.6 2.65 0.095 0.199
2017 1.425 1.55 1.55 1.3 1.475 1.425 1.454 0.139 0.353
2018 7 7 6.35 6.925 6.85 6.025 6.692 0.009 − 0.625
Mean 3.153 3.038 2.888 3.125 3.019 2.891 3.019
ASV 1.057 0.636 0.448 1.455 0.318 0.556
IPCAg1 0.549 0.357 0.009 − 0.830 − 0.184 0.098
IPCAg2 − 0.494 − 0.188 0.448 − 0.353 0.057 0.531
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stability value varied from 5.177 (for K1) to 23.155 
(for PD). The total rank of the ASV (TrASV) and 
the rank of the TASV (rTASV) were very similar 
(Table 9). K1 and P treatments were the best stability 
if both ranks, while F and PD were the worst in both 
ranks (Table 9).

Discussion

The use of AMMI for the analysis of our findings 
provided more information on the interaction (TYI) 
between the applied variants of protective treatments 
against soil pests in individual years of study, and the 
obtained components of the white sugar yield over 8 
years of the trial. Many authors have demonstrated 
that the AMMI analysis can be used to identify spe-
cific treatments with the highest yields in different 

years (Hoffmann and Kluge-Severin 2011; Bocianow-
ski et al. 2018). 

The relationship between the effect of quantitative 
characteristics on the technological yield of sugar has 
been studied by many authors (Märländer et al. 2003; 
Kenter et  al. 2006; Bzowska-Bakalarz and Banach 
2009; Rezbova et  al. 2013; Moliszewska 2015; 
Jakubowska et  al. 2020a). Kamali and Zand-Parsa 
(2017) confirmed that in the absence or elimination 
of pests and diseases, the reduction of the genetic 
potential of sugar beet depends on regional weather 
conditions. The technological yield of sugar increases 
with the length of the growing season, i.e. the number 
of days between sowing and harvesting.

Effect of environmental conditions on biologi-
cal and commercial traits of sugar beet is very sig-
nificant. The results of field trials demonstrated the 
impact of weather conditions (especially influence 

Fig. 4  Biplot for protective treatments by year interaction of 
sodium molasses in the protective treatments in 8 years, show-
ing the effects of primary and secondary interactive principal 
components (IPCA1 and IPCA2, respectively). F—phenologi-
cal criterion—based on the calculated sums of effective tem-
peratures, K—control object—without treatment, K1—con-

trol object—plants were taken for analysis, P—intervention 
criterion—P based on foraging symptoms, PD—prophylactic 
criterion treatment in the form of soil spraying of plants (after 
sugar beet emergence), S—signaling criterion—catches of the 
first adults (moths)
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of temperature and precipitation in development of 
plants), environment and varieties on the yield of 
sugar beet. The obtained results show that the influ-
ence of varieties, years, and related weather condi-
tions during the growing season of sugar beet have 
a huge impact on the root yield, sugar content and 
the formation of assimilates in the plant growth and 
development process. Malnou et  al. (2006) con-
cluded that a greater number of organic compounds 
produced at the beginning of vegetation is used for 
leaf growth, which in turn reduces the initial share 
of roots in the total plant mass. Similarly, Milford 
et al. (1985), who in their research proved that there 
is a high variability between genotypes regarding 
the number, shape and surface of leaves, a similar 
root yield can be obtained for different morpho-
logical features of the leaves. Lemaire et al. (2008) 
believe that there is a close relationship between 
the rate of growth and the production of larger leaf 
rosettes and air temperature. Until the inter-rows are 
covered, a close relationship is observed between 
the structure of the leaf and the amount of absorbed 
solar radiation, on the one hand, and the amount 
of absorbed radiation, and the yield of root mass, 
on the other hand, with favorable temperature and 
humidity conditions (Draycott 2006; Hoffmann and 

Kluge-Severin 2010, 2011). For this reason, each 
agrotechnical factor that limits the growth of leaf 
mass has a negative impact on the final root yield 
and technological sugar yield. Probably, the combi-
nation of various environmental factors in interac-
tion with the genotype influences the distribution of 
assimilates throughout the plant (Kamali and Zand-
Parsa 2017). Another factor that influences the 
assimilate content, and thus the sugar yield and the 
root yield, is the availability of nitrogen and water 
in the soil. Continuous intake of this component has 
a positive effect on the formation and growth of the 
leaf mass (Barłóg and Grzebisz 2004; Malnou et al. 
2006). Wojciechowski et  al. (2002) showed that in 
many locations and in the years of research, nitrogen 
uptake was inhibited in mid-August, when the leaf 
mass reached its maximum and high temperatures at 
that time caused the root to accumulate assimilates, 
with the highest sugar content around root head. 
When water availability is limited, leaf growth is 
inhibited and assimilates move to the storage root, 
with molasses accumulating at this time. The course 
of the weather has a decisive influence on the qual-
ity traits of sugar beet roots, although there are also 
differences between cultivars (Barłóg and Grzebisz 
2004; Kenter et  al. 2006). Barłóg and Grzebisz 

Table 7  Average N-α-amin-nitrogen (mmol  kg−1), for the protective treatments and years, principal component analysis values and 
AMMI stability value (ASV) of tested treatments

F—phenological criterion—based on the calculated sums of effective temperatures, K—control object—without treatment, K1—
control object—plants were taken for analysis, P—intervention criterion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar beet emergence), S—signaling criterion—catches of the first adults 
(moths); IPCAg—interactive principal component analysis for treatment; IPCAe—interactive principal component analysis for year; 
ASV—AMMI stability value

Year Treatment Mean IPCAe1 IPCAe2

F K K1 P PD S

2011 6.03 9.31 6.12 6.5 6.12 6.88 6.83 0.648 − 0.806
2012 12.24 11.68 11.05 13.79 13.48 14.69 12.82 0.183 1.158
2013 17.89 17.05 18.92 15.88 17.66 17.28 17.45 − 0.004 − 0.928
2014 10.12 13.43 11.83 12.85 14.45 12.22 12.48 − 0.651 − 0.217
2015 25.08 24.38 21.6 23.93 21.82 26.17 23.83 1.659 0.593
2016 12.02 13.68 15.2 15.23 16.15 14.18 14.41 − 1.107 0.037
2017 9.53 8.93 9.18 8.22 9.3 8.67 8.97 0.180 − 0.581
2018 34.98 34.4 37.25 37.95 37.73 37.17 36.58 − 0.906 0.743
Mean 15.99 16.61 16.39 16.79 17.09 17.16 16.67
ASV 2.394 1.837 2.033 1.307 2.614 1.722
IPCAg1 1.256 0.783 − 0.966 − 0.418 − 1.375 0.720
IPCAg2 − 0.191 − 1.078 − 0.875 1.038 0.059 1.046
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(2004) as well as Kenter et  al. (2006) also empha-
size the complexity of the relationship between the 
quantitative characteristics and the quality of beet-
root roots, mainly the polarization and the content 
of molasses forming compounds. All the relation-
ships, as for the root mass, were directly propor-
tional (Table  2). In 2011–2014 in Słupia Wielka, 
the potassium content had an inverse proportion-
ate effect on the technological yield of beet sugar 
(Table  5). The research by Bzowska-Bakalarz and 
Banach (2009) conducted in various habitat condi-
tions shows that the concentration of potassium in 
the roots depends on the abundance of this com-
ponent in the soil. The technological yield of beet 
sugar was significantly related to the sodium con-
tent only in 2015 in Słupia Wielka (Table  6). The 

content of α-amino nitrogen determined the beet 
yield in Słupia Wielka in all years except 2011 and 
2017—all these relationships were inversely pro-
portional (Table 2). A negative correlation between 
the sugar content and the α-amino nitrogen was 
demonstrated in their studies by Barłóg and Grzeb-
isz (2004). Among the analyzed quality features 
of sugar beet roots, polarization and the content of 
α-amino nitrogen and sodium were not significantly 
differentiated by the effects of the experiment fac-
tors in Słupia Wielka. The research of Moradi et al. 
(2012) show that environmental conditions such as 
the location and course of weather usually affect 
the yielding of individual sugar beet genotypes to a 
varying degree, which should be taken into account 
when breeding new varieties. TYI is an important 

Fig. 5  Biplot for protective treatments by year interaction of 
N-α-amin-amine-α-nitrogen in the protective treatments in 8 
years, showing the effects of primary and secondary interac-
tive principal components (IPCA1 and IPCA2, respectively). 
F—phenological criterion—based on the calculated sums of 
effective temperatures, K—control object—without treatment, 

K1—control object—plants were taken for analysis, P—inter-
vention criterion—P based on foraging symptoms, PD—pro-
phylactic criterion treatment in the form of soil spraying of 
plants (after sugar beet emergence), S—signaling criterion—
catches of the first adults (moths)
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and challenging issue for plant breeders especially 
in developing new improved treatments. Multi-year 
trials are used to determine treatment-year interac-
tion representing the target year and can identify 
superior treatments for recommendation to breed-
ers (Biancardi et al. 2010; Chołuj et al. 2014; Pod-
laski et al. 2017). Differences in environmental/year 
conditions may cause large TYIs, especially under 
drought-prone years (Bocianowski et al. 2019a).

The AMMI model provides a useful tool in diag-
nosing TYI patterns and improving the accuracy of 
response estimates. It enables clustering of geno-
types based on similarity of response characteris-
tics and identifying potential trends in environments 
(Bocianowski et al. 2018, 2019b, 2019c; Fotso et al. 
2018; Bocianowski and Liersch 2022). The sug-
gested strategy could extract more information from 
the TYI, thereby aiding researchers in identifying 
specific treatments with competitive yields across 
diverse years (Paderewski et  al. 2016; Podlaski 
et al. 2017; Bocianowski et al. 2021b).

Conclusions

1. Regarding the AMMI model, the results of the 
analysis of variance indicated significant treat-
ment × year interaction for all considering physi-
ological traits.2.

2. The technological yield of beet sugar was deter-
mined directly proportionally by the mass of 
roots and polarization with the use of any deci-
sion-making method The technological yield of 
sugar increases with the length of the growing 
season, i.e. the number of days between sowing 
and harvesting.

3. The sodium content did not have a statistically 
significant effect on the technological yield of 
sugar beet for any of the applied treatments for 
soil pests.

4. Among SVD-based statistical analyses, AMMI is 
a unique analysis that completely and always sep-
arates assess protective treatments by year inter-
action as required for most agricultural research 
purposes.

Table 8  Average yield (t  ha−1), for the protective treatments and years, principal component analysis values and AMMI stability 
value (ASV) of tested treatments

F—phenological criterion—based on the calculated sums of effective temperatures, K—control object—without treatment, K1—
control object—plants were taken for analysis, P—intervention criterion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar beet emergence), S—signaling criterion—catches of the first adults 
(moths); IPCAg—interactive principal component analysis for treatment; IPCAe—interactive principal component analysis for year; 
ASV—AMMI stability value

Year Treatment Mean IPCAe1 IPCAe2

F K K1 P PD S

2011 259.1 269.7 237 239.8 249.4 249.1 250.7 2.735 0.183
2012 340.6 261.7 318.5 313.2 360 284.2 313 − 0.420 − 8.398
2013 328.3 351.6 352.1 347.5 334.2 336 341.6 2.128 1.571
2014 286.8 301.2 311.4 322.4 296.1 297.4 302.5 2.031 1.111
2015 171.4 185.2 238.4 182.9 172.5 176 187.7 2.269 1.320
2016 196.8 265.6 284.3 276.5 341.2 274.2 273.1 − 7.834 1.808
2017 290.7 328.9 322.9 286.5 358.6 327.7 319.2 − 3.177 0.718
2018 238.7 246.8 244.4 286.1 245.8 274.2 256 2.267 1.687
Mean 264 276.3 288.6 281.9 294.7 277.3 280.47
ASV 9.938 5.291 0.604 2.355 11.618 3.073
IPCAg1 5.743 0.955 − 0.102 1.605 − 7.839 − 0.361
IPCAg2 − 5.777 5.117 0.587 0.663 − 3.620 3.031
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Fig. 6  Biplot for protective treatments by year interaction 
of yield in the protective treatments in 8 years, showing the 
effects of primary and secondary interactive principal com-
ponents (IPCA1 and IPCA2, respectively). F—phenological 
criterion—based on the calculated sums of effective tempera-
tures, K—control object—without treatment, K1—control 

object—plants were taken for analysis, P—intervention crite-
rion—P based on foraging symptoms, PD—prophylactic crite-
rion treatment in the form of soil spraying of plants (after sugar 
beet emergence), S—signaling criterion—catches of the first 
adults (moths)

Table 9  The rank of 
the ASV (rASV) for the 
particular treatment, the 
total rank of the ASV 
(TrASV), the total of ASV 
(TASV) for the particular 
treatment and the rank of 
the TASV (rTASV)

Trait Measure Treatment

F K K1 P PD S

Root weight rASV 5 4 1 2 6 3
Polarization 5 2 4 3 6 1
Potassium molasses 4 3 2 1 5 6
Sodium molasses 5 4 2 6 1 3
N-α-amin-amine-α-Nitrogen 5 3 4 1 6 2
Yield 5 4 1 2 5 3

TrASV 29 20 14 15 29 18
TASV 20.149 11.185 5.177 7.227 23.155 14.607
rTASV 5 3 1 2 6 4
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