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that the world population, which is increasing rapidly today 
(8 billion on average), will reach an average of 10 billion by 
2050, it is inevitable that the demand for food will increase 
substantially due to population growth (Dorling, 2021). It 
is also clear that production needs to be increased by 60% 
on average to meet the food needs of the estimated popula-
tion in 2050 (Le Mouël & Forslund, 2017). However, low 
yields in crop production in many global regions due to cli-
mate change and improper agricultural practices raise seri-
ous concerns about meeting the increasing demand for food 
(Field & Barros, 2014; Voss-Fels et al., 2019). Identifying 
suitable varieties to increase yield and quality potential 
under various growing conditions is an excellent advantage 
for food security’s sustainability (Reynolds et al., 2021; 
Taleghani et al., 2024).

Sugar beet cultivation is of great importance to the food 
industry. Sugar beet is a strategic product due to its signifi-
cant contribution to human nutrition, agricultural produc-
tion, and industry, such as nutrition, feed additive in animal 
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Abstract
Global climate change, which is increasingly evident today, leads to significant fluctuations in the yield and quality param-
eters of sugar beet varieties, particularly due to its direct impact on semi-arid regions. Therefore, the adaptation capacity 
of varieties especially in the semi-arid areas of eastern regions and their responses to drought and temperature stress are 
of critical importance. This study was conducted during the 2022–2023 growing seasons to evaluate the yield and qual-
ity performance of ten sugar beet varieties (Seranada, Lider, Mohican, Terronova, Aranka, Turbata, Bernache, Setenil, 
Tisserin, and Chevalier) within a continental agro-ecological zone characterized by high altitude and a semi-arid climate. 
The results revealed significant differences among the varieties in terms of all examined traits. The highest root yield was 
obtained from Chevalier (95.30 ton/ha) and Mohican (94.17 ton/ha), while Tisserin produced the lowest (71.34 ton/ha). In 
terms of sugar yield, Terronova ranked highest (16.18 ton/ha), whereas Tisserin (12.44 ton/ha) and Setenil (12.34 ton/ha) 
showed the lowest performances. The Lider variety recorded the highest sugar content (18.22%), indicating its potential as 
a quality-oriented genotype. Overall, Mohican and Terronova demonstrated the most favorable responses under semi-arid 
conditions. These findings underscore the importance of regional variety testing for identifying high-yielding and high-
quality sugar beet genotypes, especially in environments affected by altitude, climate variability, and soil characteristics.
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husbandry, coal industry, vegetable fertilizer, alcohol pro-
duction, and yeast (Yetik & Candogan, 2022; Ayas, 2025). 
A herbaceous biennial plant with nearly 200 years of culti-
vation history in arid and semi-arid regions, sugar beet still 
holds many mysterious aspects as a sugar-producing trea-
sure (Clouse et al., 2016). In addition to its contribution to 
farmers, the importance and production of sugar beet are 
increasing daily due to its economic contribution to many 
industrial sectors.

Sugar beet is very important in sugar production in our 
country and the world. According to 2022 data, Turkey 
ranks 5th in the world in terms of sugar beet production 
(269.9 million tons) (19.0 million tons) (FAOSTAT, 2025). 
According to 2023 data, global sugar production is estimated 
to reach 177.2 million tons, and consumption is 176.0 mil-
lion tons. In total world sugar production (cane and beet 
sugar production), Turkey ranks 12th with a share of 1.83%, 
while in beet sugar production (3.3 million tons), it ranks 
5th with 8.46%. Turkey produced 25.2 million tons of sugar 
beet from an average cultivation area of 362,815 ha, and the 
average sugar beet per hectare was 69.60 tons in Turkey, 
while it was 56.99 tons worldwide (Turkseker, 2025). Con-
sidering that the difference between world sugar production 
and consumption will reach 689 thousand tons, it is clear 
that Turkey is at a key point in closing the sugar deficit.

In recent years, systematic breeding programs of breed-
ers and biotechnological methods of researchers have 
led to quantitative and qualitative performance improve-
ment in sugar beet (Taleghani et al., 2022). This process 
has contributed significantly to the improvement of many 
important characteristics of sugar beet varieties, such as a 
genetic increase in sugar ratio from 8% to 18–20%, resis-
tance of varieties to viral and fungal diseases, monogerm 
varieties, and resistance to shoot production (Taleghani et 
al., 2022, 2024; Hassani et al., 2023). The importance of 
such improvements to increase yield and quality in sugar 
beet production to meet future demand for sugar is evi-
dent. Although biotechnological methods can improve the 
genetic structure of seeds, the multifaceted nature of root 
yield, which is affected by genotype, environment, and their 
interaction, poses some difficulties in producing a stable 
crop (Sadeghzadeh et al., 2022). Differences between geno-
types with the same genetic trait due to specific environ-
mental conditions lead to phenotypic variations (Hassani et 
al., 2023). To obtain high yields in sugar beet cultivation, 
breeders must identify genotypes that consistently show 
superior characteristics under different climatic and envi-
ronmental conditions by conducting extensive tests in vari-
ous locations (Saremirad & Taleghani, 2022). This method 
helps select genotypes with broad adaptation and stability, 
thus increasing yield (Taleghani et al., 2023). In addition, 
high input costs are important factors that negatively affect 

farmers’ profitability. Therefore, sugar beet producers must 
select varieties suitable for climate and environmental con-
ditions for high yield and sugar ratio, directly impacting 
profitability (Yildiz et al., 2024).

Previous research has shown that the agronomic perfor-
mance of sugar beet varieties can differ significantly across 
geographic regions, primarily due to variations in climate, 
soil composition, and cultivation practices. This variabil-
ity underscores the critical role of genotype-environment 
interactions in shaping key traits such as root yield, sugar 
concentration, and processing quality. Consequently, region-
specific variety trials are essential, especially in areas prone 
to abiotic stress factors like drought, temperature extremes, 
and low atmospheric humidity, which can severely con-
strain crop performance. Identifying genotypes that consis-
tently exhibit high yield and quality under such conditions 
remains a strategic priority for ensuring the long-term sus-
tainability of sugar beet production (Sefaoğlu, 2019; Erbil, 
2020; Ertürk and Ağır, 2022; Ayaş, 2025).

Cultivating varieties with high yield potential under 
favorable climatic and environmental conditions results in 
obtaining high yields per unit area. Therefore, it is neces-
sary to customize this type of research for each region and 
each variety. This study aimed to determine the adaptation 
balance of some sugar beet varieties to the agricultural and 
ecological conditions of a specific region. The study aimed 
to evaluate the interaction of the varieties over the years, 
to evaluate the yield and quality parameters, and to deter-
mine the high-performance variety or varieties suitable for 
the agricultural and ecological conditions of the region. 
The findings of this study are expected to contribute to the 
empirical literature and offer practical insights for future 
research on sugar beet cultivation within a continental agro-
ecological zone characterized by high altitude and semi-arid 
climate.

Materials and Methods

Plant Materials

In this study, ten sugar beet varieties representing three 
genetic types N, Z, and NZ were evaluated. These types 
reflect varying combinations of root yield and sugar content 
potential. Detailed information regarding variety classifica-
tion and sugar ratio levels is presented in Table 1.

Field Trials

Field trials were conducted during the 2022–2023 growing 
seasons in Üzümlü, a district of Erzincan province, located 
in the Upper Euphrates subregion of Eastern Anatolia, 
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Türkiye. The experimental site lies at an altitude of 1324 m 
above sea level and is geographically situated at 39°40′15″ 
N latitude and 39°45′20″ E longitude.

Üzümlü is characterized by a continental climate, with 
cold winters and hot, dry summers. The study was carried 
out on an experimental field representative of the regional 
agro-ecological conditions. The physical and chemical 
properties of the soil at the trial site are presented in Table 2.

Meteorological data of the experimental area are given 
in Fig. 1. In the 2022 growing season, the total rainfall was 
139.60 mm, and the average temperature was 19.83 °C. In 

the 2023 growing period, the total rainfall was 262.9 mm, 
and the average temperature was 18.98 °C.

The experiment used the “Randomized Block Experi-
mental Design” with three replications. The experimental 
area was deep plowed before planting, then cultivated with 
a cultivator, and made ready for planting. Sowing was per-
formed using a precision-adjusted seed drill on April 24, 
2022, and May 1, 2023, at a depth of 2–3 cm. The seeds 
were sown in five rows, with an inter-row spacing of 20 cm. 
The spacing of 45  cm between the rows, and length of 
4 m of each row were kept. Fertilizer was applied as pure 
200 kg nitrogen (N) and 100 kg phosphorus (P) per hectare. 
In the experimental area, 55 kg Super Beet-S [13.18.15 + 2 
(MgO) + 10 (SO3) + B] NPK compound fertilizer was 
applied as base fertilizer before planting, and 30  kg urea 
(46% N) fertilizer was applied as top fertilizer with the first 
hoe. In both years, hoeing was carried out when the sugar 
beet seedlings had 2–4 leaves, and a total of 3 hoeing opera-
tions were carried out according to the weed status in the 
plots. Irrigation was performed seven and six times in the 
growing period of 2022 and 2023, respectively. Harvesting 
for both trials was carried out on October 5th, 2022 and Sep-
tember 20th, 2023, respectively. After removing the edge 
effects from each plot, the sugar beets obtained from the 
harvest were sent to Erzincan Sugar Factory laboratory for 
ash ratio, α-amino nitrogen, digestion percentage, and polar 
sugar beet analysis.

Table 1  Some characteristics of beet varieties
Varieties Type* Sugar ratio
Seranada NZ High
Lider NZ High
Mohican N Moderate
Terronava NZ High
Aranka N Moderate
Turbata N Moderate
Bernache NZ High
Setenil N Moderate
Tisserin N Moderate
Chevalier NZ High
* Type of sugar beets: Z (Zucker) type-low root yield, high sugar 
ratio; N (Normal) type-moderate root yield and sugar ratio; NZ-
hybrid type showing both high root yield and high sugar ratio. All 
varieties with high root yield, are resistant to rhizomania, and toler-
ant to cercospora

Table 2  Characteristics of the trial soil
Years Depth (cm) Sturation

(%)
Texture
Classroom

pH Salinity (%) CaCO3
(%)

Organic
Matter (%)

Available
P2O5
(kg/ha)

K2O
(kg/ha)

2022 0–30 69.3 Clay-Loamy 8.17 0.28 19.72 2.18 582.9 3514.4
2023 0–30 57.2 Clay-Loamy 7.28 0.24 1.58 1.94 66.2 596.1

Fig. 1  Rainfall and temperature 
data of the growth periods at the 
field sites in 2022 and 2023
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Harvest Index (%): It was determined by proportioning 
the average stem weight values to the biomass weight val-
ues and multiplying by 100.

Data Analaysis

The data obtained in the study were subjected to a mixed-
model two-way ANOVA in Rstudio (version 2023.06.1 + 524) 
using the R package ‘lme4’ with year and replicate factors 
treated as fixed and random effects, respectively. Significant 
differences in mean values between genotypes or years were 
examined by Duncan’s multiple comparison test (Steel & 
Torrie, 1980; Duzgunes et al., 1987).

Results and Discussion

Genotypic Varations and Year Effects on Each Trait

As shown in Table  3, there were significant variations 
among genotypes in all the studied traits. Root yield, harvest 
index, ash ratio and sugar yield were also found to signifi-
cantly vary between years, indicating a significant environ-
mental difference between 2022 and 2023. Interestingly, the 
performance of genotypes in all the traits was significantly 
affected by the genotype × year interactions, indicating the 
unstable performance of the same genotype between two 
years. Thus, year-specific recommendations are needed in 
selections for superior genotypes.

According to Fig. 2, significantly higher root yield (94.91 
vs. 73.36 ton/ha), sugar yield (16.34 vs. 11.76 ton/ha), and 
harvest index (82.67% vs. 76.27%) were obtained in 2022 
compared to 2023, while ash ratio was higher in 2023 
(3.88%) than in 2022 (3.29%). These differences are likely 
due to dramatic changes in soil nutrient composition across 
years. For instance, soil CaCO₃ was 19.72% in 2022 com-
pared to 1.58% in 2023; available phosphorus (P₂O₅) was 
582.9 kg/ha in 2022 versus 66.2 kg/ha in 2023, and potas-
sium (K₂O) levels were 3514.4 kg/ha in 2022 compared to 
596.1  kg/ha in 2023 (Table  2). These soil-related differ-
ences may have significantly influenced plant growth and 

Ash ratio (%): 5  g of sample was taken into a 100  ml 
solution flask and filled to 100 ml with distilled water. The 
conductivity of the resulting solution was then measured at 
20 °C, and the ash percentage of the product was calculated 
using the formula below (Kavas & Leblebici, 2004).

Ash % = (16.2 + 0.36 × D) × 10-4 × (C5-Cw) × f

D = dry matter concentration of the required solution.
C5 = conductivity of the required solution at 20 °C.
Cw = conductivity of water at 20 °C.
f = dilution factor, 5/m.

 
Alpha-amino nitrogen (mmol/100 g): It was measured using 
the Kubadinow-Weninger Method by looking at the absorp-
tion of the blue color formed by the α-amino nitrogen of 
copper nitrate/sodium acetate buffer in a spectrophotometer 
at 600 nm wavelength (Kavas & Leblebici, 2004).

Digestion (sugar content): The sugar content analy-
sis was performed using the cold digestion method, with 
the beet pulp being ground into a paste. Average 26-gram 
samples were stirred for 2 min in 178.2 ml of lead acetate 
solution. The polar value was then read on the filter and the 
polymeter’s 13 g/100 ml scale (Kavas & Leblebici, 2004).

Polar sugar ratio (%): Samples were pulverized using 
the cold digestion method. Average 26-gram samples were 
stirred in 178.2 ml of 0.3% aluminum sulfate solution for 
2 min, then filtered and read on a polarimeter (Kavas & Leb-
lebici, 2004).

Sugar yield (ton/ha): The beet yields in each plot were 
calculated by proportioning them to the sugar availability 
analyzed in the same plot (Sincik & Canigenis, 2016). 

Sugar Yield = Sugar content × root yield
100

Root yield (ton/ha): The beets in the harvest area of the plots 
were removed, the heads and leaves were cut, the soil was 
cleaned, and the plot yields were determined by weighing. 
Parcel yields were converted to hectares, and root yields 
were calculated.

Table 3  ANOVA table for the seven investigated traits (*: p < 0.05, **: p < 0.01, ***: p < 0.001)
Genotype Year Genotype × Year Replicate (year) Residual

Degree of freedom 9 1 9 - -
F value Variance

Root Yield 14.94*** 224.14*** 15.32*** 2874 281,881
Harvest Index 6.44*** 53.88*** 20.10*** 0.84 3
Ash Ratio 15.11*** 28.37** 9.15*** 0.01 0.08
Sugar Content 2.67* 2.69 4.75*** 0.19 1.22
Sugar Ratio 4.63*** 0.05 8.27*** 0.08 0.6
α-amino N 8.69*** 1.9 4.19*** 0 0.0004
Sugar Yield 6.40*** 175.95*** 10.64*** 0 17,875
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2025). Such varietal differences may arise from the com-
bined effects of genetic background, agronomic manage-
ment, and environmental interactions (Gul & Kara, 2015; 
Sefaoglu et al., 2021).

Sugar ratio did not significantly vary between years, 
with similar averages recorded in 2022 (17.20%) and 2023 
(17.26%) (Fig.  2). Across genotypes, sugar ratio ranged 
from 16.34% to 18.22%, with the highest value recorded 
for Lider (18.22%) and the lowest for Chevalier, Bernache, 
and Setenil (16.54%, 16.46%, and 16.34%, respectively). 
These results are within the range reported by prior stud-
ies: Mohammadian et al. (2008) (13.99–16.31%), Ada 
and Akınerdem (2011) (16.39–19.30%), and Baran and 
Yalinkilic (2025) (16.68–19.04%). The genotype × year 
interaction for sugar ratio was significant, indicating that 

metabolic activity. Similarly, Ivanina et al. (2021) reported 
that altered fertilization regimes significantly affected sugar 
beet productivity. In addition, environmental fluctuations 
such as temperature and precipitation between years have 
also been shown to impact yield and quality components 
(Sefaoglu, 2019). Root yield, sugar yield, harvest index, 
and ash ratio all exhibited highly significant year-to-year 
changes (p < 0.001), whereas sugar content, sugar ratio, and 
α-amino N did not show statistically significant differences 
(Fig. 2).

Among the genotypes, Chevalier (95.30 ton/ha) and 
Mohican (94.17 ton/ha) produced the highest root yields, 
while Tisserin had the lowest (71.34 ton/ha), as presented in 
Fig. 3. These findings confirm significant genotypic varia-
tion in root yield, consistent with previous studies (Sahiner 
& Ismail, 2020; Erturk & Agır, 2022; Baran & Yalinkilic, 

Fig. 2  The variation of the seven studied traits between 2022 and 2023. Significant differences between two yers are indicated by asterisks (t-test; 
***: p < 0.001, n.s.: not significant)
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photosynthates are allocated to harvestable organs (Yavas & 
Ilker, 2020). A significant genotype × year interaction was 
also observed for this trait, likely reflecting differences in 
genotype adaptability to annual climatic variations (Raza et 
al., 2019; Swarup et al., 2021).

Although α-amino N content did not significantly differ 
between years (0.00034 mmol/100 g in 2022 vs. 0.00039 
mmol/100  g in 2023), there were considerable genotypic 
differences. Mohican had the highest α-amino N value 
(0.00082 mmol/100  g), while Bernache and Chevalier 
recorded the lowest (0.00024 and 0.00025 mmol/100  g). 
Since α-amino N increases molasses loss, high values nega-
tively affect sugar yield (Alotaibi et al., 2011). The signifi-
cant genotype × year interaction indicates that α-amino N 
accumulation is influenced by environmental factors such 
as temperature and soil properties. Previous studies (Dirim 
et al., 2024; Ustuner & Ozturk, 2018; Piskin & Inal, 2014; 
Demirel & Akinerdem, 2016) reported considerably higher 
α-amino N values than those observed here, supporting the 
suitability of the tested genotypes for processing.

Finally, ash ratio is a critical trait for sugar processing 
efficiency-differed significantly between years, genotypes, 
and their interaction. The 2023 season resulted in higher ash 
accumulation (3.88%) than 2022 (3.29%). Genotypically, 
Aranka (4.27%), Setenil (4.11%), and Seranada (3.96%) 
showed the highest values, whereas Mohican had the lowest 
(3.03%). Ash ratio is known to be influenced by both min-
eral uptake efficiency and environmental conditions such 

varietal response to sugar accumulation is dependent on 
environmental conditions (Xie et al., 2022).

Sugar content remained statistically stable across years 
(15.28% in 2022 and 16.03% in 2023), suggesting that it may 
be less sensitive to environmental variation (Fig. 2). How-
ever, genotype × year interaction was significant (Table 3). 
This reflects the combined effects of genetic potential and 
physiological response to year-specific environmental fac-
tors (Okut & Yildirim, 2004; Kenter et al., 2006).

Sugar yield, unlike sugar content, was significantly influ-
enced by both year and genotype. A higher average sugar 
yield was obtained in 2022 (15.28 ton/ha) than in 2023 (16.03 
ton/ha). Among genotypes, Terronova had the highest sugar 
yield (16.18 ton/ha), while Setenil and Tisserin recorded the 
lowest (12.34 and 12.44 ton/ha). These differences further 
highlight the role of genetic background in sugar accumula-
tion and translocation, which is well-supported by earlier 
studies (Tosun et al., 2019; Erturk & Agir, 2022; Yagmur & 
Yasar, 2023; Zhang et al., 2025). The fact that Seranada and 
Chevalier outperformed Mohican and Terronova in 2022, 
while the reverse occurred in 2023, further supports the sig-
nificance of the genotype × year interaction (Fig. 3).

Harvest index also showed significant variation between 
years (82.67% in 2022 vs. 76.27% in 2023). Among variet-
ies, Aranka, Tisserin, and Chevalier exhibited the highest 
harvest indices (81.75%, 81.60%, and 81.42%, respec-
tively), while Terronova and Bernache had the lowest. This 
indicates that genetic differences influence how effectively 

Fig. 3  Two-year average values of each traits among genotypes. Values followed by the same letter do not differ sigificantly (Duncan’s test, at 
p < 0.05)
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Terronova and Mohican maintained strong associations 
with root yield, sugar yield, and harvest index, emerging 
as high-yielding genotypes. Meanwhile, Bernache, Cheva-
lier, and Setenil clustered with lower trait values, reflecting 
a decline in quality-related traits. Lider, Tisserin, Seranada, 
and Turbata showed more stable, intermediate values, sug-
gesting moderate adaptability (Fig. 4).

Figure 5 presents the biplot analysis of principal compo-
nent analysis (PCA) based on yield and quality-related traits 
of ten sugar beet genotypes under semi-arid conditions. The 
first two principal components, PC1 and PC2, explained 
42.73% and 31.42% of the total variation, respectively. The 
biplot revealed distinct groupings among traits. Root yield, 
sugar yield, and harvest index were closely aligned, indicat-
ing a strong positive correlation among these yield-related 
traits. On the other hand, sugar content, sugar ratio, and 
α-amino N vectors formed another group, showing strong 
mutual associations. Ash ratio appeared in the opposite 
direction of the yield traits, suggesting a negative relation-
ship. These vector relationships are consistent with earlier 
findings where yield and quality parameters often show 

as moisture and soil composition (Djordjević et al., 2021; 
Baryga et al., 2020). The observed year × genotype interac-
tion suggests that varieties differ in their sensitivity to these 
factors. While our results are consistent with those of Yag-
mur and Yasar (2023), the values reported were higher than 
those found by Mohamed et al. (2023) and El-Geddawy et 
al. (2023).

Multivariate Analysis of Genotypic Performance

The hierarchical clustering heatmaps for 2022 and 2023 
reveal considerable genotypic variation and clear genotype 
× environment interactions among the ten sugar beet culti-
vars evaluated. In 2022, Chevalier, Seranada, and Bernache 
were grouped together, characterized by lower ash ratio and 
α-amino N traits. In contrast, Mohican, Setenil, and Turbata 
formed a distinct cluster with higher ash and α-amino N 
values and relatively lower sugar content and sugar ratio, 
indicating their potential as quality-oriented genotypes. Ter-
ronova and Tisserin displayed balanced profiles, suggest-
ing suitability for dual-purpose breeding. In 2023, shifts 
in clustering patterns highlighted environmental influence. 

Fig. 4  Hierarchical clustering heatmaps showing the variation in yield and quality traits among ten sugar beet varieties across 2022 and 2023
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candidates for high root and sugar yield performance, while 
Lider demonstrated stable superiority in sugar content and 
sugar ratio. Although some genotypes such as Chevalier and 
Seranada performed well in specific years, their sensitivity 
to environmental variation suggests limited adaptability. 
The significant genotype × year interactions detected for all 
traits underscore the importance of multi-environment tri-
als in genotype evaluation. Therefore, selection programs 
should prioritize both mean performance and trait stability, 
especially under variable semi-arid conditions. Further-
more, genotypes like Mohican, which combine acceptable 
yield with low α-amino N and ash ratio, are particularly 
valuable for improving processing quality. These findings 
provide a useful foundation for targeted breeding strategies 
aimed at developing dual-purpose sugar beet varieties with 
high yield potential and improved industrial quality under 
diverse agro-environmental conditions.

Conclusion

This study aimed to evaluate and compare the yield and 
quality performances of ten sugar beet varieties cultivated 
under semi-arid conditions in Eastern Turkey. The results 
demonstrated that climatic and environmental differences 
between the experimental years significantly influenced 
the measured parameters. Accordingly, the effects of year, 
variety, and their interaction (year × variety) were statisti-
cally significant for many traits. Overall, the data obtained 
in 2022 outperformed those of 2023, particularly in terms 
of root and sugar yield, where Chevalier (95.30 and 15.20 
ton/ha), Mohican (94.17 and 15.73 ton/ha), and Terronova 
(93.15 and 16.18 ton/ha) were among the best-performing 
varieties. In contrast, regarding sugar ratio and sugar con-
tent, Lider (18.22% and 16.59%) and Tisserin (18.08% and 
16.46%) gave the most favorable results.

In general, it was evident that both genetic variation and 
environmental conditions played decisive roles in determin-
ing yield and quality traits. Key processing-related param-
eters such as α-amino N and ash ratio were significantly 
affected by year and variety interactions, highlighting the 
importance of selecting varieties that are best suited to spe-
cific environmental conditions. Notably, Mohican and Ter-
ronova stood out as the most promising genotypes for both 
yield and quality performance under semi-arid conditions 
like those in Erzincan. Additionally, Lider consistently pro-
duced the highest sugar content.

These findings emphasize the relevance of genotype-
environment interaction studies in identifying high-per-
forming and quality-stable sugar beet varieties, especially 
for regions where altitude, soil characteristics, and climatic 
variability pose significant agronomic challenges.

trade-offs under stress conditions (Mehari et al., 2015; Seify 
et al., 2023).

The distribution of genotypes in the biplot revealed sig-
nificant genotypic variation. Genotypes such as Terronova, 
Mohican, and Seranada (mostly in 2022) were positively 
associated with high root and sugar yield traits, position-
ing them as promising candidates for yield improvement. 
Mohican (2023), located in the direction of sugar content 
and sugar ratio vectors, stood out as a potential high-quality 
genotype. Tisserin and Lider also showed strong associa-
tions with sugar content traits, supporting their classification 
as quality-focused genotypes. In contrast, Chevalier (2023) 
aligned closely with ash ratio, indicating high ash accumu-
lation, which is generally undesirable. Bernache (2022) and 
Chevalier (2022) were positioned far from major positive 
traits, indicating poor overall performance. The clear year-
to-year shifts in genotypic positioning suggest strong geno-
type × environment interaction, as also noted in industrial 
crops studies (Coban et al., 2024). Overall, PCA effectively 
distinguished genotypes based on trait combinations, high-
lighting its utility in selection strategies.

Recommendations for Genotype Selection and 
Breeding Implications

Based on the multi-trait evaluation across two growing 
seasons, Terronova and Mohican emerged as promising 

Fig. 5  Principal component analysis (PCA) biplot illustrating relation-
ships among sugar beet varieties and seven agronomic traits across 
two years
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