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Abstract 

Climate change poses significant challenges to agriculture in Turkey, where diverse climatic 

conditions demand resilient forage crops to meet rising roughage demands. This study evaluates the 

performance of Hungarian vetch (Vicia pannonica Crantz), a cold- and drought-tolerant legume, to 

enhance sustainable forage production. Eight genotypes (Line-5, Line-16, Line-23, Line-28, Tarm 

White, Aegean White, Budak, and Oguz) were tested in Bilecik and Bingöl during the 2015–2016 and 

2016–2017 growing seasons using a randomized complete block design with three replications. Key 

traits—pods per plant, thousand-seed weight, biological yield, seed yield, straw yield, and harvest 

index—were analyzed using GGE biplot and principal component analysis. Results showed 

significant variations: pods per plant ranged from 17.5 to 21.7, thousand-seed weight from 26.8 to 

42.6 g, biological yield from 571.0 to 878.0 kg ha⁻¹, seed yield from 82.6 to 113.2 kg ha⁻¹, straw yield 

from 499.7 to 764.3 kg ha⁻¹, and harvest index from 13.9% to 21.0%. Aegean White excelled in seed 

yield, while Line-16 showed the highest harvest index. GGE biplot analysis highlighted harvest index 

as the primary variance contributor, emphasizing genotype-environment interactions for selecting 

adaptable cultivars for sustainable agriculture. 

Keywords: Hungarian vetch; Vicia pannonica; seed yield; GGE biplot analysis; genotype-environment 

interaction; forage crops; yield components; climate resilience; sustainable agriculture 

 

1. Introduction 

In the contemporary era, climate change has emerged as an urgent and formidable challenge, 

marked by the escalating consequences of global warming and cooling. These environmental shifts 

exert profound effects on agriculture and animal husbandry. In response to these pressing challenges, 

a key strategy for mitigation involves cultivating plant species and varieties that demonstrate 

resilience to these dynamic conditions. Despite the commendable support measures implemented in 

Turkey since the early 2000s, which have significantly increased the sowing rate of forage crops[1], 

the production of high-quality roughage still falls short of meeting the growing demand. 

Unfortunately, only a limited number of forage crops, such as clover, sainfoin, vetch, and corn, have 

achieved widespread adoption in the country, while the considerable potential of many other forage 

crops remains unexplored. In this context, Hungarian vetch emerges as a promising candidate. This 

annual cool-season legume fodder plant exhibits remarkable resilience to both cold and drought, 

thriving even in challenging conditions such as heavy clay soils [2,3]. Its unique characteristics make 

it indispensable for expanding forage crop cultivation within Turkey's agricultural landscape. 
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Notably, Hungarian vetch is the only annual legume fodder plant successfully integrated into the 

winter cropping systems practiced across diverse regions [4–6]. 

However, the country’s geographical regions are characterized by substantial climatic 

variations, which profoundly influence the performance of different plant species and varieties. 

Unfortunately, research efforts aimed at uncovering region-specific plant diversity remain relatively 

inadequate, primarily due to the complex climatic variations that span both inter- and intra-regional 

domains. Selecting plant species with broad adaptability is central to identifying the most suitable 

candidates for specific regional contexts, a challenge that demands focused attention. A key 

aspiration of plant breeders is to develop varieties capable of thriving across diverse environmental 

conditions, with a particular emphasis on vital traits such as yield [7]. Over time, plant breeders, 

geneticists, statisticians, and researchers have integrated genetic (G) and genotype-by-environment 

(GE) interactions into their work, aiming to select superior genotypes through crop performance trials 

[8–15]. A rich array of statistical methods has been developed for GE interaction analysis, including 

the widely used AMMI analysis [7] and the influential GGE biplot analysis [16,17]. 

The biplot tool has gained growing popularity among plant breeders and agricultural 

researchers, primarily due to its versatility in evaluating cultivars and analyzing the complexities of 

mega-environments [13]. Yan et al. (2000) introduced the concept of “GGE biplots,” which are based 

on singular value decomposition (SVD) of environment-centered or within-environment 

standardized GE data. These biplots provide a comprehensive visualization of both G and GE, the 

two pillars of variation that are critical for cultivar evaluation [7,9,10,16]. The GGE biplot 

methodology [13–17] includes a variety of biplot interpretation methods, enabling the visual 

exploration of critical questions related to genotype evaluation and test-environment analysis. The 

primary objective of the current study is to provide a practical guide tailored to the needs of breeders, 

agronomists, and agricultural scientists, helping them navigate the complexities of biplot analysis 

[17].  

Recent research highlights the intensifying impacts of climate change, with rising temperatures 

and erratic weather patterns significantly affecting agriculture and livestock globally [18].  In 

Turkey, where agriculture plays a vital role, diverse agro-ecological zones face increasing challenges, 

necessitating sustainable practices and resilient crop varieties [19]. Despite government efforts to 

boost forage crop cultivation, high-quality roughage production remains insufficient, with limited 

utilization of alternative crops [20]. 

Hungarian vetch (Vicia pannonica Crantz), a cold- and drought-tolerant annual legume, shows 

great potential for enhancing forage diversity, particularly in harsh conditions [21,22]. It is a key 

component of winter cropping systems in Turkey [23,24]. However, significant climatic variability 

across regions necessitates evaluations of genotypes for adaptability and yield [25]. Advances in plant 

breeding tools like GGE biplot analysis, which integrates genotype and environment interaction 

effects, have become essential for identifying stable, high-yielding genotypes [26,27]. This study 

evaluates Hungarian vetch genotypes in two contrasting regions, Bilecik and Bingöl, using GGE 

biplots to identify adaptable, high-performing genotypes, contributing to sustainable forage 

production in the face of climate change. 

2. Materials and Methods 

The Materials and Methods should be described with sufficient details to allow others to 

replicate and build on the published results. Please note that the publication of your manuscript 

implicates that you must make all materials, data, computer code, and protocols associated with the 

publication available to readers. Please disclose at the submission stage any restrictions on the 

availability of materials or information. New methods and protocols should be described in detail 

while well-established methods can be briefly described and appropriately cited. 

Research manuscripts reporting large datasets that are deposited in a publicly available database 

should specify where the data have been deposited and provide the relevant accession numbers. If 
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the accession numbers have not yet been obtained at the time of submission, please state that they 

will be provided during review. They must be provided prior to publication. 

Interventionary studies involving animals or humans, and other studies that require ethical 

approval, must list the authority that provided approval and the corresponding ethical approval 

code. 

In this section, where applicable, authors are required to disclose details of how generative 

artificial intelligence (GenAI) has been used in this paper (e.g., to generate text, data, or graphics, or 

to assist in study design, data collection, analysis, or interpretation). The use of GenAI for superficial 

text editing (e.g., grammar, spelling, punctuation, and formatting) does not need to be declared. 

This study was conducted simultaneously in two distinct ecological settings: the Bilecik region, 

representing the Eastern Marmara Region, and the Bingöl region, representing the Eastern Anatolia 

Region, during the 2015-16 and 2016-17 growing seasons. The research material included Hungarian 

vetch lines (Line-5, Line-16, Line-23, and Line-28) as well as varieties developed by Bingöl 

University’s College of Agriculture, Field Crops Department, including Tarm White, Aegean White, 

Budak, and Oguz.  

The experimental plots were established in October, during winter, at the research and 

application areas of Bingöl University’s College of Agriculture and Bilecik Şeyh Edebali University. 

The plot dimensions were set at 0.30 x 4 x 5 = 6 m², with a row length of 5 cm, row spacing of 30 cm, 

and inter-row spacing of 6 m². A randomized block design was employed for the experiments, with 

three replications. Fertilization was applied at the time of sowing, consisting of 3 kg of nitrogen (N) 

and 5-10 kg of phosphorus pentoxide (P2O5) per day. 

The soil properties of the research sites are summarized in Figure 1, with technical term 

abbreviations provided upon their first mention. The soil in the trial area of Bilecik is predominantly 

sandy and loamy, with a moderately alkaline pH of 8.11 and moderate salinity at 0.26 mmhos/cm. It 

contains moderate levels of lime (7.3%) and organic matter (1.5%), along with lower concentrations 

of phosphorus (3.5 ppm) and potassium (1.1 ppm), though sufficient quantities of essential 

microelements are present.  

 

Figure 1. Some physical and chemical properties of the soils of the trial areas. 

In contrast, the soil in the experimental area of Bingöl is primarily loamy, with a slightly acidic 

pH of 6.37 and minimal salt content at 0.0006 mmhos/cm. Its organic matter content is relatively low 

at 1.26%, while phosphorus levels are moderate (7.9 ppm), and potassium content is relatively low at 

24.45 ppm. Additionally, the Bingöl soil exhibits lower calcareous properties. 

According to the data obtained from the Bilecik Provincial Meteorology Station, during the 2016-

2017 research period, the average temperatures for the months of September, October, November, 

December, January, February, March, April, May, and June were recorded as 25.6°C, 20.0°C, 13.6°C, 

7.8°C, 6.2°C, 8.2°C, 12.1°C, 17.3°C, 22.6°C, and 22.5°C, respectively. The total precipitation for these 

months was 26.7 mm, 51.6 mm, 39.0 mm, 54.0 mm, 46.6 mm, 43.8 mm, 50.2 mm, 49.6 mm, 41.2 mm, 

and 69.9 mm, respectively, while the relative humidity values were 64.8%, 70.5%, 71.9%, 76.2%, 
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76.4%, 73.0%, 68.3%, 64.9%, 63.2%, and 67.3%, respectively. Similarly, data from the Bingöl 

Meteorology Station for the same 2016-2017 research period revealed the following average 

temperatures for the months from September to June: 23.4°C (September), 14.3°C (October), 14.4°C 

(November), 1.3°C (December), -1.8°C (January), 1.9°C (February), 5.4°C (March), 10.9°C (April), 

16.6°C (May), and 22.9°C (June). The total precipitation for these months was recorded as 0.8 mm, 

220.9 mm, 18.9 mm, 46.2 mm, 148.2 mm, 115.8 mm, 154.4 mm, 66.7 mm, 21.2 mm, and 8.1 mm, 

respectively. Relative humidity values were 30.2%, 68.3%, 56.4%, 58.6%, 74.7%, 73.8%, 65.9%, 58.7%, 

52.0%, and 37.0%, respectively. 

Morphological and phenological observations of the plants were conducted when the lower 

fruits reached maturity. For seed yield and yield component analysis, harvesting was performed once 

the pods had completely turned yellow. Technical terms were introduced and explained as needed. 

The average number of pods per plant (number/plant) was calculated by counting the pods on 10 

randomly selected plants from each plot. Seeds were then extracted, counted, and the number of 

seeds per pod was determined by dividing the total number of seeds by the total number of pods. 

Harvested parcels were divided into seed yield and biological yield (kg/ha) for further analysis.  

3. Results and Discussion 

Table 1 presents the average number of pods per plant obtained from different Hungarian vetch 

genotypes at the Bilecik and Bingöl locations during 2015 and 2016. The number of pods per plant is 

a morphological trait that directly affects seed yield [28]. Upon examining Table 1, significant 

statistical differences were observed in the number of pods among the genotypes across the location 

averages (p<0.01). Additionally, significant statistical differences were found between the years at 

both the Bilecik and Bingöl locations (p<0.01). However, the interaction between location and year 

was found to be insignificant.  

Table 1. Pod numbers of per plant (number) of Hungarian vetch at both locations. 

 

 

 

    

Genotypes 

Pod numbers of per plant (number) 

 

Locations  

Mean 

Loc. 

Two 

 

Mean 

2015 

 

Mean 

2016 

 

Mean 

2015 

2016 

Bilecik Bingol 

2015 

2016 

2016 

2017 

Mean 

Loc.Bil. 

2015 

2016 

2016 

2017 

Mean 

Loc.Bin. 

Tarm  25.7 18.1 21.8 AB 12.3 14.0 13.2 G 17.5 C 19.0 16.1 17.5 

Budak 23.4 20.1 
21.7 

ABC 
14.3 17.3 

15.8 

EFG 
18.8 BC 18.9 18.7 18.8 

Line-16 26.1 21.2 23.7 A 16.3 17.7 
17.0 

DEF 

20.3 

AB 
21.2 19.4 20.3 

Aegean 24.1 20.6 22.3 AB 13.3 15.0 14.2 FG 18.2 C 18.7 17.8 18.2 

Oguz 26.7 22.9 24.8 A 11.7 14.3 13.0 G 18.9 BC 19.2 18.6 18.9 

Line-23 26.4 22.9 24.6 A 18.0 19.0 
18.5 

CDE 
21.6 A 22.2 20.9 21.6 

Line-28 25.0 20.1 22.5 AB 18.3 20.7 
19.5 

BCD 
21.0 A 21.7 20.4 21.0 

Line-5 25.8 22.2 24.0 A 17.0 21.7 
19.3 

BCD 
21.7 A 21.4 21.9 21.7 

Mean 25.4 21.0 23.2 15.2 17.5 16.3 19.8 20.3 19.2 19.7 

C.V.(%)          10.1 

LSD (gen.) n.s. n.s. n.s. n.s. n.s. n.s. 1.634* n.s. n.s. n.s. 
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LSD 

(gen.xlok.) 
n.s. n.s. n.s. n.s. n.s. 3.075** n.s. n.s. n.s. n.s. 

*P≤0.05, **P≤0.01, n.s.: non significantion. 

The number of pods per plant is an important criterion influencing seed yield. According to the 

two-year average data for the Bilecik and Bingöl locations, the highest number of pods was recorded 

for the Oguz genotype at the Bilecik location, with an average of 24.8 pods. This was followed by the 

Line-23, Line-5, and Line-16 genotypes at Bilecik, with averages of 24.6, 24.0, and 23.7 pods, 

respectively. Conversely, the lowest number of pods was observed at the Bingöl location, with 13.2 

pods for the Tarm White genotype and 13.0 pods for the Oguz genotype.  

In general, the number of pods in Hungarian vetch was higher at the Bilecik location compared 

to Bingöl. The lower number of pods at Bingöl is attributed to the high variability in monthly average 

temperatures, relative humidity, and total precipitation values at this location.  Considering the 

averages across years and locations, the highest number of pods was obtained from the Line-5 

genotype, with an average of 21.7 pods, followed by the Line-23 and Line-28 genotypes, with 

averages of 21.6 and 21.0 pods, respectively. The lowest number of pods was recorded for the Tarm 

White genotype, with an average of 17.5 pods, followed by the Aegean White genotype, with 18.2 

pods. The findings of this study align with previous literature. For example, [29] reported that the 

number of pods per plant ranged between 6.03 and 9.37 in a study conducted to determine the 

adaptation of some Hungarian vetch lines and varieties to the dry conditions of Bingöl. Similarly, 

[30] found that the number of pods per plant ranged between 18.0 and 25.8 in a study evaluating 

Hungarian vetch varieties as bee pasture. Furthermore, other studies reported the number of pods 

per plant for different Hungarian vetch genotypes to range from 17.20 to 24.35 [31], 7.5 [32], and 8.93 

to 24.93 [33]. 

In 2015 and 2016, the average thousand grain weights (in grams) of various Hungarian vetch 

genotypes at the Bilecik and Bingöl locations are presented in Table 2. Thousand grain weight is a 

crucial trait that significantly influences seed size and yield. Its positive effects on germination, robust 

seedling development, and ultimately higher seed yield have been well-documented [28], 

highlighting the importance of determining this parameter. Table 2 reveals statistically significant 

differences (at the 0.01% level) in thousand grain weights among the Hungarian vetch genotypes 

across years, between location averages, and within location-year interactions. Notably, the highest 

thousand grain weight was recorded for the Oguz genotype, reaching 43.2 g in 2016-2017 and 42.1 g 

in 2015-2016 at the Bingöl location. In contrast, the lowest thousand grain weight was observed in the 

Line-23 genotype, with 25.8 g in 2016-2017, and in the Line-28 genotype, with 26.4 g at the Bingöl 

location.  

Table 2. Thousand seed weight (gr) of Hungarian vetch at both locations. 

 

 

 

 

  Genotypes 

Thousand seed weight (gr) 

 

Locations 
 

Mea

n 

Loc. 

Two 

 

Mea

n 

2015 

 

Mean 

2016 

 

Mea

n 

2015 

2016 

Bilecik Bingol 

2015 

2016 

201

6 

201

7 

Mean 

Loc.Bi

l. 

2015 

2016 

2016 

2017 

Mean 

Loc.Bi

n. 

Tarm 
38.5 

cd 

35.5 

e-h 

36.9 

CD 

41.3a

b 

34.6 

e-h 
37.9 BC 

37.5 

B 

39.9 

a 
35.0 b 37.4 
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Budak 
35.7e

-h 

33.5 

hıj 

34.6 

EF 

34.5 

e-h 

34.1 

ghı 

34.3 

EFG 

34.5 

C 

35.1 

b 

33.8 

bc 
34.4 

Line-16 
33.2 

hıj 

31.4 

jkl 
32.3 H 

33.6 

hıj 

27.0 

no 
30.3I 

31.3 

E 

33.4 

bc 
29.2 e 31.3 

Aegean 
36.4 

d-g 

34.5 

e-h 

35.4 

DE 

34.0 

g-j 

33.1 

h-k 

33.6 

FGH 

34.5 

C 
35.2b 

33.8 

bc 
34.5 

Oguz 
39.4 

bc 

37.1 

cde 

38.2 

BC 
42.1 a 43.2 a 42.6 A 

40.4 

A 

40.7 

a 
40.1 a 40.4 

Line-23 
34.0 

g-j 

31.6 

ı-l 

32.8 

GH 

30.6 

kl 
25.8 o 28.2 J 

30.5 

EF 

32.3 

cd 
28.7 e 30.5 

Line-28 
41.5 

ab 

36.9 

c-f 
39.2 B 

27.3 

mno 
26.4 o 26.8 J 

33.0 

D 

34.4 

b 
31.6 d 33.0 

Line-5 
34.3 

fgh 

29.5 

lm 

31.9 

HI 

25.3 

o 

29.3 

lmn 
27.3 J 

29.6 

F 

29.8 

e 
29.4 e 29.6 

Mean 36.6 33.7 35.2 33.6 31.7 32.6 33.9 35.1 32.7 33.9 

C.V.(%)          3.2 

LSD(gen.) n.s. n.s. n.s. n.s. n.s. n.s. 
1.171 

** 
n.s. n.s. n.s. 

LSD(gen.xlok.

) 
n.s. n.s. n.s. n.s. n.s. 1.657**  n.s. n.s. n.s. 

LSD(gen.xyear

) 
n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

1.657*

* 
n.s. 

LSD 

(gen.xyear.xlo

k.) 

n.s. n.s. n.s. n.s. 
2.343*

* 
n.s. n.s. n.s.  n.s. 

*P≤0.05, **P≤0.01, n.s.: non significantion. 

An analysis of the two-year location interaction mean data shows that the Oguz genotype 

exhibited the highest thousand grain weight at the Bingöl location, registering 42.6 g. Conversely, the 

lowest thousand grain weights were associated with the Line-28, Line-5, and Line-23 genotypes at 

the Bingöl location, measuring 26.8 g, 27.3 g, and 28.2 g, respectively.  

Comparative studies further emphasize the variability in thousand seed weights among 

Hungarian vetch lines and varieties. For instance, under Bingöl’s arid conditions, thousand seed 

weights ranged from 32.60 to 40.90 g [29]. Varieties evaluated as bee pastures exhibited weights 

between 26.3 and 38.6 g  [30]. Similarly, [31] found that thousand grain weights of different 

Hungarian vetch genotypes varied between 32.08 and 39.15 g. In contrast, [34]determined thousand 

seed weights ranging from 17.3 to 34.7 g.Another study assessing seed and straw yields, as well as 

straw quality in various Hungarian vetch genotypes, reported thousand seed weights ranging from 

25.32 to 43.23 g [35]. 

In 2015 and 2016, the biological yield (kg da⁻¹) derived from various genotypes of Hungarian 

vetch at the Bilecik and Bingöl locations is detailed in Table 3. An examination of the table reveals a 

statistically significant difference (at the 0.01% level) among the years, location averages, and 

location-year interaction averages concerning the biological yield of the Hungarian vetch genotypes 

at these locations. However, the mean values for the individual years did not exhibit statistical 

significance. Further analysis of the location-year interaction average data shows that the Aegean 

White genotype stood out, achieving the highest biological yield of Hungarian vetch, with 1039.9 kg 

da⁻¹ at the Bingöl location in 2015-2016. In contrast, the lowest biological yield was recorded for the 

Line-5 genotype, with 519.0 kg da⁻¹ at the Bingöl location during the same period.  
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Table 3. Biological yield (kg da-1) of Hungarian vetch at both locations. 

 

 

 

Genotypes 

Biological yield (kg da-1) 

 

Locations  

Mea

n 

Loc. 

Two 

 

Mea

n 

2015 

 

Mea

n 

2016 

 

Mea

n 

2015 

2016 

Bilecik Bingol 

2015 

2016 

201

6 

201

7 

Mean 

Loc.B

il. 

2015 

2016 

2016 

2017 

Mean 

Loc.Bi

n. 

    

Tarm 
760.7 

cde 

627.

1 g-

l 

693.9 

EF 

829.

3 bc 

762.6 

cd 

795.9 

BC 

744.9 

AB 

794.

9 b 

694.8 

cde 

744.

9 

Budak 
717.4 

def 

693.

6 d-

g 

705.5 

EF 

883.

2 b 

648.7 

f-j 

765.9 

CD 

735.7 

B 

800.

3 b 

671.1

d-g 

735.

7 

Line-16 
567.1kl

m 

587.

3 ı-

m 

577.2 

G 

640.

7 f-k 

582.0 

j-m 

611.4 

G 

594.3 

E 

603.

9 ı 

584.7 

ı 

594.

3 

Aegean 
677.4fg

h 

663.

8 f-ı 

670.6 

F 

1039

.9 a 

716.1 

def 

878.0 

A 

774.3 

A 

858.

7 a 

689.9 

cde 

774.

3 

Oguz 
624.0 

g-l 

604.

0 h-

l 

614.0 

G 

645.

2 f-j 

840.9 

b 

743.0 

DE 

678.5 

C 

634.

7 f-ı 

722.5 

cd 

678.

5 

Line-23 
664.1 f-

ı 

690.

3 d-

g 

677.2 

F 

817.

5 bc 

552.0 

lm 

684.8 

F 

681.0 

C 

740.

8 c 

621.2 

ghı 

681.

0 

Line-28 
700.7 
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1 
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F 

984.

9 ab 
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efg 

834.3 

AB 
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AB 
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1 

Line-5 
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def 
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efg 
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EF 
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0 m 

623.1 
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G 

635.6 

D 
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8 hı 

656.5 

e-h 
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6 

Mean 677.8 
652.

9 
665.3 

795.

0 
676.1 735.5 700.4 

736.

4 
664.5 

700.

5 

C.V.(%)          4.41 

LSD(gen.) n.s. n.s. n.s. n.s. n.s. n.s. 
33.61

** 
n.s. n.s. n.s. 

LSD(gen.xlok.) n.s. n.s. n.s. n.s. n.s. 
47.53*

* 
n.s. n.s. n.s. n.s. 

LSD(gen.xyear) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
47.53

** 
n.s. 

LSD(gen.xyear.x

lok.) 
n.s. n.s. n.s. n.s. 

67.22

** 
n.s. n.s. n.s. n.s. n.s. 

*P≤0.05, **P≤0.01, n.s.: non significantion. 

When analyzing the two-year location interaction mean data, the Aegean White genotype 

emerged as the top performer, with a biological yield of 774.3 kg da⁻¹, while the Line-23 genotype 
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demonstrated the lowest biological yield, at 681.0 kg da-¹.  These findings highlight the dynamic 

nature of biological yield in Hungarian vetch genotypes, emphasizing the importance of considering 

both temporal and spatial factors to gain a comprehensive understanding of the crop’s performance.  

In a study conducted to determine the straw yield and straw quality of some Hungarian vetch 

varieties, [36] reported that the biological yield varied between 188 and 264 kg da⁻¹. 

In 2015 and 2016, seed yields (kg ha-1) obtained from different Hungarian vetch genotypes at 

Bilecik and Bingol locations are presented in Table 5. As shown in Table 5, there is a statistically 

significant difference (0.01%) in seed yield among different Hungarian vetch genotypes between 

years, locations, and location-year interaction for both Bilecik and Bingol locations. However, the 

mean values between years were not statistically significant. Additionally, the highest seed yield in 

the location-year interaction was obtained from the Aegean White genotype with 126.7 kg ha-1 in 

Bingol in 2016-2017, followed by Line 16 and Line 28 genotypes at the Bilecik location in 2015-16 with 

124.0 and 123.3 kg ha-1, respectively. The lowest seed yield was recorded at the Bingol location with 

37.5 kg ha-1 obtained from the Line 23 genotype in 2015-2016. According to the two-year location 

interaction mean data, the highest seed yield was obtained from the Aegean White genotype with 

113.2 kg ha-1, while the lowest seed yield was obtained from the Line 23 genotype with 82.6 kg ha-1. 

The Hungarian vetch genotypes used in the study exhibited different responses in terms of grain 

yield performance in different environments, indicating the Line these genotypes may respond 

differently in diverse settings. This variability is estimated to be due to differences in edaphic, biotic, 

and abiotic factors between environments. Similarly, [37] reported the Line environmental factors 

lead to different performances in genotypes.  

Table 4. Seed yield (kg da-1) of Hungarian vetch at both locations. 
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99.4 
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ı 
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DE 

93.3 

BC 
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fg 

106.7 
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Line-23 
118.7 

a-d 

92.4 

fgh 

105.6 

AB 

37.5 

j 

82.0 

h 
59.7 G 

82.6 

D 

78.1 

g 

87.2 

efg 
82.6 

Line-28 
123.3 

a 

105.5 

b-f 

114.4 

A 

65.8 

ı 

88.7 

fgh 

77.3 

EF 

95.8 

BC 

94.6 

cde 

97.1 

cde 
95.8 

Line-5 
119.7 

abc 

98.1 

fgh 

108.9 

AB 

55.8 

ı 

87.0 

gh 
71.4 F 

90.1 

CD 

87.7 

d-g 

92.5 

de 
90.1 

Mean 119.3 98.2 108.7 65.2 97.8 81.5 95.1 92.2 97.9 95.1 

C.V.(%)          7.49 

LSD(gen.) n.s. n.s. n.s. n.s. n.s. n.s. 
7.756

** 
n.s. n.s. n.s. 

LSD(gen.xlok.) n.s. n.s. n.s. n.s. n.s. 10.97** n.s. n.s. n.s. n.s. 

LSD(gen.xyear) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
10.97

** 
n.s. 

LSD(gen.xyea.xl

ok.) 
n.s. n.s. n.s. n.s. 

15.51

** 
n.s. n.s. n.s. n.s. n.s. 

The research findings emphasize the significant effect of genotype-environment interaction on 

seed yield in Hungarian vetch. Consistent with our results, many researchers have found the Line 

genotype-environment interactions are important for seed yield in various forage crops [38–40]. 

However, genotype-environment interactions varied among locations and sowing years. As in our 

study, many researchers concluded tLine genotype-location and genotype-location-year interactions 

were more important than genotype-year interactions [41,42]. Consistent with our findings, [43] 

reported seed yields of 12 different Hungarian vetch genotypes at five different locations in the 

Southeastern Anatolia Region of Turkey between 0.46 and 1.10 t ha-1. [40]  emphasized tLine seed 

yields of seven different Hungarian vetch genotypes varied between 0.54 and 0.76 t ha-1 at three 

different locations in the Thrace Region of Turkey. 

In 2015 and 2016, the straw yields (kg da⁻¹) obtained from different Hungarian vetch genotypes 

at the Bilecik and Bingöl locations are presented in Table 5. As shown in the table, there is a 

statistically significant difference (at the 0.01% level) between years, between locations, and between 

location-year interaction averages in terms of the straw yields of distinct Hungarian vetch genotypes 

from Bilecik and Bingöl. However, the mean values for the individual years were not found to be 

statistically significant. According to the mean data for the location-year interactions, the highest 

straw yield was obtained from the Aegean White genotype, with 939.2 kg da⁻¹ in 2015-2016 at the 

Bingöl location, followed by the Line-28 genotype, which achieved 919.1 kg da⁻¹ in 2015-2016 at the 

Bingöl location. The lowest straw yield was recorded for the Line-16 genotype, with 443.1 kg da⁻¹ at 

the Bilecik location in 2015-2016. The two-year location interaction mean data ranged from 661.1 kg 

da⁻¹ to 492.7 kg da⁻¹. 

Table 5. Straw yield (kg da-1)of Hungarian vetch at both locations. 
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cd 
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2 B 

554.7 

ef 
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cd 
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2 

Line-23 
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g-j 
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9 fg 
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1 bc 
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DE 
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fg 
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4 

Line-28 
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FG 
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A 
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a 
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3 
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fg 
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8 fg 
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EF 
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fg 
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5 

Mean 558.5 
554.

7 
556.6 
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8 
578.3 654.1 
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3 
644.1 566.5 

605.

3 

C.V.(%)          5.26 

LSD(gen.) n.s. n.s. n.s. n.s. n.s. n.s. 
34.6

5** 
n.s. n.s. n.s. 

LSD(gen.xlok.) n.s. n.s. n.s. n.s. n.s. 
49.01*

* 
n.s. n.s. n.s. n.s. 

LSD(gen.xyear) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
49.01*

* 
n.s. 

LSD(gen.xyea.xl

ok.) 
n.s. n.s. n.s. n.s. 

69.31

** 
n.s. n.s. n.s. n.s. n.s. 

*P≤0.05, **P≤0.01, n.s.: non significantion. 

In a study conducted by [29], seed and straw yields of some Hungarian vetch lines and varieties 

grown under the dry conditions of Bingöl were reported to range from 46.13 to 58.15 kg da⁻¹ for seed 

yield and from 204.9 to 266.1 kg da⁻¹ for straw yield. Similarly, in a study by [35] that aimed 

todetermine the seed and straw yields as well as straw qualities of some Hungarian vetch genotypes, 

seed yields ranged from 35.4 to 126.7 kg da⁻¹, while straw yields ranged from 463.2 to 1110.0 kg da⁻¹. 

On the other hand,[30] reported that the seed yields of some Hungarian vetch varieties established 

as bee pastures were 22.5 kg da⁻¹, while [36] reported straw yields of 204 kg da⁻¹ in a study conducted 

to determine the straw yield and straw quality of some Hungarian vetch varieties. 

The harvest index, a crucial indicator of resource utilization efficiency, was evaluated for various 

Hungarian vetch genotypes cultivated at the Bilecik and Bingöl locations during 2015 and 2016. As 

depicted in Table 6, a statistically significant difference (at the 0.01% level) was observed in the 

harvest index across years, location means, and location-year interaction averages for Hungarian 

vetch genotypes from both Bilecik and Bingöl. However, no statistically significant differences were 

detected in the mean values across years.  The observed variability in the harvest index among 

Hungarian vetch genotypes is likely attributed to a complex interplay of environmental factors, 

including altitude, soil type, temperature variations, annual rainfall patterns, and other agro-climatic 

conditions.  
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Table 6. Harvest index (%)of Hungarian vetch at both locations. 
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n.s. 
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** 
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*P≤0.05, **P≤0.01, n.s.: non significantion. 

The highest harvest index, reaching an impressive 28.1%, was achieved by the Line-16 genotype 

in 2015-2016 at the Bilecik location. Conversely, the lowest harvest index, a mere 4.8%, was recorded 

for the Line-23 genotype in 2015-2016 at the Bingöl location. The two-year location interaction mean 

data revealed that the Line-16 genotype consistently exhibited the highest harvest index (21.0%), 

while the Tarm White genotype exhibited the lowest harvest index (13.9%).  

The relationship between observations and variables collected at the two distinct locations was 

examined with precision using biplot analysis, a methodology that incorporates the decomposition 
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technique of principal component analysis (PCA). The outcomes of this rigorous analysis are 

elegantly presented in Figure 2. Prior todelving into the PCA findings, Figure 2 presents the 

correlation coefficient heat map matrix between normalized traits, which serves as the foundation of 

the PCA.  The variables employed in the analysis included the number of pods per plant 

(PodsNmbr), thousand-grain weight (g) (Wghtperthsnd), biological yield (kg da⁻¹) (BlgclYld), seed 

yield (kg da⁻¹) (SeedYld), straw yield (kg da⁻¹) (StrawYld), and harvest index (%) (HrvstIndx). The 

color scheme indicates that the strength of the relationship between traits intensifies as the shade 

transitions towards red. In this context, the most pronounced association exists between biological 

yield (BlgclYld) and straw yield (StrawYld), with a correlation value of 0.98 (p < 0.000). This is 

followed by the positive relationship between seed yield (SeedYld) and harvest index (HrvstIndx) 

(0.872, p < 0.000), and the negative correlation between harvest index (HrvstIndx) and straw yield 

(StrawYld) (-0.712, p < 0.000).  The majority of the pairwise associations attained statistical 

significance. Examining the heat map reveals that the weakest association is between thousand-grain 

weight (Wghtperthsnd) and other traits. 

The entire variance distribution across the major component dimensions is shown in Figure 3. 

Among the plant features assessed at the two locations in Turkey, the first three principle components 

explain an astounding 92% of the total variance, while the first two principal components notably 

capture nearly 79% of the whole variance. Normalized plant traits and linear combinations of 

eigenvectors are two fundamental elements that can be reasonably attributed to the observed 

differences in plant traits, given the significant variance described by the initial principal 

components. The visual examination of intricate multivariate datasets, however, is made possible by 

the well-known graphical method known as biplot analysis. Its main purpose is to make complex 

multidimensional data easier to grasp by displaying it in a lower-dimensional graphical format. This 

allows for a more thorough comprehension of the dataset's underlying structure. Scores and loadings 

are the two basic parts of a conventional biplot. A biplot's scores are shown as points, each of which 

represents a distinct dataset observation related to the multiple variables being studied. These scores 

make it possible to see where each observation falls inside the multivariate space that the variables 

describe. On the other hand, loadings are shown graphically in the biplot as arrows or vectors. These 

vectors show how each variable affects where data points are located along the x-axis, which is the 

first principal component, the y-axis, or any other chosen components of interest. By indicating the 

relationships between variables, the loadings are essential in illuminating the relative importance of 

the various variables in the dataset. They also show the underlying data structure and provide 

insights into how ratings are constructed [13]. In conclusion, biplot analysis becomes a potent 

analytical technique for gaining a deeper comprehension of the crucial interactions between variables 

in a dataset as well as the core of its observations when combined with PCA decomposition. Since all 

of this is done within the context of an easily readable graphical depiction, it is a useful tool for data 

exploration and analysis [14]. 
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Figure 3. Correlation coefficients between normalized traits of Hungarian vetch. 

A detailed analysis of the results presented in Figure 4, particularly focusing on the first two 

largest eigen values, Dim1 (x-axis) and Dim2 (y-axis), reveals that these two principal components 

account for a significant portion of the variance among multiple factors. Dim1 (the first principal 

component) exhibits a distinct spatial pattern, with Bilecik generally positioned in the positive region 

and Bingöl occupying both positive and negative regions. This pattern, coupled with the overlapping 

regions observed along the Dim2 axis (the second principal component), suggests a strong likelihood 

of environmental interactions influencing Hungarian vetch plant traits. Focusing on the Hungarian 

vetch characteristics, the number of pods per plant (PodsNmbr), harvest index (HrvstIndx), and seed 

yield (SeedYld) exhibit close relationships, collectively contributing significantly to the total variance 

explained by the first principal component. Conversely, straw yield (StrawYld) and biological yield 

(BlgclYld) likely exert a substantial negative influence on the first principal component. Consistent 

with the findings from the heat map, the thousand-grain weight trait (WghtPerThsnd) displays an 

orthogonal relationship to the first principal component. Regarding the second principal component, 

all six characteristics contribute negatively. The loadings for the first principal component range from 

-0.488 (StrawYld) to +0.521 (HrvstIndx), while those for the second principal component range from 

-0.130 (PodsNmbr) to -0.617 (WghtPerThsnd). These loading values clearly indicate that the absence 

of the thousand-grain weight (WghtPerThsnd) would strongly impact the second principal 

component, while the harvest index (HrvstIndx) emerges as the most influential characteristic 

shaping the first principal component. 
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Figure 4. Scree plot for percentage of explained variances by the principle components. 

Figures 5 and 6 thoughtfully illustrate the relationship between genotypes and principal 

components in the two distinct locations. The analysis of genotype-environment interactions revealed 

distinct patterns at the Bilecik and Bingöl locations. At the Bilecik location, all genotypes exhibited a 

negative relationship with both the first and second principal components. This trend was 

particularly pronounced in Line-5 and Line-28, which displayed steeper negative slopes. In contrast, 

at the Bingöl location, all genotypes, except Oguz and Line-5, demonstrated positive associations 

with both principal components. The contrasting linearity patterns of the principal components for 

genotypes other than Oguz and Line-5 were observed at both locations. This variation is thought to 

be due to differential environmental effects, such as variations in temperature, precipitation, and 

relative humidity between the two locations. 

 

Figure 5. Determination of ideal traits by biplot method in distinct locations. 
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Figure 6. Determination of ideal traits by biplot method in distinct genotypes. 

 

Figure 7. Distribution of the first two principal components in compliance with location and 

genotypes. 

4. Conclusions 

This study examined seed yield and its components in Hungarian vetch genotypes across two 

environments, Bilecik and Bingöl, using GGE Biplot analysis. At Bilecik, genotypes Oguz, Line-23, 

Line-5, and Line-16 excelled in the number of pods per plant, with Line-16 achieving the highest 

harvest index, indicating efficient biomass allocation to seeds. Thousand-grain weight was consistent 

across locations, with Oguz performing best. In Bingöl, biomass production was higher, with Aegean 

White and Line-28 leading in biological and straw yield. Despite similar yields across locations, 

Aegean White had the highest overall seed yield, showing adaptability to diverse environments. 

Biplot and principal component analyses revealed strong correlations at Bilecik, particularly between 

harvest index, pods per plant, and seed yield for Line-16 and Line-5. The harvest index was the largest 

contributor to variance, followed by biological and straw yield, while thousand-grain weight had a 

smaller effect. These findings highlight the importance of genotype-environment interactions in 

shaping yield traits and demonstrate the utility of GGE Biplot analysis in identifying suitable 

cultivars for specific regions, aiding improved agricultural practices. 
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