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Abstract: Development of high yielding and stable cultivars of various legume crops across different
environments is very important for their adoption by farmers. In addition, climate change sets
new challenges to major crop species and especially to grain legumes such as faba bean (Vicia faba
L.) for adaptation to stressful environments. The present study focused on evaluating faba bean
genotypes developed for yield and stability across different environments. The study was conducted
in three areas of Greece (South, Central, and North) for two consecutive growing seasons (2018–2019
and 2019–2020). Biomass yield, seed yield, and yield components were studied together with plant
height, earliness, and water use efficiency. Genotype, environment, and their interaction affected
most of the studied characteristics. The environment was the major source of variation for most of
the characteristics, as it explained 81–93% of total variation, and only in the thousand seed weight the
variation was 49% for the environment and 40% for the genotype. Genotype had a much smaller effect
on the remaining characteristics (1.2–3.9%), and the interaction between environment x genotype
accounted for up to 0.5–17% of the variation. GGE-biplot analysis for high yield and stability across
different environments revealed three genotypic types: genotypes well adapted either for biomass or
seed yield and genotypes with high adaptation capacity for both traits under typical Mediterranean
conditions. These results indicated that screening faba bean genotypes under different environmental
field conditions is essential to identify adaptable cultivars to be cultivated for biomass and/or seed
yield or to be used in breeding programs.

Keywords: evaluation; stability; seed yield; biomass yield; yield components; water use efficiency

1. Introduction

Agricultural productivity is highly affected by climatic change in terms of fluctuations
in temperatures, precipitation, and extreme weather events, as well as variability in season-

Sustainability 2021, 13, 2586. https://doi.org/10.3390/su13052586 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2621-1183
https://orcid.org/0000-0001-7252-1719
https://orcid.org/0000-0002-7027-474X
https://orcid.org/0000-0002-3725-3525
https://orcid.org/0000-0003-2144-4391
https://orcid.org/0000-0003-3190-5315
https://orcid.org/0000-0001-6980-0813
https://orcid.org/0000-0003-4032-5830
https://doi.org/10.3390/su13052586
https://doi.org/10.3390/su13052586
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13052586
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/5/2586?type=check_update&version=1


Sustainability 2021, 13, 2586 2 of 18

ality. At present, sustainable agriculture is threatened by climate change, as a reduction in
crop production is expected in most regions [1]. Moreover, the changing conditions lead
to resource problems, such as water shortage, pollution, soil deterioration, and ultimately
food security issues in resource-poor regions [2].

The impact of climate change on agriculture can be reduced by modifying farming
practices, and complementary to this, by using appropriate crops and varieties adapted to
new climatic conditions. In this regard, modern breeding must fulfill several objectives:
harmonize agricultural production and environment; ensure food and seed abundance,
security and quality; and secure climate robustness [3]. Thus, breeding adaptive traits is
required to increase the resilience to broad-spectrum stresses and maintain productivity,
food security, and agricultural sustainability. At the same time, the demand for environ-
mentally friendly crops and for food security has increased and has led to the establishment
of cropping systems that include annual grain legumes [4]. Especially in the European
Union, the policy is to greatly increase the domestic production of grain legumes [5,6].

Although grain legumes are often characterized as climate-smart crops, they are
mainly cultivated in marginal environments where the range and intensity of abiotic and
biotic stresses are expected to increase [7]. Therefore, improving their resilience to climate
change is of ultimate importance to provide food and nutritional security. Their narrow
genetic diversity has always been a major drawback to their improvement for adaptability.
To this end, plant breeders are required to intensify efforts to identify or develop diverse
germplasm lines that can tolerate or even take advantage of climatic abnormalities [7].

Faba bean (Vicia faba L.) is one of the oldest crops grown by man, as it has been
cultivated for c. 8000–10000 years and is native to the Near East and Mediterranean Basin
area [8]. It is used as a human food because of its high protein, high starch content, and
low lipid content; as feed for many animals; and for green manure [9]. It plays a vital role
in farming systems as it provides ecological services for sustainable agriculture, such as
soil enrichment with nitrogen and feeding habitat provision with nectar and pollen for
pollinators [10–12]. It is the fourth most cultivated cool-season legume after pea (Pisum
sativum L.), chickpea (Cicer arietinum L.), and lentil (Lens culinaris Medik.) worldwide [13].
However, faba bean acreage has declined from 4.8 million ha in 1970 to 2.4 in 2018 [14].
Moreover, dramatic decline was reported in Greece, where the acreage was reduced from
12,200 ha in 1970 to 968 ha in 2018 [14]. There are several reasons for this reduction, such as
low and unstable yields and susceptibility to biotic and abiotic stresses [15–17]. Therefore,
in order to increase the adoption of this crop it is important to adjust agricultural practices,
to refine integrated pest management strategies, to develop genotypes resistant to major
diseases and to abiotic stresses such as frost and water stress [18–20], and to improve the
adaptation of genotypes to changing environment and nutritional quality by reducing the
content of tannins and vicine-convicine in the seeds [9].

Faba bean is considered a crop species adapted to a wide range of climatic conditions
and soil types [21]. However, its yield is unstable [5], as it is highly affected by environmen-
tal fluctuations [13]. Therefore, it is crucial to use stable genotypes well adapted to a wide
range of environments. Together with good management practice, this will help increase
production and acreage. This creates the need for the evaluation of genotype adaptability
and stability to a wide range of environments [22], which requires multi-environment trials
(METs). The study of cultivars and genotypes in METs allows breeders and agronomists to
detect and understand genotype x environment interaction (GEI) for the best-performing
genotypes and genotype ranking in different environments [23,24]. In addition, climate
change can affect the response of the genotypes in different environments [25]. Therefore, it
is important to conduct experimentation in METs, which will help us understand and ana-
lyze GEI so that stable and widely adapted genotypes can be identified and recommended
for production in the target environments.

Based on the above, it is evident that the yield stability of Vicia faba under different
climatic and soil conditions is an important parameter for a sustainable farming system,
especially nowadays with the large fluctuations of climatic factors from year to year.
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Therefore, the aim of the present study was to (i) evaluate Vicia faba genotypes (advanced
lines and commercial cultivars) in three locations with clearly distinct environmental
conditions for two consecutive years, (ii) to assess the genotype x environment interaction,
(iii) to identify genotypes that have potential for specific and wide adaptation, and (iii) to
identify environments that are more suitable for faba bean cultivation.

2. Materials and Methods
2.1. Plant Material and Experimental Design

Six faba bean genotypes, four advanced lines obtained by the company AGROLAND
SA (namely G1: KK18; G2: KK101; G3: KK10; G4: KK14) and two commercial cultivars
widely grown in Greece (namely G5: Polycarpe and G6: Tanagra) developed by the Institute
of Industrial and Forage Crops (IIFC), were evaluated in a randomized complete blocks
(RCB) design with four replications. Field experiments were conducted for two consecutive
growing seasons: November–June 2018/2019 and November–June 2019/2020 at three
locations: (1) the farm of the Agricultural University of Athens (AUA) (South Greece,
Spata, latitude 37◦58′ N, longitude 23◦54′ E, elevation 123 m a.s.l.), (2) the central farm of
IIFC (central Greece, Larissa, 39◦30′ N, 22◦42′ E, elevation 77 m a.s.l.), and (3) the farm
of the Aristotle University of Thessaloniki (AUTH) (North Greece, Thessaloniki, latitude
40◦32′ N, longitude 22◦59′ E, elevation 5 m a.s.l.). For each location, meteorological data
and soil properties were recorded (Table 1). The plots consisted of three 3 m-long rows
with a distance of 0.25 m between rows. The seeding rate was 160 kg ha−1. A balanced
basal fertilization with 160 kg ha−1 (0N-46P2O5-0K2O) was pre-plant incorporated and
appropriate cultural practices (weed removal by hand, disease and pest control) were
followed. Plants were grown without supplemental irrigation in both growing seasons.

Table 1. Soil characteristics of the field trial during the cultivation period.

Environment Sand% Clay
%

Loam
% pH CaCO3 (%) EC (mS/cm) Organic

Matter (%)

AUA, Southern Greece Env1 + Env2 50 26 24 7.9 11.6 3.0 1.43
IIFC, Central Greece Env3 + Env4 20 57 23 8.0 1.5 4.9 1.30

AUTH, Northern Greece Env5 + Env6 25 27 48 7.7 11.3 1.1 1.24

EC: electrical conductivity

2.2. Sampling and Measurement

The following agronomical traits were recorded from the inner plant row in each plot
as follows: seed yield, biomass yield, plant height, number of pods and seeds per plant,
and 1000-seed weight. The extended BBCH scale [26] was used to describe the phenological
development of the plants in each plot. Analytically, plant height, number of pods, and
number of seeds per plant were determined as the average of 10 plants per plot. Plant
height was monitored every 20 days throughout the growing periods, and the number
of pods per plant and number of seeds per plant were determined at the physiological
maturity stage (BBCH: 89). For the determination of biomass yield, 0.25 m2 were sampled
in the middle row of each replicate plot to avoid any border effect, at the stage where
over 50% of the plants were in full bloom and 20% of pods had reached their final length
(BBCH: 72). All plant samples were cut to ground level with manual shears. The plant
material was weighed fresh and was then oven-dried at 65 ◦C (3–4 days) and weighed
again to determine the respective dry weights. When each variety reached its physiological
maturity stage (BBCH: 89), the experimental plots were hand-harvested and threshed using
a laboratory thresher (Wintersteiger LD350) in order to assess seed yield. The harvested
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area was 0.50 m2 per plot, and seed yield was measured at 13% seed moisture content.
Water use efficiency was calculated using the following Equation (1):

WUE =
Y
P

(1)

where Y is the seed yield (kg ha−1) and P (m3) is the rainfall amount during the overall
crop growth period.

2.3. Statistical Analyses

Combinations of location and growing season are referred to as Environments. En-
vironment 1 (Env1) represents AUA 2018/2019, Environment 2 (Env2) represents AUA
2019/2020, Environment 3 (Env3) represents IIFC 2018/2019, Environment 4 (Env4) repre-
sents IIFC 2019/2020, Environment 5 (Env5) represents AUTH 2018/2019, and Environ-
ment 6 (Env6) represents AUTH 2019/2020. Data were subjected to over environment
two-way analysis of variance (ANOVA), using the mixed model considering genotypes
as fixed effect and environments as random effect [27]. The Tukey test at a = 0.05 was
used to compare means. Pearson correlation coefficients (r) were calculated to establish
relationships between parameters. All the analyses were performed using the statistical
SPSS18 software following the experimental design. In addition, a genotype and geno-
type x environment (GGE) biplot analysis [28,29] was conducted for the simultaneous
determination of yield and stability across environments using GenStat software (13) [30].

3. Results
3.1. Weather Conditions

In general, the climate in Greece is Mediterranean, characterized as semi-arid with
winter precipitation, cool winters, and hot summers. Weather data (rainfall, average,
minimum and maximum air temperatures) were obtained from meteorological stations
located within 1 km of the trial sites, recorded daily, and are reported as mean monthly
data for the period in which the study was conducted (Figure 1, Tables 2 and 3). The
testing environments differed substantially in terms of temperature and rainfall. Average
air temperatures during the growing periods did not vary considerably from the long-
run averages; however, from November 2019 to March 2020 (i.e., the second growing
season), the average temperatures were higher than normal at all sites. The historical
mean rainfall during the crop-growing season (November to June) is 346 mm, 310 mm,
and 318 mm at the Spata, Larissa, and Thessaloniki experimental locations, respectively,
mainly concentrated between November and December. Rainfall at Larissa was higher
than at the experimental station at Thessaloniki, whereas at both sites, the lowest values
occurred in January and February, especially in the second growing season. Above-normal
rainfall occurred in Spata, especially in winter and mid-spring (436 mm in total, averaged
across growing seasons) compared to the long-term average (239 mm). All crops received
higher rainfall (37%, 26%, and 30% for Spata, Larissa, and Thessaloniki, respectively)
during the second growing season than in the first. In addition, rainfall amounts and
effective rainfall events (>5 mm) in Spata and Larissa were higher across late autumn and
winter than in spring and early summer, whereas in Thessaloniki, the opposite occurred
(Figure 1, Tables 2 and 3). Larissa and Thessaloniki were characterized by severe winter
cold stress (absolute minimum temperatures were −7.2 ◦C and −3.5 ◦C, respectively, in
January) and more frost days in winter, especially in the first growing season (Table 2).
Furthermore, in Spata and Larissa, higher absolute maximum temperatures and days with
maximum temperature above 28 ◦C were recorded (36.7 ◦C vs. 39.4 ◦C and 11 vs. 17,
respectively) during May, especially in the second growing season (Table 3).
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seasons and the 30-year average at the three locations (a) Spata, (b) Larissa, and (c) Thessaloniki, where the experiments 
were conducted. White and black arrows indicate sowing, flowering, and podding time for Y1 and Y2, respectively. 

Table 2. Monthly means and 30-year averages for absolute (Abs Min T) and average (Av Min T) minimum temperatures 
(°C), number of frost days (NFD) and number of days with effective rainfall (>5 mm) (NDER) across late autumn and 
winter in the tested environments. 

 Env1 Env2 30-Year Average Values 
 Nov. Dec. Jan. Feb. N-F Nov. Dec. Jan. Feb. N-F Nov. Dec. Jan. Feb. N-F 

Abs Min T 7.0 3.0 −1.0 2.6 2.9 11.5 3.4 2.4 1.3 4.7 4.8 0.8 −0.3 −0.1 1.3 
Av Min T 12.3 6.8 5.5 6.5 7.8 13.9 8.9 5.9 6.9 8.9 10.4 7.1 5.4 5.6 7.1 

NFD  0 0 3 0 3 0 0 0 0 0      
NDER 4 5 9 7 25 7 7 3 3 20      

 Env3 Env4 30-Year Average Values 
Abs Min T 6.2 −1.8 −7.2 −0.9 −0.9 7.5 0.8 −3.6 −1.2 0.9 0.7 −3.4 −5.6 −2.7 −2.8 
Av Min T 9.7 2.8 1.1 4.1 4.4 11.6 6.4 1.1 4.4 5.9 5.8 1.9 0.7 1.3 2.4 

NFD  0 4 12 2 18 0 0 14 3 17      
NDER 4 2 5 1 12 6 4 0 2 12      

 Env5 Env6 30-Year Average Values 
Abs Min T 4.1 1.3 −3.5 −0.3 0.4 10.2 2.4 −0.1 1.5 3.5 1.7 −1.8 −4.4 −1.9 −1.6 
Av Min T 10.6 4.1 2.4 4.6 5.4 13.4 7.6 3.7 5.8 7.6 6.9 3 1.4 2.3 3.4 

NFD  0 0 7 1 8 0 0 1 0 1      
NDER 3 2 3 0 8 2 4 0 1 7      

Env1: Spata 2018/19; Env2: Spata 2019/20; Env3: Larissa 2018/19; Env4: Larissa 2019/20; Env5: Thessaloniki 2018/19; Env6: 
Thessaloniki 2019/20. 
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Figure 1. Monthly means of average (Taver) air temperatures and rainfall for the 2018–2019 (Y1) and 2019–2020 (Y2) growing seasons
and the 30-year average at the three locations (a) Spata, (b) Larissa, and (c) Thessaloniki, where the experiments were conducted.
White and black arrows indicate sowing, flowering, and podding time for Y1 and Y2, respectively.

Table 2. Monthly means and 30-year averages for absolute (Abs Min T) and average (Av Min T) minimum temperatures
(◦C), number of frost days (NFD) and number of days with effective rainfall (>5 mm) (NDER) across late autumn and winter
in the tested environments.

Env1 Env2 30-Year Average Values

Nov. Dec. Jan. Feb. N-F Nov. Dec. Jan. Feb. N-F Nov. Dec. Jan. Feb. N-F

Abs Min T 7.0 3.0 −1.0 2.6 2.9 11.5 3.4 2.4 1.3 4.7 4.8 0.8 −0.3 −0.1 1.3
Av Min T 12.3 6.8 5.5 6.5 7.8 13.9 8.9 5.9 6.9 8.9 10.4 7.1 5.4 5.6 7.1

NFD 0 0 3 0 3 0 0 0 0 0
NDER 4 5 9 7 25 7 7 3 3 20

Env3 Env4 30-Year Average Values

Abs Min T 6.2 −1.8 −7.2 −0.9 −0.9 7.5 0.8 −3.6 −1.2 0.9 0.7 −3.4 −5.6 −2.7 −2.8
Av Min T 9.7 2.8 1.1 4.1 4.4 11.6 6.4 1.1 4.4 5.9 5.8 1.9 0.7 1.3 2.4

NFD 0 4 12 2 18 0 0 14 3 17
NDER 4 2 5 1 12 6 4 0 2 12

Env5 Env6 30-Year Average Values

Abs Min T 4.1 1.3 −3.5 −0.3 0.4 10.2 2.4 −0.1 1.5 3.5 1.7 −1.8 −4.4 −1.9 −1.6
Av Min T 10.6 4.1 2.4 4.6 5.4 13.4 7.6 3.7 5.8 7.6 6.9 3 1.4 2.3 3.4

NFD 0 0 7 1 8 0 0 1 0 1
NDER 3 2 3 0 8 2 4 0 1 7

Env1: Spata 2018/19; Env2: Spata 2019/20; Env3: Larissa 2018/19; Env4: Larissa 2019/20; Env5: Thessaloniki 2018/19; Env6: Thessaloniki
2019/20.



Sustainability 2021, 13, 2586 7 of 18

Table 3. Monthly means and 30-year averages for absolute (Abs Max T) and average (Av Max T) maximum temperatures
(◦C), number of days with absolute temperature up to 28 ◦C (NDMAX) and number of days with effective rainfall (>5 mm)
(NDER) across spring and early summer in the tested environments.

Env1 Env2 30-Year Average Values

Mar. Apr. May Jun. M-J Mar. Apr. May Jun. M-J Mar. Apr. May Jun. M-J

Abs Max T 23.3 26.3 31.7 35.6 29.2 22.4 25.6 36.7 33.8 29.6 21.9 25.7 31.5 36.8 29
Av Max T 17.6 19.1 25.2 30.6 23.1 16.8 19.2 26.7 29.2 23.0 15.6 19.6 24.8 29.7 22.4
NDMAX 0 0 6 11 17 0 0 11 10 21

NDER 2 5 0 0 7 4 3 2 0 9

Env3 Env4 30-Year Average Values

Abs Max T 25.9 30.8 33.1 38.7 32.1 25.7 30.6 39.4 37.3 33.3 24.1 28.0 33.5 38.8 31.1
Av Max T 19.9 21.4 27.5 33.2 25.5 18.8 21.4 29.1 31.1 25.1 14.9 19.8 25.8 31.1 22.9
NDMAX 0 4 14 14 32 0 5 17 11 33

NDER 1 1 3 0 5 5 3 1 1 10

Env5 Env6 30-Year Average Values

Abs Max T 22.8 24.8 29.0 35.2 28.0 23.2 24.7 31.9 35.3 28.8 21.5 26.1 30.4 35.5 28.4
Av Max T 17.1 18.9 24.6 30.4 22.8 15.3 18.0 24.3 27.1 21.2 14.3 19.2 24.5 29.3 21.8
NDMAX 0 0 4 11 15 0 0 3 4 7

NDER 1 4 2 1 8 8 5 1 1 15

Env1: Spata 2018/19; Env2: Spata 2019/20; Env3: Larissa 2018/19; Env4: Larissa 2019/20; Env5: Thessaloniki 2018/19; Env6: Thessaloniki
2019/20.

3.2. Agronomic Traits

Based on the combined analysis of variance, a significant effect of environment (E) was
observed on biomass yield, seed yield, yield components, plant height, earliness, and water
use efficiency for biomass and seed yield (p < 0.001), reflecting the variation of soil-climatic
conditions in each location and growing season. Genotype demonstrated significant effect on
biomass yield, thousand seed weight and earliness (p < 0.001), pods and seeds per plant (p
< 0.01), seed yield (p < 0.05), and WUE for biomass and seed yield, whereas the same effect
was insignificant on plant height. All yield determinants, earliness, and WUE for seed yield
also showed a large genotype x environment interaction (p < 0.001). Environment significantly
explained up to 80% of the total sum of squares in all traits except thousand seed weight, where
genotype and environment components were of similar magnitude (Table 4).

Table 4. Combined analysis of variance of six faba bean genotypes across six environments for various characteristics at
harvest. Plant height (PH), number of pods per plant (PP), number of seeds per plant (SP), 1000-seed weight (TSW), seed
yield (SY), earliness, biomass yield (BY), water use efficiency for biomass yield (WUEBY), and water use efficiency for seed
yield (WUESY).

BY (t ha−1) SY (t ha−1) PP SP TSW (g)

df MS EV% MS EV% MS EV% MS EV% MS EV%

E 5 186 *** 88.4 31.7 *** 81 1803 *** 88.3 21,217 *** 88 121,632 *** 49.4
G 5 8.28 *** 3.9 0.96 * 2.4 48.5 ** 2.4 647 ** 2.7 99,365 *** 40.4

GxE 25 3.25 * 7.7 1.31 *** 16.6 37.9 *** 9.3 448 ** 9.3 5037 *** 10.2

PH (cm) Earliness (DAS) WUEBY (kg ha−1 m−3) WUESY (kg ha−1 m−3)

E 5 11,520 *** 93 14,157 *** 98.2 28.2 *** 88.7 4.05 *** 80.7
G 5 152.4 ns 1.2 188 *** 1.3 1.13 ** 3.6 0.12 * 2.4

GxE 25 142.4 * 5.8 13.0 *** 0.5 0.49 * 7.7 0.17 *** 16.9

df: degrees of freedom; MS: mean squares; EV: % variation respect (E + G + GxE) sum of squares; DAS: days after sowing; ns: non-significant
(p > 0.05); *, **, *** significant at p < 0.05, p < 0.01, and p < 0.001 levels of probability, respectively.

The genotypes showed a different response for plant height across the tested environments.
The tallest plant height was recorded at Env4 (129.6 cm) with insignificant height differences
between the cultivars across environments, whereas the shortest plant height was recorded at
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Env1 and Env5 in the first growing season (Tables 5 and 6). Regarding seed yield, G1 and G6
out-yielded other genotypes (3.01 and 3.07 t ha−1, respectively), whereas G5 performed poorly
(2.5 t ha−1). Average seed yield over genotypes was highest at Env6 (4.12 t ha−1) followed by
both growing seasons at Larissa (Env3 and Env4). The lowest value was recorded at Env5 (0.74
t ha−1). In the case of biomass yield, genotypes G3, G4, G2, and G6 showed above-average
values (8.86 t ha−1), whereas the lowest values were recorded for G1 and G5. Among the
tested environments, the highest biomass production was observed in both growing seasons
at Larissa and at Thessaloniki 2019/2020 (Env4 and Env6). The lowest biomass yield was
produced at Env1 (4.7 t ha−1). The number of pods and seeds per plant ranged between 15.5
(G1) and 18.1 (G5) and between 48.8 (G1) and 57.6 (G5), respectively, showing no significant
differences among the genotypes except for G4, which exhibited the lowest values (14.4 and
43.6, respectively). The highest number of pods and seeds was recorded at Env2 (28.9 and
97.6, respectively) and the lowest at Env5 (4.17 and 13.4, respectively). Intermediate values
were recorded at Larissa without differences between the two growing seasons. The second
experimental season showed taller plants, higher biomass production, and a bigger number
of pods and seeds per plant than the first in all experimental locations (Table 6). The average
thousand-seed weight of cultivars across environments was 484 g. Genotypes G1 and G2
produced the highest thousand-seed weight, whereas G5 resulted in the lowest value (371 g).
In the tested environments the highest (585 g) and lowest (396 g) thousand-seed weights were
recorded at Env6 and Env1, respectively (Tables 5 and 6). Among genotypes, time to flowering
fluctuated between 117 to 125 days from sowing. Genotypes 1 and 6 presented the earliest
initiation of flowering, whereas G5 was the latest. Genotypes showed early flowering at Env1
but flowering late at Larissa and Thessaloniki in the first growing season (153 and 135 days
from sowing, respectively). WUE efficiency for biomass and seed yield was lowest for the G5
genotype, whereas G3 and G4 ranked in the top for WUEBY and G6 for WUESY.

Table 5. Average values across environments of faba bean genotypes for various characteristics at harvest. Plant height
(PH), number of pods per plant (PP), number of seeds per plant (SP), 1000-seed weight (TSW), seed yield (SY), earliness in
days after sowing (DAS), biomass yield (BY), water use efficiency for biomass yield (WUEBY), and water use efficiency for
seed yield (WUESY).

Genotype BY
(t ha−1)

SY
(t ha−1)

PH
(cm) PP SP TSW

(g)
Earliness

(DAS)
WUEBY

(kg ha−1 m−3)
WUESY

(kg ha−1 m−3)

G1 8.44 bc 3.01 a 89.2 a 15.5 ab 48.8 ab 542.6 a 116.6 e 3.49 ab 1.08 ab
G2 8.85 abc 2.85 ab 88.2 a 16.5 ab 50.2 ab 534.2 ab 121.3 b 3.66 ab 1.06 ab
G3 9.46 ab 2.90 ab 94.0 a 17.9 a 56.6 a 497.2 c 121.5 b 3.87 a 1.06 ab
G4 9.53 a 2.83 ab 91.3 a 14.4 b 43.6 b 448.8 d 120.7 c 3.93 a 1.05 ab
G5 8.00 c 2.50 b 88.8 a 18.1 a 57.6 a 371.0 e 124.6 a 3.36 b 0.92 b
G6 8.86 abc 3.07 a 87.0 a 16.1 ab 52.2 ab 507.9 bc 118.1 d 3.68 ab 1.13 a

Tukey (0.05) 1.08 0.475 7.35 3.08 11.4 27.3 0.505 0.172 0.454

G1: KK18; G2: KK101; G3: KK10; G4: KK14; G5: Polycarpe; G6: Tanagra. DAS: days after sowing; Different letters within a column indicate
significant differences according to the Tukey test (p < 0.05).

Table 6. Values in each testing environment averaged across faba bean genotypes for various characteristics at harvest.
Plant height (PH), number of pods per plant (PP), number of seeds per plant (SP), 1000-seed weight (TSW), seed yield
(SY)), earliness, biomass yield (BY), water use efficiency for biomass yield (WUEBY), and water use efficiency for seed yield
(WUESY).

Environment BY
(t ha−1)

SY
(t ha−1)

PH
(cm) PP SP TSW

(g)
Earliness

(DAS)
WUEBY

(kg ha−1 m−3)
WUESY

(kg ha−1 m−3)

Env1 4.70 d 2.99 bc 71.2 d 16.6 c 48.8 c 395.7 d 81.9 f 2.09 e 1.32 ab
Env2 9.45 b 2.64 c 90.8 bc 28.9 a 97.6 a 516.1 b 113.1 d 2.83 d 0.74 c
Env3 10.5 a 3.35 b 93.7 b 12.5 d 36.7 d 463.7 c 152.5 a 4.25 b 1.23 b
Env4 11.4 a 3.31 b 129.6 a 13.2 d 39.4 cd 418.0 d 129.3 c 4.95 a 1.21 b
Env5 6.13 c 0.74 d 69.4 d 4.17 e 13.4 e 523.3 b 135.0 b 3.41 c 0.37 d
Env6 10.9 a 4.12 a 83.9 c 23.0 b 73.2 b 584.9 a 111.0 e 4.47 b 1.43 a

Tukey (0.05) 1.08 0.475 7.35 3.08 11.4 27.3 0.505 0.172 0.454

Env1: Spata 2018/19; Env2: Spata 2019/20; Env3: Larissa 2018/19; Env4: Larissa 2019/20; Env5: Thessaloniki 2018/19; Env6: Thessaloniki
2019/20. DAS: days after sowing; Different letters within a column indicate significant differences according to the Tukey test (p < 0.05).
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3.3. Correlation between Traits

The Pearson correlation coefficients of agronomic traits of faba bean genotypes for
all environments are presented in Table 7. Biomass yield was significantly and positively
correlated to all traits. The strongest correlation was found between biomass yield and
plant height (r = 0.674, p < 0.01). Seed yield was significantly and positively correlated
to plant height and pods and seeds per plant and negatively correlated to earliness. No
significant correlations were observed between plant height, pods and seeds per plant, or
thousand-seed weight. Number of seeds per plant was closely associated with number of
pods and thousand-seed weight. Earliness was negatively correlated to pods and seeds per
plant and positively to plant height.

Table 7. Pearson correlation coefficients and levels of significance between agronomic traits. Plant
height (PH), number of pods per plant (PP), number of seeds per plant (SP), 1000-seed weight
(TSW), seed yield (SY), earliness (EAR), and biomass yield (BY). Data were combined over genotypes,
environments, and replications (n = 144).

BY SY PH PP SP TSW

SY 0.455 **
PH 0.674 ** 0.380 **
PP 0.263 ** 0.491 ** 0.068 ns

SP 0.237 ** 0.439 ** 0.050 ns 0.977 **
TSW 0.202 * 0.126 ns −0.158 ns 0.141 ns 0.176 *
EAR 0.440 ** −0.173 * 0.320 ** −0.404 ** −0.374 ** 0.071 ns

ns: non-significant (p > 0.05); *, ** significant at p < 0.05, p < 0.01 levels of probability, respectively.

3.4. Adaptability and Stability Analysis (GGE Biplot AMMI) for Biomass and Seed Yield

The GGE biplot analysis explained 89.25% of total variability, and revealed that the
highest biomass production genotype G4 (noted as x4) was positioned closest to the point
of the “ideal genotype” in terms of performance and stability across environments. Second
in the ranking was genotype G3 (noted as x3) (Figure 2). The angle between environmental
vectors provides information about the correlation between environments (Figure 3). A
high positive correlation was found between the lowest biomass production environment
Env1 and between high biomass production environments Env3 and Env4. In addition,
a positive correlation was found between environments Env1, Env2, Env3, and Env4. A
high negative correlation was found between low biomass production environment Env5
and high biomass production environment Env6. High biomass production environment
Env6 showed no correlation with high biomass production environments Env3 and Env4
or with environments Env1 and Env2. Respectively, low biomass production environment
Env5 showed no correlation with the lowest biomass production environment Env1 and
environments Env2, Env3, or Env4. The “which-won-where” view of the GGE biplot
(Figure 4) indicated three mega-environments, e.g., environments Env2, Env3, and Env1
formed the first mega-environment with G3 as the winning genotype; high biomass pro-
duction environments Env6 and Env4 formed the second mega-environment with G4 as the
winning genotype; and the third mega-environment consisted of low biomass production
environment Env5 with G5 as the winning genotype.
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The GGE biplot analysis explained 77.46% of total variability, and revealed that the
highest seed production genotype G6 (noted as x6) was positioned closest to the point of
the “ideal genotype” in terms of performance and stability across environments. Second in
the ranking was genotype G3 (noted as x3) (Figure 5). The angle between environmental
vectors provides information about the correlation between environments (Figure 6). A
high positive correlation was found between environment Env1 (noted as +1) and Env3
(noted as +3). A high negative correlation was found between environments Env3 (noted as
+3) and Env4 (noted as +4) with environment Env1 (noted as +1). The “which-won-where”
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view of the GGE biplot (Figure 7) indicated three mega-environments, e.g., environments
Env3, Env1, and Env5 formed the first mega-environment with G3 as the winning genotype;
environments Env6 and Env2 formed the second mega-environment with G1 as the winning
genotype; and the third mega-environment consisted of environment Env4 with G5 as the
winning genotype.
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4. Discussion

Faba bean is a grain legume grown worldwide as a protein source for food and feed.
In addition, faba bean offers essential ecosystem services such as renewable inputs of
nitrogen (N) in the cropping system through biological N2 fixation and diversification of
cropping systems, improving cropping systems’ sustainability. Even though the average
seed yield has almost doubled during the last 50 years, the total area grown with faba
beans has declined by 56% over the same period [14]. The reasons behind this decline are
the variability in grain yield across seasons, the limited adaptability of the genotypes to
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the changing environment, the extensive use of cereal monoculture across many countries,
and the use of chemical fertilizers [18].

4.1. Weather Conditions

In the present study, six genotypes of faba bean were studied across six different
environments. A significant effect was found across the different environments and among
the different genotypes. The three areas selected for the experiments were located in south,
central, and northern Greece and showed significant differences in the main pedoclimatic
parameters such as air temperature, rainfall, and soil conditions, which resulted in six
different environments typical of the Mediterranean area. Moreover, during the second
year the air temperature was higher in all areas and this variation was crucial for studying
the genotype x environment interaction [25,31]. Differences between environments are
important for studies in grain legumes such as faba bean, as they determine the adaptability
of genotypes across environments and dissect the GxE interaction [23,32].

Grain legume instability has increased over the last 60 years [33] due to ongoing
climate change as crop plants are exposed to above-normal optimal temperatures and/or
water deficits [34]. Similarly, in our study, it was observed that in some environments
the temperature was quite high (36.7 ◦C and 39.4 ◦C in Env2 and Env4, respectively) at
the critical stage of the grain-filling period [35]. In addition, lower than normal rainfall
occurred in Env5 (196 mm). As a consequence, the abovementioned climatic conditions
significantly reduced the seed yield and yield components [36,37]. Legume crops in many
areas and especially in Mediterranean conditions suffer from heat and water stress and
other environmental factors that significantly reduce yield performance [38,39].

4.2. Agronomic Traits

Environment and genotype x environment interaction (GEI) affected all of the agro-
nomic traits studied, i.e., biomass yield, seed yield, yield components, thousand-seed
weight, plant height, and earliness, whereas genotypes affected all the above traits except
for plant height. The environment was the major source of variation, as it explained more
than 80% of the total variation in all traits except for the thousand-seed weight, where
the variation was 49% for the environment and 40% for the genotype. In addition, the
relatively large magnitude of the G × E interaction sum of squares observed in all traits
except thousand-seed weight and earliness was from two to six times larger than that for
genotype. This indicated that there were sizable differences in responses according to
genotype across environments [40].

Biomass yield ranged from 8.00 to 9.53 t ha−1, which is in agreement with similar
studies in the same area [41]. The highest biomass yield was recorded at G4 and the lowest
at G5. The most productive environments were Env3 (10.5 t ha−1) and Env4 (11.4 t ha−1),
which corresponded to the same location (Larissa), and the lowest was Env1 (4.7 t ha−1).
The accumulation of biomass is an important characteristic as it relates positively to the
final seed yield [36,42], something that was moderately observed in the present study, as
the correlation coefficient for the two traits was 0.455.

Seed yield was affected by the different genotypes, and the highest was at G1 and
G6, with 3.01 and 3.07 t ha−1, respectively, whereas the G5 genotype had the lowest seed
yield with 2.5 t ha−1. Similar seed yields were found in other studies in the Mediterranean
area [43,44], indicating that these genotypes can be cultivated in this area. In addition,
an interesting differentiation was found between the environments. Env6 was the most
productive (4.12 t ha−1), followed by Env 3 (3.35 t ha−1) and Env4 (3.31t ha−1). However,
it is noteworthy that the highest and the lowest values for SY were observed in the same
location (Thessaloniki), with a very high difference (3.38 t ha−1) between years, indicating
that this location is subjected to significant GEI.

The number of pods per plant (PP) ranged from 15.5 to 18.1 between genotypes and
the number of seeds per plant (SP) from 48.8 to 57.6. Genotypes were not significantly
different, with the exception of G4, which exhibited the lowest values, 14.4 and 43.6, for
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PP and SP, respectively. The two yield components (PP and SP) showed a very high
correlation value (0.977) and a great similarity for their ranking among genotypes. This
lack of genotypic differentiation for the yield components, combined with the relative low
percentage of the total variation explained by the genotype for PP and SP, indicated that
these characteristics were similar across the genotypes tested. Similar results were reported
by other studies [45,46]. Regarding the environments, they also had the same ranking for
PP and SP, whereas Env 3 and Env4 did not differ and resulted in very close values.

The average thousand-seed weight of cultivars across environments was 484 g. The
highest thousand-seed weight was found at G2 (534 g), and the lowest was found at G5
(371 g). In the tested environments the highest (585 g) and lowest (396 g) mean thousand-
seed weights were recorded at Env6 and Env1, respectively. Thousand-seed weight was a
characteristic that was affected by the environment and genotype equally. It is well known
that TSW is highly heritable, as it is controlled by an additive gene action [45,47], but the
environmental conditions at the pod-filling period determine whether the expression of
the genetic background will be at the higher level (optimal conditions) or at the lower level
(drought) [10,48].

The time of flowering is a critical characteristic, as it contributes to drought tolerance,
especially under Mediterranean conditions [17,45], via the escape mechanism that con-
cludes the grain-filling period before the terminal drought [49]. The time from sowing to
flowering was in the range of 117–125 days among genotypes, with genotypes G1 and G6
being the earliest and G5 the latest. Genetic variation of these traits is essentially unknown
for faba bean, especially in Mediterranean conditions [17]. However, in the present study
genotypic effect for earliness was minimal, as the environment explained >98% of the
total variation. Significant differences were detected and completely differentiated the six
environments. With the exception of Env1, where the short duration until flowering was
due to the late sowing time caused by continuous heavy rainfall, in Env4 and Env6 (Larissa
and Thessaloniki, respectively, in the second growing season) genotypes were boosted to
reach the flowering period earlier by 23 and 24 days, respectively, compared to Env3 and
Env5 (Larissa and Thessaloniki, respectively, in the first growing season). This could be
attributed to higher temperatures that prevailed during the vegetative period in the second
growing season (9.11 ◦C vs 9.55 ◦C and 8.78 ◦C vs 9.23 ◦C for the first and second growing
season in Larissa and Thessaloniki, respectively). This is consistent with the findings of
other studies [50,51].

Plant height was another trait that showed significant variation in the different envi-
ronments, as it was affected by the environment (93%) and ranged from 69.4 up to 129.6 cm
across environments and genotypes. This range was in agreement with the desirable
range for faba bean plants (70–140 cm), because within this plant height range they can
efficiently suppress weeds and are tolerant/resistant to lodging [46]. Similar to other
studies [37,45,52], the strongest positive correlation was found between plant height and
biomass, followed by earliness and seed yield, and thus plant height could be used as an
indirect selection criterion for biomass yield.

4.3. Water Use Efficiency

Water deficit is considered a major constraint to faba bean growth and production.
Yield-sensitive phenological stages of faba bean crop to drought stress are flowering and
pod development, with yield losses up to 50% during early pod-setting. These stages
coincide with the spring and early summer months under semi-arid Mediterranean condi-
tions where high temperatures, particularly when combined with drought, lead to flower
abortion, a lower number of pods, and reduce seed yield [17,53–55]. Water use efficiency
is a measure of the amount of biomass produced per unit of water used by a plant and
has been proposed in plant breeding to identify genotypes that have high assimilation
rates under temperature and water deficit stress [56]. In our study, genotypes differed for
WUEBY and WUESY. Genotypes G4 and G3, which were the two high yielders for biomass
yield, showed the highest values for WUEBY, whereas genotypes G6 and G1, which ranked
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in the top for WUESY, were also the highest yielding genotypes for seed yield [54,57,58].
In particular, both genotypes flower earlier and produce high seed yield under low rain-
fall environments, as they can set pods and seeds early in the season [17,59,60]. WUE
between environments ranged from 2.09 kg ha1 m−3 (Env1) up to 4.95 kg ha1 m−3 (Env4)
for biomass yield and from 0.37 kg ha1 m−3 (Env5) up to 1.43 kg ha1 m−3 (Env6) for seed
yield, which are similar to the values that were reported in other studies for dry matter
production 3 kg ha1 m−3 and for seed yield 1.3 kg ha1 m−3 [57,61]. In addition, the more
productive environments Env4, Env6, and Env3 for biomass yield and Env6 for seed yield
demonstrated higher WUE values.

4.4. GxE Plot Analysis

The general ANOVA showed that the effect of genotype (G), environment (E), and
genotype by environment interaction (GEI) were highly significant in most characteristics,
indicating that the genotypes showed significantly different performance and also differ-
ent ranking in the environments that were tested. As a consequence, different winning
genotypes for each environment were detected, indicating the presence of crossover-type
GEI [62]. The presence of crossover GEI could be attributed to the differences among the
genotypes and the environments that were characterized by differences in weather condi-
tions, soil types, and rainfall distribution. However, the environment was the main source
of variability (>80%) between genotypes for biomass and seed yield. A similar response
was found in other multi-environmental trials with faba bean, where the environment had
the highest contribution to the total variation, followed by GEI [23,25].

The genotype G4 can be defined as well adapted for biomass yield, as it performed
consistently and produced higher than the mean yield of all the genotypes under the
environments tested. On the other hand, genotype G6 was the most productive and stable
for seed production. Genotype G3 performed with high stability and production capacity
for both biomass and seed yield and could be characterized as a widely adapted genotype
under typical Mediterranean environments, whereas G5 was the most unstable and least
productive genotype for both traits. The stable and productive genotypes can be suggested
as potential sources of stability alleles and can be utilized in breeding programs [63]. In
particular, genotype G3 combines high biomass and seed yield with an indeterminate
growth habit, a medium maturity period, and high values of WUE, which makes it suitable
for the prevailing climate change and weather variability.

5. Conclusions

In the present study, we observed large variations in biomass, seed yield, and yield
components in the six environments used. Most traits were mainly affected by the en-
vironment, and only the thousand-seed weight was equally affected by the genotype.
Nevertheless, it was possible to identify high-yielding and stable faba bean genotypes for
biomass, seed yield, or both traits by conducting multi-environmental trials that respond
better under Mediterranean conditions.
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