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Abstract
Soybean [Glycine max (L.) Merr.] is a major plant protein source worldwide, and

its cultivation in central and northern Europe is still emerging. To understand the

influence of the environment in the northern latitudes and its interactions with dif-

ferent soybean genotypes, a 3-year multi-location trial was carried out in Northern

Germany. The objectives were to (i) quantify the grain yield and stability of six

soybean genotypes across eight environments using the additive main effect and

multiplicative interaction and best linear unbiased prediction models to identify supe-

rior genotypes as well as optimal environmental conditions for growing soybeans in

northern latitudes, and (ii) assess the genotype-environment interaction on soybean

grain yield, crude protein, and protein yield to explore the factors contributing to yield

variability. The mean soybean grain yield was 2060 kg ha−1, and it varied among

locations and across years. A large portion of the total variance in all parameters

was explained by environment (67.6%–82.8%), followed by genotype-environment

interaction (7.7%–14.6%), while a small portion was attributed to genotypes (1.3%–

10.5%). The growing conditions at site Müncheberg produced a stable soybean yield

but were less productive than sites Dahlem and Dedelow. Regular precipitation in July

and August corresponded with increased grain yield. The stability models ranked the

feed-grade cultivar Merlin as superior in terms of stability and performance. In con-

trast, the food-grade cultivar Comandor may be risky for grain production in rainfed

conditions. The study highlighted soybean’s agronomic potential in northern latitudes

and the influence of the prevailing environment on yield and stability.

Abbreviations: AMMI, additive main effect and multiplicative interaction; ASTAB, AMMI-based stability parameter; ASV, AMMI stability value; BLUP,
best linear unbiased prediction; DM, dry matter; GDD, growing degree days; GEI, genotype-environment interaction; GSI, genotype stability index; HMGV,
harmonic means of genotypic value; HMRPGV, harmonic mean of relative performance of genotypic value; IPCA, interaction principal component axis;
MASI, modified AMMI stability index; MG, maturity group; RPGV, relative performance of genotypic value; WAAS, weighted average of absolute scores;
WAASBY, weighted average of weighted average of absolute score.
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1 INTRODUCTION

Due to concerns about the European Union’s (EU) reliance on
protein imports and associated environmental repercussions,
expanding domestic protein crop production is one important
aim of the EU protein strategy (Albaladejo Román, 2023).
The EU relies on imports of high-protein animal feed, par-
ticularly from soybeans to meet the demands of the livestock
industry (Boerema et al., 2016; Karlsson et al., 2021). This is
because its domestic production covers only 6% of the total
soybean and soybean [Glycine max (L.) Merr.]-derived prod-
ucts consumed (EUROStat, 2021). There is thus the need to
expand soybean production to areas with suitable climates and
conditions for cultivation.

Climate change will affect agricultural production in
drought-prone areas (Gudmundsson & Seneviratne, 2016; Li
et al., 2009). Elevated temperature has been predicted to
impact the reproductive development and yield of soybeans
(Köhler et al., 2019; Korres et al., 2016). However, an increase
in temperature is expected to lengthen the growing season in
the northern hemisphere, which may likely favor the growth
of heat-tolerant crops such as soybean (Kühling et al., 2018;
Tchebakova et al., 2011). The impacts of climate change along
with the breeding of early maturing genotypes may allow the
cultivation of soybeans in central and northern Europe, which
are non-traditional growing areas (Nendel et al., 2023).

Soybean cultivation is relatively new in a large part of
Europe, and there is a growing interest among growers,
researchers, policymakers, and other stakeholders to expand
its cultivation area. Northern Germany is Europe’s new fron-
tier for soybean cultivation (Karges et al., 2022), and there are
attempts to incorporate the crop into the cropping system in
the region (Halwani et al., 2019; Reckling et al., 2020). Simi-
larly, Yuan et al. (2020) isolated and Omari et al. (2022) tested
promising indigenous soybean rhizobia for increasing grain
yield in drought-prone areas in Northern Germany. While
drought presents one of the major limitations to soybean
production in these areas, Karges et al. (2022) showed the
agro-economic potential of cultivating the crop with artificial
irrigation.

Selection of suitable soybean genotypes that show high
yield performance and high adaptability to a wide range of
environments is important for the grower and breeder (Ito
et al., 2016; Olivoto et al., 2019). These adaptable charac-
ters are not only associated with inherent genotypic traits
but also with management and environmental variables and
their multiple interactions affecting yields (Chenu et al., 2011;
Picasso et al., 2019). Grain yield performance and stability in
legumes are particularly important in Europe because farm-
ers and grower organizations are often concerned about their
high yield variability (Zimmer et al., 2016), although Reck-
ling et al. (2018) showed that grain legume yields are as
reliable as those of other spring-sown crops in major northern

European production systems. To expand soybean production
further, multi-environmental trials are needed to identify sta-
ble and adaptable cultivars for optimizing the agronomic and
economic benefits, as well as the effects of food characteris-
tics. Karges et al. (2022) evaluated the grain yield, stability,
effect of irrigation, and agro-economic performance of three
soybean cultivars in one site in Northern Germany. Their
study was, however, limited by the number of locations and
cultivars.

To assess yield performance, various methods are avail-
able, and the use of a combination of methods is suggested
to avoid biased conclusions (Reckling et al., 2021). Addi-
tive main effect and multiplicative interaction (AMMI) and
best linear unbiased prediction (BLUP) are widely used mod-
els for decoding genotype-environment interactions (GEI) in
several crop species in multi-environmental trials. While the
AMMI is mainly used in a fixed-effect model framework,
BLUP employs mixed linear models to predict the GEI pat-
tern from random error (Olivoto et al., 2019). The AMMI
has graphical tools for modeling GEI and has successfully
been used to facilitate the selection of promising genotypes in
different crop species (Bocianowski, Niemann, et al., 2019;
Bocianowski, Warzecha, et al., 2019; Hakl et al., 2019; Ito
et al., 2016). However, it fails to accommodate a linear mixed-
effect model structure and retains most of the random error in
the last interaction principal component axis (IPCA), unlike
the BLUP, which employs all the estimated IPCA axes for
enhanced model predictive accuracy (Olivoto et al., 2019).

The objectives of the present study were to (i) quantify
the grain yield and stability of six soybean genotypes across
eight environments (three sites and 3 years) using the AMMI
and BLUP models to identify superior genotypes as well
as optimal environmental conditions for growing soybean in
northern latitudes, and (ii) to assess the GEI influence on soy-
bean grain yield, crude protein, and protein yield to explore
the influencing factors contributing to yield variability.

2 MATERIALS AND METHODS

2.1 Site description

The study was carried out from 2019 to 2021 at three loca-
tions in Northern German: the experimental station of the
Leibniz Centre for Agricultural Landscape Research (ZALF),
Müncheberg; experimental station of the Humboldt Univer-
sität zu Berlin, Dahlem; and the ZALF research station located
in Dedelow.

The research station in Müncheberg (52˚31′ N, 14˚07′ E) is
located 51 km east of Berlin, and its soil type is sandy loam
with a high spatial heterogeneity. Total soil nitrogen (N) (0-
to 30-cm soil depth) ranged from 0.7 to 0.8 g kg−1, total car-
bon from 5.1 to 6.4 g kg−1, and soil pH (KCl) from 6.1 to
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T A B L E 1 Characteristics of the tested soybean genotypes.

Cultivar Code
Date of
registration

Maturity
group

Early
growth Height Growth type

1000-
Grain
weight

Grain
protein
content

Siroca G1 2017 00 6 4 Semi-determinate 5 6

Merlin G2 1997 000 7 3 Indeterminate 1 4

Sultana G3 2009 000 5 3 Semi-determinate 5 6

Shouna G4 2014 00 – 5 Indeterminate 3 5

Tofina G5 2019 000 6 4 Semi-determinate 8 7

Comandor G6 2016 000 – 5 Semi-determinate 4 5

Note: German descriptive variety list (Bundessortenamt, 2021) for cv. Comandor and cv. Shouna and Austrian descriptive variety list (BAES, 2025) for all other cultivars
and growth type from the variety list of the German Soybean Association (2021). The rating scale ranges from 1 to 9 according to the German federal plant variety
office (BSA) with 1 indicating low and 9 denoting high for initial vegetative development, height, 1000-grain weight, and grain protein content. For the MG ratings, 000
represents early while 00 are later maturing cultivars.

6.9. The site has a mean annual precipitation of 563 mm and
a mean long-term annual temperature of 9.0˚C. The soil at the
Dahlem research station (52˚28′ N, 13˚18′ E) is characterized
as Albic Luvisol (WRB, 2015) and contains on average 71%
sand, 23% silt, and 6% clay. Dahlem soil (0–30 cm) contained
total soil N in the range of 0.8–1.2 g kg−1 and had a soil pH
(KCl) between 5.6 and 6.9. Average annual precipitation at the
station is 561 mm, and the 30-year average annual tempera-
ture is 9.9˚C. The research station at Dedelow (53˚21′55.4″ N,
13˚48′17.7″ E) is located 124 km north of Berlin. The soil at
the station is classified as Haplic Luvisol (WRB, 2015), with
a texture ranging from loamy sand to sandy loam. The total
soil N and soil pH (KCl) at 30-cm depth ranged from 0.9 to
1.7 g kg−1 and between 6.2 and 6.6, respectively. The mean
annual precipitation at Dedelow is 500 mm, and the 30-year
average temperature is 8.8˚C.

2.2 Soybean cultivars

Six commercially available soybean cultivars, namely, Siroca,
Merlin, Sultana, Shouna, Tofina, and Comandor were eval-
uated in this study. Cultivars Merlin, Sultana, Tofina, and
Comandor are early maturing of the 000 maturity group
(MG), while Siroca and Shouna belong to MG 00. The tested
cultivars are of different genetic backgrounds and are com-
mercially available in many parts of Europe. Merlin and
Sultana are widely used for animal feed, while Siroca, Shouna,
Tofina, and Comandor are also cultivated for food use. Tofina
was developed for tofu production. The description of the
tested cultivars is summarized in Table 1.

2.3 Trial description

Field experiments were conducted at each experimental sta-
tion in three consecutive seasons (2019–2021). Soybeans

were grown on different fields with no soybean cultivation
history at each station in each growing year. All experiments at
each site were laid out in a randomized complete block design
with four replications. The unit plot size at each site was 36
m2 (3 m by 12 m).

Each location had different preceding crops in each year, as
summarized in Table 2. Similar tillage but different weed con-
trol practices were used in each site in all 3 years. Weeds were
controlled chemically in Dahlem and Dedelow, and mechani-
cally in Müncheberg and Dedelow (Table 2). Seed inoculation
procedures, sowing, and harvesting dates were similar among
all sites. Commercial rhizobium inoculant (HiStick inoculum)
containing high N2 fixing Bradyrhizobium japonicum was
applied at 400 g inoculant to 100 kg−1 seeds a few hours
before seeding at all locations. Sowing was done in rows
spaced 50 cm apart at a density of 70–80 seeds per m2 at 3-
to 4-cm depth in each site following experiences from earlier
trials (Karges et al., 2022) and grower recommendations by
the German soybean association. Sowing was done when soil
temperature was higher than 8˚C–10˚C and the weather condi-
tions were stable for the next 1–2 weeks. Detailed descriptions
of planting dates, tillage, crop protection, precipitation, and
harvesting are given in Table 2.

2.4 Plant sampling

Soybean plants were harvested mechanically with a plot com-
bine harvester after reaching physiological maturity, when
seed moisture was around 14%–15%, 90%–95% of the pods
in each plot had achieved their mature brown color, and all
leaves had abscised from the soybean plant. Harvesting was
done between September 21 and October 7 across sites and
years (Table 2). After the final harvest, grain yield (kg ha−1)
was determined at 86% dry matter (DM), which is the standard
DM content in Germany and other countries across Europe.
Grain moisture content was determined by oven drying 10 g of
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T A B L E 2 Summary of agro-climatic conditions, agronomic history, and agrotechnical practices at each location from 2019 to 2021.

Müncheberg Dahlem Dedelow
Previous crop

2019 Winter rye Winter wheat Rapeseed

2020 Winter wheat Winter wheat Barley

2021 Winter wheat Winter triticale Maize

Soil tillage

2019 Ploughing on Mar. 28, 2019,
and cultivator on May 8, 2019

Ploughing on Apr. 29, 2019,
and cultivator on May 8, 2019

Ploughing on Mar. 29, 2019,
and cultivator on Apr. 11, 2019

2020 Ploughing on Mar. 13, 2020,
and cultivator on May 4, 2020

Ploughing on Nov. 11, 2019,
and cultivator on May 18, 2020

Ploughing on Apr. 3, 2020, and
cultivator on Apr.15, 2020

2021 Ploughing on Mar. 24, 2021,
and cultivator on May 17, 2020

Ploughing on Apr. 1, 2021, and
cultivator on May 10, 2021

Ploughing on Apr. 13, 2021,
and cultivator on Apr. 28, 2021

Sowing

2019 May 2, 2019 May 9, 2019 Apr. 29, 2019

2020 Apr. 28, 2020 May 18, 2020 Apr. 23, 2020

2021 May 11, 2021 May 10, 2021 May 5, 2021

Weed control 2019 Mechanical weeding with
harrow and hoe

Herbicide Sencor liquid on May
16, 2019

Herbicide Stomp Aqua on Apr
30, 2019. (Clearfield Clentiga
on May 29, 2019

2020 Mechanical weeding with
harrow and hoe

Herbicide Roundup PowerFlex
on May 12, 2020, Clearfield
Clentiga on May 29, 2020, and
Fusilade Max on June 12, 2020

Mechanical weeding with hand
hoe on May 27, 2020, July 09,
2020, and August 10, 2020

2021 Mechanical weeding with
harrow and hoe

Herbicide Clearfield Clentiga
on May 26, 2021, and Fusilade
Max on June10, 2021

Mechanical weeding with hoe
on June 7, 2021, July 9, 2021,
and Aug. 10, 2021

Total precipitation from
sowing to harvesting (in
mm)

2019 321 282 313

2020 295 256 275

2021 276 325 427

Average temperature from
sowing to harvesting (in˚C)

2019 16.5 17.8 16.2

2020 15.9 17.7 15.6

2021 15.9 17.3 15.8

Harvest date

2019 Sept. 23, 2019 Sept. 26, 2019 NA

2020 Sept. 21, 2020 Sept. 24, 2020 Sept. 22, 2020

2021 Oct. 7, 2021 Oct. 1, 2021 Sept. 20, 2021

Note: NA: Harvesting could not be done at Dedelow in 2019 due to significant weed infestation and extensive rodent damage.

soybean subsamples at 70˚C to a constant weight. The mois-
ture content value was then used to set the grain yield to
14% moisture content. Crude protein content (%) and crude
protein yield (kg ha−1) were determined at 100% DM. To
determine the crude protein content, three soybean subsam-

ples from each plot harvest were first milled to a sieve size of
1 mm, from which a representative portion of 5 g was analyzed
for N using Kjeldahl digestion method and flame photom-
etry (AAS-iCE 3300, Gallery Plus, ThermoFisher Scien-
tific GmbH Microgenics GmbH, Hennigsdorf). The crude
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protein content (g kg−1) in the grain was derived by using the
following equation:

Protein content = N content
(
g kg−1

)
× 6.25 (1)

where 6.25 is the conversion factor for protein from N (Krul,
2019).

Grain yield, protein content, and protein yield could not be
determined at Dedelow in 2019 due to high weed infestation
and severe damage by rodents.

2.5 Data analyses

Grain yield, crude protein content, and crude protein yield
data for each location were combined and subjected to
AMMI biplot analyses using RStudio (Version 4.1.2, RStudio
2022.02.0 Build 443). Environments were defined as combi-
nations of locations and years. Eight environments were thus
considered for analyses of six genotypes using the R script
metan developed by Olivoto and Lúcio (2020). The script is
publicly available at https://github.com/TiagoOlivoto/metan.
Pooled analysis of variance (ANOVA) across environments
was performed to determine the variance components of dif-
ferent sources of variation and to detect the presence of GEIs.
The GEI was partitioned into IPCA and residuals.

The AMMI model (Gauch, 2013; Zobel et al., 1988) for ith
genotype in the jth environment is given by:

𝑌𝑖𝑗𝑟 = 𝜇 + g𝑗 + e𝑗 + 𝑏𝑟
(
𝑒𝑗
)
+

𝑘∑
𝑛=1

𝜆𝑘 𝛼𝑖𝑘 𝛾𝑗𝑘 + 𝑝𝑖𝑗 (2)

where Yijr is the trait mean of genotype i in environment j for
replicate r, μ is the grand mean, gj is the genotypic mean, ej is
the environmental mean deviations, br(ej) is the effect of the
block r within the environment j, r is the number of blocks,
k is the number of principal components analysis (PCA) axis
retained in the model, γk is the eigenvalue of the PCA axis k,
αik and γjk are the genotype and environment PCA scores for
axis k, and ρij is the residual.

Five each of the AMMI and BLUP stability indexes
were used to compare the stability of genotypes (Table 3).
AMMI stability value (ASV), Modified AMMI stability
index (MASI), weighted average of absolute scores (WAAS),
AMMI-based stability parameter (ASTAB), and genotype
stability index (GSI) are computed with the AMMI model.
Lower ASV, MASI, WAAS, and ASTAB values denote a
more stable genotype across environments (Ajay et al., 2020).

The GSI is based on the summation of rankings of the mean
yield and stability indexes and was calculated according to
Farshadfar (2008) in the equation:

GSI𝑖 = RM𝑖 + RA𝑖 (3)

where GSIi is the genotype selection index for ith genotype,
RMi is the rank of trait mean for ith genotype, and RAi is the
rank of the ASV for the ith genotype. A lower GSI value shows
a desirable genotype with a high mean yield and stability
(Ajay et al., 2020).

The harmonic means of genotypic value (HMGV), har-
monic mean of relative performance of genotypic value
(HMRPGV), relative performance of genotypic value
(RPGV), weighted average of absolute score (WAASB),
and weighted average of weighted average of absolute score
(WAASBY) employ the BLUP based on a mixed-effect
model. While HMGV is used to estimate yield and stability,
RPGV is used to investigate yield performance and adaptabil-
ity (de Resende, 2016). HMRPGV employs both functions
of HMGV and RPGV to evaluate stability, adaptability, and
yield simultaneously (de Resende, 2016).

WAASBY index allows the selection of superior geno-
types based on average yield performance and stability, while
the WAASB score shows the stability of genotypes across
environments. A lower WAASB value denotes a genotype or
environment that deviates least from the mean performance.
In contrast, genotypes with a higher WAASBY index denote
high superiority (Olivoto et al., 2019).

WAASBY is calculated according to Olivoto et al. (2019)
in the following equation:

WAASBY𝑖 =
(
rG𝑖× 𝜃𝑦

)
+
(
rW𝑖 × 𝜃𝑠

)
𝜃𝑦 + 𝜃𝑠

(4)

where WAASBYi is the superiority index for the ith geno-
type, and θY and θS are the weights for response variable and
stability, respectively; rGi and rWi are the rescaled values for
GY and WAASB, respectively. We assigned weights 65 and
35 for the response variables and WAASB, respectively, as in
Olivoto et al. (2019). In determining the mean performance, a
higher weight of 60 and a lower weight of 40 were assigned to
grain yield and crude protein or protein yield, respectively. All
AMMI and BLUP-based stability statistics were calculated
using the metan package in R.

2.6 Meteorological data

Precipitation and temperature were recorded at each site
throughout the experimental period. Meteorological data
from each site was obtained from a local weather station.
Monthly mean temperature and total precipitation are shown
in Figure 1. Growing degree days (GDD), also called heat
units, are the accumulated heat units from sowing to har-
vesting of crops. GDD was calculated using the equation by
McMaster and Wilhelm (1997):

GDD =
𝑛∑
1

𝑇max + 𝑇min

2
− 𝑇base (5)
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F I G U R E 1 (a) Monthly total precipitation (mm) on the left y-axis and monthly average temperature (˚C) on the right y-axis in Müncheberg
from 2019 to 2021 compared with the long-term 30-year (1990–2020) average. Prec., precipitation; temp., temperature. (b) Monthly total
precipitation (mm) on the left y-axis and monthly average temperature (˚C) on the right y-axis in Dahlem from 2019 to 2021 compared with the
long-term 30-year (1990–2020) average. Prec., precipitation; temp., temperature. (c) Monthly total precipitation (mm) on the left y-axis and monthly
average temperature (˚C) on the right y-axis in Dedelow from 2019 to 2021 compared with the long-term 30-year (1990–2020) average. Prec.,
precipitation; temp., temperature.
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T A B L E 3 List of additive main effect and multiplicative interaction (AMMI) and best linear unbiased prediction (BLUP) stability indicators.

Stability parameter Abbreviation Description Reference

AMMI stability value ASV ASV =
√[

SSIPCA1
SSIPCA2

(IPCA1)2
]
+ (IPCA2)2 Purchase et al. (2000)

Modified AMMI stability
index

MASI MASI =
√∑𝑁 ′

𝑛=1 PC
2
𝑛
× 𝜃2

𝑛
Ajay et al. (2020)

Weighted average of
absolute scores

WAAS WAAS =
∑𝑝

𝑘=1 | IPCAik ×EP𝑘|∑p
𝑘=1 EP𝑘

Olivoto et al. (2019)

AMMI-based stability
parameter

ASTAB ASTAB =
∑𝑁 ′

𝑛=1 𝜆𝑛𝛾
2
in Rao and Prabhakaran (2005)

Genotype stability index GSI GSI𝑖 = RM𝑖 + RA𝑖 Farshadfar (2008)

Weighted average of
absolute score

WAASB WAASB =
∑𝑝

𝑘=1 | IPCA𝑖𝑘 ×EP𝑘|∑𝑝

𝑘=1 EP𝑘
Olivoto et al. (2019)

Harmonic mean of
genotypic value

HMGV HMGV = 𝑛∑𝑛

𝑗=1
( 1
GV𝑖𝑗

)
de Resende (2016)

Relative performance of
genotypic value

RPGV RPGV = 1
𝑛
[
∑𝑛

𝑗=1(
GV𝑖𝑗

M𝑗

)] de Resende (2016)

Harmonic mean of relative
performance of genotypic
value

HMRPGV HMRPGV = 𝑛∑𝑛

𝑗=1
( 1
RPGV𝑖𝑗

)
de Resende (2016)

Weighted average of
weighted average of
absolute score

WAASBY WAASBY𝑖 =
(rG𝑖× 𝜃𝑦) + (rW𝑖 × 𝜃𝑠)

𝜃𝑦 + 𝜃𝑠
Olivoto et al. (2019)

Note: ASV, AMMI stability value; SSIPCA1, sum of squares for interaction principal component analysis axis I; SSIPCA2, sum of squares for interaction principal component
analysis axis II; MASI, modified AMMI stability index; n, number of principal components; PCn, score of nth principal component; θn, percentage sum of squares
explained by the nth principal component; WAAS, weighted average of absolute scores; IPCA, interaction principal component axis; IPCAik, score of the ith genotype in
the kth IPCA; EPk, variance of the kth IPCA; p, number of significant PCAs; ASTAB, AMMI-based stability parameter; n, number of significant IPCs; λn, singular value
for nth IPC; γin , eigenvector value for ith genotype; GSI, genotype stability index; RMi, rank of trait mean for ith genotype; RAi, rank of the AMMI stability value for the
ith genotype; HMGV, harmonic means of genotypic value; n, number of environments; Gvij, genotypic value for the ith genotype in the jth environment; RPGV, relative
performance of genotypic value; Mj , mean of the environment j; HMRPGV, harmonic mean of relative performance of genotypic value; n, number of sites; RPGVij,
RPGV genotypic value of the genotype i in the environment j; WAASBY, weighted average of weighted average of absolute score; rGi, rescaled value for grain yield; rWi,
rescaled value for WAASB; θY and θS, weight for response variable stability.

where Tmax is the maximum temperature, Tmin is the mini-
mum temperature, and the TBase temperature for soybean is
10˚C.

3 RESULTS

3.1 Climate characteristics during crop
growth

The mean air temperature at Müncheberg, Dahlem, and Dede-
low from sowing to harvesting of soybeans over the 3 years
was 16.1˚C, 17.6˚C, and 15.9˚C, respectively (Figure 1). The
highest mean temperatures were recorded in 2019, with an
average of 16.8˚C across all sites. June had the highest mean
temperature of 21.2˚C across all locations, and it was higher
than the 30-year average.

Mean precipitation during crop growth across the three
locations was similar in 2020 and 2019 but differed signifi-
cantly in 2021 (Figure 1). The mean precipitation from May
to September for Dedelow, Müncheberg, and Dahlem over the
3 years was 298 mm, 249 mm, and 243 mm, respectively.
Mean precipitation in Müncheberg and Dahlem was below the
30-year average. However, precipitation in 2021 in Dedelow
was 28% higher than the 30-year average. Dedelow received
the highest mean precipitation in July and August, during
flowering and pod filling, with >55% occurring in 2021. Pre-
cipitation in July varied by year and location and was generally
lower than the long-term average. August was dryer than the
long-term average at all three locations in 2019 and 2020,
except for Dedelow, which received 15 mm more precipitation
in 2020.

The growing season lasted 139–153 days at Dedelow,
145–150 days at Müncheberg, and 130–145 days at Dahlem
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8 of 18 OMARI ET AL.

T A B L E 4 Average grain yield and grain protein parameters at three sites in Northeast Germany (pooled data of 3 years).

Location Year
Grain yield (kg ha−1) 2019 2020 2021 Average
Müncheberg 1863 1047 1670 1527b

Dahlem 2095 1068 3286 2150a

Dedelow – 2396 2965 2503a

Average 1979 1503 2640

Crude protein (g kg−1)
Müncheberg 374 401 415 396b

Dahlem 412 428 430 423a

Dedelow – 331 394 383b

Average 380 387 413

Protein yield (kg ha−1)
Müncheberg 701 420 691 604c

Dahlem 865 457 1411 911b

Dedelow – 792 1178 960a

Average 783 556 1183

Note: Means followed by the same letter for each parameter are not significantly different at p ≤ 0.05.

(Figure 2). The GDD ranged from 970 to 1066 at Dedelow,
and the GDD ranged from 1005 to 1091 at Müncheberg. The
average GDD at Dahlem was 1320± 24, ranging from 1293 to
1336. Dahlem accumulated 20% more GDD on average than
Dedelow and Müncheberg. The average GDD was 1128 GDD
across all environments. The average GDD in 2019 was higher
than in 2020 and 2021.

3.2 Grain and protein yields across
environments

Grain yield varied significantly among the years and sites
(p < 0.01). Mean soybean grain yield across years was
2060 kg ha−1 and ranged from 1527 kg ha−1 in Müncheberg
to 2503 kg ha−1 in Dedelow (Table 4). The highest mean grain
yield of 2640 kg ha−1 was observed in 2021, while the lowest
of 1503 kg ha−1 was observed in 2020. The mean grain yield
in 2021 was 25% and 43% higher than what was observed in
2020 and 2019, respectively. Dahlem in the year 2021 pro-
duced the highest grain yield of 3286 kg ha−1, followed by
Dedelow in 2021, while the least grain yield of 1047 kg ha−1

was achieved at Müncheberg in 2020.
The highest significant grain protein was found in soy-

bean seeds harvested at Dahlem (p < 0.01), while the least
was at Dedelow (Table 4). Consistently higher grain pro-
tein was observed at Dahlem in all 3 years. A higher mean
grain protein content of 413 g kg−1 was observed in 2021
and was significantly higher than in 2019 and 2020. How-
ever, Dedelow yielded 5% and 37% more protein than Dahlem
and Müncheberg, respectively. The protein yield in 2021 was
1183 kg ha−1 and was 33% and 53% higher compared to 2019
and 2020, respectively.

3.3 AMMI analyses for grain and protein
yields

Grain yield, crude protein, and protein yield of soybeans
were significantly influenced by genotypes, environments,
and their interactions (GEI) (Table 5). However, a large
portion of the total variance in all studied parameters was
explained by environment followed by GEI, while a small
portion was attributed to the influence of genotypes. Environ-
ments contributed 82.8%, 67.6%, and 80.0% of total variation
in grain yield, crude protein content, and protein yield in soy-
beans, respectively. The GEI accounted for 7.7%, 14.6%, and
11.1% variations in grain yield, crude protein content, and
protein yield in soybeans, respectively. Genotypes contributed
a small proportion of the variations in grain yield (1.4%) and
protein yield (1.3%), and to a larger extent to the crude protein
content (10.5%).

The partitioning of GEI revealed that the first four mul-
tiplicative terms (IPCA1, IPCA2, IPCA3, and IPCA4) of
AMMI were significant for all studied parameters (Table 5).
The cumulative contribution of IPCA1 and IPCA2 to the total
GEI variance was 72.0% for grain yield, 80.4% for crude pro-
tein content, and 78.3% for protein yield. Environments and
soybean genotypes with high stability are plotted close to the
origin of the bi-plot, and vice versa (Figure 3).

The grain yield stability of the soybean cultivars varied,
with cultivars Merlin and Sultana showing higher stability
(close to origin) than the other genotypes. The AMMI1 biplot
showed either positively or negatively interactive behaviors of
six soybean cultivars across the eight environments (Figure 3).
Across all locations and years, Siroca had the highest grain
yield of 2194 kg ha−1 followed by Comandor (2146 kg ha−1),
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a) Müncheberg 30 years average GDD 2019 GDD 2020 GDD 2021 GDD

GDD = 1005-1091
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GDD = 1293-1336

-20

200

420

640

860

1080

1300

1520

2
3
.0

4

2
8
.0

4

0
3
.0

5

0
8
.0

5

1
3
.0

5

1
8
.0

5

2
3
.0

5

2
8
.0

5

0
2
.0

6

0
7
.0

6

1
2
.0

6

1
7
.0

6

2
2
.0

6

2
7
.0

6

0
2
.0

7

0
7
.0

7

1
2
.0

7

1
7
.0

7

2
2
.0

7

2
7
.0

7

0
1
.0

8

0
6
.0

8

1
1
.0

8

1
6
.0

8

2
1
.0

8

2
6
.0

8

3
1
.0

8

0
5
.0

9

1
0
.0

9

1
5
.0

9

2
0
.0

9

2
5
.0

9

3
0
.0

9

0
5
.1

0

April May June July August September Ocotober

C
u
m

m
u

la
ti

v
e 

G
D

D

Date

c) Dedelow 30 years average GDD 2019 GDD 2020 GDD 2021 GDD

GDD = 970-1066

F I G U R E 2 (a) Cumulative GDD graphs of Müncheberg from sowing to harvesting from 2019 to 2021 compared to the 30 years average
(1990–2020) in the area. GDD, growing degree days measured during the vegetation period. (b) Cumulative GDD graphs of Dahlem from sowing to

(Continues)
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10 of 18 OMARI ET AL.

F I G U R E 2 (Continued)
harvesting from 2019 to 2021 compared to the 30 years average (1990–2020) in the area. GDD measured during the vegetation period. (c)
Cumulative GDD graphs of Dedelow from sowing to harvesting from 2019 to 2021 compared to the 30 years average (1990–2020). GDD measured
during the vegetation period.

T A B L E 5 Additive main effect and multiplicative interaction (AMMI) analysis of variance for grain yield and grain protein parameters.

Grain yield Crude protein Protein yield

Source df p-value
% SS
explained

% G × E
explained

% SS
explained

% G × E
explained

% SS
explained

% G × E
explained

Genotypes (G) 5 1.4** 10.5** 1.3*

Replication 24

Environments 7 82.8** 67.6** 80.0**

G × E 35 7.7** 14.6** 11.1**

PC1 11 54.2** 59.2** 64.0**

PC2 9 17.8* 21.2** 14.3*

PC3 7 15.3* 10.1** 11.0*

PC4 5 9.6* 6.2* 7.6*

PC5 3 3.0ns 3.3ns 3.1ns

Residual 120 8.1 7.3 7.6

Abbreviations: PC, principal component; SS, sum of squares.
*Significant at p ≤ 0.05.
**Significant at p ≤ 0.05; ns, non-significant at p ≤ 0.05.

while Tofina (1895 kg ha−1) had the lowest grain yield
(Figure 3a; Table 6). Genotypes Tofina (417 g kg−1) and
Siroca (407 g kg−1) showed the highest significant mean
crude protein content across environments, while the lowest
was found in Merlin (378 g kg−1) (Table 5). Only Sultana and
Tofina were stable genotypes for crude protein content across
all environments (Figure 3b).

Cultivar Siroca yielded the highest protein (884 kg ha−1)
across all environments and years, yielding 13% higher
protein than Sultana, which produced the least (Table 6).
However, cultivars with lower average protein yields, that is,
Merlin, Sultana, and Tofina, had more stable protein yields
compared to Siroca and Comandor with higher protein yields
(Figure 3c).

The AMMI2 biplot, constructed between the first two
IPCAs, details the interaction of soybean genotypes with
the environments (Figure 4). Genotypes and environments
near the biplot’s origin have the least influence on GEI, and
vice versa. Hence, Merlin, like the AMMI1 biplot, showed
the highest stability and least influence on GEI for grain
yield. On the other hand, in terms of grain protein content,
Siroca, Sultana, and Comandor contributed more to the GEI
(Figure 4b). Genotypes Merlin and Tofina showed broad sta-
bility for grain protein content in all environments. In contrast,
there was no stable genotype for protein yield (Figure 4c).
In 2021, Müncheberg and Dedelow exhibited stronger inter-
active forces for grain yield, whereas both environments in

Dedelow consistently elicited strong interactions for grain
protein content.

3.4 BLUP analyses for grain yield

There was a large distribution of soybean genotypes based
on mean performance (grain yield and crude protein content)
and stability across environments (Figure 5). In the first quad-
rant, low-yielding and highly unstable genotypes along with
highly discriminating environments are included. Genotypes
Sultana and Tofina with high WAASB values and lower mean
yields than the grand mean are plotted. The second quad-
rant comprised unstable but high-yielding genotypes. The
genotypes plotted in the second genotype are Siroca, Shouna,
and Comandor. Environments in the second quadrant are dis-
criminative among the genotypes and comprised Dahlem and
Dedelow in 2019 and 2021, respectively.

The third quadrant included all three trial years in
Müncheberg and Dahlem in 2020. These environments are
low-yielding with minimum discrimination, but they are more
stable. No genotype was included in the third quadrant. The
fourth quadrant comprised only genotype Merlin, character-
ized by wide adaptability, high yield, and low WAASB value.
Genotypes and environments were plotted in the same quad-
rants as in Figure 5 when grain and protein yields were
considered for mean performance determination (Figure S1).
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OMARI ET AL. 11 of 18

F I G U R E 3 Additive main effect and multiplicative interaction one biplot for (a) grain yield, (b) and crude protein content versus PC1 of six
soybean genotypes evaluated in eight environments. Env, environment; Gen, genotype; GY, grain yield; CP, crude protein; PY, protein yield. G1,
Siroca; G2, Merlin; G3, Sultana; G4, Shouna; G5, Tofina; G6, Comandor. E1, Dahlem 2019; E2, Dahlem 2020; E3, Dahlem 2021; E4, Müncheberg;
E5, Müncheberg; E6, Müncheberg; E7, Dedelow; E8, Dedelow. (c). Additive main effect and multiplicative interaction one biplot for (c) protein
yield versus PC1 of six soybean genotypes evaluated in eight environments. Env, environment; Gen, genotype; GY, grain yield; CP, crude protein;
PY, protein yield. G1, Siroca; G2, Merlin; G3, Sultana; G4, Shouna; G5, Tofina; G6, Comandor. E1, Dahlem 2019; E2, Dahlem 2020; E3, Dahlem
2021; E4, Müncheberg; E5, Müncheberg; E6, Müncheberg; E7, Dedelow; E8, Dedelow.

3.5 Selection of superior genotypes based
on mean performance and stability

The performance and stability indexes revealed large varia-
tions in grain yield, grain protein, and protein yield among
the six genotypes. All AMMI stability indexes consistently
revealed Merlin to be the most stable genotype for grain yield,
while Comandor was the least stable (Table 6). This is consis-
tent with the BLUP-based WAASB index (Table 7). Similarly,
based on GSI and WAASBY, Merlin was the most desirable
genotype for stable and high-grain yield selection. While the

AMMI model selected Comandor as the least desired geno-
type for grain yield, the BLUP model identified Tofina as the
least.

Tofina with lower ASV, MASI, ASTAB, and GSI was
consistently the most stable and superior genotype for grain
protein content. In contrast, Comandor was the least desir-
able genotype for grain protein content. This is consistent with
the BLUP model’s lower HMGV, WAASB, and WAASBY
indices for Comandor. Merlin and Tofina exhibited lower GSI
values and were identified as superior genotypes for protein
yield. This is contrasted by the BLUP model, which selected
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12 of 18 OMARI ET AL.

T A B L E 6 Means and additive main effect and multiplicative interaction (AMMI)-based stability values for grain yield and grain protein
parameters.

Trait Cultivar Mean ASV MASI WAAS ASTAB GSI
Grain yield, (kg ha−1)

Siroca 2194 59.6 10.6 13.6 9.6 18

Merlin 2084 9.5 1.7 5.3 4.5 7

Sultana 1946 33.9 6.0 9.5 9.0 19

Shouna 2064 52.3 9.3 12.6 9.5 20

Tofina 1895 30.2 5.4 9.5 10.0 18

Comandor 2146 60.4 10.7 15.5 11.4 23

Crude protein, (g kg−1)

Siroca 407** 16.9 2.9 53.2 3.1 21

Merlin 378 3.3 0.6 47.2 0.9 16

Sultana 398 5.7 1.3 68.2 1.2 16

Shouna 398 9.5 1.6 55.1 2.2 17

Tofina 417** 0.8 0.3 100 0.7 6

Comandor 391 26.1 4.0 17.1 4.3 29

Protein yield, (kg N ha−1)

Siroca 884 57.3 9.9 61.7 10.2 17

Merlin 781 9.8 1.4 55.4 3.0 12

Sultana 768 19.4 3.2 38.1 4.8 19

Shouna 829 45.9 6.7 44.6 7.3 19

Tofina 788 19.2 3.0 46.0 4.8 12

Comandor 837 69.7 10.9 29.9 10.8 26

Abbreviations: ASTAB, AMMI-based stability parameter; ASV, AMMI stability value; GSI, genotype stability index; MASI, modified AMMI stability index; WAAS,
weighted average of absolute scores.
**Significant at p ≤ 0.05 probability level.

Siroca with a higher WAASBY index to be superior for protein
yield.

4 DISCUSSION

4.1 Climatic influence on soybean yield

The observed average grain yield of 2060 kg ha−1 in the three
trial areas is fair for the non-traditional production environ-
ment of Northeast Germany, which is characterized by low
soil quality and low precipitation (Figure 1). Drought con-
tinues to hinder soybean production in Central Europe, and
its influence is projected to increase in the future (Nendel
et al., 2023). It often coincides with seedling emergence and
flowering, resulting in crop failure and severe yield losses. In
this experiment, although the total amount of rainfall differed
marginally over the growing seasons, there was substantial
variation in its distribution across the studied locations. There
was low precipitation at all locations in all trial years in spring
(April–May), which was before and during the early develop-
ment period of soybean, while an irregular pattern was seen

from June till harvesting. This may have resulted in varying
drought stress events during crop growth, emphasizing the
importance of breeding drought-tolerant cultivars for Cen-
tral European environments. Fairly high and regular rainfall
at Dedelow from June to August in the year 2021 was enough
to avert the impacts of drought, which likely influenced the
observed high grain yield that year. Besides the influence of
regular precipitation during the critical stage of crop growth,
early sowing (late April to early May) at Dedelow in all 3
years may have positively influenced grain yield. In Poland,
Borowska and Prusiński (2021) found that soybeans seeded
between late April and early May yielded more seeds than
those sown in mid-May.

Temperature summation expressed as GDD is important
in soybean production and has been used to predict the
soybean crop growth stages and identify optimal produc-
tion locations (Akyuz et al., 2017; Kühling et al., 2018).
GDD varied among the three sites due to climatic variables
and showing dates. Except for Dahlem, GDD was within
the range of values reported by Karges et al. (2022) for
Northeast Germany. High maximum temperatures in all 3
years at Dahlem corresponded with higher GDD and shorter
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OMARI ET AL. 13 of 18

F I G U R E 4 Additive main effect and multiplicative interaction two biplot (PC1 vs. PC2) for (a) grain yield and (b) crude protein of six soybean
genotypes evaluated in eight environments. Env, environment; Gen, genotype; GY, grain yield; CP, crude protein; PY, protein yield. G1, Siroca; G2,
Merlin; G3, Sultana; G4, Shouna; G5, Tofina; G6, Comandor. E1, Dahlem 2019; E2, Dahlem 2020; E3, Dahlem 2021; E4, Müncheberg; E5,
Müncheberg; E6, Müncheberg; E7, Dedelow; E8, Dedelow. (c). Additive main effect and multiplicative interaction two biplot (PC1 vs. PC2) for
protein yield of six soybean genotypes evaluated in eight environments. Env, environment; Gen, genotype; GY, grain yield; CP, crude protein; PY,
protein yield. G1, Siroca; G2, Merlin; G3, Sultana; G4, Shouna; G5, Tofina; G6, Comandor. E1, Dahlem 2019; E2, Dahlem 2020; E3, Dahlem 2021;
E4, Müncheberg; E5, Müncheberg; E6, Müncheberg; E7, Dedelow; E8, Dedelow.

vegetation period (10 days less) than Müncheberg and Dede-
low. High temperature is known to shorten the seed-filling
time and promote early ripening (Chimenti et al., 2001), and
that has implications for grain yield and grain quality compo-
sition (Hu & Wiatrak, 2012; Kumagai & Sameshima, 2014).
In this experiment, high GDD corresponded with high grain
protein content at Dahlem. Environments with higher grain
protein content often tend to have lower grain yields, but this
was not the case in Dahlem with significantly higher pro-

tein content and higher grain yield compared to Müncheberg
(Table 4). While a meta-analysis by Rotundo and Westgate
(2009) revealed a negative influence of increased temperature
on grain protein content, Makuch et al. (2023) observed no
link between the two variables in subtropical conditions in
Brazil. Thus, further studies with larger datasets from multi-
ple places and years are required to disentangle the impacts of
individual climatic variables on soybean protein content and
yield.
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T A B L E 7 Means and best linear unbiased prediction (BLUP)-based stability values for grain yield and grain protein parameters.

Trait Cultivar Mean HMGV HMRPGV RPGV WAASB WAASBY
Grain yield, (kg ha−1)

Siroca 2194 68.8 1.02 1.03 10.2 71.1

Merlin 2084 85.8 1.01 1.01 4.4 76.0

Sultana 1946 38.4 0.96 0.97 8.8 33.1

Shouna 2064 45.8 0.98 0.99 9.6 44.2

Tofina 1895 29.4 0.95 0.96 9.7 23.2

Comandor 2146 47.6 1.04 1.04 11.3 54.5

Crude protein, (g kg−1)

Siroca 407** 53.2 1.02 1.03 3.2 61.8

Merlin 378 47.2 0.95 0.96 1.0 34.3

Sultana 398 68.2 1.0 0.99 1.8 55.9

Shouna 398 55.1 1.0 0.99 1.9 58.4

Tofina 417** 100 1.04 1.04 0.7 100.0

Comandor 391 17.1 0.98 0.98 4.1 22.2

Protein yield, (kg N ha−1)

Siroca 884 61.7 1.04 1.05 10.5 68.9

Merlin 781 55.4 0.96 0.97 3.2 41.0

Sultana 768 38.1 0.95 0.96 4.9 27.2

Shouna 829 44.6 0.97 0.99 7.3 40.2

Tofina 788 46.0 0.98 0.99 4.6 37.8

Comandor 837 29.9 1.01 1.03 10.5 32.9

Abbreviations: HMGV, harmonic means of genotypic values; HMRPGV, harmonic mean of relative performance of genotypic values; RPGV, relative performance of
genotypic values; WAASB, weighted average of absolute scores; WAASBY, weighted average of the stability and mean performance.
**Significant at p ≤ 0.05 probability level.

4.2 Genotype and environment interaction
on studied traits

Combined ANOVA revealed that all components of varia-
tion, that is, environment, genotype, and GEI, were significant
for all the parameters studied (Table 5). The greater mag-
nitude of environment and GEI than genotype reflected not
only the effect of environment on soybean production but
also the differential performance of soybean genotypes under
diverse agro-environmental conditions in Northeast Germany.
The contribution of the GEI to total variation in soybean grain
yield may vary greatly from place to place. While such stud-
ies are limited in Europe, there are examples from Africa
and Asia, that is, 6.1% at four sites in eastern, northern, cen-
tral, and western Uganda (Tukamuhabwa et al., 2012), 40.7%
at different altitudes of the north-western Himalayan hills in
India (Bhartiya et al., 2017), 47.4% at six environments in
southern Africa (Zambia, Zimbabwe, Malawi, and Mozam-
bique) (Mwiinga et al., 2020), and 59.6% in northwestern
Ethiopia (Atnaf et al., 2013). The current study found low
GEI, which can be attributed to commonalities in critical
stress factors among the three studied sites, that is, Dahlem,
Müncheberg, and Dedelow (Ceccarelli, 1989). However,

despite being marked as less productive, the Müncheberg site
consistently showed low discrimination on genotypes, making
it a suitable site for stable and repeatable soybean genotype
evaluation (Ito et al., 2016; Yan & Kang, 2002). Dedelow and
Dahlem showed inconsistent discrimination on genotypes.

The fact that environment and GEI were the largest con-
tributors to overall variance implies the need for assessment
of genotypes in diverse environments (Khan et al., 2021), even
if they are close to each other (<120 km distance) like in
the present study. This will enable the selection of genotypes
suitable for specific conditions for optimal yield performance
and reduced yield variability (Yan & Tinker, 2006). Geno-
types’ contribution to overall variance, particularly in grain
and protein yield, was low, indicating the narrow genetic
background of the studied genotypes. This is surprising as
cultivars were selected based on certain traits, that is, matu-
rity period, food or feed grade, growth habit, yield potential,
etc. This observation could be utilized in breeding programs
for the identification of elite soybean cultivars. The contri-
bution of genotypes was eight times higher for grain protein
content than grain yield and protein yield. Similarly, Sudarić
et al. (2006) found that genotypes had a greater influence on
grain protein content compared to oil content and grain yield.
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F I G U R E 5 Best linear unbiased prediction biplot of (a) grain
yield versus weighted average of the absolute scores of six soybean
genotypes evaluated in eight environments. (Higher weight of 60 for
grain yield and lower weight of 40 for crude protein). Env,
environment; Gen, genotype; GY, grain yield. G1, Siroca; G2, Merlin;
G3, Sultana; G4, Shouna; G5, Tofina; G6, Comandor. E1, Dahlem
2019; E2, Dahlem 2020; E3, Dahlem 2021; E4, Müncheberg 2019; E5,
Müncheberg 2020; E6, Müncheberg 2021; E7, Dedelow 2020; E8,
Dedelow 2021. I, first quadrant (upper left); II, second quadrant (upper
right); III, third quadrant (lower left); IV, fourth quadrant (lower right).

The partitioning of GEI using the AMMI revealed that four
IPCAs were significant, with the first two contributing 72.0%,
80.4%, and 78.3% of total GEI in grain yield, crude protein,
and protein yield, respectively. This justifies the estimation
of the phenotypic stability of genotypes over environments
(Farshadfar & Sutka, 2006; Gauch, 2013).

4.3 Superior genotypes based on mean
performance and stability

Yield performance and stability in grain legumes, particu-
larly in Europe, are essential considerations because they
are among the major obstacles inhibiting farmer adoption
(Döring, 2015; Magrini et al., 2016). In the current research,
after revealing the existence of significant GEI for all studied
parameters, multiple stability indices were employed to iden-
tify superior genotypes in terms of performance and stability
in different environments. While there were variations in the
stability of the genotypes, there were only slight variations in
the grain yield performances.

Different AMMI and BLUP stability values have previ-
ously been used to rank different forage and grain legume

genotypes (Ajay et al., 2020; Anuradha et al., 2022; Hakl et al.,
2019; Nataraj et al., 2021). The indices utilized in this study,
regardless of whether being BLUP or AMMI-based, picked
the same winners in most cases in the simultaneous evaluation
of stable and high-yielding genotypes. This implies that both
models were equally effective at selecting desirable geno-
types. For example, in terms of grain yield, cultivar Merlin
was highly stable according to the BLUP and AMMI models
and showed high superiority based on the GSI and WAASBY
indices. This finding agrees with Karges et al. (2022), who
observed high grain stability in Merlin in rainfed conditions
at Müncheberg. Cultivar Merlin is the oldest of the culti-
vars tested in the present study, and its high stability may
be because of its hardiness, early seedling vigor (Fordoński
et al., 2023; Rymuza & Radzka, 2023), slender stems with an
average biomass yield, and grain yield potential, which favor
its cultivation in drought-prone Northeast Germany. Coman-
dor, although high-yielding across environments, showed less
superiority in all measured parameters because of its low sta-
bility. Cultivar Tofina had the greatest crude protein content
with a high superiority and stability measure across different
environments. Cultivar Tofina was released and is well-known
in Germany for making tofu.

5 CONCLUSION

We showed that the prevailing climatic conditions in Central
Europe support rainfed soybean cultivation. However, soy-
bean yield potential is jeopardized by variable rainfall patterns
and spring droughts. Based on our ANOVA, we demonstrated
a large environmental effect on the variances in soybean grain
yield, grain protein content, and protein yield. The genotype
effect on the overall variance was small. While grain yield dif-
ferences among genotypes were minimal, their performance
varied with the environment, and the top-yielding genotypes
were not stable across environments.

The AMMI and BLUP stability models identified Mer-
lin as the most stable genotype. In contrast, high-yielding
Comandor showed low stability. The site Müncheberg had the
most stable soybean production at a lower grain yield level,
while the other two sites were more productive despite hav-
ing uneven genotype discrimination abilities. We conclude
that breeding is important for securing high-yielding soybean
cultivars adapted to northern conditions. Stability of grain
and protein yield, particularly in food-grade cultivars, should
be considered for the profitability of soybean production in
non-traditional areas.
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