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Abstract
Variety selection from locally adapted crops is the major climate change adaptation strategy of farm-
ing communities. There are several justifications for re-thinking for the sustainable use of crop bio-
diversity in our breeding programs. Thirty-one durum wheat farmers’ varieties (FVs), together with
five improved check varieties, were characterized in Tigray during 2014 and 2015 main cropping
seasons. The genotype effect explained most of the variations in measured traits, which enabled
us to identify superior and stable genotypes for wider adaptation as well varieties with more local
adaptation. The genotypes and test locations imposed a highly significant (P < 0.001) effect on both
phenological and quantitative traits. A yield advantage of 14.3%was obtained from top performer FV
over top performer improved variety, Asassa. Of the tested FVs, 27.8% were superior for grain yield
(GY) than improved varieties and 19.4% of these superior FVs were more stable and adaptable than
the improved varieties. Besides giving higher GY with spatial stability, they qualify for industrial re-
quirements with high-grain protein (>13%) and gluten (>33%) contents. FVs such as G10, G16, G21,
G22 and G30 have wider adaptability and are suitable for production in all tested areas. As outcome
of this study, two superior FVs, G10 (208304) and G30 (8208), were nationally released for commer-
cial production for their productivity, stability and grain quality. Utilizing the diverse durum wheat
FVs can effectively improve productivity and adaptability. Wheat breeders need to revisit these
resources to improve adaptation of wheat production to the changing climatic conditions.
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Introduction

Wheat is one of the staple food crops contributing signifi-
cantly to Ethiopian’s food security. Wheat is the fourth im-
portant crop after tef, maize and sorghum with an area
coverage of 13.49 and 13.85% of the arable land under cer-
eal production in the Ethiopia and Tigray region,

respectively (CSA, 2017). Its average national and regional
(Tigray) productivity for 2016/17 cropping season was 2.68
and 1.98 t/ha, respectively. The area under durum wheat
occupancy is, however, not clearly known but estimated
to be 1.67 million hectares with an average productivity
of 2.54 t/ha. This productivity is in fact low compared to
world average productivity, 3.09 t/ha (Statistica, 2017).
The lack of improved varieties that adapt well to the actual
growing conditions of smallholder wheat producers is the
most important contributor to low productivity (Zegeye
et al., 2001; Nelson, 2013).
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The climate change induced rise in temperature (Cairns
et al., 2013; Challinor et al., 2016) and inter-annual rainfall
variability (Blum and Pñuel, 1990) highly affected wheat
productivity. Increasing productivity or maintaining the
current yield could rely on improving crop adaptation
through breeding (Atlin et al., 2017). The conventional
durum wheat breeding program is less likely to produce
farmer preferred varieties particularly in marginal environ-
ments and reduce crop biodiversity (Witcombe et al.,
1996). This approach usually ignores the diverse genetic
basis in farmers’ varieties (FVs) and hence continuous op-
timization of quantitatively inherited trait complexes in the
base populations could not be established. In addition, the
conventional breeding system is less participatory which
has reduced the chance of deploying varieties that are bet-
ter adapted to local conditions and more accepted by farm-
ers (Ceccarelli, 2012). To increase yields in the face of the
climate change, deployment of local crop diversities in
local breeding programs is urgently needed. This helps to
exploit the adaptive potential of local varieties. Previous
studies proved that many Ethiopian durum wheat FVs (or
landraces) have shown superior performance compared
to most improved varieties for various important traits
such as grain and straw yields (Mengistu et al., 2018) and
disease resistance (Negassa, 1984; Kidane et al., 2017).
They can offer unique opportunities for wheat breeding
programs (Mengistu et al., 2016).

Multistage varietal evaluation and selection have been
carried out (online Supplementary Fig. S1) since 2011 to
identify durum wheat FVs that satisfy farmers’ needs.
Farmers’ preference traits in wheat, notably developmental
plasticity, few productive tillers, quality spike (long and
denser spikes), tall height (for large biomass production),
drought and disease tolerance and overall yield potential
were identified (Mancini et al., 2017; Mengistu et al.,
2018). Mainstreaming these farmers’ preference traits can
ensure the profitability of crop production and its demand
by the end user farmers. However, such huge genetic vari-
ability in Ethiopian durumwheat FVswas not recognized by
the national breeding system (Mengistu et al., 2016). This
study in particular was conducted with the aim of identify-
ing superior and stable durumwheat varieties for wider and
specific adaptation for areas prone to climate change ef-
fects. Two of the identified superior FVs were approved
and officially released for fulfilling the national variety regis-
try requirements of distinctness, uniformity and stability.

Materials and methods

Germplasm selection

The tested genotypes, both the FVs and improved varieties,
were selected from a bulk of 400 genotypes characterized

for adaptation and performance in the Tigray region since
2011 (online Supplementary Fig. S1). The general charac-
terization of these materials included in the whole 400
sets was provided in Mengistu et al. (2018); Mengistu
et al. (2016) and Mancini et al. (2017). During the evalu-
ation and screening trials, these genotypes were ranked
based on researcher recorded data and farmers’ evaluation
(PVS) score data and top 50 performers were picked for fur-
ther research. The top 31 FVs and five improved maize var-
ieties (IMVs) (online Supplementary Table S1) were
constituted for multi-location trials at four wheat growing
locations in Tigray, Ethiopia for two consecutive cropping
seasons. The characterized genotypes were selected based
on their diversity for phenology, yield and yield related
traits, farmer preference traits and adaptation to environ-
mental conditions.

Description of test locations

The test locations are deliberately selected to be variable
(online Supplementary Fig. S2). Two of the four locations,
Melfa in Degua Tembein woreda and Ayba in Emba Alajie
woreda, represent the highlands under relatively condu-
cive growing conditions while the remaining two locations,
Menkere in Ofla woreda and Mekelle university research
station (MU) in Enderta woreda, represent marginal grow-
ing environments for wheat production due to frequent ex-
posure to terminal drought. Melfa is located at 13.39°N
latitude, 28.41°E longitude and elevation of 2580 m above
sea level (masl). Its soil type is clay loam with a rooting
depth of less than one meter. The second location Ayba
is located at 12.89°N latitude, 39.54°N longitude and eleva-
tion of 2730 masl. The soil type of this location is deep clay
with good water holding capacity after rainfall ceases. The
third location, Menkere, is geographically located at 12.54°
N latitude, 39.51°E longitude and elevation of 2490 masl. Its
soil type is clay loam with a rooting depth of 60–100 m. It is
prone to frequent terminal drought whereby early rainfall
cessation occurs at early crop reproductive stages (online
Supplementary Fig. S3). The fourth location, MU, is
geo-referenced at 13.46°N latitude and 39.48°E longitude
and elevation of 2212 masl. The soil type of MU is clay
loam with 28.7 and 17.8 volume percent, averaged over a
soil depth of 0 to 40 cm, water holding nature at field cap-
acity and permanent wilting points, respectively as mea-
sured by the gravimetric method (Mengistu and Pè, 2016).

The climate of the test locations

Climate wise, the four test locations could be divided into
two. Melfa and Abya are characterized by wet and cool cli-
matic conditions during the cropping seasons, while Mu
and Menkere are characterized by wet and warm to hot
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weather conditions during the early and mid-crop develop-
mental stages and dry and hot weather conditions prevail
during the reproductive stages (i.e. flowering, grain filling
and grain development periods) of the crops (online
Supplementary Figs. S3 and S4). This condition potentially
exposes crop water sensitive developmental stages to
water deficit and consequently causes huge yield loss.
Online Supplementary Figure S3 presents the average
monthly rainfall, while the minimum and maximum tem-
peratures during the cropping season of the test locations
are presented in online Supplementary Fig. S4. At all the
test locations, more than 80% of the seasonal rainfall is
received during the early to mid-season growth stages of
wheat in the months of July and August. MU and
Menkere are characterized by higher maximum and min-
imum temperatures during crop reproductive stages than
Melfa and Ayba during the same period (online
Supplementary Fig. S4b).

Experimental setup
At each location and season, the trial was arranged in 6 × 6
lattice design with two replications. Each genotype was
planted to a 3 m2 plot. Each plot was 2 m wide containing
six rows of 2.5 m long with an inter-row spacing of 0.2 m.
The plot to plot spacing within incomplete blocks was 0.4 m
and incomplete block spacing was 0.5 m. Replications
were separated by 1 m gangway. All genotypes were row
planted at an equal seed rate of 125 kg/ha. A blended fer-
tilizer, consisting of (13.8% N, 31% P, 8% K, 2% S and 0.2%
Zn), was applied at 100 kg/ha during planting. To balance
the 100 kg/ha urea recommendation, 86.2 kg/ha of urea
was top dressed at a tillering stage at all locations and sea-
sons. Weeds kept at bay manually.

Data collection
Phenological traits: Three phenological trait data were col-
lected and analysed. Days to 50% booting (DB) (number of
days from sowing to the stage at which fifty percent of the
plants within a plot boot, Zadoks stage 45), days to 50%
flowering (DF) (number of days from sowing to the stage
at which fifty percent of the plants within a plot flower,
Zadoks stage 65) (Zadoks et al., 1974) and days to maturity
(DM) (days from sowing to physiological maturity where
the uppermost internodes turned golden yellow) were re-
corded on plot basis.

Quantitative traits:- some of the quantitative traits such
as plant height (PH), spike length (SPL) and number seeds
per spike (SPS) were recorded from five randomly sampled
plants from the four-central rows at maturity before harvest.
Above ground biomass yield (BY) and grain yield (GY)
were recorded, after the four-central rows were mechanic-
ally harvested in kg and g, respectively, and after converted
into t/ha. BY was measured using a portable hanging

weighing scale (Model: 23510S (SHFSB-0403)) in the field
during harvesting, whereas GY and 1000-grain weight
(TGW) were obtained by weighing harvested grain and
counted 1000 grains on an analytical sensitive balance.
Finally, GY and TGWwere adjusted to 12.5%moisture con-
tent, according to Badu-Apraku et al. (2012).

Grain yield (kg/ha) = 100 − % AMC
100 − % SMC

× 100 (1)

where
AMC = actual (obtained) grain moisture content (%)

SMC = standard moisture content (12.5%)
Grain quality traits: From the harvested grain of each

genotype, 350 g was weighed and analysed for grain quality
parameters at Sinana Agricultural Research center (SiARC)
laboratory. The machine Minfra Smart T® wheat grain ana-
lyser was used to measure whole grain protein content
(PC) and gluten content (GC) values (%).

Statistical analysis

Raw field data, after checking for normality and homogen-
eity of variance, were fitted to a generalized linear model of
unbalanced design with genotypes, locations and years
were considered as fixed effects while replication nesting
incomplete blocks (inbloc.) assigned as the random effect.
This analysis allowed us to see all the main effects and
interaction effects between genotypes, locations and
years. A regression model from Analysis of Variance was
used to produce the best linear unbiased predictors
(BLUPs) for genotype, locations, years and their interaction
using Genstat-18.2 (Payne et al., 2015), which was used for
all subsequent multivariate analyses. The genetic diversity
among the genotypes was further assessed using biplot and
cluster analyses. Cluster analysis was performed using a
squared Euclidean distance (D2) as a measure of similarity
and complete linkage methods, which define similarity on
the basis of minimum similarity between observations
within a cluster. The performance of genotypes in different
environments was assessed using GGE biplot, as outlined
in Ceccarelli (2012). The GGE biplot presents the environ-
ment and genotype scores for the various traits, which
helps to visualize genotype and environment overlay.
Through this analysis the winning genotypes for the particu-
lar environment are identified and further sub-regions or
mega-environments for wheat production were delineated.

Results

Analysis of the variance results are presented in Table 1.
Genotypes (G) differed significantly (P < 0.001) for all traits
observed. The two environmental factors, location (L) and
year (Y), affected all the traits significantly, except SPL due
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to year (Table 1; Figs. 1 and 2). The four test locations (L)
affected all observed traits very significantly. The effects
due to two way interactions, G × L, G × Y, L × Y, and three
way interaction G × L × Y were significant with some ex-
ceptions. The interaction effect due to environmental,
L × Y, factors was significant (P < 0.001) for all traits. SPL
seems to be less affected by the interaction effect than
the other traits. As neither years nor any interaction with
years was significant for SPL, the implication could be sea-
sonal variations affecting wheat might occur after full spike
development. Unlike the effect of genotypes and locations,
the effect of years on wheat yield is more manifested on
post heading traits such as SPS, BY and TGW.

For all traits where the interaction effects was significant,
interaction means for each trait were used for assessing
the performance of genotypes across locations and years.
Such results are presented in Figs. 1 and 2 and online
Supplementary Table S2 for all traits except SPL. The
table presents the top 10 performers sorted based on GY.

Considering genotypic mean, about 29% of the tested
FVs are high yielders, exceeding the best improved variety,
Asassa, by up to 14.3% (Table 2). FV G1 (226834) is the
highest yielder (3.51 t/ha), which exceeded the yield of
Asassa by 14.3% (Table 2). The most preferred genotypes,
G10 (208304) and G30 (8208), are the fourth and fifth
top yielders with an average GY of 3.34 and 3.3 t/ha. In
comparison with Asassa, both FVs gave an overall yield ad-
vantage of 8.79 and 7.49%, respectively, and registered na-
tionally due to this advantage and other merits (Table 2). All
the five included improved varieties failed to appear in the
top ten genotypes and three of them were trailed in the
bottom five (Table 2). The genotype by environment inter-
action, G × L × Y (online Supplementary Table S2), de-
serves more attention as the aim of this research is to
identify spatially and temporally adaptable genotypes.
The effect of genotype by environments was discussed
for five traits, DF, DM, BY, GY and TGW because the effect
was largely manifested on these traits (Table 1; Figs. 1(a–d)
and 2(a–c)).

Variation for phenology

FVs showed wider variation for phenological as well as
quantitative traits compared to the improved varieties. In
drylands of Ethiopia such as Tigray, early maturing varieties
are preferred to late maturing varieties to escape the omniv-
orous terminal drought. In this regard, FVs G4, G7, G16,
G18, G19 and G29 are identified as early flowering geno-
types across locations (Fig. 2(a) and online Supplementary
Table S2). However, these genotypes did not mature earlier
across locations and years/within locations except G4 at
Menkere and MU. This implies that some of the late flower-
ing genotypes might have deployed developmentalTa
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plasticity to set into early maturity. G6 matured earlier at all
locations during both cropping seasons. G2 matured earlier
at Ayba, Melfa and Menkere during both cropping seasons
but not at MU. For MU, G4 was among early maturing gen-
otypes during both cropping seasons. The improved var-
ieties, G32–G36, showed inconsistent maturity time
although G34, G35 and G36 tend to flower early at all test
locations. The newly released varieties, as an outcome of
this research, G10 and G30, were among the top 10 early
maturing varieties at test locations except at Ayba (online
Supplementary Table S2). Delay maturity at Ayba might be
associated with sufficient rainfall (online Supplementary
Fig. S3) and its soil water holding capacity compared to
the other three locations which could resulted in an ex-
tended crop growing period.

Variation for quantitative traits

A significant variation was observed for quantitative traits:
GY, BY, TGW and others, due to genotype × location
(Fig. 1(a–d)), genotype × years (Fig. 2(a–c)) and the three
way, G × L × Y, interactions (online Supplementary
Table S2). This table presents a matrix showing the spatial
and temporal performance of genotypes. For instance, G10

and G30 have shown wider adaptation for BY, GY and
TGW because they are among the top ten at all locations.
It seems from the matrix (online Supplementary Table S2)
and Fig. 2 that the test locations can be grouped into sub-
mega environments. Considering DM, Ayba and Melfa
could be categorized as one mega durum wheat growing
environment while Menkere and MU tend to be mostly in-
dependent environments (Fig. 3(a)). In most cases,
Menkere and MU grouped together except for GY. For
this trait, two sub-growing regions were identified whereby
Melfa and MU can be considered as one sub-group while
Ayba and Menkere are the other sub-growing regions
(Fig. 3(e)). For the major quantitative traits such as GY,
BY and TGW, Ayba could be treated as an out grouping lo-
cation despite falling into the same concentric circle with
other locations (Fig. 3(d–f)). This might be associated
with the climatic conditions of the test locations (online
Supplementary Figs. S3 and S4).

The winning genotypes for GY, BY and TGW are those
located at the vertex of the polygon at each location. The
most stable genotypes are G22, G21, G10 and G13, with
cultivar superiority indices of 0.054 (1), 0.081 (2), 0.134
(3) and 0.17 (4), respectively, which are among thewinning
genotypes for GY and BY. The number within parentheses
is the superiority rank of genotypes. The result of stability

Fig. 1. Effect of test locations on traits of durum wheat: (a) phenological traits; (b) yield traits and (c and d) yield components.
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analysis clearly showed that all the most stable genotypes
are FVs. Durum wheat variety has to qualify for minimum
quality requirement besides grain productivity to be ac-
cepted by the market. Its PC (%) and GC (%) are among im-
portant quality traits. The PC and GC of the top ten stable
genotypes are presented in Table 3. Six of the top ten stable
genotypes G22, G10, G30, G16, G23 and G25 have higher
PC (>13%) and GC (>30%). Moreover, all of these geno-
types are FVs. Because these FVs are characterized by
early to medium maturity time, higher GY, better grain
quality and stable performance across the test locations,
they could be directly deployed for production or could be
used as a donor parent in durumwheat breeding programs.

Three groups of genotypes established
The thirty six tested genotypes could broadly be grouped
into three clusters (online Supplementary Fig. S5) which
could further subdivided into sub-clusters. The first cluster
is the largest composing 16 (44.4%) genotypes. Fifteen
(94%) of the genotypes in this cluster are FVs. The second
cluster contained the most important genotypes for GY,

stability and grain quality traits. The genotypes within this
cluster were sub-grouped into five sub-clusters. The fifth
sub-cluster is solitary containing only G22. This cluster
could be a source of genotypes for direct selection breed-
ing or a donor of parental lines in hybridization breeding to
improve GY, grain quality traits as well as other important
traits. The third cluster contained five genotypes, two of
them are FVs. It could be further subdivided into three
sub-cluster where the third sub-cluster was again solitary
containing only G28. G18, G34 and G35 have merits of
early flowering and maturity across locations (online
Supplementary Table S2).

Discussions

The phenotypic and genetic variation present within a crop
species allows crops adapt to the ever changing climatic
conditions. Crop FVs have the capacity to buffer the effect
of climate changes (Brush, 1995; Lopes et al., 2015) more
than most of the improved varieties, because they have a
broader genetic base. The result we are presenting in this

Fig. 2. Effect of temporal variation on (a) phenological traits; (b) thousand grain weight and plant height and (c) biological and
grain yields. The comparison is between seasons within trait.
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paper strongly supports the hypothesis that FVs have the
capacity to provide valuable traits for adaptation to envir-
onmental stresses. Significant differences between geno-
types for phenological and quantitative traits were
identified across different environments (Table 1, Figs. 1
and 2). This implies the presence of variability for mea-
sured traits within these genotypes, which will provide
ample scope for selecting superior genotypes by plant
breeders. For the measured traits, superior FVs to IMVs
were identified (Table 2 and online Supplementary
Table S2). In addition to their superiority, FVs are popular
among custodian farmers for their high-feed quality of both
grain and straw (Grando et al., 2005; Mancini et al., 2017).

This diversity and superiority is somewhat expected,
since Ethiopia is considered as the centre of diversity for
tetraploid wheat (Vavilov, 1951; Harlan, 1969; IBC, 2008).
Previously we have shown that Ethiopian durumwheat FVs
are genetically diverse and distinct from improved varieties
cultivated in Ethiopia (Mengistu et al., 2016; 2018). Our
various studies indicated that Ethiopian durum wheat FVs
can be considered as a reservoir of genes that plant bree-
ders need in their wheat breeding programs (Kidane
et al., 2017; Mancini et al., 2017; Mengistu et al., 2018).

Despite the established facts, these genetic resources
were underutilized by national durum wheat breeding pro-
grams due to the heavy reliance on exotic crosses from

international breeding blocks. The current study, probably
the first breeding work that fully exploited FVs, could con-
tribute to revert this paradox. The various deployed statis-
tical analyses have showed that many of the tested FVs
were significantly superior to the IMVs under rain-fed con-
ditions of the test locations. The range of performance for
selected traits of the 10 top performing genotypes was pre-
sented in online Supplementary Table S2. The top 10 gen-
otypes showed a yield difference of 1.19 t/ha with a range
of 6.38–5.19 t/ha at Ayba during 2014 and less than 1 t/ha
(3.03–2.16 t/ha) at MU during 2015. Some FVs such as G10,
G22, andG30 have shown a consistent performance for GY
and some other important traits at all locations and are suit-
able for production in a wider environment. That means
they have wider adaptation with a stability index of <0.15
(Table 3). Genotypes indicated with shaded colour in on-
line Supplementary Table S2 have showed consistent per-
formance across locations and years. Similar results were
presented by Mengistu et al. (2018) on durum wheat and
Al-Abdallat et al. (2017) on barley. However, some geno-
types performed well in some environments where they
had the highest value for one trait but the lowest value
for the other traits. There is elasticity for phenology traits
across locations. Some genotypes have shown develop-
mental plasticity for DF and DM where late flowering and
maturity times are featured at Ayba and Melfa while

Table 2. Genotypic BLUP means for phenological and quantitative traits presented for top 10, the standard check and bottom
five genotypes with grand mean and LSD values

SN Variety Entry DB DF DM NET PH SPL SPS BY GY TGW

Top 10 high
yielding
genotypes

1 226834 G22 67.42 75.51 114.1 4.92 90.85 7.68 38.5 9.86 3.51 43.40
2 208474 G15 64.73 71.88 115.0 5.29 101.58 7.11 32.1 8.36 3.40 43.75
3 222360 G21 72.01 80.13 121.4 4.22 92.60 6.42 35.2 9.56 3.40 44.87
4 208304a G10 69.13 77.35 119.0 4.75 93.85 7.04 40.5 10.03 3.34 45.00
5 8208a G30 65.56 74.03 116.2 4.81 102.04 6.60 31.3 9.68 3.30 49.78
6 238137A G27 68.81 77.01 116.9 3.98 98.02 5.91 39.7 10.08 3.21 46.79
7 208482 G16 69.46 76.9 118.5 3.97 92.05 6.25 37.0 10.08 3.17 42.85
8 228763 G24 69.09 77.39 117.8 4.66 91.65 6.83 40.4 9.07 3.16 43.25
9 208315 G12 66.86 74.56 115.9 5.59 97.09 6.63 36.3 9.46 3.15 43.84

10 228771 G25 65.85 74.04 117.1 4.12 93.35 7.12 33.3 9.67 3.10 50.17
Check 11 Asassa G33 60.21 68.95 116.1 4.25 95.35 5.15 41.4 9.08 3.07 44.98
Bottom poor
yielders

32 Mangudo G34 60.31 69.0 117.5 3.56 78.82 4.90 38.6 7.31 2.55 49.94
33 206556 G2 64.52 73.52 114.5 5.04 90.26 6.01 37.0 8.52 2.52 37.44
34 Mukiye G35 58.83 67.96 115.2 3.69 78.33 5.44 42.2 7.15 2.44 43.65
35 238492B G28 62.17 69.63 116.3 4.20 79.7 5.53 50.6 7.00 2.43 38.49
36 Arendato G32 68.42 76.47 113.8 4.88 85.57 5.93 35.0 7.89 2.20 37.00

Grand mean G37 67.11 75.2 117 4.66 94.68 6.54 36.7 8.99 2.88 43.93
LSD0.05 G38 2.1 2 1.58 0.83 5.4 0.59 3.66 1.56 0.57 3.57

Ranking was done on the basis of GY.
aMost stable genotypes which were registered nationally as variety with the name of Rigeat and Wehabit, respectively.
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earliness is featured at MU (online Supplementary Table S2;
Fig. 3(a)).

The differential genotype performance across environ-
ments was evidenced by magnitude of variations attributed

to environments (Fig. 3). The fact that larger variation attrib-
uted to the genotype effect (>50%) indicates the possibility of
selecting common genotypes that adapt across test locations.
This might be attributed to the number of genotypes

Fig. 3. GGE biplot showing the which – won – where and mega – environment for selected traits of durum wheat.
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characterized and initial divergence among the tested geno-
types. The proportion of variance explained by genotype,
environments and genotype × environments depends on
several factors such as genotype and environment samples
(Williams et al., 2008). Characterizing large genotypes in di-
versified environments might increase themagnitude of vari-
ance explained by genotype than environments or the
interaction. For instance, Lado et al. (2016) reported that vari-
ance in GY is mostly explained by genotypic variance than
the remaining two. On the other hand, our result disagree
with Mohammadi and Amri (2011) who reported that most
variations observed for quantitative traits were attributed
more to environmental effects than the genotype effect in
durum wheat under drought conditions. Testing small and
genetically narrow genotypes in diversified environments
magnify the magnitude of G×E while minimizing the magni-
tude of the genotypic effect. The findings ofMohammadi and
Amri (2011) and Rodriguez et al. (2008) best explain this situ-
ation where the magnitude of G×E masked the possibility of
selecting winning genotypes for GY with wider adaptation.

When genotypes differentially performed across envir-
onments, it was suggested to divide the test environments
into sub-regions to avoid inconsistent environmental con-
ditions prevailed across locations. Test locations of this
study could be sub-divided into various sub-regions for
various traits. For instance, Ayba, Melfa and MU could be
categorized as one sub-region for DM where G2, G6, G9
and G22 can be selected for earliness for these locations
(Fig. 3(a); online Supplementary Table S2). Even though
Menkere stands as another sub-region for DM still G2,
G6, G17 and G22 could be identified as early maturing
FVs (Fig. 3(a)). In strict sense G2, G6, G9 and G22 are the
best early maturing FVs at all locations. Considering GY,

two sub-regions could be established (Fig. 3(b)). MU and
Melfa are the first sub-region with G27 is the winning geno-
type. The other suitable genotypes to this sub-region in-
clude G10, G19, G21, G22 and G30. The second
sub-region containing Ayba and Menkere with G10, G16,
G21, G22 and G30 are still the most winning genotypes.
It can be inferred that G10, G21, G22 and G30 have
wider adaptability with a stable performance across test lo-
cations (Table 3). All these genotypes are FVs. If BY is con-
sidered, two sub-environments with different clustering are
formed. Menkere and MU could be categorized as one re-
gion while Ayba and Melfa are the second sub-region
though Melfa more resembles the first sub-region (Fig. 3
(d)). Thewinning genotypes for this trait in sub-region 1 in-
clude G10, G19, G22, G25 and G27, while G4, G10, G16,
G26 and G30 are the most winning genotypes for sub-
region 2. G10 is common for both regions.

The best performing genotypes are FVs which are
known to be adaptable to variable growing conditions
(Mohammadi et al., 2015; Mengistu et al., 2018). Our FVs
included in this study possess phenotypic adaptation as
most observed variations are the genotypic effect (Pajoro
et al., 2016). FVs such as G10, G16, G21, G22 and G30
have shown yield stability across the test locations, which
are a plastic response feature of many FVs (Zeven, 1998).
The clustering shown as dendrogram provided further sup-
port for the superiority of these genotypes to the improved
varieties (online Supplementary Fig. S5). The most import-
ant FVs were contained in various sub-clusters of cluster II.
Two of them, G10 and G30, are already nationally recog-
nized as variety as an outcome of this experimental work.
The other FVs such as G2, G4, G6, G16, G19, G21 and G22
should be utilized in durum wheat breeding programs for
introgression of the various traits or should also be released
for direct use.

Conclusion and perspective

We have observed a high level of variation for all pheno-
logical and quantitative traits measured in Ethiopian
durum wheat FVs evaluated for two years at four wheat
growing areas of Tigray. Such variation was confirmed by
all employed statistical analyses. Investigated genotypes
showed wider spatial and temporal variations for pheno-
logical and quantitative traits. Most of the FVs, as shown
in Table 2, demonstrated the superior performance over
the IMVs. Genotypes that showed the consistent spatial
performance can be recommended for wider adaptation
breeding. Genotypes such as G4, G7, G16 and G19 could
be potentially utilized in the breeding program designed
for flowering time improvement in drylandswhere shorten-
ing the flowering time helps in escaping the terminal
drought episode. The early flowering genotypes were

Table 3. Spatial stability index, genotypic rank and grain
quality traits (PC, %) and (GC, %) of top performing durum
wheat genotypes

Entry Genotype Status SI PC (%) GC (%)

G22 228763 FV 0.054 (1) 15.15 35.35
G21 226834 FV 0.081 (2) 11.42 25.65
G10 208304 FV 0.137 (3) 14.65 33.35
G30 8208 FV 0.17 (4) 14.55 33.55
G24 236282 FV 0.21 (5) 10.75 22.85
G12 208315 FV 0.24 (6) 11.75 26.85
G16 210825 FV 0.27 (7) 13.75 30.85
G33 Asassa IMV 0.29 (8) 12.65 26.65
G25 238567 FV 0.31 (9) 13.55 30.75
G23 228771 FV 0.36 (10) 14.55 34.85

Numbers within parentheses give the position of each geno-
type, ranked according to their stability coefficient (running
downwards from 1 = best).
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failed to repeat earliness for maturity which might indicate
the presence of phenological plasticity in some of the test
genotypes. Genotypes G2 (206556) and G6 (208175) could
be exploited for developmental plasticity as they matured
earlier at all locations than the early flowered genotypes.
G4, however, repeated earliness for maturity at the drier
test location MU and can be a target for selection in similar
terminal drought affected areas.

Two types of varieties emerged: varieties with local adap-
tation and varietieswith broad adaptation. Varietieswith local
adaptation can be useful for direct use by farmers under par-
ticular conditions. They maximize yield for that given loca-
tions or ecology. For instance, G21 (226834) has specific
adaptation to the Ayba location with over 5 t/ha productivity
during both cropping seasons. Under climate change, local
adaptation is as important as broad adaptation. With the
need to improve yields to feed fast-growing populations
while the natural resources are deteriorating, it is important
to maximize the yield at different locations when local adap-
tation provides significantly greater yields compared to var-
ieties with broad adaptation. On the other hand varieties
with broad adaptation were also found, which could be
used in breeding programs as well as for direct use.

The variation due to an environment and genotype-
by-environment interaction is relatively small in all investi-
gated traits. As a result, stable and superior FVs that can suit
to all test locations were identified. These genotypes include
G10, G16, G21, G22 and G30. Of the stable genotypes, G10
and G30 were nationally registered and released for com-
mercial production for high yielding, stability and adaptation
and for quality grain in terms of grain content, grain colour
and vitreousness. Besides direct selection for production,
the superior FVs identified in this study can be used in
durum wheat breeding programs to improve productivity
and stability under field conditions in marginal areas of
Ethiopia and across arid regions in the world.

Supplementary material

To view supplementary material for this article can be
found at https://doi.org/10.1017/S1479262119000194
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