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Abstract Barley is one of the most important cereal
crops grown for the livelihoods of the poor farmers of
Tigray region in northern Ethiopia. As many low input
and marginal environments it has benefited less from
the yield increases achieved by modern breeding. This
has been largely attributed due to genotype x environ-
ment intraction (GEI). To investigate the causes of
GEI, ten barley varieties including local checks (two
farmers developed varieties, four modern varieties and
three rare local varieties) were tested over 21 environ-
ments. Participatory methods were applied to sample
an adequate number of environments spanning the
regional diversity. The yielding ability and stability of
the varieties was graphically depicted by GGE and
PLSR biplot. There were two major groups of environ-
ments, the central and northern highlands, the latter
with less rainfall and poorer soils. Rainfall per month
and total nitrogen level were the environmental vari-
ables that differentiated these two groups. In Tigray,
rainfall in June and July were negatively correlated
with yield, reflecting waterlogging problems. The

A. Bjgrnstad

Department of Plant and Environmental Sciences,
Norwegian University of Life Sciences, P.O. Box 5003,
1432 Aas, Norway

F. Abay (D<)

Department of Crop and Horticultural Sciences,
Mekelle University, P. O. Box 231, Mekelle, Ethiopia
e-mail: fetien.abay @yahoo.com

different varieties were either specifically or widely
adapted across the two environments. The variety
‘Himblil’, originating in Tigray, was the highest yield-
ing and also most stable in the region of origin. How-
ever, it was inferior to improved varieties (Shege and
Dimtu) at high yield levels. The association of earliness
with grain yield indicates that the trait can be effec-
tively manipulated within the existing materials. We
recommend breeding for drought/water logging resis-
tance based on selection in the target environment as
the best strategy to provide stable and high yielding
varieties for Tigray.

Keywords Genotype x environment interaction -
Hordeum vulgare L. - Participatory plant breeding -
Specific adaptation

Introduction

Barley is one of the most important cereal crops grown
for the livelihoods of the poor farmers of Tigray region
in northern Ethiopia. Its productivity is low, ranging
from 0.8 to 1.8 t/ha, depending on the season and
applied inputs (Fekadu and Skjelvag 2002). As many
low input and marginal environments it has benefited
less from the yield increases achieved by modern
breeding. This has generally been ascribed to several
reasons: (a) that the varietal development and testing
has been done in conditions not representative of those
of resource-poor farmers, implying a low or negative
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genetic correlation, (b) that breeding materials evalu-
ated may lack genetic variance (c) a higher experimen-
tal inaccuracy leading to lower heritability in marginal
conditions, and (d) stronger spatial and temporal fluctu-
ations among such environments.

This case study—based on data from Tigray—
addresses the general issue of varieties Ospecifically
adaptedd to low input target environments as advo-
cated by Simmonds (1991). His term ‘local adapta-
tion” was critically defined by Atlin et al. (2001) to
mean ‘ecologically specific adaptation’, implying that
truly ‘local’ adaptation is rare, such as the case of
photoperiod-sensitive ‘Rayada’ varieties of flooding
rice in Bangladesh (Vaughan and Chang 1992). In
contrast photoperiod insensitive rice will give a wide
adaptation.

To delineate distinct groups of ‘target environ-
ments’ has, however, been an important issue in
multi-environment trials (MET) research, and a pre-
requisite for any meaningful cultivar evaluation and
recommendation (Yan et al. 2000). A significant GEI
can be positively exploited to identify stable geno-
types adapted for specific target areas (Ceccarelli
1996), or effectively removed—once the interacting
factor is identified—e.g., through selection for resis-
tance or low pH tolerance. In general exposing varie-
ties to contrasting sets of environments (year X
locations) is an effective way of identifying genotypes
with high average yield and low GEI, but at the
expense of the specific adaptation (Annicchiarico
2002; Holland et al. 2001; Ceccarelli 1989).

The analysis and interpretation of GEI range from
simple analysis of variance to more specific analyses
of genotype performance, from the univariate linear
regression analysis of Finlay and Wilkinson (1963)
and Eberhart and Russell (1966) or Perkins and Jinks
(1968), to the multivariate AMMI (Zobel et al. 1988),
GGE biplot (Yan 2001) and PLSR (Partial Least
Squares Regression) models (Vargas et al. 1998). The
commonly used linear regression analysis typically
explains only a portion of the interactions. The
AMMI model analysis is useful in displaying the
main effects of genotypes and environments and their
interactions. It can estimate the genotype responses
and separate noise from real sources of variation
through partitioning of the GEI This model has
contributed to improved cultivar evaluations, recom-
mendations and selection of test sites (Gauch and
Zobel 1997). Although the AMMI biplot can be very
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effective in summarizing the variation and in visualiz-
ing main effects, it does not show which variety is
high yielding in which environment (Yan 2001), nor
the discrimination and representativeness of the envi-
ronments (Yan et al. 2000). Yan and Rajcan (2002)
demonstrated the effectiveness of GGE biplot for
trait X environment and factor x environment rela-
tionships in soybean. High yielding and stable varie-
ties as well as representative and discriminating
environments could be identified. In addition to GGE,
PLSR has been used successfully by Aastveit and
Martens (1986) and Vargas et al. (1998) in bilinear
modeling seeking common structures (‘latent vari-
ables’) in both the of X matrix (agronomic variables,
rainfall, temperature and soil factors) and the Y matrix
(yield data in one or more environments).

The latter is very important, since there is usually
not one single stress, and certain stresses like drought
actually affect yield differently depending on the crop
stage. This has led Ceccarelli et al. (1998) to propose
that breeding for drought tolerance has to be based on
direct selection for grain yield in the target environ-
ment, since drought-prone conditions, tend to be more
different from each other than favorable environments
(Ceccarelli and Grando 2007) and produce repeatable
cross-over interactions (Ceccarelli 1996).

Factors affecting GEI include phenology (van
Oosterom et al. 1993; Abay and Cahalan 1995), adap-
tation to cool temperatures (Annicchiarico et al.
2005), nutrient availability such as nitrogen (Atlin
and Frey 1989; Goérny 2001; Sinebo etal. 2002;
Muruli and Paulsen 1981) and phosphorus (Atlin and
Frey 1989; Ahokas and Manninen 2001).

Usually marginal farmers face complex biotic and
abiotic stresses, and avoiding a crop failure in drought
seasons (i.e., avoiding GEI) is more important than
achieving maximum yield potential in good seasons.
Moreover, the yield is not only grain, but also feed
value of the straw and the quality attributes. Hence to
fix desirable GEI effects may be particularly relevant
to them The objective of this study was to investigate
the reasons why the officially recommended released
varieties ‘HB-42" and ‘Shege’ have not been adopted
by farmers in Tigray and to identify the traits required
for adaptation in this part of Ethiopia.

We wished to investigate the causes of this and the
traits required for adaptation in this part of Ethiopia. Our
hypothesis was that specific adaptation is needed and a
regional breeding “programme is required to produce
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varieties acceptable by farmers”. We employed partici-
patory methods to sample an adequate number of envi-
ronments spanning the regional diversity. The formal
breeding often fails to realize such complexity, and for
this reason Participatory Varietal Selection was investi-
gated as a complementary strategy.

Materials and methods
Plant materials

A participatory search process for varieties that
matched farmers’ criteria led to the selection of nine
varieties (Table 1) including four improved varieties
(IV), two farmers developed varieties and three local
varieties. Of the four improved varieties ‘Dimtu’ and
‘Misrach’ are intended for both early and late sowings
and for both high and low input conditions, while ‘HB-
42’ and ‘Shege’ are released for high input, but deliber-
ately included because of their official recommendation
for cultivation in Tigray. ‘Himblil’ and ‘Demhay’ are
selections from landraces developed by the farmer
Kahsay Negash of Bolenta, who also hosted one of the
experiments. Three other landraces, the medium to late
maturing ‘Rie’, ‘Sihumay’ and ‘Atona’, were included
on farmer request since they were becomingrare. For
more detailed description of rare and farmers devel-
oped varieties see Abay etal. (2008). Local checks
used were different across locations but similar across
years two row barley varieties in the drier sites (Adine-
fas, Melfa, Habes FTC, Habes on farm, Mugulat,

Table 1 Characteristics of the test varieties used in the experiment

Buket, Neksege and Mekele) and six row varieties in
the wetter (Menkere, Mekhan, Bolenta, Fala, Holleta
and Debrebrhan). The research addresses only the
highland barley growing areas of Tigray, not the most
drought stressed zones, since the test materials were six
rowed and appropriate to highlands with longer growth
period. The location of the test sites (Fig. 1) and their
characteristics are presented in Table 2. The experi-
ments were conducted for two production main seasons
in 2004 (seven locations) and 2005 (14 locations); they
were unbalanced in terms of locations x years, but bal-
anced for varieties x year and varieties x locations. In
the second year three research stations were included:
Mekelle in Tigray and Holleta and Debrebrhan in cen-
tral and north Shewa region, respectively. These are
research sites from where the IVs were released.

Decentralized participatory trials

These trials were conducted for 2 years in four villages
of Bolenta, Habes, Buket and Mugulat. The villages
were selected to represent existing biodiversity and
constraints of the area, e.g., soil fertility, water logging
and disease pressure, and participating farmers
included experienced seed selectors and women. (Since
30% of the households are female headed, on average
20% of the experimenter farmers were women).

Experimental design

The trials followed the “mother and baby” design
(Snapp 1999). In this paper only the data from the

Variety Source/method of improvement Row type Caryopsis type Maturity type Year of release/status
HB-42 Exotic x indigenous cross Six Covered Late 1984
IAR/H/81/compound 29//
compound 1,420/coast
Shege Pure line selection from accession1622-05  Six Covered Late 1996
Missrach  Pure-line selection from kulmsa 1/88 Six Covered Late 1998
Dimtu Pure-line selection from accession3369-19  Irregular  Covered Late 2001
Himblil ~ Farmers’ developed variety Six Covered Late Preferred locally since 2000
through pure line selection
Demhay  Farmers’ developed variety Six Naked Late Preferred locally since 2000
through Pure line selection
Rie Farmers’ variety Six Covered Late Rare farmers’ variety
Sihumay  Farmers’ variety Six Covered Late Rare farmers’ variety
Atona Farmers’ variety Irregular ~ Covered Late Rare farmers’ variety
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Fig. 1 Map of Tigray and
location of test sites

Table 2 General description of experimental sites

Zone District Sites Trial No of Altitude TRF TRF PropRF pH OM TN Soil texture

type trial (m.a.s.l.) (YR1) (YR2) 05(%) (%) (%)

years

Southern Tigray Endamekoni Bolenta On-farm 2 3,000 684 656 54 7.37 3.13 0.16 Clay loam
Eastern Tigray Atsbi-Wemberta Habes  On-farm 2 2,750 365 580 63 6.88 1.63 0.08 Sandy loam
Eastern Tigray Ganta-Afeshum Mugulat On-farm 2 2,675 439 496 56 6.26 1.34 0.07 Clay/loamy sand
Eastern Tigray Ganta-Afeshum Buket  On-farm 2 2,500 439 496 56 1.01 0.05
Central Tigray Tahtay Maychew Adinefas On-farm 1 2,545 NR 1,237 62 7.11 0.68 0.03 Loam/sandy loam
Eastern Tigray Atsbi-Wemberta Habes  FTC 1 2,750 365 580 63 5.89 1.21 0.06 Sandy loam/loam
Southern Tigray Endamekoni Neksege FT C 2 2,443 208 662 70 7.37 1.81 0.09 Clay loam
Southern Tigray Ofla Menkere FT C 2 2,485 679 819 54 6.64 1.37 0.07 Sandy clay loam
Southern Tigray Ofla Fala FTC 1 2,565 NR 952 50 6.83 0.83 0.04 Sandy loam
Southern Tigray Endamekoni Mekan FTC 2 2,435 656 684 54 6.86 1.72 0.09 Loam
Central Tigray Dogua-Tembien Melfa  FT C 1 2,595 NR 787 66 6.58 1.37 0.07 Sandy loam
Southern Tigray Enderta Mekele Station 1 2,000 NR 669 70 6.72 1.01 0.05 Clay
Western Shewa Shewa Holleta Station 1 2,400 NR 921 45 5.14 1.71 0.34 Clay loam
Northern Shewa Debrebrhan Mush Station 1 3,050 NR 1,509 46 5.74 1.45 0.29 Clay loam

NR, data for 2004 was not recorded since the experiment was conducted for 1 year; PropRF05 %, proportion of rain that falls in July
and August in 2005; TN, total nitrogen

mother trials were considered for analysis. The for analysis. A randomized complete block with two
mother trials in which two farmers in each village replications (farmers) was used. In all locations the
received the complete set of varieties were considered soil was ploughed 2-3 times and seeds were planted
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manually in six rows 2.5 m long and 20 cm apart. A
seed rate of 100 kg/ha was used uniformly. The trials
were managed as per farmers’ practice; including soil
preparation, weeding and no fertilizer was applied.

On station and farmers training center (FTC) trials

These trials were, respectively, managed by research-
ers and development agents. Three trials were con-
ducted on station and ten trials in Tigray were
conducted at FTCs. Trials on station received DAP
fertilizer before planting at a rate of 100 and 50 kg/ha
for urea. The planting dates ranged from 27 June to 6
July, in both years. The FTC and the trials on station
trials were managed by the researchers, Development
Agents (DAs) and technical staffs of the research
sites.

Data collection and statistical analysis

Days to heading (DH) and maturity (DM) were
recorded as the number of days from date of sowing
to 50% appearance of and 75% discoloration of the
spikes in a plot, respectively. Plant height (PH) was
measured in cm from ground level to the base of the
main spike at maturity. The central four rows (2 m?)
were hand harvested and hand threshed, in order to
record the grain yield (in grams and later converted
into kg ha™!). Thousand grain weight (TGWT) was
recorded in grams as the average of three samples of
1,000 grains from a plot after the harvest. Rainfall,
minimum and maximum temperatures were recorded
from meteorological stations. Data were recorded at
the site in the case of Neksege, Menkere, Mekele,
Holleta and Debrebrhan while for the others data
were obtained from meteorological stations located in
the closest district headquarters.

Quantitative and qualitative data were recorded
from mother trials. Mutual visits within villages were
organized for participatory evaluation at three stages
of crop growth (vegetative, flowering and grain fill-
ing). Household preferences were assessed based on
household level questionnaires (HLQ), their matrix
ranking level of introduced variety. The reasons for
preference of a given variety were recorded to be con-
sidered as criteria for ranking Following the methods
explained by Christinck et al. (2005), the farmers’
preference criteria and varieties were listed in a matrix
to understand the choices between the varieties.

Analysis of variance for the 14 locations in 2005
was performed as for the single-year-multi-location
trial (SYMLT) using the GLM procedures in SAS
version 9.2 (SAS 2001) and for AMMI using IRRI-
STAT version 4.3 software (IRRI 2002). Coefficients
of variation (CV) were calculated to measure the pre-
cision of experiments and the mean standard error
differences to compare the differences between varie-
ties. For joint regression analysis, the combination of
years and locations was considered as 21 environ-
ments (MET) and partitioned into components of lin-
earity and deviation from regression. Pooled error
was obtained from the error means square divided by
replications. The relative performance of varieties
across environments was further examined through
stability analysis. The analysis was performed using
SASG x ESTAB: a SAS program developed by Hus-
sein et al. (2000). GGE biplot analysis was performed
to graphically display the relations among genotypes,
environments and their interactions (Yan 2001). The
underlying influence of the year variation was
explored further by visualizing the ‘‘which won
where’’ feature in the GGE biplots (Yan et al. 2000),
to visualize target environments sharing the same
winner genotype.

Environmental variables were used to characterise
the main effects and their interactions. The data
obtained from these variables were used as input for
both GGE and PLSR models (Martens and Naes
1989).

GGE biplot analysis

GGE biplot provides a capacity to evaluate cultivars
for their yielding ability and stability. As described by
Yan and Tinker (2006), in a GGE biplot based on
genotype-focused singular value partitioning, the
length of the genotype vector measures its contribu-
tion to either G or GEI or both. Genotypes located
near the origin have little contribution to GEI In the
“‘polygon’” view of the GGE biplot, the ‘vertex’
genotypes are the most responsive genotypes, because
they have the longest distance from the origin in their
directions (Yan and Tinker 2006). Depending on the
length and direction of the vector, both good and poor
performing genotypes can be considered as respon-
sive. In a GGE biplot based on environment-focused
singular value partitioning, the correlation (grouping)
of two environments in their ranking of the genotypes
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can be visualized by the angle between them. An
angle of 90° indicates independence, an angle >90° a
negative correlation and an angle <90 a positive cor-
relatio The GGE biplot analysis was performed for
genotype x environment, factor x environment and
trait X environment interactions (Yan 2001; Yan and
Rajcan 2002). PLSR was applied in order to visualize
the relationship of yield with external covariables of
soil and rainfall with full cross-validation to test sig-
nificance of traits associated with PLS factors using
the Unscrambler version 9.6. (camo @ camo.no).

Results
Rainfall data

The rainfall amount and distribution differed clearly
between the central sites Holleta/Debrebrhan and
Tigray (Fig.2). The main season started in May in
Holleta and lasted until September/October, whereas
the locations in Tigray had highest rainfall (around
54-70% of the total) in July and August, which corre-
sponded to the sowing and vegetative stages of the
crop. A lack of rain in May is crucial for timely sow-
ing of six rowed varieties, while deficient rainfall in
September may subject the crop to drought stress dur-
ing the grain filling stage (Fig. 2). The coefficients of
variation across locations were also markedly higher
in Tigray than in the central locations. Moreover, the
years were contrasting, 2004 being dry (especially in

Fig. 2 Means and CVs of
monthly rainfall of
experimental sites

(@) Tigray (averaged oversix locations)

[ Faird 2000 YR

Rainfall (mm)

Jan Feb Mar Apr May Jin Jul Aug Sep Oct Nov Dec

Worth

@ Springer

May and September) and 2005 unusually wet espe-
cially during grain filling. Rainfall varied more than
twofold between locations in Tigray in 2005 (the dri-
est location Neksege had only 330 mm in 2004). In
2004 the Atsbi site failed completely. The average
grain yield ranged from a minimum of 180 kg/ha in
Neksege to a maximum 2,428 kg/ha in Holetta. As
shown in Figs. 3 and 4, yield was not determined by
rainfall alone. Although the rainfall at Debrebrhan
was higher than Holleta, the latter gave 63% higher
yields. In both years rainfall at Menkere was about
twice as much as at Neksege—the driest sites. How-
ever, the yield at Menkere was only 53 and 65% of
that at Bolenta and Mugulat, respectively. This
implies that there are other factors that determines
yield in addition to rainfall as shown by Ceccarelli
et al. (2007) in Mediterranean environments.

Analysis of soil fertility

Sites varied in organic matter (OM%)”, total nitrogen
(%) and soil texture and pH value (Table 2). Using
the rating of Mitiku et al. (2003), where >0.2% means
low, 0.1-0.2% means very low and <0.1% extremely
low N, 90% of the experimental plots had extremely
low, while 10% (notably Holleta and Debrebrhan)
had low N content. The OM was also higher in the
research stations, but less than on the well manured
farm in Bolenta. The low pH in the central highlands
was striking, approaching the tolerance level of bar-
ley, whereas it was rather high in Tigray.

(b) Holleta and Debrebrhan
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Fig. 3 Total rainfall, aver- Il Rainfall (mm)
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Analysis of variance (Table 3). Mean grain yield varied among trials and
ranged from 1,052 kg/ha for SYMLT and 915 kg/ha
Significant components of genotypic, environment, for MET (Table 4). The lower yields of the latter tri-
and GEI for grain yield were revealed for all trials als shows the large differences between years (an
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Table 3 Combined analysis of variance of grain yield (kg/ha)
for 2004 and 2005 barley variety trials in Ethiopia

SYMLT* af 1 year trial over
14 locations
Source MS (x 10%)
Genotype (G) 9 1,053.1%*
Location (L) 13 3,525.2%*
Genotype x Location (GL) 117 172.0%*
Error 11 813.0
Joint linear regression (MET) Location/year
combination
considered

as environments

Total 398 165.3
Varieties 9 1,048.5%*
Environment (Env) 20 1,997 .4%**
Variety x Env 180 79.6%*
Joint Regression 1 T745.2%*
Genotype Regression 8 677.6%*
Environmental Regression 19 554
Deviation 152 467%*
Pooled Error 189 11.1
AMMI

Varieties 9 118.9%*
Environments 20 192.61%*
Varieties x Environment 180 8.0%*
AMMI 1 28 27.4%*
AMMI 2 26 8.2%*
AMMI 3 24 6.1%*
AMMI 4 22 5.9%*
G x E residual 80

Location-year combination SYMT single year multi-location trial
## P <0.01, *** P <0.001

average yield advantage of 265 kg/ha in 2005 over
2004). Analysis of SYMLT revealed that location
effects were 3.35 and 20.5 larger than genotype and
interaction effects, respectively. The ANOVA for
AMMI analysis for the yield of ten varieties evaluated
in 21 environments also indicated that Environments
(E), Genotypes (G) and GEI were highly significant
and accounted for 60, 23 and 17% of the total sum
squares (SS), respectively.

The over all mean yields (Table 4) indicated highly
significant differences between the genotypes. The
coeflicients of variation (CV) ranged from 6 to 16%
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indicating the consistency of the experiments over the
2 years and locations. ‘Himblil’ was the best variety
in Tigray and significantly different from other varie-
ties, not only in the high yielding environments of
Bolenta and Habes, but also at the driest site (Neks-
ege) and in the water logged soils of Menkere. ‘Mis-
rach’ was superior to the two-rowed checks at some
dry sites, but not to the six-rowed in the wetter sites.
‘Dimtu’ was either inferior or not different from the
local checks. ‘HB-42’ and ‘Shege’ were consistently
the lowest yielding at all sites (Table 4).

The varieties ranked differently at different yield
levels (Fig. 5). The average genotypic correlation of
yields of varieties between groups was negative
(r=—0.21). Within Tigray the baby trials were high-
est yielding, followed by on-farm and last the FTCs
(970, 889 vs. 710 kg/ha). This was consistent over all
the varieties and was probably due to the fact that the
demonstration plots were located on poorly managed
soils, too poor to be representative of farmers’ man-
agement conditions.

Stability analysis

In the Eberhart and Russell (1966) joint regression
analysis, both linear and non linear components of the
GEI were significant (Table 3). 50% of the GEI sum
of squares was accounted for by the deviation from
regression and 50% was accounted for by the linear
regression on the means of environment. This sug-
gests that both components were equally important
for describing stability. However, the higher
efficiency of AMMI in partitioning SS of GE interac-
tion was demonstrated, since the first principal com-
ponent (IPC1) alone accounted for 53%. Further
partitioning of the GEI showed significant heteroge-
neity among slopes of regressions and residual non
linear component.

There was clear evidence of cross-over interac-
tions. Given the analytical limitations of linear inter-
actions (Fig. 5; Table 4), ‘Himblil” yielded more than
the other varieties, when yield levels were less than
about 1,200 kg ha™!, and had a Bi< 1 typical of a
variety adapted to unfavorable conditions. It was fol-
lowed by ‘Local’, ‘Misrach’ and ‘Dimtu’ with fi-esti-
mates close to one, indication a wide adaptation
across environments. The varieties ‘Shege’, ‘Sihu-
may’, ‘Rie’ and HB42 have the opposite behavior
being adapted to high input conditions.
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Table 4 Mean grain yield

(ke/ha) of barley varicties Variety Bolenta Habes Mugulat Buket Menkere Mekhan Neksege 1(\1/(Ie71?a§/1eld
grown at seven locations £
over 2 years Atona 960°  648° 7824 723 787° 732° 522° 729¢
Demhay 1,195¢¢  880¢  782¢ 778 738! 7819 656¢ 815°
Dimtu 1149¢  939¢ 1330° 917>  728f 828° 764° 950¢
HB-42 4558 105" 156 203¢ 219" 2978 100" 219!
Himblil 1620 1283* 1089  1161* 1239* 952*  1010* 1193
Local 1262 970°  950° 951°  958° 933  900° 989°
Misrach 1250°  1042° 1056°  1182%  861° 916° 948  1036°
Rie 1,180¢¢ 889  726¢ 725¢  852° 789¢ 2828 778"
Shege 819" 706Y  800¢ 5584 8204 681" 483f 695"
Sihumay 413> 875¢  612° 5239 4902 658" 3862 708"
Location mean 1,130 834 828 772 769 757 605 811
SED 78 57 44 63 31 30 19 16
cv 10 14 11 16 8 8 6 11
Fig. 5 Regression of mean Shege Sihumay
grain yield (kg/ha) of ten 3000 4 l
varieties on the mean grain .~ Rie
yield of on station and on / ~ :‘_:D'fm
- Misrach
farm trials 2004-2005 2500 4 T
s al
#— Himblil
E Atona
5
o
o
c Destay
[
o
g
[
>
.3]] .
500 1000 1500 2000 2500 3000

The biplot divided the locations in two sectors
(Fig. 6). The first sector contains the high input on
station trials of Holetta and Debrebrhan and the varie-
ties ‘Shege, ‘Dimtu’ and ‘Misrach’. ‘Misrach’ was
the ‘winner’ at Debrebrhan, ‘Shege’ and ‘Dimtu’ at
Holleta, coinciding with their selection environments.
The second sector includes the low input trials and
FTCs of Tigray locations with cultivar ‘Himblil’
being a winner in 19 location x year combinations. In

Environmental Index -grain yield (kg/ha)

conclusion the biplot shows that (1) the IVs were
associated with the relatively high yielding environ-
ments, both outside Tigray, (2) ‘Himblil’ was the best
variety in both years in Tigray locations, but among
the poorest yielding at Debrebrhan and Holleta (3)
‘HB-42’ had the opposite pattern. The right angles
between the environments indicated that some varie-
ties were consistent in high (‘Misrach’) or low rank-
ing (‘Demhay’) while others changed markedly.
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PCt -ki'&,PCZ =124%,5um=174%
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Fig. 6 Polygon view for yield data from 2005 in all locations.
The names of the test sites are spelled out in upper case, BO Bol-
enta; HAB Habes; BUK Buket; MKH Mekan; MG Mugulat; NK
Neksege; MR Menkere; HO Holleta; DB Debrebrhan; AD
Adinefas; MF Melfa; HBFT Habes FTC; MK Mekelle; FA
FALA

Relationship of GEI to environmental factors

The relationships between the yield levels in various
environments and various environmental factors were
visually investigated using bilinear decomposition
obtained by PLSR (Fig. 7a, b). Here, the GEI matrix
(Y matrix) is regressed on the environmental variables
(X matrix) to arrive at the hidden ‘latent’ variables,
also called PCs or ‘PLS’ factors. The first PLS factor
explained 33% and the second about 8% of the varia-
tion in GY (Fig. 7a), again separating the two high
yielding sites (Holleta and Debrebrhan) from the 12
low yielding sites of Tigray. A high GY is associated
with high TN (%), high rainfall in all months and low
maximum temperatures in July and August (opposite
positions in the plot). In Fig. 7b, only Tigray locations
are displayed. Rainfall in June and to some extent
July and high pH now had a negative impact on GY.
This may reflect the effects of water logging, just as
the positive associations of early and late rains reflect
water limitation.

@ Springer

Associations among days to flowering (DAFL),
days to maturity (DAM), plant height (PH),
thousand grain weight (TGWT) and grain
yield (GY)

The correlation among these five traits was graphi-
cally analyzed using genotype by trait biplot (Fig. 8a).
GY and PH were positively correlated, and they were
negatively correlated with DAM and DAFL. The
highest yielding varieties ‘Himblil’, ‘Local’, and
‘Misrach’ were all relatively tall and early varieties.
Variety Demhay had the lowest TGWT. The location
by trait biplot (Fig. 8b) shows the environmental cor-
relations among traits. Again GY and PH were posi-
tively correlated and both had high values in Holleta.
DAM and DAFL were positively correlated and they
had high values at the high altitudes of Debrebrhan
but low in TGWT. Therefore, late varieties are better
adapted to Debrebrhan and Holleta.

Farmer’s preferences and perceptions

The overall farmers’ preferences across the seven sites
are presented in Fig. 9. The preference for high grain
yield was only significant for ‘Himblil’. Over all, the
preference was only significant for ‘Himblil’ and ‘Mis-
rach’, the latter for its overall merit, indicating the multi-
ple criteria and flexibility of farmers in maintaining
varieties (Table 5). ‘HB-42" was rejected by 98% of
experimenter farmers (Fig. 9). ‘Dimtu’ was preferred by
farmers in Mugulat because they observed its ‘stay
green’ trait during late season drought. Thus the prefer-
ence ranking corresponds well with the conventional
experimental data. The experiments also allowed infor-
mation exchange among farmers and increased the
familiarity with new varieties of barley. The expansion
of the area planted with ‘Himblil and Misrach’ in 2005
indicated a fast adoption by farmers. The variation
between villages for the area allocation to each variety
was associated with the adaptation of varieties. Thus the
PVS showed tangible results already in its second year.

Discussion

If mega-environments are defined as “a group of loca-
tions that consistently share the same best cultivars
(s)” (Yan et al. 2000), the results obtained here sug-
gests that Tigray and the central highlands are two
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Fig. 7 Biplot of the first and second partial least squares factors
representing the X scores of ten genotypes and the Y loadings of
21 environments; Abbreviations for a and b: Temperature
(MAXTM maximum temperature in May; MAXTJ in June; MAX-
TJUL in July; MAXTAG in August; MINTM minimum tempera-
ture in May; MINTJ in June; MINTJL in July; MINTAG in

different mega-environments. The correlations between
performance under stress and under favourable
growing conditions were poor, indicating high geno-
type environment interactions (Ceccarelli et al. 1992;
Ceccarelli 1994, 1996).

The nature of GEI that cause the crossovers among
winning genotypes can be positively exploited by
selecting different cultivars for the two mega-environ-
ments (Ceccarelli etal. 1998; Annicchiarico et al.
2005; Yan et al. 2007). Once the target regions are
clarified, the knowledge of GEI can reduce the cost of
extensive genotype evaluation by eliminating unnec-
essary testing sites and by fine-tuning breeding pro-
grams (Yan and Tinker 2006). Annicchiarico et al.
(2005) found a positive advantage of selection for
specific adaptation to winter temperatures in durum in
Algeria, with a genetic correlation between the two
sub regions of 0.66. In our case the correlation was
slightly negative. The advantages of specific adapta-
tion for barley in Syria observed by Ceccarelli et al.
(1998) correspond to our results and may reflect the

seenpk 2% 2% Y-expl 15% 4%

August); Rainfall (RM rainfall in May; RJ in June; RJL in July;
RAG in August; RSEP in September); Elevation (ALT altitude)
and soil factors (TN(%) total nitrogen; pH soil pH, OM Organic
Matter). Variables marked with a circle are significant at
P < 0.05 probability

differences in environments as well as the well-known
greater interactions in a diploid like barley versus,
polyploid wheats.

The superior performance of ‘Himblil’ under water
logged soils indicates a potential genotypic variability
for water logging tolerance also observed in other tri-
als (Fekadu, 2006, personal communication). Efficient
nurseries for screening for waterlogging tolerance will
be an important next step, given the complexity of
water stresses, involving both deficiency and excess in
the phenology of the crop. As shown in Chinese bar-
leys, waterlogging tolerance may have a high herita-
bility and is controlled mainly by GCA effects (Zhou
et al. 2007). The genetics of waterlogging tolerance in
‘Himblil’ is being investigated and compared with the
Chinese and Japanese sources. Waterlogging is a
widespread problem in Ethiopia and not confined to
barley. In durum wheat the landraces are superior in
this trait than introduced germplasm. Any introduced
germplasm from CIMMYT needs to have this specific
adaptation (Rajaram, pers. comm.)
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Fig. 9 Overall preferences ranking of barley varieties in three
districts of Tigray

Drought in Ethiopia is associated with late season
drought, but the situation described in this paper is
more complex. The significant positive relation of
yield with rainfall in May, and the negative associa-
tion in June is associated with early season drought
and temporary water logging problems and underde-
veloped roots, respectively. An indication of the latter
is found in the ‘residual moisture’ cultivation of bar-
ley widespread during the dry season. This needs to
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genotypes, GY grain yield; TGWT thousand grain weight; DAM
days to maturity, PH plant height, and DAFL days to flowering

be considered when designing breeding strategies for
the area. The large and significant genotypic compo-
nent of variation in days-to-heading and maturity
together with the association with grain yield indi-
cates that the trait can be effectively manipulated
within the existing materials in Ethiopia. To combine
grain yield and long stature with earliness in heading
and maturity is consistent with earlier studies of bar-
ley in Tigray (Abay and Cahalan 1995) and in Syria
(van Oosterom et al. 1993; van Oosterom and Ceccar-
elli 1993), showing that flowering date shows rela-
tively simple genetic control for dry land cereal crops.
Sinebo (2002) identified a positive influence of early
maturity and early shoot vigor under low nitrogen.
The association of high throusand grain weights with
low yielding environments is in agreement with the
earlier study by Abay and Cahalan (1995) and Hadji-
christodoulou (1987).

Choice of breeding strategies and genetic diversity
The combination of high rainfall and high N levels

seem unrepresentative of the environments in Tigray.
The response of ‘Himblil’ to low input and low
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Table 5 Estimates of stability by variety and parameters

Genotypes  Mean (kg/ha)  Eberhart and Russell (1963)
pi 5ij

Atona 851.34 0.84 140,174.12%*

Dembhay 815.73 0.25%% 46,796.67+
Dimtu 1,075.13 1.05 186,760.37++*
HB42 477.68 1.39%x 23,437,835
Himblil 1,285.14 0.59%* 102,578.22%F++
Local 1,131.02 0.73 * 102,685.47++*
Misrach 1,164.34 0.95 129,294 .08++*
Rie 958.47 1.23% 344,270.63%+*
Shege 914.36 1.62% 315,579.22%F++
Sihumay 882.13 1.36 290,387.11F+*

*P<0.05 **P<0.01 (ttest) for the hypothesis fi=1,
P <0.01, % P <0.001 (F-test)

yielding environments and of ‘Shege’ to high nitrogen
and high rainfall soils can be associated to their respec-
tive selection environments. The inferiority of ‘HB-
42’—obtained from a cross with exotic germplasm in
addition reflects a misconceived germplasm strategy.
‘Misrach’ and ‘Dimtu’, the best performing varie-
ties in Holleta and Debrebrhan, though selected there,
reflect a major positive shift in barley breeding using
relevant germplasm and testing methods performed by
Ethiopian Institute of Agricultural Research (EIAR)
since 1988 (Birhanu et al. 2005; Sinebo 2002). ‘Mis-
rach’ is one of the >1,200 pure lines extracted from
180 tested landraces tested across three selection envi-
ronments, of which one is Debrebrhan. That it comes
from a landrace in Arsi and promoted in Debrebrhan
due to a superior water logging tolerance, puts the
‘local’ adaptation hypothesis into doubt. Indeed, the
regression coefficients of ‘Misrach’ and ‘Dimtu’ imply
that the repeated testing over different environments
has given them a wide adaptation and stability. How-
ever, the expected yield advantages of ‘Misrach’ and
‘Dimtu’ based on the previous breeding were not met
in Tigray. Though only based on 1 year data, the high
rainfall received in 2005 might be the best environ-
ment that the IVs developed at Debrebrhan and Holl-
eta can expect. If these varieties did not excel then, it is
doubtful that they would do better in the normal occur-
rence of drought. A reason why ‘Misrach’ did best of
the IVs may be the selection for water logging toler-
ance at Debrebrhan. Still it was significantly inferior to

the local check at the most waterlogged site Menkere.
Also it is still surprising that ‘Himblil’—selected with
much lower selection intensity from one landrace by
the farmer in Bolenta—performed better than ‘Mis-
rach’. This indicates that with a wider genetic diversity
of germplasm from Tigray, even better varieties would
have been produced. The selection environment of
‘Himblil’ (and ‘Demhay’) had unusually high N and
OM (and P, not shown) content for Tigray, having
been richly manured over years. The selector
expressed that this allowed a better differentiation
between plants. His primary selection goal was a qual-
ity comparable to tef for making thetolerance to water
logging as well as the short rainy season in Tigray.

The merit of PVS for barley improvement in Tigray

The breeding history of ‘Himblil’ and these experi-
ments have shown that PVS is a viable method for
identifying preferences, constraints and the potential
of varieties. The PRA methods corresponded well
with the data from the mother and baby trials, and the
analysis showed that the level of accuracy was
acceptable. Also the preliminary experiences of vari-
ety dissemination are promising. For further work,
strong collaborative networks have been established
between the farming communities and regional exten-
sion systems. The genetics of waterlogging tolerance
in ‘Himblil’ is being investigated in a cross with
‘Saesa’, representing the very early two-rowed bar-
leys, hopefully also elucidating the adaptation in the
latter group of barleys not dealt with in this paper.
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