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Abstract 

Background: Vegetable pigeonpea is an important food security crop in the marginal dry areas of the Eastern 
region of Kenya. The adaptation and stability of vegetable pigeonpea genotypes across different agro-ecological 
zones in Kenya are not adequately determined. The objective of this study was to evaluate the yield stability and 
adaptability of genotypes: KAT 60/8, MZ 2/9, ICEAP 00554, ICEAP 00557 and KIONZA based on additive main effects 
and multiplicative interactions (AMMI) and Genotype plus genotype by environment (GGE biplot) analysis.

Methods: Evaluation of vegetable pigeonpea Genotypes was conducted at Kiboko, Katumani and Kambi ya Mawe 
research stations located in Eastern region and University of Nairobi Field station in central region of Kenya. The 
genotypes were planted in a Randomized Complete Block design (RCBD), replicated three times at all sites. Rainfall 
at Kiboko and Kabete were supplemented with irrigation, using sprinklers, for a total of 38 times, providing 832 mm 
of water. The crop was protected from pests by the application of broad-spectrum, non-systemic, pyrethroid alpha-
cypermethrin and dimethoate, after field scouting. All other agronomic and cultural practices were done as recom-
mended for each location.

Results: Combined analysis of variance (ANOVA) at six environments revealed highly significant (P  < 0.01) varia-
tions in G × E interactions for yield (Kg/ha), 100 Seed mass (g/100 seed), days to flower and maturity (P  < 0.05). AMMI 
model for grain yield interaction principal components analysis (IPCA), explained 96.5% of the total yield variation. 
The cultivar MZ 2/9 and KAT 60/8 recorded a lower IPCA1, indicating a wider adaptation and stability. Kambi ya Mawe, 
Katumani and Kiboko had higher IPCA1, indicating greatest interactive environments and adapted genotypes. Kambi 
ya Mawe, was the most ideal location for evaluating pigeonpea genotypes. While KIONZA was the most ideal geno-
type for yield performance, MZ 2/9 and KAT 60/8 were most stable with a wider adaptation.

Conclusion: KIONZA should be used as a reference genotype, while Kambi ya Mawe would be the most ideal loca-
tion for testing the vegetable pigeonpea genotypes in breeding research. Increased deployment of stable pigeon 
pea cultivars, MZ 2/9 and KAT 60/8 would enhance food security in the dry areas of Eastern regions of Kenya. These 
genotypes need to be promoted with farmers for wider adoption in the Eastern region of Kenya.

Keywords: Multi-environmental trial, Additive main effects and multiplicative interactions (AMMI), Principal 
component analysis (PCA), GGE biplot, Kenya
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Background
Pigeonpea is the third most important legume in Kenya, 
in terms of area of cultivation, subsequent to dry beans 
(Phaseolus vulgaries L.) and cowpea (Vigna unguiculata 
L.) (Mergeai et al. 2001). When harvested as green veg-
etables peas, the immature pods are harvested at physi-
ological maturity, just before they lose their green colour. 
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At this stage, the green seed is more nutritious than the 
dry seed as it has more protein and sugars than the dry 
mature seeds (Faris et al. 1987). A wide variability exists 
in the chemical composition of Pigeon peas seeds due 
to locations where they are produced and post-harvest 
management. Large immature seeds, long green pods 
and sweetness are the consumer preferred trait of vegeta-
ble pigeon pea (Upadhyaya et al. 2010).

Eastern Kenya is the most important pigeonpea pro-
ducing region, accounting for slightly about 99 percent of 
total national production (Latha et  al. 2008). Due to its 
nutritious content, pigeonpea is often used to supplement 
cereal-based diets and consequently, it is used extensively 
by many smallholder farmers in Kenya. Globally, the crop 
acreage is about 5.41 million hectares in 2017 (FAOSTAT 
2018), with Kenya reporting 1,18,662  ha−1. The crop has 
not achieved its production potential largely due to poor 
management practices, inadequate adaptation of geno-
types (Silim et al. 2007), biotic and abiotic constraints.

The yield of grain pigeonpea yield varies from 300 to 
500  kg/ha−1 under farmer management in Kenya. This 
is lower than its potential yield under research condi-
tions of 1500–2500  kg/ha (Mergeai et  al. 2001). Much 
research work has focused on dry pigeon peas (Turner 
et  al. 2003), with vegetable pigeonpea remaining largely 
under researched even though vegetable pigeonpeas has 
immense potential for the semi-arid regions of Eastern 
Kenya (Saxena et  al. 2010). There is increasing market 
potential and demand for the vegetable pigeonpeas in the 
region given its potential for household incomes and food 
security (Shiferaw et al. 2008; Ojwang et al. 2016a–d).

Vegetable pigeonpea genotypes with potential for high 
yield under irrigation and rainfed production systems and 
with good acceptance by consumers have been identified 
(Ojwang et  al. 2016a–d). However, their adaptation and 
stability across agro-ecological zones and the pigeonpea 
intensive production zones in Kenya are not adequately 
determined. Understanding the adaptation is critical to 
performance improvement and cultivar deployment in 
diverse cropping systems (Lule et al. 2014).

Several methods have been used for stability analy-
sis and identification of crop cultivars with stable 

performance and positive response to diverse environ-
mental conditions. These include Additive main effects 
and multiplicative interactions (AMMI) stability analy-
sis, AMMI stability values (ASV) and yield stability val-
ues (YSV) which are based on the interaction principal 
components analysis (IPCA) scores (Mulema et al. 2004). 
Genotype plus genotype by environment (GGE biplot) 
analysis have also been used to extensively explore multi-
environment trials (Hagos and Abay 2013), based on vis-
ual assessment of G × E interaction (GEI) pattern (Yan 
and Hunt 2001). The GGE biplot can be useful tool to dis-
play the data pattern, high-yield and stable cultivars (Yan 
et al. 2001). Stability of various crops have been studied 
by applying AMMI and GGE biplots successfully in soy-
bean (Glycine max L. Meril) (Ikeogu and Nwofia 2013), 
sweet potatoes (Ipomoea batatas) (Osiru et  al. 2009a, 
b; Moussa et  al. 2011), finger millet (Eleusine coracana) 
(Lule et  al. 2014), grain sorghum (Patil et  al. 2007), and 
rice (Oryza sativa) (Islam et  al. 2014). The objective of 
this research was to evaluate yield stability of pigeonpea 
genotypes based on AMMI and GGE biplot analysis.

Methods
Description of the study location
The study was conducted at Kiboko, Katumani, Kambi 
ya Mawe research Stations and University of Nairobi’s 
field farm. Kiboko Rsearch Station is 975  m above sea 
level (m.a.s.l), under eco-climatic zone V (Michieka and 
Pouw 1977) (Table 1). Kambi ya Mawe has an elevation of 
1250 m.a.s.l, located at elevation 1250 m.a.s.l.. Katumani 
is located in the Upper Middle Zone IV agro-ecological 
zone (AEZ) at an altitude of 1600  m. Kabete Field sta-
tion is located in agro-ecological zone II at 1850 m.a.s.l 
(Table  1). The soil PH across the locations ranged from 
5.8 at Kabete to 6.2 at Kiboko and Kambi ya Mawe. 
Katumani reported a soil pH of 5.9. According to Mal-
likarjuna et  al. (2011), pigeon peas tolerate pH values 
of 4.5–8.0. The soil pH at all locations were within this 
range.

The monthly rainfall (mm) and temperature (°C) were 
recorded at all locations in which this research was con-
ducted. During 2016 long rains season, experiments 

Table 1 Description of the experimental locations (2016–2017)

Environment (E) Altitude (M) Latitude Longitude Rain (MM) Mean temp. 
(oC)

Location (County)

Katumani 1600 1o35′S 37o14′E 717 19.6 Machakos

Kambi ya Mawe 1250 1o57′S 37o40′E 550 22.0 Makueni

Kabete 1850 1o15′S 36o44′E 1100 20.0 Kiambu

Kiboko 975 2o10′S 34o40′E 561 24.0 Makueni
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were planted at Kiboko and Kabete locations. During the 
2016/17 short rain season, experiments were planted at 
all locations (Kiboko, Kambi ya Mawe, Katumani and 
Kabete). Soil Samples were collected from all locations 
before land preparation was done.

Description of the genetic materials
Five medium duration  pigeonpea genotypes: ICEAP 
00557, ICEAP 00554, KAT 60/8, KIONZA and MZ 2/9, 
were used in this study. The cultivar ICEAP 00557 and 
ICEAP 00554 were selected from germplasm from Nach-
ingewa in Tanzania by International Crops Research 
Institute for the semi-arid tropics (ICRISAT). The 
pigeonpea genotypes flower in 85–90 days and maturity 
duration is 150–160  days. The potential yield of imma-
ture grain has been recorded at 7–10 tons per hectare. 
KAT 60/8 was developed in Kenya, with plant height of 
85–130  cm, depending on the altitude and season, and 
has a spreading growth habit. KAT 60/8 develops flowers 
in 95–120 days. The cultivar MZ 2/9 was selected from 
germplasm collection in Mozambique by ICRISAT. It has 
early flower development, 80–100 cm (height), with seed 
mass of 30–40  g/100 seed. The cultivar, KIONZA is an 
early maturing local cultivar (120–220  days to flower) 
and grown by majority of farmers in the Eastern region of 
Kenya for both dry and green vegetable peas. The seeds 
planted in the experiments from ICRISAT’s Kiboko and 
Kambi ya Mawe Research Stations.

Experimental design and field management
The 5 genotypes were planted in a randomized complete 
block design (RCBD), replicated three times at all sites in 
a field plot of 3.0  × 4.5  m, with 1  m between plots and 
1.5 m between blocks keeping inter and intra row spac-
ing of 1.5 m and 0.3 m, respectively as in previous experi-
ments (Ojwang et  al. 2016a,b). Each plot had a total of 
3 rows. Seeds were drilled at a depth of 10 cm. Rainfall 
at Kiboko (E4) was supplemented with irrigation, using 
sprinklers, for a total of 38 times, providing 832 mm of 
water. Seedlings were thinned to one plant per hill two 
weeks after germination, to a spacing of 30  cm. Fields 
were weeded by hand. The crop was protected from pod 
borers, pod suckers, and pod flies by the application of 
broad-spectrum, non-systemic, pyrethroid alpha-cyper-
methrin and dimethoate, a systemic organophosphate, 
after field scouting. Cypermethrin was mixed and applied 
at rate of 1.25  L   ha−1 (equivalent to 25  mL in 20  L of 
water), while 35 ml of dimethoate, was applied at the rate 
of 10,00  L   ha−1. All other agronomic and cultural prac-
tices were done as recommended for each location.

Data collection
Data were collected on eleven crop variables, which 
included: (1) days to 50 percent flowering (days), (2) days 
to harvesting (days), (3) seed per pod (numbers), (4)100 
fresh seed weight (grams), (5) pod  +  grain and grain 
weight (grams), (6) pod length and width (cm), (7) pods 
per plant at harvest (number), (8) plant height at maturity 
(CM), (9) shelling ratio (%), (10) number of racemes per 
plant (number) and (11) primary and secondary branches 
(number). The data were collected from five plants in the 
mid row of the plot of three lines, based on the guide-
line outlined in International Board for Plant Genetic 
Resources (IBPGR and ICRISAT 1993). The weather data 
collected included daily rainfall, maximum and minimum 
daily temperature and mean daily temperature at differ-
ent phases of growth.

Statistical analysis of data
The homogeneity of variances was tested by Bartlett test 
before combined statistical analyses were performed. 
Analysis of variance (ANOVA) for genotypes for quanti-
fied variables, at each location, followed by a combined 
analysis of variance, to partition environment (E), geno-
types (G) and the G × E interactions were done. The 
mean values showing significance of the genotypes for 
each parameter were further evaluated by using least 
significant difference (LSD) test at P  < 0.05 level of prob-
ability, using Fisher’s protected least significant difference 
test. The model employed in the analysis was:

where Yijk is the observed mean of the ith genotype, (Gi) 
in the ith environment, (Ej), in the jth block (Bk); μ is the 
overall mean; Gi is effect of the ith genotype; Ej is effect 
of the jth environment; Bk is block effect of the ith geno-
type in the jth environment; GEij is the interaction effects 
of the ith genotype, and the jth environment; and εijk is 
the error term. AMMI analysis was undertaken, using 
GenStat 15th Edition (GenStat 2015). The yield stability 
of genotypes was computed by using the additive main 
effects and multiplicative interaction (AMMI) model 
(Gauch and Zobel 1997) as described in the equation:

where Yij is the yield of genotype i in environment j; µ 
grand mean; Gi the genotype mean deviations (the geno-
type means minus the grand mean); Ej the environment 
mean deviations; λk the singular value for the PCA axis 
k; γik and γik αjk are the genotype and environment PCA 

Yijk = µ+ Gi + Ej + Bk + GEij + εijk

Yij = µ+ Gi + Ej +�k = 1�k γ ik αjk + ρij + εij
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scores for PCA axis k; K is the number of PCA axes; ρij 
is the additional residue and εij is the ijth error associ-
ated with the model replicated, an error term εijr, which 
is the difference between the Yij mean and the single 
observation for replicates, should be added. AMMI sta-
bility value (ASV) was determined using the formula 
developed by Purchase (1997), while yield stability index 
(YSI) was computed by summing up the ranks from ASV 
and mean seed yield, as previously described (Farshad-
far et al. 2011). GGE Biplot analysis (Yan 2001) was done 
based on the GenStat Statistical Analysis (GenStat 15th 
Edition, GenStat 2015), to graphically visualize the rela-
tionships between genotypes and environment. Compar-
isons of biplots, scatter biplots, and ranking biplots were 
generated for genotype ranking.

Results and discussions
Climatic data at the experimental locations
The rainfall and temperature at the multi-locational 
experiments varied. Kabete received a total of 899.3 mm 
of rainfall in 48 days, compared to 179 mm at Kiboko, in 
19 days. Rainfall at Kiboko was supplemented by irriga-
tion, providing an equivalent of 832 mm for that season. 
Ambient temperatures were relatively cooler (18  °C) at 
Kabete, compared to Kiboko (24  °C). Kabete reported 
lower temperatures (19  °C), followed by Katumani 
(20 °C), Kambi ya Mawe (24 °C) and Kiboko (25 °C). Rain-
fall also followed the same trend, with Kiboko receiving 
296 mm, Katumani, 505 mm, Kambi ya Mawe, 708 mm 
and Kabete, 745  mm. The soil pH ranged from 5.8 at 
Kabete to 6.2 at Kiboko and Kambi ya Mawe. Katumani 
had a soil pH of 5.9. According to Mallikarjuna et  al. 
(2011), pigeonpeas tolerates pH values of 4.5–8.0. Kiboko 

reported higher levels of Calcium (7.0  cmol/Kg), Phos-
phorus (65.6  ppm), Manganese (89.5  ppm) and Sodium 
(0.9 cmol/Kg). The rainfall amounts, temperature and soil 
characteristics were within the range required by pigeon-
pea for growth and development.

Analysis of variance and performance of genotypes 
at the different locations
Genotype (G), environment (E) were highly significant 
(P  < 0.001) while G  ×  E interaction (GEI) were signifi-
cant (P  < 0.05) for grain yield (Table 2). Genotypes con-
tributed 9% of the total variations, while environment 
contributed 49.6% and the interactions of G  ×  E (GIE) 
contributed 19.6% of the variation (Table  3). The com-
bined analysis showed significant GIE interaction for 
yield (P  <  0.05), seed mass (P  <  0.05), days to flower (P  
<  0.001), and maturity (P  <  0.001). Similarly, the number 
of pods per plant (P  <  0.05), number of racemes per plant 
(P  <  0.001), number of secondary branches (P  <  0.05), 
and plant height (cm) were also significant (P  <  0.001) 
(Table  3). The local check cultivar, Kionza recorded a 
significantly (P  <  0.01) greater mean yield, of 1349  kg/
ha, followed by MZ 2/9, with 932  kg/ha (Table  3). The 
G, E and G  ×  E effects on yield in this trial was similar 
to what has been reported for chickpeas (Ashango et al. 
2016, Sreelakshmi et al. 2010 and Pagi et al. 2017) and on 
grain pigeonpeas.

Pigeonpea yield at Kiboko location (March planting) 
was significantly (P  <  0.05) greater, (1695  kg/ha) than 
the other location; followed by Kambi ya Mawe (1379 kg/
ha) and Katumani (1020  kg/ha) locations (Table  4). The 
effect of G  ×  E was indicated by changes in relative rank-
ing of genotypes across locations (Table 4). This implies 

Table 2 Combined AMMI model analysis of variance for grain yield of vegetable pigeonpea genotypes evaluated at six locations in 
Kenya (2016–2017)

NS non-significant; SS sum of square; df degree of freedom; TSS total sum of square; MS mean square; IPCA interaction principal component analysis; GIE genotype  
×  environment interaction
* P < 0.05

**P < 0.01

***P < 0.001

Source df TSS TSS% G × E explained Cumulative (%) MS

Genotypes 4 33,06,164 9.1 – – 8,26,541***

Environments 5 18,103,375 49.6 – – 36,20,675***

Block (within environ) 12 10,21,597 2.8 – – 85,133 NS

GIE interactions 20 71,62,881 19.6 – – 3,58,144**

IPCA1 8 55,16,967 – 77.0 77.0 6,89,621***

IPCA2 6 13,96,489 – 19.5 96.5 2,32,748 NS

Residuals 6 2,49,426 – – – 41,571 NS

Error 48 69,34,666 410.4 – – 1,44,472

Total 89 36,538,683 35 – – –
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that different genotypes are adapted to different environ-
mental conditions, suggesting the need to select environ-
ment specific cultivars. Similar recommendations have 
been suggested in chickpeas (Ashango et al. 2016), grain 
pigeon cultivars (Sreelakshmi et  al. (2010) and on sor-
ghum cultivar selection (Sameer 2018; Mare et  al. 2017 
and Gasura et al. 2015).

Genotype adaptation and yield stability
The AMMI model for grain yield showed that G  ×  E 
interactions (GEI), were significant (P  <  0.01) (Table 4). 
Our research results agree with previous findings grain 
pigeonpeas (Pagi et al. 2017; Phad et al. 2005; and Sameer 
Kumar 2010). Two IPCAs from the interaction compo-
nents, explained 96.5% of the variability in grain yield 
(Table 4). Hintsa and Abay (2013) reported similar obser-
vation in bread wheat, (Tamene et al. 2013; Shitaye 2015; 
Tesfaye et al. 2008) in field peas. Only IPCA1 were signif-
icant at (P < 0.01) for yield (Table 3). The use of only one 
significant IPCA1, to adequately explain the interaction 

between genotype and environment and their adaptation 
has been applied in barley (Gebremedhin et  al. 2014), 
potato cultivars (Mulema et  al. 2008) and sweet potato 
cultivars (Osiru et al. 2009a, b) (Table 4).

The first IPCA sum of squares (TSS) was greater than 
the second IPCA 2, indicating differences in vegetable 
pigeonpea yield performance among genotypes as a result 
of the GIE. Compared to other genotypes, KIONZA, a 
local check cultivar, had a significantly (P  <  0.05) high 
yield across locations, with a mean yield of 1349.7  kg/
ha (Table  5). The cultivar ICEAP 00557 had the least 
yield among genotypes (828.2  kg/ha), but did not sig-
nificantly (P  >  0.05) differ from ICEAP 00554 and KAT 
60/8 (Table 2). The IPCA scores of a genotype is indica-
tive of stability or adaptation over environments (Hagos 
and Abay 2013). The greater the IPCA scores, the more 
adapted is a genotype to certain environments (Hagos 
and Abay 2013; Mulema et al. 2008). IPCA score close to 
zero indicates how stable or adapted the genotype is over 
all the locations under evaluation. In this experiment, 

Table 3 Yield (Kg/ha) of five vegetable pigeonpea genotypes evaluated across six environments in Kenya (2016–2017)

SEM SED; LSD least square difference; CV coefficient of variation; KAT Katumani; KYM Kambi ya Mawe; KAB: Kabete; KIB Kiboko; E environment; NS non-significant

Means followed by the same superscript letter do not differ significantly (P  > 0.05) within the same column at:
* P < 0.05

**P < 0.01

***P < 0.001

Genotypes KAT (E1) KYM (E2) KAB S2 (E4) KAB S1 (E4) KIB S1 (E5) KIB S2 (E6) Mean yield

ICEAP 00554 1160a 711.0b 709.0 478.0 1613.0 559.0 871.7

ICEAP 00557 867.0bc 958.0b 622.0 437.0 1679.0 406.0 828.2

KAT 60/8 669.0c 1099.0b 857.0 264.0 1909.0 473.0 878.5

KIONZA 1083.0ab 2754.0a 1243.0 572.0 1687.0 759.0 1349.7

MZ 2/9 1323.0a 1377.0b 381.0 566.0 1588.0 359.0 932.3

Mean 1020.4 1379.8 762.4 463.4 1695.2 511.2 972.1

SEM 87.0 354.8 184.1 122.1 302.6 124.0 213.8

SE 150.6 612.7 318.9 215.0 524.1 214.7 370.3

SED 123.0 500.3 260.4 175.5 427.9 175.3 302.4

LSD  > 0.05 283.6** 1153.7* 600NS 404.8NS 986.8NS 404.3NS 270.7***

CV% 14.8 44.4 41.8 46.4 30.9 42.0 38.1

Table 4 Average yield (Kg/ha) for the five vegetable pigeonpea genotype, the magnitude (absolute value) of the IPCA’s scores and 
stability parameters from AMMI model

Genotype Average (Kg/Ha) Rank (yield) IPCAg (1) IPCAg (2) ASV Rank (ASV) Yield 
stability 
index

KIONZA 1349.7 1 − 31.38836 0.98557 124.0 5 6

MZ 2/9 932.3 2 1.93568 − 19.21366 20.7 1 3

KAT 60/8 878.7 3 4.38311 17.35355 24.5 2 5

ICEAP 00554 871.8 4 16.63744 − 1.86583 65.8 4 8

ICEAP 00557 828.2 5 8.43214 2.74037 33.4 3 8
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the genotypes KIONZA (IPCA-31.3) and ICEAP 00554 
(IPCA-16.64), had higher IPCA1 scores implying that 
they were most unstable genotypes, as the interaction 
component were large and could be considered as having 
specific adaptation to a given environment. On the other 
hand, MZ 2/9 (IPCA-1.93) and KAT 60/8 (IPCA-4.38) 
had lower IPCA1 scores, and therefore had the lowest 
contribution to the interaction components, indicating a 
wider adaptation and high stability. Previous research has 
documented specific adaptation of potato and sweetpo-
tato genotypes (Mulema et al. 2008; Osiru et al. 2009a, b),

Location adaptation and stability analysis
The Kiboko location had the highest pigeonpea yield 
(1695  kg/ha) during the short rainy season, followed 
by Kambi ya Mawe (1380  kg/ha), Katumani (1021  kg/
ha), Kabete (Short rainy season, March 2016 planting) 
(762.5  kg/ha) and Kabete, (long rainy season, October 
2016 planting) with 463 kg/ha (Table 5). The high yields 
at Kiboko resulted from supplementary irrigation that 
could have provided increased water availability for pod 
development and crop maturity. Similar results have been 
reported previously (Ojwang et al. 2016a–d). In general, 
the locations with higher IPCA1 scores, such as Kambi ya 
Mawe (32.3), Katumani (9.8) and Kiboko (5.0), recorded 
higher yields. Therefore, this indicated that the environ-
ments had greatest interactions with the genotypes were 
most suitable for genotypes with specific adaptation such 
as KIONZA. Locations with lower IPCA scores such 
as Kabete (1.67), at season 1, March planting, Kiboko 
(5.09), season 1—March Planting and Kabete (8.2), sea-
son 2—October planting, indicated stable locations and 
are generally suitable for evaluation of genotypes. Similar 
observations have been made on sweet sorghum (Rono 
et al. 2016) and on pigeonpeas (Pagi et al. 2017).

AMMI stability value (ASV)
AMMI stability value (ASV) has been described as the 
distance from the coordinate point of origin in a two-
dimensional scatter plot of IPCA1 against IPCA2 scores 

in AMMI model (Purchase and Hatting 2000). Geno-
types with the least ASV were the most stable. Therefore, 
genotypes MZ 2/9 and KAT 60/8 with ASI stability val-
ues of 20.7 and 24.5 had general adaptation and greater 
stability. Kambi ya Mawe (127), Kiboko (44, season 2) and 
Katumani (42.5) had the highest ASV, indicating unsta-
ble environments for vegetable pigeonpea yield. Kiboko 
(20.5, season 1—March), Kabete (15.9, season 1) and 
Kabete (season 2—October) had the lowest ASV, indicat-
ing high stability locations for yield evaluation of vegeta-
ble pigeonpea (Table 5).

Yield stability index (YSI)
Yield stability index (YSI) computed by summing the 
rank of mean yield across environments and the rank of 
AMMI stability values of genotypes has also been used 
in genotype selection (Farshadfar 2008). Genotypes with 
the lowest YSI had high mean yield and stability and 
therefore, were desirable. For example, in this research, 
MZ 2/9 and KAT 60/8 had 3 and 5 YSI values, respec-
tively), showing that lower YSI values are indicative of 
high levels of stability with general cultivar adaptation. 
The cultivars ICEAP 00554, ICEAP 00557, and KIONZA 
had higher YSI values of 8, 8, and 6, respectively; indicat-
ing high levels of instability but more specific adaptation 
to particular locations (Table 5). Rono et al. (2016) made 
similar observations based on the YSI values for sweet 
sorghum.

GGE biplot analysis
The GGE biplot analysis combines both genotype (G) and 
GE interaction effects and graphically displays GE inter-
action in a two-way table as previously described (Yan 
et al. 2001). The responsive locations have been described 
as located far from the axis of the plots (Mare et al. 2017). 
Scatter plot analysis indicated that Environment 5—E5 
(Kiboko, season 2), Environment 6—E6 (Kabete, Season 
2) and Environment 4—E4 (Kiboko, season 1) were the 
most responsive test locations but had poor delineation 
ability. Kambi ya Mawe (Environment 2—E2), had both 

Table 5 Mean yield (Kg/ha) of pigeon pea cultivars in the six environments, the magnitude (absolute value) of the IPCA’s scores and 
stability parameters from AMMI Model

E1–E6 environment; EM environment mean yield score; ASV AMMI stability value; YSI yield stability index

Environment EM Yield rank IPCAe (1) IPCAe (2) ASV Rank (ASV) YSI

Kiboko October (E5) 1695.2 1 10.856 9.631 44.0 5.0 6.0

Kambi ya Mawe (E2) 1380.0 2 − 32.328 − 3.907 127.8 6.0 8.0

Katumani (E1) 1020.7 3 9.832 − 17.339 42.5 4.0 7.0

Kabete March (E3) 762.5 4 − 1.679 14.435 15.9 1.0 5.0

Kiboko March (E4) 511.3 5 5.088 4.126 20.5 2.0 7.0

Kabete October (E6) 463.1 6 8.231 − 6.945 33.3 3.0 9.0
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the delineation and representative ability, as evidenced 
by lengthy distance from the center of the plots, and with 
larger IPCA1 scores (−  32.31) relative to lower IPCA2 
scores (− 3.907), making it an ideal and excellent location 
for evaluation of vegetable pigeonpea genotypes (Fig. 1).

We postulate that testing genotypes at Kambi ya Mawe 
during the October rains, which normally the planting 
season at this location, would give more information on 
the performance of genotypes compared to other loca-
tions. Test locations which are discriminatory but non-
representative, such as Environment 3—E3 (Kabete, 
season 1), Environment 1—E1 (Katumani) could be used 
for future selection of genotypes with specific adaptation, 
such as KIONZA and ICEAP 00554. However, Environ-
ment 5—E5 (Kiboko, season 2, October Planting) may not 
be an ideal test location for selecting vegetable pigeon-
pea genotypes with wider adaptation to entire region. In 
comparison, the biplot analysis of Environment 2—E2 
(Kambi ya Mawe) was observed to be within the intrin-
sic cycle (Fig.  2). This location had larger IPCA1 scores 
(−  32.32) and lower IPCA2 scores (−  3.907). Previous 
research reported that the test environments should have 
large PC1 scores in order to discriminate genotypes for 
genotypic main effect and absolute small PC2 scores to 
be more representative of the overall locations (Yan and 

Rajcan 2002). Therefore, Kambi ya Mawe is more suitable 
for all vegetable pigeonpea genotypes, followed by Envi-
ronment 3—E3 (Kabete-season 2) and Environment 4—
E4 (Kiboko, season 1).

In this research, we observed that the cultivar KIONZA 
was an ideal genotype, as shown by its proximity to the 
concentric circle in GGE biplot (Fig. 3), followed by MZ 
2/9, KAT 60/8, ICEAP 00557 and lastly ICEAP 00554. It 
has been shown that the genotype with concentric circles 
previously exhibited high mean yield and therefore des-
ignated as an ideal genotype (Kaya et al. 2006 and Mitro-
vic et  al. 2012). The cultivars ICEAP 00554 and ICEAP 
00557 showed the worst performance genotypes in terms 
of stability as they were located further from the center of 
concentric circle. Therefore, KIONZA could be used as a 
reference genotype for future vegetable pigeonpea evalu-
ation and plant breeding research. Estimation of yield and 
stability has been done using the average environment 
coordinator (AEC) method in which the highest yielding 
and stable genotypes across the test environments were 
designated as ideal (Yan and Kang 2003). Similarly, the 
genotype with limited G × E interaction and broadest 

Fig. 1 The Environment vector view of the GGE drawn to show 
similarities among the test environments in discriminating 
environments

Fig. 2 GGE biplot of Ideal test location and comparison of the 
locations with respect to the ideal location
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adaptation would possess both high mean performance 
and high stability within mega environments.

Conclusions
We evaluated the stability and high yield potential of 
pigeonpea genotypes based on combined ANOVA, 
AMMI and GGE biplot analysis. The cultivars MZ 2/9 
and KAT 60/8 had the least interaction components, 
indicating a wider adaptation and greater stability. The 
locations of Kambi ya Mawe, Katumani and Kiboko (sea-
son 2), had the greatest interactive environmental com-
ponents, showing their suitability for specific adaptation 
of genotypes. The results of ASV and YSI analysis dem-
onstrated that either methods could be used to assess sta-
bility and adaptation of vegetable pigeonpea genotypes. 
The GGE biplot analysis indicated that Kambi ya Mawe 
location was discriminatory and representative, making 
it the ideal and best locations for evaluation of vegeta-
ble pigeonpea genotypes. Overall, KIONZA was the best 
genotype, followed by MZ 2/9, KAT 60/8, ICEAP 00557 
and least ICEAP 00554. This research identified three 
mega-environments: (1) Katumani (season 2); (2) Kambi 
ya Mawe and Kabete (season 1), and Kiboko (season 1); 
and (3) Kiboko (season 2). The best perfroming geno-
types in these environments were: MZ 2/9 (Katumani 

and Kiboko); KIONZA Kambi ya Mawe, Kabete (season 
1) and Kiboko (season 1); Kat 60/8 at Kiboko (season 
2). We propose that KIONZA should be used as a refer-
ence genotype for future vegetable pigeonpea breeding 
research and evaluation, while Kambi ya Mawe was iden-
tified as the most ideal location for testing the genotypes. 
Increased deployment of stable pigeon pea cultivars, MZ 
2/9 and KAT 60/8 would enhance food security utiliza-
tion in the dry eastern regions of Kenya. The ministry 
of agriculture and other development partners need to 
take up these cultivars and promote them to farmers for 
wider adoption in Katumani, Kambi ya Mawe and Kiboko 
environments.
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