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ABSTRACT

High kernel yield and farmer- and market-preferred traits are overriding considerations for groundnut (Arachis hypogaea L.)
breeding, production and adoption. However, yield expression and cultivar selection responses in groundnuts are influenced by
genotype-by-environment interactions (GEI) and management conditions. Therefore, it is essential to evaluate GEI to identify
high-yielding and stable groundnut genotypes preferred by farmers and markets for breeding or variety recommendations. The
objectives of this study were to assess the GEI and farmers' preference traits in groundnut to facilitate the selection of superior
genotypes for release and guide breeding with specific or broad adaptation while integrating farmers' and gender perceived traits.
The study was conducted across 18 environments representing agroecological zones and potential groundnut production areas in
Tanzania. Sixteen genotypes, including two commercial checks, were evaluated in selected locations using a randomized com-
plete block design. Furthermore, on-farm decentralized trials were conducted across 42 locations following the tricot approach.
Significant (p <0.05) variations were detected among the tested genotypes (G), environments (E), and GEI effects on kernel yield.
Genotype ICGV-SM 05534 had a relatively highest kernel yield of 927.232kgha~!. The GGE biplot identified ICGV-SM 16645 and
ICGV-SM 10014 as the most stable genotypes across locations, with mean kernel yields of 936.39 and 877.67kgha~1, respectively.
The triadic comparison of technologies (TRICOT) analysis identified gender differences in trait preferences among groundnut
growers. Early maturity, ease of harvesting and shelling were the most preferred traits by female farmers, and haulm yield by
males. Tan color and small-medium kernel seed size were identified as the top traits selected by farmers' overall varietal prefer-
ences. Additionally, early maturity is an important trait to consider in the market segment. Farmers' preference traits are crucial
during the initial stage of designing the target product profile to increase the adoption of the deployed groundnut variety. The
selected genotypes, test environments, and farmer-preferred traits are vital for breeding pipelines, targeted variety release, and
production for different target population environments (TPEs) in Tanzania.
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1 | Introduction

Groundnut (Arachis hypogaea L.) is a key food security and in-
dustrial seed oil crop globally. Groundnut kernel is rich in oil
(48%-50%), protein (26%-28%), dietary fiber, minerals, and vi-
tamins (Kumar et al. 2024); Pasupuleti et al. (2013). Globally,
groundnut is grown in more than 100 countries situated in
tropical, subtropical, and warm temperate regions (Upadhyaya
et al. 2012). In sub-Saharan Africa (SSA), Tanzania is third in
groundnut production. In 2021, Tanzania produced 720,000 tons
of groundnut from an estimated cultivation area of 1,200,000 ha
(FAOSTAT 2021). Tanzania is a major exporter of groundnut to
the neighboring countries, including Rwanda, Burundi, Kenya,
Uganda, Indonesia, and the Democratic Republic of Congo
(OEC 2026).

Groundnut is a multipurpose crop cultivated mainly by women
and resource-poor farmers in Tanzania for food and cash in-
come. However, kernel yield in groundnut remains low in the
country due to several production challenges such as biotic con-
straints (e.g., insect pests, and diseases), abiotic stresses (e.g.,
poor soil fertility, moisture and heat stress) (Daudi et al. 2018).
The average yield of groundnut in sub-Saharan Africa (SSA)
is below 1tha-!, lower than the global average of 2.5tha™!
(FAOSTAT 2021). There is a need to develop and deliver farm-
er- and market-preferred improved cultivars, modern produc-
tion technologies and good agronomic practices for enhanced
productivity and increased adoption in SSA. The development
of improved cultivars relies on identifying sufficient genetic
variation, selecting stable and superior genotypes for breeding,
and incorporating both farmer and market preferences. Daudi
et al. (2018); Yila et al. (2023) reported that both women and men
emphasized the need for market-preferred traits in groundnut.
However, eating quality or taste and easy shelling were highly
preferred by women farmers. High kernel yield and farmer- and
market-preferred traits are the overriding considerations for
groundnut breeding, production, and adoption.

Yield expression and selection response in groundnuts are sub-
ject to genotype-by-environment interaction (GEI) and man-
agement conditions. In an attempt to select desirable genotypes
for breeding, Daudi et al. (2020) selected new breeding popula-
tions and evaluated genetically diverse groundnut collections in
Tanzania. The authors reported the presence of marked genetic
variation for rust resistance, high yield, and farmer-preferred at-
tributes in the assessed genotypes. Furthermore, the study found
a significant influence of environmental variance on genotype
selection. Several statistical methods are available to analyze
GEI and guide cultivar selection. The genotype and genotype by
environment (GGE) biplot depicts the response of a set of geno-
types and their interaction with the environments to guide gen-
otype and ideal production environment selection. Several past
studies have reported significant GEI in groundnut varieties
(Kona et al. 2024; Kumar et al. 2024; Lal et al. 2019; Lokeshwar
Reddy et al. 2016). Nevertheless, most of these studies were con-
ducted on-station, in controlled environments with access to
agricultural inputs like fertilizer and irrigation (Ceccarelli 2017;
Ceccarelli and Grando 2022). However, these on-station grow-
ing conditions are not consistent with farmer environments.
Moreover, there is still limited research highlighting the eval-
uation of traits related to farmer preferences and gender on a

large scale. A novel decentralized on-farm testing supported by
citizen science, known as the triadic comparison of technolo-
gies (tricot), has emerged as a pioneering framework for on-farm
evaluation. A tricot model is dependent on a larger sample num-
ber (N) and is a decentralized participatory approach demon-
strating the ability to guide breeders to accelerate the selection of
genotypes while mitigating the genotype X environment X man-
agement (G X EX M) interactions (de Sousa et al. 2021a; Occelli
et al. 2024; Van Etten et al. 2019). The tricot approach is referred
to as a citizen science approach because it involves many farmers
with few breeding lines to test. The approach empowers farmers
to actively participate in the evaluation of newly developed va-
rieties and agricultural technologies, enabling the decentralized
assessment of crop varieties or management practices under di-
verse local conditions (Van Etten et al. 2019).

Large-scale participatory trials, engaging many farmers groups,
can generate robust data that enhances the external validity of
experimental findings, providing insights into the performance
of different crop varieties across varying environments (Van
Etten et al. 2019). By leveraging farmer-generated data from
tricot trials, agronomists and breeders can acquire up-to-date
insights on farmers’ and market preferences for new crop vari-
ety releases that align with both farmers' needs and market de-
mands (Alamu et al. 2023; Nanyonjo et al. 2024). Tricot employs
incomplete block designs and best-worst ranking assessments,
allowing for scalable and cost-effective data collection (de Sousa
et al. 2021a). The integration of farmer-generated rankings con-
tributes to more inclusive and context-specific evaluations of
agricultural technologies. Evaluating genotype-by-environment
interactions (GEI) within this participatory framework is es-
sential for identifying high-yielding and stable groundnut geno-
types that align with farmers' preferences and market demands.
In this context, this study aimed to assess GEI and farmers’
preferred traits in groundnut to facilitate the selection of supe-
rior genotypes with specific or broad adaptation, incorporating
farmer perspectives and gender-inclusive trait selection criteria
using triadic comparison of technologies.

2 | Materials and Methods
2.1 | Study Design

A total of 16 groundnut genotypes were used for the on-station
trial in this study (Table 1). The test accessions included elite
breeding lines obtained from the International Crop Research
Institute for the Semi-Arid Tropics (ICRISAT) and two released
materials from the Tanzania Agricultural Research Institute
(TARTI), which were used as checks. The selected test materials
were resistant to foliar disease and have good shelling percent-
age and yield.

Field trials were conducted using a randomized complete block
design (RCBD) with four replications in the 2022 and 2023
growing seasons at nine locations, providing a total of 18 en-
vironments in Tanzania (Table 2). The study sites represented
the major groundnut production areas and six out of the seven
agroecological zones in Tanzania (Figure 1). Descriptions of the
study sites are presented in Table 2. In general, the soil, climatic,
and biological conditions of the study sites vary considerably.
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Description of the study locations in Tanzania and corresponding soil properties, and climatic conditions in 2022 and 2023 in Tanzania.

TABLE 2

Min Temp Total rainfall

Max Temp

(mm)

(°O)

2022

(°O)

2022

Soil

Altitude

Longitude (°E) (masl) Type pH 2023 2023 2022 2023
Sandy loam

Latitude (°S)

Location

Agro-ecological zone

327.3

499.5

5.00

6.5167 38.9167 12

Chambezi

Eastern

40.1682 135 Sandy loam 4.50 30.7 30.9 22.1 224 743.6 802.1

10.3539

Naliendele

Southern

693.2

853.4

4.8356 29.6777 825 Clay to clay loam 5.9-6.3

Kihinga

Western

1070

35.4609

5.5866

Makutupora

Central

23.7 12.1 10.7 1197.2 4979

23.9

8.9094 34.4560 1798 Sandy loam 5.6-6.1

Uyole

Southern highland

585.4

19.7 901.6

19.5

10.22 38.4545 474 Grey and red loam  4.5-6.5

Nachingwea

Southern

19.9 14.2 10.9 639.6 679.1

30.5

5.3456 32.4156 1190 Sandy loam 4.4-5.8

Tumbi

Western

887

1237.7

Sandy loam 5.5-7.5 29.2 29.6  21.65 21.5

1236

2.4300 33.1000

Ukiriguru

Lake

1122

4.5-6.5

608 Sandy loam

11.0400 37.2100

Nakayaya

Southern

millimeter.

maximum, Min=minimum, mm=

meter above sea level, Max=

Abbreviations: masl

2.2 | Field Establishment and Trials Management

Trials were conducted using experimental units (plots) that
consisted of two rows that were 4m long. One seed per sta-
tion was planted with an inter-row spacing of 50cm and an
intra-row spacing of 10cm. Two guard rows were planted at
the beginning and end of each replication. The trials were
done at Ukiriguru, Kihinga, and Tumbi sites and were estab-
lished in October/November in both seasons, while trials at
Naliendele, Nachingwea Makutupora, Nakayaya, and Uyole
were established in December, and at Chambezi, the trials
were established in February/March. Standard crop manage-
ment practices were followed as recommended for the area
(NARI 2010).

2.3 | Triadic Comparison of Technologies Trials

The above 16 groundnut genotypes were used for both on-farm
and on-station trials in this study (Table 1). An additional local
variety was added as a “local check” for the on-farm trials.

Decentralized on-farm trials were established as incom-
plete blocks of three following the tricot approach (de Sousa
et al. 2024). Each plot consisted of two rows, 4m long, with an
inter-row spacing of 50cm and an intra-row spacing of 10cm,
and one seed planted per hole. The study was conducted from
2021 to 2024 following the framework proposed by de Sousa
et al. (2021a, 2021b). The approach consists of an adapted
mother-baby trial (Witcombe et al. 2006) with centralized on-
station locations being managed by researchers under an RCBD
and decentralized on-farm trials managed by farmers under an
incomplete block design of three following the tricot approach
(de Sousa et al. 2024). The trials at all on-farm sites (Figure 1)
were established under natural rainfall. Each farmer received a
random and anonymous combination of three varieties to evalu-
ate, denoted as A, B and C, which were assigned using ClimMob
software (Quir'os et al. 2024). A total of 154, 178 and 871 farm-
ers participated in 36 villages of 10 regions of Tanzania in 2021,
2022 and 2023, respectively.

2.4 | Data Collection
2.4.1 | Genotype-by-Environment Interaction Trails

At harvest maturity, pod yield (PDY) was measured by weighing
the dried pods from each plot and recording the weight in grams
per plot. The shelling percentage (SP) for each genotype was cal-
culated from a random sample of pods weighing 200g, as the
proportion of shelled seed weight to the total weight of the un-
shelled pods (Pasupuelti et al. 2018). Kernel yield (KY, expressed
in t ha-1) was estimated as the product of pod yield per plot and
shelling percentage and was converted to kg ha-1 using the plot
size (4 m?) after adjusting for moisture content.

2.4.2 | Triadic Comparison of Technologies Trials

At the tricot on-farm trials, farmers were guided to plant the
three varieties side-by-side and on the same day, and next to
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within 2-5 arc-min resolution.

their own crop under usual crop management. They were also
instructed to evaluate their performance using the best-worst
scaling for pre-determined traits based on the target product
profile (TPP) designed for groundnut across different crop
stages (e.g., shelled yield, pod yield, kernel color, vigor, ma-
turity, harvest labor). Additional information such as Global
Positioning System (GPS), location of the trial, farmer age and
gender, and the previous use of the land where the trials were
established were also collected at the seed delivery moment.
For farmer-led variety performance evaluation, the data was
digitally collected with the support of extension officers using
Open Data Kit (ODK, https://getodk.org) on smartphones/
tablets.

2.5 | Data Analysis
2.5.1 | On-Station Trials

A fixed-effect model was employed to analyze the yield trait
from the RCBD trials using the R software (R Core Team 2021).
In this analysis, each combination of year and location was
treated as a distinct environment. Given that the trial spanned
nine locations over 2years, there were a total of 18 unique envi-
ronments. For each of these individual environments, the fol-
lowing model was used.

where:

Y; represents the observed response variable for the ith genotype
and jth replication.

u is the overall mean.
G, represents the fixed effect of the ith genotype.
R; represents the fixed effect of the jth replication.

Moreover, a mixed-effects model was employed by considering
year, location, and genotype as the main effects, and replication
as the nested effect within location and year. Additionally, all
two-way interaction effects among year, location, and genotype,
as well as the three-way interaction involving year, location, and
genotype, were included in the model. To implement this, the
following model was considered:

Yju=mn+vi+E+Ry;+G+7.E+7v.G+E.G+7,.E.G + ey

where:

Y represents the observed response variable for the Ith

Genotype in ith Year, jth Location, and kth Replication nested
within Location.

u is the overall mean.
7; represents the random effect of the ith Year.

E represents the random effect of the jth Location.

Food and Energy Security, 2026
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Ry, represents the random effect of the kth Replication nested
within the jth Location in ith Year.

G, represents the random effect of the Ith Genotype.

7:- E; represents the random interaction effect between Year and
Location for the ith Year and jth Location.

7;- G, represents the random interaction effect between Year and
Genotype for the ith Year and Ith Genotype.

E;. G, represents the random interaction effect between Location
and Genotype for the jth Location and Ith Genotype.

7i-E;. G, represents the random 3-factor interaction effect be-
tween Year, Location, and Genotype for ith Year, jth Location,
and Ith Genotype.

2.5.2 | On-Farm Tricot Trials

On-farm data was analyzed using the Plackett-Luce (PL) model,
independently proposed by Luce (1959) and Plackett (1975) to
analyze ranking data. It is implemented in R by the package
“PlackettLuce” (Turner et al. 2020). The Plackett-Luce model
estimates the relative importance (probability of outperform-
ing) of different technologies following Luce's Choice Axiom
(Luce 1959), which states that the probability that one item (e.g.,
variety) outperforms another is independent of the presence or
absence of any other items in the set, as the following equation
explained;

P@ > ) =pi/(Pi +Pj)

where p; is a positive real-valued score assigned to individual i.
The comparison i>j can be read as “i is preferred over j”.

The PL model determines the values of positive-valued parame-
ters a, (worth) associated with each item i. These parameters o
are related to the probability (P) that item i outperforms all other
n items in the set. We report log-worth values that are centered
to 0 using the item(s) Local as the control treatment (check).
The tricot trials used rankings of three varieties (i > j > k), which
have the following probability of occurring according to the
PL model:

P(i>j>k)=P(i>],k) - PG> k)

We used Kendall Tau correlation to identify the traits most
closely associated with farmers' overall preference for
the tested varieties. For the modeling and data process-
ing of on-farm data we used the R packages PlackettLuce,
ClimMobTools, and gosset (Turner et al. 2020; Van Etten
et al. 2019; van Ettena et al. 2023).

3 | Results
3.1 | Climatic Conditions of Test Environments

Preliminary climatic data over the seasons showed a de-
crease in total rainfall in almost all the study sites and

variable temperatures (Table 1). The highest rainfall in 2022
was 1237.7mm at Ukiruguru, and 887mm at Ukiruguru in
2023. Generally, 2022 received high rainfall compared to 2023.
Chambezi received low rainfall in both years 2022 and 2023
(499.5 and 327.3mm, respectively), and the highest rainfall site
was Ukiruguru. The maximum temperature was 30.7 C in 2022
and 30.9°C in 2023 at Naliendele, and the minimum was 12.1°C
in 2022 and 10.7°C in 2023 at Uyole.

3.2 | Response 16 Groundnut Genotypes for Kernel
Yield When Evaluated in 18 Environments

The effect of groundnut genotypes on kernel yield when eval-
uated in 18 environments is presented in Table 3. The analysis
revealed that the GEI was highly significant (p <0.001). Also,
highly significant (p<0.001) effects were noted among the
tested groundnut genotypes. Kernel yield exhibited highly sig-
nificant (p <0.001) environmental variability.

3.3 | Performance of Groundnut Genotypes

The top three genotypes with high kernel yield are ICGV-SM
16530 (936.393 kgha1), ICGV-SM 03707 (927.232 kgha™!), and
ICGV-SM 16524 (919.020 kgha™') (Table 4). The mean kernel
yield across locations was 831.834 kgha!. The five bottom-
performing genotypes in terms of kernel yield were ICGIL 17120
(676.543 kgha™'), ICGV-SM 02724 (745.907 kgha~!), ICGIL 17123
(756.369 kgha™1), ICGV-SM 16514 (775.130 kgha"), and ICGIL
17105 (815.615 kgha™!). These genotypes yielded below-average
pod yield. The highest yield location was Nachingwea, and the
lowest was Nakayaya (Table 4).

TABLE 3 | Analysis of variance and significant tests for kernel
yield among 16 groundnut genotypes evaluated in 18 environments in

Tanzania.
Source of
variation df Component St. error
Environment 17 342,848.401  173,665.929%**
(E)
Replication 8 3668.692 1673.608
(year: location)
Block 36 342,848.401 173,665.929%**
(replication)
Genotype (G) 15 6876.455 3277.364%*
GXE 255 16,862.378 2654.994%**
Parameters
Mean (kgha™!)  831.834
H? 73.7%
CvV 31.413%

Note: ** and *** represent significant differences at 0.01, 0.001 probability level,
respectively.

Abbreviations: CV =coefficient of variation, DF =degrees of freedom,
H?=Broad sense heritability.
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3.4 | Genotype Main Effect and Genotype by
Environment Interaction Analysis

Figure 2 presents a biplot of principal component analysis (PCA)
illustrating the mean performance versus stability of different
groundnut genotypes based on genotype-by-environment in-
teraction (GEI) analysis. Principal component 1 (PC1) accounts
for 55.4% of the total variation, while PC2 explains 9.47% of the
variation (Figure 2). The graph is centred at the origin, with gen-
otypes represented as green and blue labels, indicating differ-
ent classification groups. The arrows denote stability and mean
performance, with entries positioned further along the PC1 axis
exhibiting higher mean performance. Genotypes clustered near
the origin showed relative stability, while those farther away
exhibited greater variability. Most assessed genotypes showed
minimal deviation along the principal component axes, indicat-
ing consistent performance across different environments.

Genotype ICGV-SM 16645, had the closest proximity to the ideal
genotype; it's the highest yielder, stable and, therefore, most desir-
able of all the tested genotypes, followed by genotype ICGV-SM
10014, which had higher yield advantage than the check (Figure 2).

3.5 | Which-Won-Where Analysis

“Which-won-where” analysis for genotype evaluation across
multiple environments presented by a GGE biplot. The two
principal components (PC1 and PC2) explained approximately
64.87% of the total genotype-environment interaction variation,
with PC1 accounting for 55.4% and PC2 for 9.47% (Figure 3).
The unexplained variation (35.13%) is a random or unaccounted

Mean vs. Stability
Scaling =0, Centering =2, SVP =3
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FIGURE 2 | The average environment coordination view compari-
son biplot comparing genotypes relative to an ideal genotype (the centre
of the concentric circles). Names in blue denote the environment and in
green the genotypes. Blue arrows represent ideal genotypes.

variation attributable to interaction effects common in multi-
environment field trials such as measurement inaccuracy, vari-
able soil, climatic, and growing conditions. Prominent polygon
vertices represent the genotypes with the best performance in
respective agroecological zones. Best performing genotypes
included Mnanje 2009, ICGV-SM 16445, ICGV-SM 05534, and
ICGIL 17120 (Figure 3). These genotypes exhibited adaptation
and superior yield potential within the different tested envi-
ronments. Genotype Mnanje 2009 emerged as an outstanding
with high stability and performance across multiple conditions.
Specifically, ICGV-SM 16645, located at the corner of the poly-
gon, was the best-performing genotype in most locations for the
2022 and 2023 seasons, except at Uyole in 2022; ICGV-SM 05534
was the best, and in 2022, Kihinga was the lowest yielding site
with genotype ICGIL 17120 due to the severity of groundnut ro-
sette. The Western part of Tanzania is often affected by ground-
nut rosette disease. Genotype Mnanje 2009 (check-2) performed
better at Naliendele in 2022 and Chambezi in 2023.

3.6 | Correlations Among the Assessed
Groundnut Traits

Pearson correlation analysis between pairs of test environments
by year and location for the 16 groundnut genotypes. The ma-
trix revealed a clear clustering by year, with environments from
2023 (e.g., 23_MAKU, 23_NACH, 23_UKIR) exhibiting strong,
significant positive correlations (r=0.66-0.91) (Figure 4). This
suggested consistent genotype performance patterns within this
season. Similarly, moderate to high correlations were observed
among 2022 environments, but with lower significance, which
was indicative of variability in stability based on year. On the
other hand, correlations between environments across years, for
example, between 2022 and 2023, were relatively weaker and
often non-significant, reflecting strong genotype Xyear inter-
actions (Figure 4). These observations suggested that environ-
mental conditions, particularly between growing seasons, had a
substantial influence on genotype performance for kernel yield.

3.7 | The Triadic Comparison of Technologies
Analysis

On-farm testing results extracted the farmer-stated prefer-
ences as explained by the Kendall correlation (Figure 5).
Both men and women preferred varieties that are easy to
sell (marketable) with all market-preferable traits presented
in Figure 5. Results showed additional traits preferred by
women, including early maturity, ease to harvest, and shell-
ing (Figure 5). Pearson correlation coefficients between key
varietal traits and the overall varietal preference scores were
distinguished by gender. For both men and women, kernel
size and color and marketability are common traits of im-
portance. Tan-colored kernels with small to medium size are
the most preferred, accounting for about 60% of the market
share, followed by large red kernels. However, gender-specific
differences became apparent in the mid-ranked traits. For
men, yield was more strongly correlated with overall prefer-
ence (r~0.5) compared to oil content, whereas for women,
oil content (r=~0.5) ranked slightly above yield (Figure 5).
This suggested that women placed relatively greater value on
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Which-won-where view of the GGE biplot

Scaling = 0, Centering =2, SVP =3
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FIGURE3 |

“The which won where” polygon view of the GGE biplot showing which genotypes perform best in which environment. Blue circles

represent the environment and green the genotype. Vertices of the polygon indicate superior genotypes in each sector.
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FIGURE 4 |
among 18 test environments based on the performance of 16 evaluated

Pairwise correlation matrix depicting the relationships

genotypes. Correlation strength is represented by both color and circle
size, green hues denote positive correlations, red hues indicate negative
correlations, and color intensity corresponds to correlation magnitude.
Non-significant correlation (p>0.05) is marked with black crosses.

nutritional or processing-related traits, while men emphasized
agronomic performance. Traits like pod yield, haulm yield,
and shelling showed moderate correlations in both groups, in-
dicating their intermediate importance. Additionally, harvest

labor and maturity exhibited low correlations across both
groups (<0.3), though women rated these marginally higher
than men (Figure 5).

In aggregate (Figure 6), Central zone farmers’ overall variety
preferences skewed toward ICGV-SM 16514 linked to their ker-
nel color. In the Eastern zone, Mangaka 2009 was overall pre-
ferred due to the kernel color (tan) and size (small-medium).
ICGV-SM 16514 emerged as another popular variety, driven
by maturity, harvesting labor, kernel and pod yield, but less by
overall preference. The overall preferred varieties in the lake
zone are ICGV-SM 17533, Mangaka 2009, ICGV-SM 10014, and
ICGV-SM 02724 linked to maturity and kernel yield. In the
Southern zone, there is a strong negative correlation between
the preferred varieties and traits. Mangaka 2009 and ICGV-SM
16630 were overall preferred in the Southern highland zone due
to seed size and kernel color. ICGIL 17105 emerged as another
popular variety in the Southern highlands, driven by medium
maturity (100-120 days) and harvesting labor but less by overall
preference. Mangaka 2009 was overall preferred in the Western
zone due to seed size. However, this breakdown ignores any pos-
sible segmentation of farmer preferences.

Figure 7 illustrates the on-farm performance of various varieties
for kernel yield, using weighted coefficients as the basis. In the
Central zone, the top three performing varieties are ICGIL 17120,
ICGV-SM 16514, and ICGV-SM 17533. Varieties with high kernel
yield in the Eastern zone include ICGIL 17105, Mangaka 2009,
and ICGV-SM 16514. For Lake zones, the standout performers
are ICGV-SM 17533, ICGV-SM 02724, and ICGV-SM 10014. In
the Southern zone, the high-yielding varieties are ICGV-SM
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FIGURES5 | Kendall correlation coefficients for trait preference with overall varietal preference among male (n = 549) and female (n = 654) respon-
dents. The left panel represents responses from men, while the right panel reflects responses from women. The bars are ranked in descending order
of correlation strength, illustrating which traits most strongly influence varietal choice for each gender group.
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FIGURE 6 | Principal components of Plackett-Luce model estimates (log-worth) across agro-ecological zones in Tanzania. Each panel represents
the performance of groundnut varieties by traits within the agro-ecological zone. The arrows indicate the direction and strength of the correlation
between traits and variety performance within each agro-ecological zone, while the dots represent individual variety ranking based on the Plackett-
Luce model.
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FIGURE 7 | Selection score based on weighted coefficients derived.

03707, Mnanje, and ICGV-SM 17533. ICGIL 17120, ICGV-SM
02724, and ICGV-SM 03707 are the best varieties in the Southern
highland, and for the Western zone, varieties ICGV-SM 02724,
ICGV-SM 10014, and ICGV-SM 16645 yield better.

4 | Discussion

The large sum of squares for environments in the combined
analysis of variance indicated that the environments were di-
verse (Table 3). This presents a differential response of tested
genotypes to environmental conditions, confounding genotype
selection across the test environments. Selecting superior geno-
types is complicated when genotype performance is not consis-
tent over several test environments, which prolongs the breeding
process (Funnah and Mak 1980). The differential performance
of genotypes across environments was indicative of variation in
climatic and soil conditions in the different growing environ-
ments. Variability in climatic factors such as temperature, rain-
fall, and humidity is an important factor affecting plant growth
and development that ultimately leads to differences in yield
productivity. A large contribution of the environment affecting
yield stability was reported in several studies (Nzuve et al. 2013;
Sibiya et al. 2012; Yan and Kang 2003). The genotypic variation
observed in kernel yield within a site is a result of differences in
the genetic composition of test genotypes.

Eastern Lake

—

Southern Highlands

Western

[[LITLILLT T

0.1 0.2 0.30.

o

0.1

o
N
o
w

Selection score

Yield is a quantitative trait conditioned by polygenes, and its ex-
pression varies across test genotypes and environments. Genetic
variation is fundamental in plant breeding programs, which al-
lows identification of superior genotypes for enhanced genetic
gain. Previous studies reported significant genetic variation
after evaluating a large panel of groundnut germplasm (Daudi
et al. 2020; Lal et al. 2019; Narasimhulu et al. 2012). The pres-
ence of GEI reduces correlations between genotype and pheno-
type expression and leads to longer breeding cycles or failure
to identify superior genotypes (Bustos-Korts et al. 2018). Crop
improvement depends on the availability of genetic variation
with stable performance for economic traits (Khan et al. 2015).
Genotype X environment interaction effects were significant for
kernel yield (Table 3), suggesting that environmental variability
and change in climatic conditions affect the phenotypic expres-
sion of the tested groundnut genotypes. Environmental variabil-
ity presents challenges for selection as it reduces the correlation
between genotype and phenotypic expression. Mekontchou
et al. (2006) and Bucheyeki et al. (2008) reported significant gen-
otype, environmental, and genotype X environment interaction
variations for agronomic traits in groundnuts.

To find which genotype won in which environments and to dis-
play mega-environments, GGE analysis was the model of choice.
In the GGE biplot analyses, useful information was extracted
from the different biplot graphs. From the GGE biplot (Figure 3),
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it was possible to visualize the interrelationships among the en-
vironments. It is possible that fewer but better test locations can
provide equally or more informative data for cultivar evaluation
(Yan and Kang 2003). Figure 3 shows that the rays of the biplot
divide the plot into four sections, with fourteen environments
all appearing in one sector and the remaining five appearing
in three different sectors. These environments also show high
correlation as indicated in Figure 4. These sectors had a dif-
ferent high-yielding vertex genotype each. It thus suggests that
there are at least four groundnut mega-environments (shown
in blue circles, Figure 3) in Tanzania. In mega environment 1,
which consists of 14 locations, ICGV-SM 16445 was the high-
yielding genotype, and mega environment 2 of Uyole 2022 lo-
cation ICGV-SM 05534 was the leading. Check variety (Mnanje
2009) has high yielding at Naliendele in the year 2022. The
low-yielding site was Kihinga 2022 with genotype ICGIL 17120.
These genotypes showing high positive interaction with the en-
vironments could exploit specific agroecological conditions of
the environments and therefore are best suited to those environ-
ments (Kandus et al. 2010). According to Yan et al. (2007), when
different environments fall into different sectors, it implies that
they have different high-yielding cultivars for those sectors and
it shows crossover G X E, suggesting that the test environments
could be divided into mega environments. The information
on GEI will be useful in dividing the target environment into
different mega-environments (Gauch and Zobel 1997) and de-
ploying different genotypes in different mega-environments.
Cultivar evaluation within a mega-environment should there-
fore be based on both mean performance and stability to avoid
the random GEI (Yan and Kang 2003). This could be done by
identifying the ideal genotype. Yan and Kang (2003) defined
an ideal cultivar by two criteria: (1) it has the highest yield of
the entire set of genotypes; and (2) it is stable, as indicated by
the small circle being located on the AEC abscissa and with an
arrow pointing to it (Figure 2). Although such an ideal geno-
type exists rarely in reality, it can serve as a reference for culti-
var evaluation. Therefore, as indicated in Figure 2, genotypes
ICGV-SM 16645 and ICGV-SM 10014 that consistently perform
across seasons and locations will be ideal for selection. Farmers'
preferences are a very important component to consider in any
breeding program to accelerate adoption and variety turnover
of the varieties (Eldon et al. 2020; Snapp et al. 2003). Having
farmers test potential innovations in their own environment
and use socio-economic context means that farmers have an
opportunity to express their views on many aspects of suit-
ability such as overall appreciation, marketability, maturity,
and labor requirements. Inclusive farmers' preferences need to
consider the gender dimension. The gender-sensitive approach
helped to unpack the variation across genders and is especially
critical where female members of the farming community take
significant responsibilities in farming activities (Nidumolu
et al. 2022). Historically, gender inequality remains a deeply en-
trenched institutional barrier to economic empowerment in de-
velopment settings (Hansda 2018). Gender-specific preferences
helped with highlighting differences in perspectives between
male and female farmers. Both men and women preferred mar-
ketability, kernel color, and kernel size as their most important
traits (Figure 5). This suggested that there was a shared empha-
sis on traits linked to visual appeal and market-related value,
probably due to their direct influence on income potential. Our
findings also showed that women placed relatively greater value

on the traits, which reduce cost of labor such as shelling and har-
vest labor, while men emphasized yield performance. Farmers’
overall preferences for groundnut in Tanzania in different agro-
ecological zones related primarily to kernel color and seed size.
Maturity appears also as an important factor leading farmers in
the selection of the variety to grow though it is not in the overall
preferences (Figure 6). These bear resemblance to priority traits
documented in other studies (Daudi et al. 2018; Yila et al. 2023).
Notably, although kernel color (Tan/red) and seed size (Small/
large) emerged as a key factor driving farmers’ preferences and
market segment of the groundnut, it is not consistently included
in breeding programs as a priority trait. Breeding programs
of groundnut should account for color and seed size from the
early stages during development of target product profile as
CIMMYT Eastern and Southern groundnut breeding program
has started doing. The convergence on easy to sell in the mar-
ket (marketability), small-medium kernel size, and tan color as
top-ranked traits underscores the need for breeders to prioritize
market-preferred phenotypes. Simultaneously, the nuanced
divergence on traits like oil content and labor-related features
highlights the value of tailoring breeding pipelines to address
gender-differentiated trait priorities, which will consequentially
increase adoption rates and varietal turnover. On-farm ranking
observations aggregated from many farmers have been shown
to be useful for distinguishing different performances of agri-
cultural technologies (Steinke et al. 2017; Van Etten et al. 2019).

5 | Conclusions

Kernel yield is a winning trait in groundnut breeding and produc-
tion. Using GGE, genotypes ICGV-SM 16645 and ICGV-SM 10014
were identified as best performers for being close to the ideal cul-
tivar in the GGE biplot analysis. The GGE analysis delineated the
test environments into four mega-environments and is useful for
the targeted evaluation of genotypes and for effective breeding and
seed production. Over the years data are required to have a clear
understanding of testing locations for groundnut in Tanzania and
reduce the cost of using the location of the same results. Crop im-
provement programs need to consider the gender dimension and
its critical role in groundnut variety to cultivate decision-making.
Further study is required to segment more farmers' preference to
include young men and women. In this study, we identified the
top traits of interest for farmers: Kernel color and seed size drove
farmers' overall varietal preferences. Farmers' selection criteria
differ from one location to another. Therefore, it is very important
to involve farmers from different locations in testing our breed-
ing material before proposing for release. The findings can help
guide breeding programs and seed companies in expanding access
to suitable diversity of improved groundnut varieties, and specifi-
cally to fit different market segments. While the on-farm data may
support informed breeding programs in product profile designing,
the outcomes of the accelerated adoption rate of improved varieties
and food security will be a diffused pathway.
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