ARTICLE

@AB 2icy

J] 0O URNA AL

Bayesian estimation of adaptability and stability
parameters in watermelon genotypes using the
Toler model
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Abstract: The objective of this study was to evaluate the adaptability and
phenotypic stability of watermelon hybrids across diverse environments in the
semiarid region of Rio Grande do Norte, Brazil, using Toler’s simple linear and
piecewise linear models under both frequentist and Bayesian frameworks. The
Bayesian analysis employed noninformative uniform priors and yielded clas-
sifications consistent with the frequentist results, reinforcing the robustness
of the classification results. Genotypes in group A (WM-5, WM-6, WM-9, and
WM-10) exhibited low sensitivity to adverse environmental conditions and high
responsiveness in favorable environments, along with high phenotypic stability.
The results demonstrate that Bayesian approaches are a reliable complement
to conventional analyses, thereby supporting breeding strategies and cultivar
recommendations for semiarid regions while enhancing the robustness of fre-
quentist inference through explicit quantification of uncertainty.
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INTRODUCTION

Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai] is one of the most
widely cultivated and consumed fruits worldwide, with significant economic and
social importance. In Brazil, watermelon is cultivated in nearly all regions, with
the Northeast region standing out as the primary production area, contributing
substantially to both domestic consumption and exports. In 2024, national
watermelon production exceeded 1.7 million Mg, positioning Brazil among the
leading global producers (IBGE 2024). Export-oriented watermelon production
in the Mossord-Assu agricultural pole is conducted primarily by companies
employing advanced technology and single-cross hybrid seeds.

To meet farm requirements, seed companies continually develop new
watermelon cultivars and release new hybrids annually. However, evaluating
new hybrids for high yield and fruit quality is essential before recommending
cultivars for export (Aragdo et al. 2015). Watermelon hybrids in Rio Grande do
Norte are grown under diverse environmental conditions, resulting in significant
genotype x environment (G x E) interaction. This interaction influences phenotypic
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expression, such that cultivars with superior performance in one environment may not exhibit equivalent performance
in another. This complicates cultivar recommendation by breeders (Lima et al. 2025).

Several approaches can be used to reduce the effects of G x E interaction, including the selection of cultivars with
superior adaptability and phenotypic stability (Nunes et al. 2006, Nunes et al. 2011). In plant breeding, adaptability
and stability are fundamental concepts. Adaptability refers to the capacity of a genotype to respond positively to
improvements in environmental conditions, whereas stability refers to the consistency of its performance across varying
environments (Cruz et al. 2012, Oliveira et al. 2019). Genotypes with high stability are less influenced by environmental
variability and are particularly suitable for heterogeneous or unpredictable conditions. Stability may be static, defined
as consistent performance across environments, or dynamic, defined as performance that changes proportionally
with environmental quality (Lin et al. 1986, Becker and Leon 1988). Evaluation of both traits together provides a more
comprehensive assessment of genotype performance in multi-environment trials. Thus, statistical models capable of
accurately characterizing genotypic responses to environmental variation are required for reliable cultivar recommendation
(Rosa et al. 2023).

The model proposed by Toler and Burrows (1998) advances the analysis of G x E interaction through a piecewise bilinear
regression approach that estimates distinct genotype responses in unfavorable and favorable environments. This model
yields parameters that characterize mean performance, sensitivity under unfavorable conditions, and responsiveness
in favorable environments, providing a robust method for evaluating G x E interaction relative to conventional linear
regression models (Kvitschal et al. 2009, Rosa et al. 2023). However, application of this model to various crops, including
watermelon, remains limited, indicating potential for further investigation of its benefits in genotype selection.

The Bayesian approach to the Toler model offers a promising alternative, allowing the incorporation of prior information,
estimation of posterior parameter distributions, and more accurate quantification of uncertainty (Rosa et al. 2023, Lima
etal. 2025). Coherent and informative priors can improve parameter estimation; in contrast, poorly specified priors may
bias results, whereas vague or noninformative priors generally produce estimates similar to those obtained using the
conventional frequentist approach. Additionally, the Bayesian framework provides more precise estimates of standard
deviations and yields probabilistic measures of uncertainty, such as highest posterior density intervals (HPD intervals),
also referred to as highest density intervals (HDI). Furthermore, the Bayesian approach is particularly advantageous in
situations with few environments or limited sample sizes, which are common in plant breeding trials.

Thus, the objective of this study was to apply Bayesian estimation to assess adaptability and stability parameters of
watermelon genotypes using the Toler model, aiming to identify genotypes that combine high mean performance with
consistent responses in both unfavorable and favorable environments.

MATERIAL AND METHODS

Experimental details

Fifty watermelon hybrids were evaluated in four municipalities representative of the Mossord-Assu agricultural pole
(Mossord-Assu Agropolo) in Rio Grande do Norte, Brazil: Mossord, Barauna, Assu, and Ipanguacu. Evaluations were
conducted in these four municipalities over three consecutive years (2017, 2018, and 2019), totaling 12 environments.

In all environments, the crop was irrigated by drip irrigation with fertigation, with row spacing of 3.0 m and dripper
spacing of 0.4 m. Fertilizers were applied according to soil analysis recommendations for each site. Other crop management
practices followed the state recommendations for watermelon cultivation (Silva et al. 2008). The experiments were
conducted in a randomized complete block design with three replications. Each plot consisted of three rows, each 4.8
m in length, with one plant per planting hole. The evaluation area comprised the central row, excluding the border
plants at each end.

The simple and complex components of the genotype x environment (G x E) interaction were estimated using the
method proposed by Cruz and Castoldi (1991). Decomposition of the hybrid x environment interaction was performed
using the GENES software (Cruz 1997).
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Toler’s model

This method assesses genotype adaptability and stability across an environmental gradient (uj), extending the linear
regression model of Eberhart and Russell (1966) to a piecewise linear model with two slopes (8, and B,) connected at
a breakpoint. In this study, the version described by Nascimento et al. (2020) was used:

V=0 (28,4 (1-2) Bl +e,

where Yij is the yield of genotype i in environment j, a. is the intercept representing mean performance, B and , are
the slopes before and after the breakpoint at .= 0, Z, is an indicator variable (1if u,<0and0if p > 0), and g, is the
residual error.

After model fitting, hybrids were classified according to their response patterns to environmental variation. When
the hypothesis B, = B, is rejected, two response patterns are defined: group A, if 8, <1 < ,, in which the genotype
exhibits a convex response (doubly desirable); or group E, if B, > 1> B, , in which the genotype exhibits a concave
response (undesirable).

If the hypothesis B, = B, is not rejected, the response is linear, and a simplified Eberhart and Russell (1966) model
is fitted:
Y"' = CX.’. + ﬂcommon H; + E,ij
where Y is the yield of genotype i in environment j, a, is the mean response in the average environment (u5=0), 8,
is the common slope, and eu is the residual error.

Within this linear framework, three classifications are possible: group B, if 8__ n > 1, indicating responsiveness
in favorable environments; group C, if B =1, indicating stable performance across environments; and group D,
if B <1,indicating responsiveness in unfavorable environments. In addition to evaluating genotype adaptability
through the slope parameters B, and B, , assessment of phenotypic stability is necessary, as it quantifies the consistency

of performance across environments.

In this study, phenotypic stability was estimated using the variance of deviations (02 ), calculated as 0%, = 0?_ - MSR,
where @’ is the mean square error of the fitted model, MSR is the residual mean square from the analysis of varlance
(ANOVA) and ris the number of replications. This variance quantifies the unexplained variation in genotypic responses
after fitting the linear regression model. Occasionally, this estimate may be negative and therefore uninterpretable; in
such cases,0?, = 0 was assigned, indicating maximum phenotypic stability, following Nascimento et al. (2020) and de
Lima et al. (2025).

Bayesian inference

Bayesian inference, based on Bayes’ theorem, was used to estimate parameters by integrating prior information
with observed data, resulting in robust posterior distributions. Initially, a frequentist analysis was conducted using
piecewise regression with a breaking point at zero, fitted individually for each genotype and compared with the simple
linear model using t-tests and F-tests to characterize the expected behavior of the parameters. These data were used as
prior information and incorporated into the Bayesian inference. The likelihood function was specified from the model
residuals, assuming a normal distribution with the mean adjusted to the model predictions and variance estimated from
the residual standard deviation. Based on these results, uniform priors were specified as U[-40,40] for B and f,, and
U[10,80] for a;; these priors were applied to all genotypes, as derived from the frequentist analysis, and bounds were
also defined for the environmental quality index (,uj.) to ensure consistent posterior estimates.

A total of 3,000 posterior samples per chain were retained for inference (draws = 3,000) across four independent
chains (chains = 4). Thus, with 3,000 post—burn-in samples from each chain, the total posterior sample size was 12,000.
The number of tuning iterations was set to 1,000 (tune = 1,000), such that the first 1,000 iterations of each chain were
discarded as burn-in, a standard practice in Markov chain Monte Carlo (MCMC) sampling.

Initial parameter estimates, used as prior information, were obtained using the sm.OLS function from the statsmodels
package in Python (Seabold and Perktold 2010). Bayesian regression was implemented using the PyMC package (Abril-Pla
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etal. 2023). In contrast to the ordinary least squares (OLS) method, which yields point estimates, the Bayesian approach
explicitly models parameter uncertainty and provides full posterior distributions. MCMC sampling was used to fit the
model to the data and generate posterior distributions that quantify parameter uncertainty.

Because Toler’s model can yield extreme values for B and B, in unfavorable environments, wide uniform priors
(-1000, 1000) were initially specified. Sensitivity analyses indicated that narrower uniform priors produced essentially
identical posterior estimates while substantially reducing computational cost. Therefore, the final prior bounds were
defined as the narrowest interval that ensured MCMC convergence without affecting posterior inference. Convergence
was considered achieved when the maximum absolute change in posterior parameter estimates across iterations fell
below 10

The original decision rules proposed by Toler were retained in the Bayesian framework; however, genotype
classification relied on the 95% highest posterior density intervals (HPD intervals) of the posterior distributions rather
than on point estimates. Specifically, genotypes were assigned to group A or E when the HPD intervals for both B, and
B2 excluded the value 1 and satisfied the conditions 8, < 1 < B, (convex response) or B, > 1> B, (concave response),
respectively. When the HPD intervals for B, and 3, overlapped and provided no evidence against the hypothesis 8, = 5,,
the simplified linear model was adopted , and groups B, C, and D were assigned according to whether the HPD interval
for the common slope lay entirely above 1, included 1, or lay entirely below 1. This approach provides a probabilistic
and uncertainty-aware classification of genotypes into Toler’s groups.

RESULTS AND DISCUSSION

Analysis of variance showed a significant genotype x environment (G x E) interaction effect (p < 0.01), whereas
the main effects of genotype and environment were not significant (Table 1). Similarly, Silva et al. (2008) reported a
significant G x E interaction when evaluating seven cultivars across six environments in Rio Grande do Norte. Dia et al.
(2016a) also reported a significant G x E interaction when evaluating 40 watermelon genotypes across 20 locations in
the United States. In contrast, Correa et al. (2020) observed no significant interaction when evaluating 20 cultivars in
two locations in Texas and attributed this result to similar environmental conditions during plant growth and comparable
field management practices across environments.

The presence of a significant G x E interaction indicates inconsistent genotype performance across evaluation
environments. The G x E interaction results from two components. The first component, termed the simple or scale
component, results from differences in variance among genotypes across environments, whereas the second, termed
the complex component, is associated with low genetic correlations among genotypes across environments (Cruz and
Castoldi 1991, Olivoto et al. 2019). In the present study, the complex component predominated (64.56%), with estimated
genetic correlations below 0.40. Similarly, Dia et al. (2016b) identified a predominance of crossover G x E interaction
for fruit yield when defining mega-environments for evaluating watermelon genotypes in the United States. The
predominance of crossover G x E interaction complicates genotype recommendation because it leads to rank changes
across environments (Cavalcante et al. 2025).

In the frequentist analysis using Toler’s model (Table 2), most genotypes were classified in group C, characterized
by a linear response to the environmental quality index
without deviation from the expected response (Bradshaw
1965, Toler and Burrows 1998). These genotypes respond  Table 1. Analysis of variance fpr fruit yiel'd of watermelon geno-
predictably to environmental variation but do not exhibit Eyrgflsl evaluated across 12 environments in Rio Grande do Norte,
pronounced adaptive plasticity. In contrast, genotypes
WM-5, WM-6, WM-9, and WM-10 were classified in group ~ _Source of variation df Meansquare F  P-value

A, exhibiting a convex response pattern considered doubly ~ Environment (§) 1 19.14 053 088
. . s . Genotype (G) 14 8.62 1.07 0.39
desirable, with low sensitivity in unfavorable environments
. . . . Block 24 9.80 027  0.99
and high responsiveness in favorable environments. These
t t promising material for breedin OxE e >ao1 Ler <00l
geno ypeks) represehn P bi gh ¢ bili q g Residual 336 36.14
programs ec:clgset ey com ine p enotyplsst? ilityunder e o variation ) 1633
limiting conditions with high yield potential in favorable Mean (Mg ha-) 36.81
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environments. Conversely, genotypes WM-2, WM-11, WM-13, and WM-15 were assigned to group E, exhibiting a concave
response pattern considered undesirable due to high sensitivity in unfavorable environments and limited responsiveness
in favorable environments (Toler and Burrows 1998).

Figure 1 illustrates the response functions (concave, convex, or linear) of genotypes as determined by the model
under the Bayesian framework. Considering the environmental quality index (Il,-): a positive H; indicates an environment
with above-average yield, whereas a negative K indicates a below-average-yield environment.

The Bayesian analysis confirmed the classifications from the frequentist analysis, reinforcing the robustness of
the results (Table 3). In addition to replicating classifications into groups A, C, and E, the Bayesian analysis provided

Table 2. Parameter estimates from Toler’s piecewise linear and simple linear models (frequentist analysis) for watermelon genotypes
evaluated across 12 environments in Rio Grande do Norte, Brazil

Genotypes Mean yield (Mg ha™) Q; B, B, B~ B, B.omon Group o’ R?

WM-1 38.04 39.97 3.59 -0.13 3.72 1.59 C 8.16 0.10
WM-2 36.41 43.90 7.57 -11.41° 18.98" E 0.00 0.57
WM-3 36.33 42.38 8.45 -5.28 13.73 1.05 ¢ 1.78 0.21
WM-4 34.68 30.15 -3.40 8.90° -12.30 3.23° C 0.00 0.71
WM-5 38.20 25.92 -15.58" 13.34 -28.92" A 0.00 0.50
WM-6 37.17 26.72 -13.36" 11.18° -24.55" A 0.00 0.43
WM-7 36.29 38.18 4.35 1.24 3.11 2.67 ¢ 6.41 0.25
WM-8 35.80 32.24 -3.67 5.33 -9.00 1.18 ¢ 0.00 0.18
WM-9 37.11 28.09 -9.55" 13.01™ -22.57" A 0.00 0.86
WM-10 37.75 20.66 -23.11° 16.15™ -39.26" A 0.00 0.86
WM-11 36.93 55.60 23.41° -20.77" 44.18" E 0.00 0.78
WM-12 36.93 41.60 6.90 -3.42 10.32 1.34 C 1.52 0.18
WM-13 36.00 49.85 16.65" -16.61" 33.26" E 0.34 0.56
WM-14 36.01 32.38 -4.77 3.69 -8.45 -0.21 C 10.10 0.05
WM-15 38.53 49.02 12.72" -12.39" 25.11* E 0.00 0.53

ommon = Fegression coefficient for
the simple linear model; Group = genotype classification according to Toler; 0, = variance of deviations (measure of phenotypic stability); and R* = coefficient of determi-
nation. ', " significant at p < 0.01 and significant at p < 0.05 by the t-test, respectively.

a, = yield of genotype i in an average environment (i, = 0). B, and B, = regression coefficients before and after the breakpoint (u/ =0); B,

55 1 —_— WML
= WM-02
30 1 —— WM-03
— WM-04
45 — WM-05
8 — WM-06
< 40 — WM-07
> — WM-08
= — WM-09
@ 351
1] — -
= WM-10
— WM-11
307 — WM-12
— WM-13
25 — WM-14
m— WM-15
20 e =0
-15 -1.0 -0.5 0.0 0.5 1.0 15 —— Overall mean

Environmental quality, (L)

Figure 1. Regression plot based on the Toler model applied to watermelon data. The x-axis represents the environmental quality
index (1;), and the y-axis represents the predicted genotype mean yield. The colored lines represent the fitted responses for each
genotype obtained using Bayesian inference. The letters preceding genotype identifiers indicate the classification of each genotype
based on the estimated model parameters. The black line represents the overall mean yield across environments and genotypes. The
gray dashed line indicates the threshold separating unfavorable unfavorable (u; < 0) and favorable (y; > 0) environments.
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Figure 2. Trace plots of the parameters a (intercept), 8, (regression coefficient for unfavorable environments), and 8, (regression coef-
ficient for favorable environments), obtained by Bayesian sampling for watermelon genotype WM-1. Each line represents iterations
of a Markov chain for a given parameter, and the histograms show the marginal posterior distributions. The stable traces and good
mixing among chains indicate satisfactory convergence. All genotypes exhibited similar convergence patterns.

a few genotypes exhibited the doubly desirable response (Group A). This pattern is consistent with previous reports
indicating that the combination of high yield, stability, and wide adaptability is uncommon and remains one of the main
challenges in plant breeding (Dutra Filho et al. 2021).

Overall, the results obtained for watermelon align with those previously reported for melon, in which a predominance
of genotypes classified in group C and few genotypes in the extreme groups (A and E) were observed (Rosa et al. 2023,
Lima et al. 2025). The agreement between the frequentist and Bayesian analyses supports the applicability of Toler’s
approach. The primary advantage of the Bayesian method lies in its capacity to quantify uncertainty in parameter
estimates and to provide additional diagnostics, such as credible intervals and Bayesian evidence (Van de Schoot et
al. 2021). These features improve interpretation of the results and increase the reliability of recommendations for
contrasting environments.

Moreover, the Bayesian framework allowed a more informative assessment of genotypic performance by providing
direct access to posterior distributions for genotypic parameters and associated uncertainty. These results, detailed in
Table 3, include posterior means and 95% HPD intervals for the primary parameters (a, B,, and ,), contrasts between
B,;and B,, the common slope (8 ), Bayesian evidence [In(E)], and genotype classifications. This information supports
clearer identification of high-yielding and widely adaptable genotypes, as the HPD intervals indicate the probability
that each parameter falls within a given range. For example, the non-overlapping HPD intervals of B, and j, in group A
genotypes provide strong support for the convex response pattern (doubly desirable), thereby improving the reliability
of genotype recommendations for contrasting environments.

Thus, the significant G x E interaction, combined with the identification of distinct genotype groups (A, C, and E),
supports the application of Toler’s model for evaluating watermelon genotypes. This approach distinguishes genotypes
with wide adaptability and phenotypic stability (group A) from those with average and predictable responses (group C)
and from those with undesirable responses (group E), thereby supplying essential information for breeding programs
and cultivar recommendations across diverse growing environments.

Crop Breeding and Applied Biotechnology - 26(1): e54242622, 2026 7



CCA Pereira et al.

CONCLUSION

The robustness of genotype classifications using Toler’s model was confirmed by the agreement between frequentist
and Bayesian analyses. The Bayesian approach not only validated the identification of group A as the most promising
genotypes but also quantified the associated uncertainty through posterior distributions, thus increasing confidence in
recommendations for contrasting environments.

Genotypes in group A, particularly WM-5 and WM-6, emerge as the most promising for recommendation across
contrasting environments, exhibiting high responsiveness in favorable environments and low sensitivity in unfavorable
environments.
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