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Abstract: The genotype x environment (G x E) interaction is a prevalent phenom-
enon that can challenge breeding and cultivar recommendation but offers op-
portunities for gains when the best genotypes are identified and recommended
foreach site. In this study, conducted in eastern Minas Gerais, Brazil, 46 eucalypt
hybrid clones had their wood volume evaluated at contrasting altitudes. The
experiments were planted at four different locations, two at high altitudes (>
1000 m asl) and two at low altitudes (<350 m asl), with a complete random-
ized block design. The high-altitude regions showed superior productivity and
a prevalent manifestation of simple G x E interactions, allowing their grouping
in a mega environment. Conversely, within the low-altitude environments,
we observed a moderate level of G x E interaction, with complex interactions
prevailing. Overall, our results highlight that altitude is a major driver of GXE
interaction, affecting the selection and recommendation of eucalypt clones.
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INTRODUCTION

The Brazilian forestry sector grew by approximately 3.2% annually in the last
ten years, representing about 4.2% of Brazil’s agriculture, which demonstrates its
importance in the country’s agribusiness (IBA 2024). This good performance is
related to the increase in productivity achieved by the Brazilian planted forests.
This higher efficiency was made possible by the development of management
techniques suited to the conditions of each location, breeding, and vegetative
propagation techniques (Assis et al. 2015, Assis and Mafia 2016, Castro et
al. 2021, Sa and Tambarussi 2023). In order to maintain the competitiveness
of Brazilian forestry, companies need to continue investing in research and
innovation in partnership with universities and research centers to increase
forest productivity.

With the expansion of eucalypt planting areas to new regions of the country
with different edaphoclimatic conditions, it is necessary to reassess the strategy
for selecting genetic materials (Resende et al. 2019, Oliveira et al. 2020, Romdo
et al. 2023). Early clone selection and indirect selection between locations
emerge as promising strategies for the forestry industry (Massaro et al. 2010,
Pinto et al. 2014, Queiroz et al. 2019). These approaches gain relevance because
recommending eucalypt clones requires many years of evaluation and high costs
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to establish an experimental network representative of the target planting regions (Queiroz et al. 2019, Grattapaglia
2022). However, for the adoption of these strategies to be successful, it is necessary to evaluate the genetic correlation
between locations, which depends on the genotype-by-environment (G x E) interaction.

As eucalypt cultivation advances to new frontiers in the country, the G x E interaction becomes a significant challenge
for the safe recommendation of clones in these new environments. The problem is exacerbated in the context of climate
change, as the environments where the clones were tested in clonal trials will hardly be replicated in the coming years
when the genotype will be planted on a commercial scale (Binkley et al. 2020, Hubbard et al. 2020). Thus, with the
low repeatability of climatic conditions between years, it is necessary to select genetic materials with greater stability
and tolerance to adverse growth conditions (Silva et al. 2019, Campoe et al. 2020, Lim et al. 2020, Oliveira et al. 2020).

Biplot tools enable the joint identification of stable genotypes and genetically correlated environments, which can
therefore be grouped. The most used techniques (i.e., AMMI and GGE-biplot) employ the combination of analysis
of variance (ANOVA) and principal component analysis (PCA) to represent genetic effects (G) and G x E interaction
effects (Gauch and Zobel 1997, Yan et al. 2000, Agahi et al. 2020, Gongalves et al. 2020). At the end of the analysis,
with the partition of the singular value decomposition (SVD), G + GE is jointly represented graphically using the first
two components.

The GGE-biplot method stands out for enabling the evaluation of “who-wins-where” as well as the delimitation of so-
called mega environments, i.e., regions with more homogeneous environments where G x E interactions are minimized
(Gongalves et al. 2020, Yan et al. 2000). These definitions can aid breeding programs, as there is a predominance of
simple interaction (i.e., no genotype ranking change) among environments within a mega environment.

The objective of this work is to study the implications of altitude on the genotype x environment interaction and the
recommendation of eucalypt clones considering their productivity. To this end, we evaluated the stability of 46 eucalypt
hybrid clones belonging to the company Cenibra in four locations in the region known as Vale do Rio Doce in the state
of Minas Gerais. The experiments were installed in two low-altitude (< 350 m asl) and two high-altitude (> 1000 m asl)
environments. Based on genetic parameters, it was also possible to evaluate the gains from selection and the behavior
of clones in different environments and at two ages (three and six years after planting).

MATERIAL AND METHODS

The trials were planted in December 2002 in four distinct locations in the municipalities of Belo Oriente, Pingo
d’Agua, Ferros (Cocais), and Sabinépolis, all in the state of Minas Gerais, in the Vale do Rio Doce region (Figure 1). The
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Figure 1. Location of the four trials for the evaluation of 46 eucalypt hybrid clones at contrasting altitudes.
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edaphoclimatic conditions of these locations, where 46 clones were evaluated, are presented in Table 1.A (Supplementary
material). These genotypes originate from a mass selection of open-pollinated hybrids of Eucalyptus urophylla x Eucalyptus
grandis. Each trial was conducted using a randomized block design with five repetitions in a linear plot of five plants,
at a spacing of 3 x2 m.

The clones were evaluated in two low-altitude and therefore warmer sites (Belo Oriente and Pingo d’Agua) and two
higher-altitude sites (Cocais and Sabindpolis). The company has used these two conditions as a basis for stratifying
environments for cultivar recommendations. The clones were evaluated at 36 and 72 months (three and six years
after planting) for diameter at breast height (DBH, measured at 1.3 meters above ground, in cm) and total height (H,
m). Based on these variables, the commercial volume with bark (V, m3) was estimated using the model proposed by
Leite et al. (1995), based on Schumacher and Hall (1933). The coefficients of the formulas for estimating the volume
of individual trees (i = 1, 2, 3, ..., n) were adjusted according to the characteristics of the trees at each location, as per
the equations below:

= pl10.2924 + 1.7653(DBH}) +1.2206 In (H))]
iBelo Oriente

V = e[-1041646 +1.8638(DBH;) + 1.0913 In (H))]
iPingo d'Agua
V = e[—10.3545 +1.7359(DBH;) +1.2683 In (H;)]
iCocais
— pl[-10.1237 + 1.8636(DBH,) +1.0980 In (H,)]
iSabindpolis

Mean annual increment (MAI) was calculated by multiplying individual volume by the total number of trees per ha
(1667) and dividing by the number of years after planting (three or six years). Statistical analyses were performed with
the average value of MAI for each plot.

From the structure of the randomized complete block design employed in the clonal tests, the genotypic values of the
clones were estimated separately for each age (three and six years) and location using the REML (Restricted Maximum
Likelihood) and BLUP (Best Linear Unbiased Prediction) approaches according to the following statistical model:

y=1lu+XB+2Zu +e€

Where, y: vector of wood productivity (MAI - Mean Annual Increment) values at three or six years, 1u: intercept; S:
vector of the fixed effects of blocks; u_~ N(O, loi): vector of random effects of clones; X and Z: incidence matrices for
the fixed and random effects, respectively; €: vector of residuals.

After verifying the significant genetic effects and the selection accuracy within each location, a joint analysis was
performed for each age using the following statistical model:

y=1lu+XB+2Zu +Zu_+e€

Where, y: vector of MAl values at three or six years, 1u: intercept; B: vector of fixed effects of blocks within locations;
u~ N(O, Icoi): vector of random effects of clones; I: identity matrix of order equal to the number of clones; ci: variance
of clones; u, -~ N(O, lceoﬁe): vector of random effects of clone by environment interactions; l: identity matrix of order
equal to the number of clones x number of environments; cie: variance of clones x environment interaction; X and Z:
incidence matrices for the fixed and random effects, respectively; €: vector of residuals. The verification of the most
appropriate model, regarding the homoscedasticity or heteroscedasticity of the residual variance, was defined using
the BIC criterion (Schwarz 2007). For joint analyses across the two ages, the heteroscedastic residual variance structure
(BIC3 = 6.33 and BIC6 = -79.45) yielded lower BIC values compared to the homoscedastic structure (BIC3 = 64.69 and
BIC6 = 22.61), indicating a better model fit for the heteroscedastic structure. Therefore, the heteroscedastic model was
selected for subsequent analyses.

For the evaluation of the trials, selection accuracy was calculated based on the predictive error variance (PEV):

r = /1 - PEV. (Resende and Duarte 2007) and generalized heritability based on the average variance of pairwise BLUP
02

99
v BLUP

comparisons (ver):hi=1-_Z. : proposed by Cullis et al. (2006). The coefficients of determination of G x E interaction
§ 5

c
for each age (a =3 and 6) were calculated by ¢, =¢?, /(c2 +c%, +c2 ), were ¢Z is the mean residual variance obtained
a a a a a

€a
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from the average of four residual variances, calculated for each environment. Given the unbalanced nature of the dataset,
generalized heritability is preferable as it provides a more accurate measure of heritability in designs with incomplete
or unevenly distributed data, by incorporating the average variance of pairwise BLUP comparisons.

To evaluate the G x E interaction, the variance component of the interaction was decomposed into simple and
complex parts using the method of Cruz and Castoldi (1991). Through this method, ( 02 ‘/_ )? corresponds to the

simple part, and (1 -, /) w/occr corresponds to the complex part of the mteractlon where 01 |s the genetic variance
of location j; o2 is the genetlc variance of location j’; and r, is the genetic correlation between environments j

C

. i
and j’ calculated using the following expression Fow = chj/(ccjj. + ocejj,)

The interaction was also evaluated through the prediction of gains with indirect selection in another environment.
When there is a strong G x E interaction, it is expected that the clones selected in one environment will not perform
well in other environments. Therefore, the gain with indirect selection in another environment should be reduced. This
gain of indirect selection was estimated with the following equation: GS,,= h; DS, Where: GS,,: Gain in environment
j’ from selection in environment j; hﬁ: Heritability in environment j’; DS, Selection differential in environment j’, where
the selected individuals are those with the best performance in environment j.

For the study of genotypic stability, the GGE-biplot method (Yan et al. 2000) was performed using the contingency table
with the genotypic value of each clone in each site. The model for GGE-biplot analysis using two principal components
is given by:

Vi~V = )\1 Ilpj1+}\2£i2pj2+eij

Where, A, and A, are the maximum eigenvalues for principal components 1 (PC1) and 2 (PC2); ¢, and ¢, are the
eigenvalues of genotype i for PC1 and PC2; P, and p, are the eigenvalues of environment j for PC1 and PC2; and €;is
the random error. The biplots were produced with standardized data using the tester-centered model (G + GE) and the
decomposition of singular values was done by the symmetric method. Statistical analyses were conducted in R software
(R Core Team 2023), using the sommer package (Covarrubias-Pazaran 2016) and GGEBiplots package (Dumble 2022).

RESULTS AND DISCUSSION

At six years old, the high-altitude region showed the highest productivity, with 43.94 m3 ha* year!in Sabindpolis and
29.63 m? ha' year! in Cocais. In the lowland region, Pingo d’Agua showed 28.01 m3? ha? year™ and Belo Oriente 24.88
m? ha year?. Among all the sites, only Sabindpolis exceeds the national average of 33.70 m® ha year! in productivity
(IBA 2024). Unlike the results at six years, Pingo d’Agua showed better performance compared to Cocais at three years
of age. Sabindpolis is the most productive environment of the company at both ages.

These results highlight the edaphoclimatic differences of each environment and their influence on production (Binkley
et al. 2020, Campoe et al. 2020, Ryan et al. 2020). Despite having the lowest water deficit, Cocais also had lower active
photosynthetic radiation than the other environments (Table 1A - Supplementary material). This may explain, at least in
part, a lower average productivity compared to Sabindpolis (both from the high-altitude region). Furthermore, altitude
is strongly associated with critical factors for eucalypt growth, such as temperature and soil water availability (Fick and
Hijmans 2017, Ryan et al. 2020). As a result, higher-altitude environments often provide more favorable edaphoclimatic
conditions for plant growth. In this context, the Cocais and Sabindpolis regions exhibit temperatures close to the optimal
range for eucalypt development (20-22 °C) (Binkley et al. 2020) and experience lower soil water deficits.

The components of genetic variance and G x E interaction estimated were significant (p-value < 0.001) by the
likelihood ratio test (Table 1B - Supplementary material). The experiments showed high quality, as expressed by the
values of selection accuracy ranging from 0.95 to 0.97 at three years and from 0.94 to 0.97 at six years. These heritability
estimates indicate the possibility of success in the selection of genetically superior clones (Resende and Duarte 2007,
Resende and Alves 2022, Ziegler and Tambarussi 2022).

The mean annual increment (MAI) at three years of age for plantations in the lowland region is higher compared
to six years (Figure 1C - Supplementary material). In practice, the growth rate of these plantations is not constant
until the harvest age of 6-7 years. This result can be explained by higher temperatures and consequently higher water
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deficit limiting forest growth in lower regions, especially when trees start to compete for natural resources (Table 1A
- Supplementary material). Studies conducted in the northeast region of Bahia showed that forest growth rate varies
according to average precipitation and age (Miranda et al. 2015). These results corroborate the behavior of the clones
evaluated in this study.

When using the heteroscedastic model, the estimated genetic variances at all locations and ages were significant
(p-value < 0.001) by the likelihood ratio test (Table 2B - Supplementary material). Regarding the coefficient of determination
of G x E interaction (Table 2B - Supplementary material), the G x E contribution to phenotypic variation was 0.29 at
3 years and 0.36 at a later age. This increase indicates that the G x E effect becomes more pronounced as eucalypt
plantations mature.

Regarding the performance of clones at six years of age within each environment, the standout clones are C33,
C35, C24, C38, and C81 with above-average performance in all environments (Figure 3). Due to the G x E interaction, it
is possible to observe that different clones show superior performance in different locations. For example, clone C90
shows above-average performance in low-altitude environments (Belo Oriente and Pingo d’Agua), but below-average
performance in high-altitude environments. The same trend is observed for this clone at three years of age (Figure 2C
- Supplementary material).

The genetic correlations for productivity in the experiments analyzed at three and six years demonstrate high
consistency in clones’ performance among ages (Figure 2). When comparing the same environments at three and six
years after planting, the genetic correlations were 0.85 for Belo Oriente, 0.99 for Cocais, 1.00 for Pingo d’Agua, and 0.99
for Sabindpolis. The high genetic correlation between different ages within each location is indicative that early selection
can be performed at three years of age. Early selection reduces cycles and increases genetic gain per breeding time
(Massaro et al. 2010, Pinto et al. 2014, Queiroz et al. 2019). The use of the approach for selecting Eucalyptus urophylla
clones at three years in Guanhdes, a neighboring municipality to Sabindpolis, showed an efficacy of 97.94% for DBH
and 95.73% for height (Pinto et al. 2014). In other evaluations, efficiencies of 87.95%, 71.51%, and 88.80% were found
in selection practiced at 25 months for DBH, height, and volume, respectively, compared to selection practiced at 72
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Figure 2. Genetic correlation across four environments at varying growth ages.
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months of age (Massaro et al. 2010). These findings highlight that effective selection can be achieved as early as three
years of age with strong accuracy for eucalypt. In fact, this is the age that most companies use for selection. Moreover,
our results suggest that age is much less important than locations for the G x E interaction.

In this study, most of the interaction was estimated to be of complex origin, with proportions ranging from 61.54%
to0 99.99%, except between the Cocais and Sabindpolis locations, where simple interaction was greater than complex,
with 50.84% and 49.16%, respectively (Table 3.B - Supplementary material). Overall, these results demonstrate that the
classification (ranking) of clones varies between locations.

Nunes et al. (2002), evaluating clonal eucalypt test experiments planted in southern Bahia and Espirito Santo, identified
percentages close to 50% for both simple and complex interactions. For the environments evaluated in this study, the pair
of environments Cocais-Sabindpolis had values close to 50% for each type of interaction (simple and complex). When the
simple part is predominant, selection is facilitated because the genotypic classification in different environments does
not change significantly. Conversely, when the complex part is more expressive, improvement becomes more difficult,
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Figure 3. BLUP (g+ge) of the mean annual increment (MAI) evaluated for 46 eucalypt clones assessed at six years of age in four loca-
tions. Blue points and bars represent values above the overall mean; black points and bars represent values that do not differ from
the mean; and red points and bars represent values below the mean. The bars represent 95% confidence intervals of the predicted
values, calculated based on the prediction error variance (PEV).
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as in this case, some genotypes are more adapted to specific environments (Ramalho et al. 2012).

Under conditions of significant interaction, where companies cultivate vast areas with different site qualities, it may be
necessary to identify specific clones for each environment. This strategy is costly, requiring large experimental networks,
numerous clones in nurseries, and strict quality control. Without this, the focus shifts to identifying clones with good
adaptation and high phenotypic stability. Stability is also important because future climatic conditions to be faced in
commercial plantations cannot be precisely predicted (Silva et al. 2019, Oliveira et al. 2020). Normally, the conditions
under which clones were evaluated for selection are unlikely to be the same in future plantations. In this context, the
GGEbiplot method was used to define mega-environments as well as identifying clones with greater stability at six years.

From the “which-won-where” graph, the red vectors divide the plane into different sectors, where environments
located in the same sector are grouped into a mega-environment. Thus, it was possible to identify a mega-environment
containing the high-altitude locations of Sabinépolis and Cocais (Figure 4). Environments grouped into a mega-environment
show a high genetic correlation (Figure 2), and a higher predominance of simple interaction (Table 3.B - Supplementary
material). Genotypes positioned in sectors without environments exhibit the worst performance for all tested environments
and, therefore, should not be recommended.

The biplots presented in Figure 4 facilitate the identification of clones that align more closely with an ideotype that
merges stability and productivity. The closer a clone is to the arrow on the blue central axis (average environment), the
closer it is to the ideotype (Yan and Tinker 2006). In this study, clone C33 is the genotype closest to the ideotype for the
environments used. Other notable materials are C38 and C24. These clones combine high productivity and phenotypic
stability across locations. Completing the top eight most productive genotypes are C35, C81, C60, C5, and C94, showing
strong performance across the average environment.

For the overall top eight clones identified using the GGE biplot, the coincidence with the best location-specific clones
ranged from 50.00% (Cocais) to 75.00% (Sabindpolis) (Tables 3 and 4.C - Supplementary Material). Recommending these
clones across all regions results in selection gain losses ranging from 22.62% in Pingo D’Agua to 12.32% in Sabindpolis,
compared to selecting clones specific to each environment. Despite these losses, this strategy simplifies the logistics of
clone recommendation and facilitates their progression to expanded clonal testing.

The two environments in the higher region (Sabindpolis and Cocais) exhibit similar soil and climatic characteristics.
Therefore, the relative productivity of clones should remain stable between these two locations (Table 1.A - Supplementary
material). Thus, the joint results of the correlations of genotypic values and the interpretation of GGEbiplot graphs

A)  Which Won Where B) Mean vs. Stability
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Figure 4. Adaptability and stability analysis via GGE-Biplot of 46 eucalypt hybrid clones evaluated in four locations: two at high altitude
(Sabindpolis and Cocais) and two at low altitude (Pingo d’Agua and Belo Oriente). 1) “Which-Won-Where” graph, indicating C35 as
the most productive in high altitude locations and clones C24, C33, and C38 as the most productive in Pingo d’Agua and Belo Oriente.
2) Ranking and classification of genotypes in relation to an ideal type for the average environment. Clones closer to the central line,
pointing towards the ideal type (arrow), have higher stability.
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Table 1. Wood productivity gains achieved by direct (diagonal in bold) and indirect selection (off diagonal) of the top ten clones from
each environment at 6 years after planting. The table is not symmetrical because the indirect selection gain depends on where the
top 10 clones were selected. For example, the ten best clones from Belo Oriente had a predicted productivity of 10.84 m® ha™ year™
in Pingo d’Agua, while the ten best clones from Pingo d’Agua had a productivity of 7.36 m? ha! year! in Belo Oriente

Selection gain in environment (m3 ha* year?)

Selection in environment h? - - y - —
Belo Oriente Pingo d’Agua Cocais Sabindpolis
Belo Oriente 0.902 18.72 10.84 9.96 20.15
Pingo d’Agua 0.933 7.36 17.39 13.41 27.20
Cocais 0.954 6.28 9.61 18.96 34.54
Sabinépolis 0.95 5.13 12.66 15.61 38.97

corroborate that these environments can receive a single recommendation of clones for commercial plantations and be
grouped for allocation of a single representative experimental unit for the region. Conversely, in the two environments
in the lowland region (Belo Oriente and Pingo d’Agua), a single recommendation seems unfeasible.

The estimates of gains from direct selection are derived from the top ten clones in each location (Table 1). Sabindpolis
showed the highest estimated gain from selection at 89.54%, whereas Pingo d’Agua recorded the lowest estimated gain
at 62.44%. Also, Table 1 shows estimates of gains from indirect selection, i.e., an increase in average productivity with
clones selected in another location. Because of the expression used for calculating selective gains, the direct selection
response, values on the diagonal, will always be superior to the indirect response. The Sabindpolis environment, followed
by Cocais and Pingo d’Agua, maximizes gains in all considered environments. On the other hand, clones selected in Belo
Oriente generated the lowest gains when tested in other environments.

In the experiments evaluated in the southern Bahia and Espirito Santo, across nine environments, gains obtained
from indirect selection ranged from 23.80% to 49.98% between pairs of environments, while in direct selection, gains
ranged from 43.27% to 87.18% (Nunes et al. 2002). In this context, evaluating clones selected in one environment and
planted in other environments is a strategy to reduce the amount of experimentation and clones to manage. Therefore,
indirect selection can be a good option as long as the G x E interaction is not pronounced enough for the gains to be
satisfactory indirectly.

This study confirms that altitude influences eucalypt productivity, both directly and indirectly, such as through its
impact on other environmental factors like temperature. Variations in altitude also amplify the genotype x environment
(G x E) interactions across different locations. Thus, recommendation of eucalypt clones in locations with different
altitudes needs to consider this strong G x E interaction, by selecting either the most adapted clones in each location
or those that are more stable and have good productivity in different environments. The latter strategy, although more
conservative, may even generate higher productivity given the climatic instabilities and increasing incidence of biotic
and abiotic stress in eucalypt cultivation.
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