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A B S T R A C T

The genetic gains from eucalypt breeding programs have decreased compared to previous decades while pro-
ductivity reduced in recent years. This decrease is mainly attributed to climate change that, according to studies,
has been limiting productivity and changing the adaptation of forest species. But other aspects can be listed, as
pests and diseases and decreasing gains with the advance of breeding programs. The objective of this work is to
investigate the genotype× site× age interaction in a multi-environment trial with eucalypt clones to verify the
adaptability and stability of the genotypes and, finally, to identify mega-environments over time, as well as the
influence of climate variables on the genotype performances. The trait diameter at breast height (DBH) of 11
Eucalyptus commercial clones at 11 sites (range from −0.84 to −24.23 latitude and from −39.60 to −52.59
longitude) and three evaluated ages (Age 1 – ranging from 13 to 17months after planting; Age 2 – from 31 to
34months; Age 3 – from 48 to 53months old) was measured and analyzed by factor analytic multiplicative
mixed (FAMM) model associated with the GGE biplot and multivariate regression tree using climate variables. A
significant G×E interaction and genotypes with different performance across environments and ages were
observed. There are clones with high adaptability to specific sites while others show good stability. The results
clustered the sites into three mega-environments according to a latitude gradient, over time. The performance of
Eucalyptus clones over time indicate precisely either roughly similar or extremely contrasting environments.
Temperature affected the most the clustering of the studied sites followed by the latitudinal gradient, impacting
productivity negatively, regardless of age. These results may help future studies on the development of selection
strategies in tropical regions to address climate change and assist forest breeding programs to deal with the effect
of climate change on eucalypt productivity.

1. Introduction

In Brazil, the forest planted areas reach about 7.84 million hectares.
Of this total, 72.3% is planted with eucalypts (Ibá, 2017), a species that
adapted satisfactorily to the Brazilian climate and soil, which allied to
the short cycle, translates into high productivity, plus the fact that the
wood itself has a wide range of uses, including the production of es-
sences (ABRAF, 2013). However, the initial genetic gains from selection
have reduced over time compared to previous decades (Gonçalves et al.,
2013; Ibá, 2015), leading to decreasing productivity in recent years
(Ibá, 2014, 2015, 2016, 2017). This productivity loss has been attrib-
uted to climate change, which, according to studies, limited

productivity and changed the adaptation of forest species (Booth, 2013;
Clark et al., 2013; Feng et al., 2018; Guo et al., 2017; McKenzie et al.,
2018; Slot and Winter, 2016; Vlam et al., 2014; Wu et al., 2017). An-
other factor that may be reducing genetic gains is the wrong assumption
that the eucalypt reproductive system is completely allogamous for
operational purpose when, in fact, eucalypts have a mixed-mating
system resulting in biased predictions of breeding values and erroneous
selections of superior genotypes (Tambarussi et al., 2018).

There are reports that the intense climate pressure on the genotypes
affect gene expression and, consequently, the phenotypic pattern across
the environments (Hodgins-Davis and Townsend, 2009; Grishkevich
and Yanai, 2013) so that species previously adapted to a site become no
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longer adapted. Thus, planting in new areas increases the risks inherent
to forest production due to environmental stresses that were not present
in the original environment.

All these issues should be considered in breeding programs since
success depends on developing genotypes with high performance and
quality across different environments (Malosetti et al., 2013). The
phenotype of a given trait results from the combination of genotypic
and environmental effects, so the different phenotypic classes are de-
termined by the set of genes of the individuals. However, a forest
breeding program should consider the genotype× environment inter-
action to verify the behavior of the evaluated genotypes in response to
the systematic and random environmental changes. The geno-
type× environment (G×E) interaction requires a detailed study of the
behavior of individuals and environments by means of adaptability and
stability analyses (Cruz et al., 2012; Van Eeuwijk et al., 2016). Thus, it
is possible to relate and identify similar patterns of genotype responses
to the environments, clustering them to form mega-environments that
are used to design breeding strategies.

Decisions on a breeding program are based on a data series of
comparative trials known as multi-environment trials (METs), con-
ducted at various sites and evaluated at different ages (Smith et al.,
2001). In these trials, models that allow accommodating genotypic and
residual structures with heterogeneous variances and covariances be-
tween sites are superior to those that consider homogeneity of variances
and without correlations between sites for METs (Resende and
Thompson, 2004; Hu et al., 2013). In addition, they influence genotype
ranking stability across the environments, interfering with the inter-
pretations of the results of genotype× environment interaction studies
and, consequently, of genotype adaptability and stability (Hu et al.,
2014; Studnicki et al., 2017), possibly leading to problems when se-
lecting genotypes and defining mega-environments. Another great ad-
vantage of these models when analyzing forest experiments is the
possibility of adjusting longitude data by considering the age effect and
the correlation between ages, which is important due to frequent tree
death over time. This is important because considering mortality as a
non-random effect reduces the bias of parameter estimates (Apiolaza
et al., 2000), which become very close to the true value.

In this work, factor analysis was performed using a multiplicative
mixed model, associated with the GGE biplot and multivariate regres-
sion tree analysis, to study the genotype× site× age (G×S×A) in-
teraction in a multi-environment trial with eucalypts. Also, the adapt-
ability and stability of genotypes were determined, identifying the
mega-environments formed over time and the influence of climate
variables.

2. Material and methods

2.1. The experiments

The experiments were conducted in 11 sites (Table 1 and Fig. 1) in
Brazil. The diameter at breast height (DBH, cm) of 11 Eucalyptus
commercial clones (Table 2) was measured at three different ages 1):
Age 1 – ranging from 13 to 17months from the planting date; Age 2 –
from 31 to 34months; Age 3 – from 48 to 53months old. The experi-
ments were conducted on rectangular plots (eight rows) with 10 useful
plants, and 3m×3m spacing in which replicates are represented by
the sites.

The climate data were obtained from the Meteorological Database
for Teaching and Research (BDMEP) provided by the INMET (INMET,
2017) stations located nearby the experimental sites and meteor-
ological stations installed in the experimental areas. The decendial
water balance obtained by the Thornthwaite and Mather (1955)
method allowed characterizing the target sites. The sites and genotypes
were obtained from the Cooperative Program on Clonal Eucalyptus
Tolerance to the Hydric and Thermal Stresses (Tolerância de Eucalyptus
Clonais aos Estresses Hidrico e Termico, TECHS) that belongs to the

Institute of Forestry Research and Studies (Instituto de Pesquisas e Es-
tudos Florestais – IPEF), as detailed in Binkley et al. (2017).

In this work, environment refers to the site-age combination. It is
worth mentioning that the analysis was performed in two stages: 1)
estimation of the genetic parameters to obtain the BLUPs, the complete
matrix of genotypic covariances and their eigenvalues and eigenvectors
to be used in the second stage; 2) analysis using a Factor Analytic
Multiplicative Mixed (FAMM) model and subsequent biplot GGE ana-
lysis.

2.2. Estimating the genetic parameters

Initially, a diagnostic analysis of each site was performed to check
the normality and homoscedasticity of the residues, and the sig-
nificance of the effects of genotype and age interactions. Subsequently,
all evaluated sites and ages were submitted to a joint analysis using the
mixed models and REML/BLUP procedure, as follows:

= + +Y Xb Zg e

where: Y =vector of observations; b =vector of the fixed effect of site
added to the general average; g =vector of genotypic (random) effects,
associated with the genotype-environment combination; e =vector of
random residues; XandZ =incidence matrices for b and g, respectively.

Therefore, an unstructured matrix (UN) model of variance–covar-
iance of genotype-site-age combinations was adjusted, that is, a mul-
tivariate model considering all interrelationships, as well as for the
residues. Thus, independent genotypic and residual variances were
obtained for each site and age, genotypic covariates between sites and
ages as well. The structure of the genotypic and residual covariance
matrices, which consider the heterogeneity of variances and covariates,
as previously mentioned, is more appropriate for multi-environment
tests (METs), justifying the configuration of the adjusted model.

The genetic parameters were estimated by the restricted maximum
likelihood method (REML) and best linear unbiased predictor (BLUP),
using the AIREMLF90 software of the BLUPF90 program (Misztal et al.,
2002). The first iterations were performed with the accelerated EM
(Expectation-Maximization) followed by the AI (Average Information),
to obtain estimates within the parametric space. The BLUPF90 program
has been successfully used in genetic studies on animals (Biegelmeyer
et al., 2017; Feitosa et al., 2017) and plants (Okeke et al., 2017; Xavier
et al., 2017).

2.3. Analysis of analytical factor using the mixed multiplicative model and
GGE biplot

After obtaining the matrix of genotypic covariates, the FAMMmodel
was applied to the covariance matrices of the genotypic covariance
matrices (Piepho, 1998; Smith et al., 2001; Resende and Thompson,
2004), following the approach of Garbuglio and Ferreira (2015), as
briefly described below.

A model applied to g genotypes and j environments (site/age com-
bination) assumes dependence on a set of random hypothetical factors fr
of dimension gx1, ( = ⋯ <r k j1 ). Therefore, the analytical factor model
for these effects in vector notation becomes:

= ⊗ + ⋯+ ⊗ +g λ I f λ I f δ( ) ( )j g k g k1 1

λr : factor loads or weights in environments with dimension jx1;
δ: residue vector, called vector of specific factors;

=fk vector of factorial scores for individuals in k-th factor;
=gj effect of genotypes in the j-th environment;

Rewriting the model more compactly:

= ⊗ +g I f δ(Λ )j g

= ⋯dimensionsxk λ λΛ( ) [ ]k1
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= ⋯f dimensiongkx f f f( 1) ( Ấ , Ấ Ấ )Ấk1 2
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ψi: specific variance for the i-th trial.
Thus, the genotypic covariance matrix in the environments is given

as var (gj)= + ⊗I(ΛΛẤ Ψ) )g .
After estimating the BLUPs of the genotypic effects in each en-

vironment (gj), in the first step of the analysis, it is possible to obtain the
BLUPs of the f scores of the genotypes:

  = + ⊗
−

f I g[ΛẤ(ΛΛẤ Ψ) ]j g j
1

Λ =matrix of the estimated environmental loads
Ψ =matrix of the estimated specific variances
The method essential factor is the estimation of the matrix of

factorial loads since the estimates of the specificities and factorial
scores described above depend on these matrix elements. To this end,
the principal component method was used, based on the spectral de-
composition of the covariance matrix or correlations. Here, the spectral
decomposition of the genetic covariance matrix (matrix G) from the
first step was used.

Thus, the matrix G can be rewritten as:
G = + = + ψΛΛẤ Ψ VD Vα

' where: V =matrix of p eigenvectors
and Dα =diagonal matrix of m eigenvectors. The respective eigenva-
lues, eigenvectors, and genotypic covariance matrix were obtained si-
multaneously in the first step, using the AIREMLF90 software. It is
observed that = = VD DΛΛẤ VD V Vα α α

' 1 2 1 2 ', therefore, the load matrix
is = VDΛ α

1 2, where the matrix dimension (rows× columns) is
equivalent to the number of sites× quantity of retained factors, with
the maximum being equal to the number of sites. It is noteworthy that
specific variances or specificities can be obtained by subtraction:

= −Ψ diag(G ΛΛẤ).
Following the analysis, the estimates and predictions of the en-

vironment loads and factorial scores of the genotypes were used to

Table 1
Ages at evaluation (months), geographic coordinates (Latitude and Longitude, in degrees) of the site (number-name; Köppen classification in parentheses) and
climate parameters (description in the table) of the experimental areas planted with Eucalyptus clones (11 clones) in different regions of Brazil (11 sites), for the trait,
diameter at breast height (DBH, cm).

Site Months Lat Long Tm Tmx Tmn ATm P THp TCp PRp PDp DEF EXC

Degrees °C mm. year−1 mm. mm. year−1

AGE1 7–CCO (Aw) 13 −18,02 −50,90 23,0 26,1 20,7 5,4 1771,9 25,2 20,9 251,3 6,1 295,1 910,1
4–CEB (Aw) 15 −19,31 −42,42 22,6 24,6 20,0 4,6 1304,4 24,4 20,1 214,1 10,3 212,4 412,8
9–DUE (Cwa) 16 −18,73 −47,92 23,2 26,1 20,5 5,7 1728,0 25,4 20,8 244,5 16,9 104,9 648,1
33–DUR (Cfb) 17 −23,85 −48,70 19,6 23,6 15,9 7,8 1390,3 21,9 16,3 208,0 1,1 24,6 655,0
14–ELD (Aw) 13 −19,96 −51,59 22,8 27,2 16,4 10,8 997,5 25,9 18,0 155,6 8,6 248,1 65,6
15–ITA (Aw) 14 −11,21 −48,64 25,7 28,4 24,0 4,4 1535,7 27,5 24,3 247,6 2,3 589,7 592,7
21– JAR (Am) 13 −0,84 −52,59 25,9 27,3 24,6 2,8 2060,7 27,2 24,7 295,7 40,5 277,6 777,7
22–KLT (Cfb) 14 −24,23 −50,53 18,4 21,8 14,2 7,6 1569,8 21,1 14,6 212,5 34,5 1,2 913,0
24–LWA (Cfa) 15 −22,73 −49,00 22,0 25,1 18,0 7,0 1492,8 24,6 18,2 197,9 17,5 107,6 548,6
31–VEE (Af) 15 −16,34 −39,60 23,1 25,1 18,9 6,2 952,8 24,5 19,8 156,0 12,4 268,3 91,9
30–VMT (Aw) 15 −17,32 −43,77 24,1 26,4 21,3 5,2 765,8 25,9 21,5 149,7 1,7 516,8 71,3

AGE2 7–CCO (Aw) 32 −18,02 −50,90 22,9 25,2 20,6 4,6 1319,2 24,7 21,0 265,4 2,5 378,7 596,1
4–CEB (Aw) 33 −19,31 −42,42 22,2 24,6 19,7 5,0 1192,8 24,5 20,0 248,3 12,3 181,2 376,8
9–DUE (Cwa) 34 −18,73 −47,92 23,1 25,4 20,4 5,0 1332,0 25,0 20,9 223,8 7,9 162,4 395,9
33–DUR (Cfb) 32 −23,85 −48,70 19,4 23,7 15,7 7,9 1215,3 23,3 16,1 190,7 12,0 22,1 496,0
14–ELD (Aw) 31 −19,96 −51,59 23,5 27,0 19,1 8,0 1054,8 26,8 19,6 215,0 8,6 292,9 112,0
15–ITA (Aw) 31 −11,21 −48,64 25,8 27,6 24,6 3,0 1426,0 27,0 24,7 285,0 1,0 608,7 526,2
21– JAR (Am) 33 −0,84 −52,59 26,4 27,8 25,2 2,6 2297,3 27,6 25,3 296,9 62,0 277,1 966,8
22–KLT (Cfb) 31 −24,23 −50,53 18,0 21,5 14,0 7,5 1451,8 21,0 14,5 212,5 34,5 12,8 848,9
24–LWA (Cfa) 33 −22,73 −49,00 21,5 24,9 17,8 7,0 1184,8 24,4 18,3 176,5 19,3 111,4 332,7
31–VEE (Af) 33 −16,34 −39,60 22,9 24,9 20,1 4,8 1287,3 24,7 20,7 185,6 36,8 133,3 312,4
30–VMT (Aw) 33 −17,32 −43,77 23,7 25,9 21,5 4,4 697,9 25,5 21,7 171,0 0,8 559,8 94,7

AGE3 7–CCO (Aw) 50 −18,02 −50,90 23,2 25,6 20,6 5,0 1514,8 25,0 21,1 302,9 3,8 349,8 691,9
4–CEB (Aw) 51 −19,31 −42,42 22,8 25,2 19,6 5,6 1236,0 25,0 20,0 233,4 11,5 186,0 309,6
9–DUE (Cwa) 53 −18,73 −47,92 23,4 26,0 20,5 5,4 1510,8 25,3 21,1 258,4 9,9 157,8 483,9
33–DUR (Cfb) 52 −23,85 −48,70 19,9 23,8 15,1 8,7 1428,3 22,7 16,2 208,9 21,3 19,8 650,7
14–ELD (Aw) 50 −19,96 −51,59 24,2 27,2 19,6 7,6 1066,7 26,5 20,6 186,0 13,4 343,7 79,2
15–ITA (Aw) 50 −11,21 −48,64 26,0 28,5 24,5 4,0 1369,1 27,8 24,8 264,4 0,8 636,8 425,4
21– JAR (Am) 48 −0,84 −52,59 26,8 28,1 25,5 2,7 2288,8 28,0 25,6 389,3 35,3 415,5 1015,5
22–KLT (Cfb) 50 −24,23 −50,53 18,3 21,7 14,1 7,5 1643,4 20,9 14,7 239,1 39,8 8,4 1007,6
24–LWA (Cfa) 52 −22,73 −49,00 21,9 25,0 18,0 7,0 1265,1 24,4 18,5 190,5 18,5 125,3 365,8
31–VEE (Af) 52 −16,34 −39,60 23,3 25,2 20,3 4,9 1085,5 24,9 20,9 171,8 31,1 336,0 242,5
30–VMT (Aw) 52 −17,32 −43,77 24,3 26,5 21,7 4,8 701,2 26,1 21,9 157,1 0,7 685,2 88,9

Tm=Average annual temperature
Tmx=Average temperature of the hottest month
Tmn=Average temperature of the coldest month
ATm=average annual temperature gradient
P= average annual rainfall
THp=Average temperature of the hottest period (3months)
TCp=Average temperature of the coldest period (3months)
PRp=Average rainfall in the rainy period (3months)
PDp=Average rainfall in the dry period (3months)
DEF=Annual water deficit
EXC=Annual water surplus
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build the GGE biplot (Yan et al., 2000) and obtaining the detailed study
of the G×E interaction (following the approach of Nuvunga et al.
(2015) and Peixouto et al. (2016)), to verify the stability and adapt-
ability of the genotypes across the environment gradients, thus identi-
fying the mega-environments. The described procedures using the BLUP
estimates followed by a FAMM model and subsequent GGE biplot
analysis proved to be a powerful method to analyze multi-environment
trials rather than using raw DBH data (Zhang et al., 2018). All analyses
were performed using the R software (R CORE TEAM, 2016).

2.4. Climate characterization and site clustering

A Multivariate Regression Tree (MRT) analysis was used to char-
acterize the climate of the environments and the correlation with the
genotype behavior, that is, the reaction norm across the environments
and site clustering using the mvpart of the R software (De'Ath, 2002).
The method consists of a constrained clustering, where two sets of data
are used: i) data with similar measurements in individuals – in the
present study, the BLUPs of the clones in the environments; ii) partition
criteria with explanatory variables; variables with environmental

characteristics – here, climate parameters in the environment (Table 1).
Observations of the first dataset are grouped and tested based on the

similarity of each of the explanatory variables of the second dataset.
The division that presents the smallest sum of squares within the group,
and consequently greater among groups, is chosen as the division of the
two main nodes, starting again with the other variables, resulting, in
turn, in a complete tree. Afterward, the tree was cut according to the
cross-validation criterion, which minimizes the mean square error of
the prediction.

3. Results

3.1. Estimating the genetic parameters

The individual analysis indicated that the effects of clone, age, and
clone× age interaction were significant in all sites (data not shown).
Similarly, the results of the joint analysis showed that all model effects
were significant (Table S1 – Supplementary Material), indicating a
complex G×E interaction that changes the genotype ranking.

In general, the 21-JAR (Am) site contributed the most to the gen-
otype× site interaction while being the least correlated genotypically
with the other sites at all ages (Fig. 2). On the other hand, the 9-DUE
(Cwa), 22-KLT (Cfb), 33-DUR (Cfb), and 24-LWA (Cfa) sites are highly
correlated with each other (Fig. 2), thus contributing the least to the
G×E interaction at all ages since the correlation is maintained during
plant development.

Except for the 14-ELD (Aw), 15-ITA (Aw), 31-VEE (Af), and 30-VMT
(Aw) sites, the heritability estimates tended to decrease linearly over
time (Table 3). The 4-CEB (Aw) site had the lowest heritability at all
ages, implying a great environmental influence on the DBH trait
whereas the 21-JAR had the highest heritability estimate, indicating
high expression of the genotypic value of the clones for the DBH trait.

3.2. FAMM model and GGE biplot: G× E interaction

The commonalities (correlation between the variable [site] and a
factor common to all) of the FAMM model with two retained factors
were of high magnitude ranging from 0.69 to 0.99 in the three

Fig. 1. Map showing the 11 sites with the Eucalyptus trials of the TECHS Project distributed over Brazil (geographic coordinates and local climate - see Table 1).

Table 2
Number, clone tag and identification of the 11 Eucalyptus genotypes evaluated
at 3 ages and climate of the clone development region, according to Köppen
classification (Köppen, 1900) as described by Alvares et al. (2013).

N° Clone Genotype Climate in the clone development
region

1 P7 E. urophylla× E. brassiana As
2 R9 E. urophylla Aw
3 Q8 E. grandis× Eucalyptus sp Af
4 G7 E. urophylla Cwa
5 K2 E. saligna Cfb
6 D4 E. grandis× E. urophylla Aw
7 C3 E. grandis× E. camaldulensis As
8 H8 E. grandis× E. urophylla Am
9 E5 E. urophylla Cwa
10 B2 E. urophylla× E. grandis Aw
11 A1 E. urophylla× Eucalyptus sp. Cwa
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evaluated ages except for the 30-VMT site at age 3, which was 0.59
(Table S2 – Supplementary Material). This result indicates that the re-
duced model, with only two retained factors, satisfactorily explain the
genotypic variances for each environment and the covariance between
them. Additionally, the model explained 87, 84 and 83% of the total
variation for the ages 1, 2 and 3, respectively.

The first factor gradually concentrated the most productive sites
(Table 3, more observable at ages 2 and 3 – “x” axis in Fig. 3), those
with less water deficiency and warmer temperatures (Table 1). The
second factor, in turn, is related to a gradient of hotter sites with higher
water deficiency (“y” axis in Fig. 3). However, the temperature has a
strong influence in this factor, because the 21-JAR site, highly corre-
lated with this factor, has high temperature and approximately half of
the water deficit of the retained sites (Table 1 and Fig. 3). Therefore, we
name factor 1 as “productivity” and factor 2 as “stress”.

The GGE Biplot analysis separated the sites in two sectors, as shown
by the dotted lines (Fig. 3), however, the sites 9-DUE, 7-CCO, 4-CEB,
and 14-ELD are bordered by two mega-environments (near the dotted
line). These sites are clustered in only one group by the Multivariate
Regression Tree (MRT) analysis, which arranged the sites in three
groups (as described later). Therefore, we consider three mega-en-
vironments. The first mega-environment clusters the 22-KLT (Cfb), 24-
LWA (Cfa), and 33-DUR (Cfb) sites, the second the 9-DUE (Cwa), 7-CCO
(Aw), 4-CEB (Aw), and 14-ELD (Aw) sites, while the third the 21-JAR
(Am), 31-VEE (Af), 15-ITA (Aw), and 30-VMT (Aw) sites ranked as
more, intermediate and less productive clusters, respectively (Table 3).

However, only the 21-JAR site differs from the others at age 1 (Fig. 3A).
Clones R9, G7 and C3 are the less adapted to 21 – JAR site, since they
are further away from this site remaining in the same polygon region of
the GGE biplot over time (Fig. 3).

The H8 clone adapted best to the more restrictive regions (Fig. 3),
which apparently translates into stress tolerance. Also, this clone was
the least stable (length of the dashed line perpendicular to the “x” axis –
red line; Fig. 4) among the most productive clones and contributed the
most to genotype× age interaction, with changing rank and genotypic
value over time (Fig. 4 – A, B and C). Clone B2 adapted best to the least
restrictive region or that with greater productive potential (factor 1).
Although less productive than H8 and similar to A1 (Fig. 4B and C), this
genotype, in the average of the environments, is the most stable due to
its good performance in most sites. Clone A1 is productive and tolerant
to stress at all three ages (Fig. 4) while clone P7 performed the worst in
all regions except for the satisfactory performance in the 21-JAR site,
classifying it as unstable in the mean and stability analysis of the GGE
biplot (Fig. 4). Clone D4 was the most stable in the three ages evaluated
(Fig. 4).

In general, based on the genotypic average across the environments,
the clones H8, B2 and A1 are the most productive, and E5, D4, and K2
are intermediate whereas P7, C3, R9, G7, and Q8 are the least pro-
ductive (Fig. 4).

The search for an “ideotype” (hypothetical, center of the circle
marked with the arrow), with high productivity, high adaptability, and
stability, leads to a genotype between the B2 and A1 clones in the three
evaluation ages (Fig. 5). These clones are the closest to an ideal geno-
type, however, the H8 clone modifies its behavior the most towards an
ideotype over time (Fig. 5).

As for the environments, the 21-JAR and 22-KLT sites are the most
discriminants of genotypes (Fig. 6; vector length from the origin) for,
respectively, the mega-environments with stress factors (Factor 2 –
Fig. 3) and high productivity (Factor 1 – Fig. 3). However, only the 21-
JAR site has this characteristic at the earliest age interval 1 (Fig. 6A).
Regarding site representativity, corresponding to the angle formed be-
tween the line (continuous red) going through the origin of the biplot
toward an average environment (Arrow – Fig. 6) and the site vectors
(dashed line), the sites 7- CCO, 4-CEB, 14-ELD and 30-VMT are the most
representative over time (Fig. 6 – B and C), however, 4-CEB is the site
least discriminative of genotypes (Fig. 6C).

3.3. Climate characterization and site clustering

The MRT analysis clustered the sites according to genotypic corre-
lations under the restriction of explanatory variables, that is, assigning
the similarity within clusters to the measured climate variables
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Fig. 2. Heat map for genotypic correlations between 11 sites (7 – CCO [Aw], 4 – CEB [Aw], 9 – DUE [Cwa], 33 – DUR [Cfb], 14 – ELD [Aw], 15 – ITA [Aw], 21 – JAR
[Am], 22 – KLT [Cfb], 24 – LWA [Cfa], 31 – VEE [Af], 30 – VMT [Aw];Table 1) at three ages (Age 1: 13 to 17months; Age 2: 31 to 34months; Age 3: 48 to 53months)
(DBH) in 11 clones (Table 2) of Eucalyptus in multi-environment trials.

Table 3
Broad-sense heritability (hg

2) and phenotypic means (μ) of the diameter at
breast height (DBH, cm) trait in 11 sites (Köppen classification between par-
entheses) at three different ages (subscript numbers refer to evaluations) of
Eucalyptus trials in tropical regions of Brazil.

SITE hg1
2 hg2

2 hg3
2 μ1 μ2 μ3

7 – CCO (Aw) 0.424 0.361 0.251 7.23 12.63 14.85
4 – CEB (Aw) 0.275 0.176 0.098 8.17 12.16 13.45
9 – DUE (Cwa) 0.454 0.394 0.313 7.44 11.82 14.79
33 – DUR (Cfb) 0.464 0.499 0.390 8.29 13.81 17.50
14 – ELD (Aw) 0.410 0.236 0.340 6.62 11.52 14.61
15 – ITA (Aw) 0.387 0.308 0.340 5.05 9.95 12.18
21 – JAR (Am) 0.739 0.664 0.617 5.93 8.71 9.26
22 – KLT (Cfb) 0.606 0.589 0.459 6.94 13.83 17.34
24 – LWA (Cfa) 0.582 0.488 0.405 7.75 12.70 15.74
31 – VEE (Af) 0.365 0.524 0.434 8.42 12.71 13.67
30 – VMT (Aw) 0.429 0.358 0.403 6.47 11.03 12.64

Subscript “1” = from 13 to 17months; Subscript “2” = from 31 to 34months;
Subscript “3” = from 48 to 53months
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(Table 1). The analysis results and site clustering are shown in Fig. 7.
At age 1, the mean annual temperature (Tm) divided the sites into

two clusters, a higher temperature one grouping the 21-JAR and 15-ITA
sites and a lower temperature one grouping other sites, explaining
39.5% of the total variance (Fig. 7A). At age 2, the average precipita-
tion in the driest period (PDp) divided the main node into two bran-
ches, explaining 51.7% of the total variance while the first branch is
subdivided according to water deficiency in the soil–plant-atmosphere
system (DEF), explaining 11.1% of the total variance (Fig. 7B). The
three formed clusters are: i) high PDp, grouping the 21-JAR and 31-VEE
sites; ii) low PDp, more humid sites, and little water deficiency in the
period, grouping the 9-DUE, 33-DUR, 22-KL, and 24-LWA sites; and iii)
low PDp, drier sites, and higher water deficiency in the period,
grouping the 7-CCO, 4-CEB, 14-ELD, 15-ITA, and 30-VMT sites.

Similarly, at age 3, the average annual temperature gradient (Atm)
divided the main node into two branches, explaining 43.8% of the total
variance, followed by a secondary node subdivision according to the
average annual temperature (Tm) that explains 10.5% of the total
variance (Fig. 7C). Thus, the three formed clusters are: i) small

temperature gradient, with hot region and uniform temperature during
the period, grouping the 15-ITA (Aw), 21-JAR (Am), 31-VEE (Af) and
30-VMT (Aw) sites; (ii) large temperature gradient and high Tm, with
very hot periods and others with much lower temperatures during the
year, grouping the 7-CCO (Aw), 4-CEB (Aw), 9-DUE (Cwa) and 14- ELD
(Aw) sites; iii) large temperature gradient and low Tm, with very cold
periods and others with higher temperatures during the year, grouping
the 33-DUR (Cfb), 22-KLT (Cfb), and 24-LWA (Cfa) sites.

The results show three mega-environments (Fig. 3C) separated by a
south latitude gradient with reduced productivity towards the equator
(Table 1 and Fig. 1) becomes evident over time. The sites clustered
within the mega-environments are grouped according to the pro-
ductivity pattern and the similar climatic conditions, in which tem-
perature plays a fundamental role. Thus, the mega-environment re-
ferred to as “productivity” located in the lowest latitudes between
−24.23 and –22.73 (in degrees), concentrates the most productive and
least restrictive temperatures compared to the other sites (Table 1,
Fig. 7). The “intermediate” mega-environment, located between lati-
tudes −19.96 to −18.02, has average productivity, elevated

Fig. 3. GGE-biplot polygon (“which-won-where” pattern) from the FAMM model, for the DBH trait of 11 Eucalyptus clones (Table 2) and 11 sites (7 – CCO [Aw]; 4 –
CEB [Aw]; 9 – DUE [Cwa]; 33 – DUR [Cfb]; 14 – ELD [Aw]; 15 – ITA [Aw]; 21 – JAR [Am]; 22 – KLT [Cfb]; 24 – LWA [Cfa]; − 31 – VEE [Af]; − 30 – VMT [Aw]) at
the evaluation ages 1 (13 to 17months; A), 2 (31 to 34months, Figure B) and 3 (48 to 53months, Figure C).
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temperatures during periods of the year and milder in others. Lastly, the
most extreme mega-environment referred to as “stress” is located in the
highest latitudes, from −17.32 to −0.84, has lower productivity, being
considered the hottest and humid environment. These results show the
effect of latitude on temperature.

4. Discussion

The results evidence the differentiated behavior among eucalypts
clones during the development cycle and clone performances during
development and across sites.

Among the climate parameters studied, the temperature was the
most relevant to differentiate genotype performances across the en-
vironments, thus controlling the G×E interaction. Likewise, this result
was observed in previous studies with forest species (Hamann et al.,
2011; Gapare et al., 2015; Gray et al., 2016) while high temperatures
have been correlated with a decreasing growth rate of trees in tropical
forests (Slot and Winter, 2016; Vlam et al., 2014). In fact, thermal stress
has been related to increased respiration rate and, consequently,

reduced carbon capture process during photosynthesis (Clark et al.,
2013; Slot et al., 2013), resulting from the increasing vapor pressure
deficit (Wu et al., 2017), leading to stomatal closure since the tem-
perature actively influences the stomatal conductance behavior and,
consequently, carbon uptake (McKenzie et al., 2018).

Further, although temperature leads this discussion because site
clustering patterns are more sensitive to it, water is a limiting factor for
plant growth and development, and water availability also helps to
explain the differences between the environments. Eucalyptus planta-
tions are highly responsive to water supply (Otto et al., 2017), which
can be observed at age 2 (31 to 34months), where the average pre-
cipitation during the driest period discriminated the sites at this age in
the present study, evidencing the water influence on the genotype be-
havior during tree developmental cycle. In fact, Eucalyptus species re-
duce the leaf area as a response to prolonged dry periods while having a
rapid recovery response at the beginning of increased water avail-
ability, when the canopy growth rate is higher compared to periods
when water availability remains constant (Gow et al., 2018).

Temperature and precipitation are correlated variables. Binkley

Fig. 4. Average performance (BLUPs; “x” axis) and stability (length of the dashed line perpendicular to the red “x” axis) with the GGE-biplot generated from the
FAMM model, for the DBH trait of 11 Eucalyptus clones (Table 2) and 11 sites (7 – CCO [Aw]; 4 – CEB [Aw]; 9 – DUE [Cwa]; 33 – DUR [Cfb]; 14 – ELD [Aw]; 15 – ITA
[Aw]; 21 – JAR [Am]; 22 – KLT [Cfb]; 24 – LWA [Cfa]; − 31 – VEE [Af];− 30 – VMT [Aw]) at the evaluation ages 1 (13 to 17months; Figure A), 2 (31 to 34months;
Figure B) and 3 (48 to 53months; Figure C).
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et al. (2017) demonstrated that the average precipitation decreases
78mm.year−1 for each 1 °C temperature increase in areas that en-
compass the experimental sites of the present study. Additionally,
precipitation and temperature together explain a higher proportion of
tree productivity in tropical forests, given by the relationship between
increasing temperature with reduced rainfall and productivity (Feng
et al., 2018). Therefore, the precipitation and temperature effects are
indistinguishable, while the latter directs the climatic differences be-
tween the mega-environments identified here, directly reflecting on
productivity, while influencing rainfall regimes in these regions at the
same time. Thus, although temperature directly influences plant phy-
siology, it acts more effectively in an indirect way by defining the water
availability of a region since the physiological aspects of eucalypts are
related to the climate of the origin region, which is guided by the vapor
pressure deficit (Bourne et al., 2017).

Stress tolerance involves many plant mechanisms and, conse-
quently, many genes are involved in the manifestation of this trait
(Khan et al., 2015). Similarly, for DBH, which is a polygenic trait, high-
effect genes contribute little to this trait variation (Tassinari et al.,
2017). Therefore, both stress tolerance and DBH are strongly influenced
by the environment, implying that, among the genotypes evaluated up
to the age of four, clones H8, A1 and B2, in general, have sets of genes
and alleles more adapted to the tropical regions of Brazil (Alvares et al.,
2013), indicating a high potential at the cutting age as well, since the
juvenile-adult age correlation is high in Eucalyptus (Massaro et al.,
2010; Pinto et al., 2014; Li et al., 2017).

Clone B2 is highly adaptable, with optimal performance in the most
productive region, concentrating genes that express the productive
potential of that mega-environment, but it does not respond similarly in
the most restrictive region. This genotype is also the most stable due to
the good performance verified in the intermediate region (Fig. 3), thus
becoming evident that clone B2 is a less stress-tolerant genotype and
cannot be recommended for planting in stress areas. However, because
E. urophylla× E. grandis hybrids (as clone B2) have good growth per-
formance in the Brazilian territory (Gonçalves et al., 2013; Assis et al.,
2015), their potential use in breeding programs in these regions is not
ruled out since they can be used as pollen donors.

Clone H8 adapted the best to the most restrictive region with sa-
tisfactory yield in the most productive sites, suggesting that this geno-
type may contribute potential alleles in breeding strategies when
breeding stress-tolerant and more productive genotypes. This result
becomes even more interesting in the current climate change scenario,
which projects a global temperature increase and the need for breeding
genotypes better adapted to warmer conditions and more tolerant to
water deficits since the genotype adapted to such a region today may no
longer be in a relatively short period (Booth, 2013; Gray et al., 2016;
Slot and Winter, 2016; Feng et al., 2018). This changing adaptability
would be disastrous for any breeding program, as it would bring new
costs and require time for developing new genotypes adapted to the
new environmental conditions. Similarly, clone A1 is an intermediate
genotype between B2 and H8, with satisfactory performance in all
mega-environments, demonstrating relative phenotypic plasticity and,
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Fig. 5. Classifying the genotypes according to the “Ideotype” (hypothetical, center of the circle marked with the arrow) based on the DBH trait of 11 Eucalyptus clones
(Table 2) and 11 sites (7 – CCO [Aw]; 4 – CEB [Aw]; 9 – DUE [Cwa]; 33 – DUR [Cfb]; 14 – ELD [Aw]; 15 – ITA [Aw]; 21 – JAR [Am]; 22 – KLT [Cfb]; 24 – LWA [Cfa];
− 31 – VEE [Af]; − 30 – VMT [Aw]) at the evaluation ages 1 (13 to 17months; Figure A), 2 (31 to 34months; Figure B) and 3 (48 to 53months; Figure C).
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therefore, the best gene and allelic combination among the evaluated
clones. An ideotype would be situated among clones B2, H8 and A1
(Fig. 5) with a genomic set that has the plasticity of A1, with the H8 and
B2 performances in the stress and productive potential mega-environ-
ments, respectively.

Unsurprisingly, among the more productive clones (B2, A1, and
H8), clone H8 developed in the Am (Köppen classification) climate was
the most adapted to this region (21-JAR site). This lay out the selection
effect performed by breeders in the breeding programs, whose strate-
gies may still result in elite hybrid clones (Potts and Dungey, 2004).
Except for K2 and C3, all clones have in their genotypic constitution
Eucalyptus urophylla (as pure species or hybrids), highlighting the great
genetic diversity of this species as gauged by Silva et al. (2019a), and its
potential use in Eucalyptus breeding programs.

Genotypic correlations between sites were higher at earlier ages
(Fig. 2), reducing overtime. This result can be explained by the fact
that, at the beginning of tree development, the genotypes present ge-
netic groups responsible for the DBH trait that is either not expressed or
less active (Cruz et al., 2012). The more intense competition between
plants over time may also have contributed to the lower correlations
since scarcer environment resources lead to different growth rates and
more uneven tree size (Sun et al., 2018). Also, the survival rate de-
creases over time due to the increasing tree vulnerability to mortality in
forests (Allen et al., 2015). The GGE biplot polygon shows that, except

for the 21-JAR site, the sites form a single cluster at the earliest age
(Fig. 3A), but characteristic groups begin forming over time (Fig. 3B
and 3C). This indicates that the genotype× site interaction accentuates
over time as the genotypic expression of the clones tends to stabilize. In
fact, low repeatability and reduced selective accuracy were found in
tests with clonal eucalypts aged less than two years (Araújo et al.,
2015).

The 21-JAR (Am) site differed from the others already at an earlier
age, being the least correlated with the other sites at all ages evaluated.
This is consistent with the widely different climatic zones as related by
Silva et al. (2019a). This fact may be due to the high temperature as-
sociated with high precipitation, characterizing the site as hot and
humid, favoring the manifestation of pests and key diseases in the eu-
calypt crops in Brazil (Alfenas et al., 2009; Gonçalves et al., 2013),
possibly also explaining the high mortality rate at this site (data not
shown) (Silva et al., 2019a,b). Interestingly, this site is the furthest from
the others, corresponding to the pattern seen in the GGE biplot polygon,
and the least productive site. All these factors reflect the high broad-
sense heritability (hg

2) observed at this site, indicating high expression
of the genotype value in 21-JAR while highlighting the superiority of
clone H8 and the plasticity of A1.

It is also worth noting that, although less productive, P7 clone had
low mortality in the Am climate (21-JAR site; data not shown), a high
adaptive capacity from the ecological viewpoint. This clone has

Fig. 6. Environment potential for genotype discrimination (vector length from the origin) and representativity (angle formed between the solid red line (marked with
an arrow) passing through the origin and the site vectors (dashed line) based on the DBH trait of 11 Eucalyptus clones (Table 2) and 11 sites (7 – CCO [Aw]; 4 – CEB
[Aw]; 9 – DUE [Cwa]; 33 – DUR [Cfb]; 14 – ELD [Aw]; 15 – ITA [Aw]; 21 – JAR [Am]; 22 – KLT [Cfb]; 24 – LWA [Cfa]; − 31 – VEE [Af]; − 30 – VMT [Aw]) at the
evaluation ages 1 (13 to 17months; Figure A), 2 (31 to 34months; Figure B) and 3 (48 to 53months; Figure C).
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Eucalyptus brassiana (E. urohylla× E. brassiana hybrid) in the genotypic
constitution, and natural distribution ranging from warm and sub-
humid to warm and humid climate (Eldridge et al., 1993; Fonseca et al.,
2010), which is probably related to the high survival of this clone at Am
climate (21-JAR site).

5. Conclusions

The results allow a clear view of the dynamics of the different
performance of Eucalyptus clones at different ages and across several
environments in Brazil. In addition to identifying the genotype× site
and genotype× age interactions, it was also determined which en-
vironments are similar, or extremely contrasting. Temperature influ-
enced the most the site clustering to form the mega-environments ac-
cording to a latitudinal gradient towards the equator so that decreasing
productivity is observed nearing the equator regardless of age. The site
with the most adverse climate differs from the others at the earliest age,
being useful to separate the tolerant from the susceptible genotypes,
thus allowing an early selection. These results may help future studies
on the development of selection strategies in the tropical regions of
Brazil, where higher temperatures and increasing water deficits are
predicted due to climatic changes, assisting forest improvement pro-
grams to deal with the effect of climate changes on eucalypts pro-
ductivity.

There are genotypes with high specific adaptability, which perform
well in a particular region but do not respond adequately when grown
in contrasting locations. On the other hand, genotypes with general
adaptability have intermediate productivity, regardless of where they
are grown.
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