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Abstract

The potential effects of climate change plus the expansion of eucalypt plantations to less
favorable sites, beyond those where they are currently planted, requires exploring novel
eucalypt germplasm to identify taxa less vulnerable to biotic and abiotic stress. To improve
plant adaptation to new environments, the first step is breeding programs and/or forming
base populations of new and different species. But, to achieve this, what species should
be chosen from the almost 1000 existing eucalypt species? To tackle this question, this
work evaluated various eucalypt species from different provenances at two assessment in
five environments to verify (1) the need for environmental stratification; (2) the best spe-
cies and provenances per environment, and (3) environmental stability, adaptability, and
changes between assessment. The mortality and diameter at breast height of 27 eucalypt
taxa originating from wild populations and seed orchards were evaluated. To evaluate the
data, we took a factor analytic mixed modelling approach to define mega-environments
(groups of similar sites) and characterize the interactions of these with the selected taxa.
The analyses allowed both quantitative and graphical identification of optimal combina-
tions of species and sites. Promising taxa identified include Corymbia citriodora subsp.
variegata, C. henryi, Eucalyptus longirostrata, E. major and E. urophylla. We place the
results of this process in the context of ongoing domestication and breeding of new taxa for
challenging sites in Brazil.

Keywords Early selection - Factor analytic - Forest breeding - Forest improvement -
Genotype X environment interaction (GEI)

Introduction
Most of the>20 Mha of commercial eucalypt plantations are established using just nine

relatively fast-growing species and their hybrids (Harwood 2011). Most of these planta-
tions are established within a restricted range of environments between about 35° S to 35°
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N (Ferreira et al. 2019) where rainfall and other climatic conditions are favorable for main-
taining relatively high growth rates. Most of Brazil’s commercial eucalypt plantations lie
in the most productive region between latitudes 15° S and 30° S (Ib4a 2020). Conditions
there are favorable for plantation growth, with infrequent water deficit, moderate tempera-
tures and few major stressors (Elli et al. 2020). Eucalypt plantations in this zone are pre-
dominantly clonal, with most cultivars derived from Eucalyptus urophylla and E. grandis
pure species and their hybrids. These species have the most advanced breeding programs in
Brazil, comprising advanced generations of recurrent selection and controlled pollination
orchards (Gongalves et al. 2013; Assis et al. 2015; Silva et al. 2019a, b).

Published information on the detail of the breeding programs for these and other euca-
lypts that have been successfully introduced to Brazil, including the ancestral origins of
families and provenances, is comparatively scarce. It is probable that many clonal selec-
tions (both pure species and spontaneous hybrids) have been made phenotypically from
within the Brazilian eucalypt land race populations rather than as the result of systematic
selection and breeding.

However, eucalypt plantations are now expanding to new regions with different, typi-
cally more-challenging, environmental conditions, thus, requiring species and provenances
that are more resistant to biotic and abiotic stressors (Assis 2014). Besides the challenges
of introducing eucalypts to new sites, climate change also influences and often increases
pest and disease occurrence, as well as abiotic stresses in traditional eucalypt plantation
regions (Silva et al. 2013). Selecting hardier species adapted to sites that are currently
challenging may therefore also provide options for sites that will become less favorable in
future due to climate change impacts (Bush et al. 2018). Domestication programs for alter-
native species that might be suited to more difficult sites in Brazil are currently in the early
stages, with species and provenance screening being the focus.

These new challenges can be met by widening the available range of eucalypt genetic
material currently planted and included in breeding programs. Existing breeds can be made
more resilient and better adapted to stressful environments by screening novel provenances,
and in some cases, by inter-specific hybridization (Lee et al. 2009). New plantations estab-
lished in zones that have significantly less favorable climates and soils than traditional
planting areas require screening of previously untested species, provenances, and taxa.

The first step to form base populations is to choose the species whose performance,
traits and provenances are well known as well as their interaction with diverse environmen-
tal conditions (genotype X environment interaction, GEI). The GEI can be used to define
breeding zones by indicating the best species to grow at each site while allowing adaptation
studies to the sites (Resende 2007; Malosetti et al. 2013; Araujo et al. 2019). Due to the
choice of the adequate species and the provenance is fundamental for the success of euca-
lypts breeding programs (Eldridge et al. 1994). Moreover, it determines the most adapt-
able or the most stable genotypes among different environments (Malosetti et al. 2013;
van Eeuwijk et al. 2016; Araujo et al. 2019) that can, therefore, be planted across various
environments. To this end, Multi-Environmental Trials, based on a series of comparative
trials (Smith et al. 2001), are used for identifying and exploring the mega-environments,
a requirement for stratification purposes. GEI studies allow checking different genotype
performances across sites while determining adaptability and stability over time (Araujo
et al. 2019). Adaptability is related to the ability of a genotype to respond favorably to
its environment, while stability is related to the predictability of its behavior (Finlay and
Wilkinson 1963; Eberhart and Russell 1966). Adaptability and stability studies allow us to
check how the effects of GEI act on the behavior of genotypes in the environments where
they are tested, allowing the accuracy to make recommendations.
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The objective of this work was to evaluate different eucalypt species and provenances at
two assessment in five environments to determine (1) the need for environmental stratifica-
tion; (2) the best species and provenances for a specific environment; and (3) the environ-
mental stability and adaptability behavior over time.

Material and methods

This work builds on the early evaluations of Corymbia and Eucalyptus species undertaken
by Silva et al. (2017). A total of 27 eucalypt taxa from wild populations and seed orchards
were studied (Table 1).

The experimental plots had 7 X7 plants per plot and area per plant ranging from 6 to 9.1
m?, set up in five different environments/sites (Table 2; see also supplementary material
FigS4). For each taxon, one plot per site was set up. Some taxa were missing at differ-
ent sites: maj20967, 1lon20007, lon11156, 1on20786, ccc11246 were missing at Aw-Bor;
amp15281 missing at Cwa-Par; uroAV0022NO1, maj20967, maj20009, majl5603 and
ccv4q were missing at Aw-TM. The mortality, tree height, and diameter at breast height
variables were evaluated at two assessment. The evaluated assessment ranged from 1.3
(Aw-TM site) to 2.6 (Am-Mac site) at the assessment 1 and from 3.3 (Cwa-Itam site) to
4.8 (Am-Mac site) years old at the assessment 2 (Table 2). The individual tree volume was
calculated at each assessment considering the form factor of 0.5 for all taxa.

The taxa and sites were submitted to a traditional joint analysis using a mixed model
and REML/BLUP procedure for DBH at each assessment, as follows:

y=Xv+Zu,+Z,u, +e

where y is the vector of observations; 7 is the vector of fixed effects of sites (replications)
and overall mean with associated design matrix X; u, is the vector of random genotypic
effects of species and provenances within species with the associated design matrix Z,;
u,, is the random effects of species plot (analogous species x site interaction) and prov-
enance within species plot (analogous provenance within species x site interaction) with
the associated design matrix de; e is the vector of residual effects. The Likelihood Ratio
Test (LRT) was used to determine the significance of random effects.

A second approach consisted of applying a series of extended factor analytical (XFAk)
models (Thompson et al. 2003; Meyer 2009) to Z,,u,, effects, so that the genotypic covari-
ance matrix of species and provenances within species in the environment could be writ-
ten as: (AA’ + W) ®1,, in that A is the matrix of environment loadings (with dimension
number of sites (s) x quantity of retained factors (k)); W is the within-site variance that is
not accounted for by the factor loadings, also designed as specific variance; 1, is the iden-
tity matrix of species dimension (when adjusted species x site interaction) and provenance
within species dimension (when adjusted provenances within species x site interaction).
Models with up to k=5 (fal to fa5) and unstructured model (UN) were fitted and com-
pared based on the Akaike’s criterion (AIC).

The survival analysis was performed graphically for each assessment at the species and
provenances levels. Besides, the graphical representation of site factor loadings as vector
plots for the fa2 models was carried out so that the cosine of the angle between vectors is
an estimate of the type-B correlation due to the first two factors while the vector length cor-
responds to the genetic variance (a similar approach was performed by Bush et al. 2015).
The estimates and predictions of the environment loadings and genotypes’ factorial scores
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Table2 Technical data regarding the company, site climate, and geographical coordinates, planting date,
and evaluated assessment

Site code Am-Mac Aw-TM Aw-Bor Cwa-Itam Cwa-Par
City Macapa, AP Trés Marias, MG Borebi, SP Itamarandiba, MG Paraopeba, MG
Company Amcel Gerdau Bracell Aperam Vallourec
Planting date Jul/13 Dec/13 Jan/14 Jun/14 Feb/15
Assessment (years) 1 2.6 1.3 2.4 1.5 2.0

2 48 4.0 44 33 3.7
Spacing (m X m) 32x19 3.5%2.6 3.0x2.6  3.0x3.0 3.0%x2.0
Latitude 00°37'S 18°12'S 22°48'S  17°54'S 19°18'S
Longitude 51°17"W  45° 14'W 48°54'W  42°52'W 44°30' W
Altitude (m; sea level) 115 569 711 1003 750
Koppen Climate Am Aw Aw Cwa Cwa
AAT (°C) 27.0 22.5 21.0 21.4 20.4
AAP (mm) 2400 1442 1350 1167 1300

were used to build the GGE biplot (Yan et al. 2000) and obtaining the detailed study of the
GEI, as Nuvunga et al. (2015), Peixouto et al. (2016) and Araujo et al. (2019) to verify the
stability and adaptability of the genotypes across the environmental gradients, thus identi-
fying the mega-environments.

All analyses were carried out using ASReml 3.0 (Gilmour et al. 2015) and R (R Core
Team 2019) software.

Results

In general, the fa2 model has a good fit for the variance structure for the Genotype x Envi-
ronment Interaction (GEI) effects in the analysis (Table 3). In the Aw-TM and Am-Mac
sites, mortality rates ranged from 2 to 60% and from 4 to 80% for assessments 1 and 2,
respectively (Table 4). Overall, the highest mortality rate was recorded in the Am-Mac
site where E. longirostrata (lon) survival rate was the lowest, 1% and 0% for assessments
1 and 2, respectively (Fig. la, b). In this site, at assessment 2, except for C. forelliana
(ct), E. brassiana (bra), and E. camaldulensis (cam) species (87%, 70%, and 60% survival,
respectively), the survival rates of all other studied species were very low (e.g., 4% for E.
amplifolia). The ct species exhibited the highest survival rate in the Am-Mac site at both
assessments (assessment 1-96%; assessment 2-87%) and, consequently, the highest Mean
Annual Increment (MAI) in this environment (Fig. 1a, b). Furthermore, in the Aw-TM site,
survival rates of cam, ct, and ccc were 100% whereas ch survival was the lowest at both
assessments (92% and 86% for assessments 1 and 2, respectively).

For assessment 1, productivity ranged from 7.05 to 30.65 m> ha™! year™! in the Am-
Mac and Cwa-Par sites, respectively. For 2, it ranged from 4.98 to 35.74 m> ha™! year~'in
the Am-Mac and Aw-Bor sites, respectively (Table 4). At assessment 1, only the site x spe-
cies interaction variance (0'2 exs) Was significant (Table 4) Whlle at assessment 2, a signifi-
cant effect was observed on the variance between species (as) site-species interaction vari-

ance (6% ), and site x provenance interaction within species (o-slms ) From one

assessment to another, the coefficients of determination increased for the spec1es effect (S )

sitexS””’
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Table 3 Summary of the number of variance parameters of genotype X environment interaction (GEI)
matrix and Akaike’s Information Criterion (AIC) for unstructured (us) and factor analytic (fa) variance
models fitted to the eucalypt taxa MET dataset at evaluation assessments 1 and 2

Model Number of Parameters AIC
Assessment 1 Assessment 2 Assessment 1 Assessment 2
Species level us 21 21 10,727.86 12,333.33
fal 16 16 10,728.44 12,353.32
fa2 20 20 10,726.53 12,333.59
fa3 23 23 10,732.05 12,337.3
fad 25 25 10,735.78 12,439.99
fas NC NC NC NC
Provenance within  us 21 21 10,756.04 12,354.79
species level fal 16 16 10,760.09 12,365.01
fa2 20 20 10,755.39 12,352.93
fa3 23 23 10,759.92 12,358.6
fad 25 25 10,763.92 12,434.16
fa5 26 26 11,671.49 13,339.4

NC Not converged

. . . o .2 . . .
and site x provenance interaction within species (C;, o ) while decreasing for species plot
(P)

(analogous species X site interaction).

Separating the sites per sector indicated a complex GEIL. If the taxa were in the same
sector of the polygon it would indicate simple interaction; according to the GGE biplot
theory (Yan et al. 2000), with a similar pattern for species (Fig. 2) and provenance within
species (Supplementary material—Fig.S2.a and Fig.S2.b) at both assessments. The sites
clustered into three mega-environments (1—Am-Mac; 2—Aw-Bor+Cwa-Par; 3—
Aw-TM 4 Cwa-ITAM), the polygon vertices indicate the best performing species in each
mega-environment (Fig. 2a, b). The aforementioned three mega-environments are sup-
ported by the type-B correlation (Fig. 3). The Aw-TM and Cwa-Itam, Aw-Bor and Cwa-Par
sites have the highest genotypic correlations between pairs of environments. The genotypic
correlation between the Am-Mac and Aw-Bor + Cwa-Par mega-environments is low (lower
correlation with Aw-Bor—angle near 90 degrees at the assessment 1 and near 60 degrees
at the assessment 2; approximately zero correlation with Cwa-Par site—angle close to 90
degrees in both assessments; Fig. 3) and negative genotypic correlation with Aw-TM and
Cwa-Itam mega-environments (angle larger than 90 degrees in both assessments).

The best performances were observed for Corymbia torelliana in the Am-Mac mega-
environment; E. urophylla in the Aw-Bor+ Cwa-Par mega-environment; and E. longiro-
strata in the Aw-TM + Cwa-Itam mega-environment, all being the vertex genotypes in the
polygon (Fig. 2a, b). The species of secondary importance are also identified, i.e., those
that exhibited good performance in each of these mega-environments. Thus, good per-
formances were observed for C. citriodora subsp. variegata and C. citriodora in the Mac
mega-environment and for C. henryi in Aw-TM + Cwa-Itam (Fig. 2b).

A provenance effect was observed for C. citriodora subsp. variegata. The provenance
effects change the species general performance at the species level analysis (Fig. 2) since
different environment adaptations are observed between provenances. For example, the
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Table 4 Estimates of variance components, genetic and non-genetic parameters, site phenotypic averages
and standard errors (SE) of Diameter Breast Height (DBH) in different eucalypt species and provenances
at two assessment intervals (Assessment 1: from 1.3 to 2.6 years after planting; Assessment 2: from 3.3 to
4.8 years after planting)

Genetic parameter Assessment 1 Assessment 2
8; (species) 16.15 (16.82)" 51.36 (29.86)%***
8§<P) (provenance) 4.94 (2.66)™ 3.79 (2.58)™
Sszms (site X species) 63.38 (17.36)%#* 29.94 (10.05)%s#*
o-fitexsm (site X provenance) 1.63 (1.87)™ 6.00 (2.75)%*
62 (residual) 283.34 (6.18) 243.19 (5.41)
K 0.04 0.15
S(ZP) 0.01 0.01
"fms 0.17 0.08
2 0.00 0.09
sitexSp)
Mortality rate
Aw-Bor 5% 5%
Cwa-Itam 5% 6%
Am-Mac 60% 80%
Cwa-Par 5% 6%
Aw-TM 2% 4%
Sites MAI averages (m?® ha™! year™")
Aw-Bor 26.28 35.74
Cwa-Itam 11.56 12.04
Am-Mac 7.37 4.98
Cwa-Par 30.65 26.97
Aw-TM 7.05 14.74

" =Non-significant for Likelihood Ratio Test (LRT)
** and ***=Significant for Likelihood Ratio Test (LRT) at 0.01 and <0.001 p-value levels, respectively;

INRPSIIES RPN ) ~2 : : . : e fac Qife-cne.
og; S(Pl,axirm, U.Yl't(’xS(P) and c; are the estimated variances for species, provenance within species, site-spe

sy A
cies interaction, site-provenance within species interaction and residual respectively; S2, S(zp), Cfims and

C? _ are the coefficients of determination of species, provenance within species, species plot (analogous

sitexs$
(P)
species X site interaction), provenance within species plot (analogous provenance within species X site
interaction)

Richmond Range (ccv20582), Wolvi (ccv10220), SSO Barclays Deniliquin (ccv20787) and
Cherry Tree (ccv4q) provenances are adapted to Aw-Bor+ Cwa-Par mega-environment
whereas SSO Anhembi (ccvA14C117) and Woondum (ccv1122) provenances are adapted
to the Aw-TM + Cwa-Itam and Am-Mac mega-environments, respectively (Fig. 4).

The average performance was similar over time (Fig. 5). The main changes were
observed in the ranking of E. longirostrata, E. amplifolia (Fig. 5), assessment interac-
tion between the performances of E. urophylla (uroAV0022N01) and Richmond Range
(ccv20582) (provenance of C. citriodora subsp. variegata), better performance of both
maj20491 (E. major) in assessment 2 and SSO Barclays D. (ch20786) provenance of C.
henryi over time (Supplementary material—Fig.S3.a and Fig.S3.b). Additionally, few
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Assessment 1
(@)
E. urophylla- ’ ® ° )
E. major- ® @ o ® . ,
Specie's MAI (m3 ha” y’1)
E. longirostrata- [ ] @ ® { T ® MAI<10
@® 10>MAI<20
C. torelliana- [ ] [} o - (@) @ 20-MAI<30
(] .
S C. henryi- & o o ® & @ 30-ma<40
(]
(% C. variegata- o . ® . L Spec1ig;)s Survival (%)
C. citriodora- ® @ o . ° 75
. 50
E. camaldulensis- ® ® U vt ° 5%
E. brassiana- o ° ° . o
E. amplifolia- ® ® ° °® .

Aw—lBor Cwal-Par Aw-ITM Cwa-lltam Am-lMac

Enviroment
(b) Assessment 2
E. urophylla- . [ ® .
E. major- ® o ° ® . 5 i
Specie's MAI (m“ ha  y )
E. longirostrata- @ [ ] ® ® 5 e MAI<11
® 11>MAI<22
C. torelliana- O ® o - ® @ 22-MA<33
g C. henryi- & @ ® ® . @ 3o
[
o2 C. variegata- o ® ° . Specie's Survival (%)
] . 100
C. citriodora- @ ® ° . . 75
) 50
E. camaldulensis- ® . . [ - 25
E. brassiana- ® . o . ® 0
E. amplifolia- @ ® ® ®

Aw:Bor Cwa'-Par Aw-'TM Cwailtam Am-'Mac
Enviroment

Fig.1 Survival and Mean Annual Increment (MAL m> ha™' y~!) of eucalypt species in five environments
and two assessment ranges (Assessment 1, a: range from 1.3 to 2.6 years; Assessment 2, b: range from 3.3
to 4.8 years)

changes were observed in stability between the two studied assessments (indicated by the
length of the dashed line perpendicular to the red arrow axis).

Eucalyptus urophylla exhibited the best mean performance and stability in both
assessments (Fig. 5). Many C. citriodora subsp. variegata provenances had good
mean performance and low stability in both assessments, however, the Saddler Springs
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(a) Assessment1

Genotypic Variance
* 058
® 064
® 070
4 @ 147

@

Cwa-Par (3 Mortality (%)
60

XFA2 ( 19.89 %)

40

20

-1

Genotypic Variance
* 110
® 139
® 243
@ 34
@ 354

Mortality (%)
80

XFA2 (12.12 %)

-1

XFA1 (83.16 %)

Fig.2 Polygons of the Genotype-by-Environment interaction (GGE) biplots. Note—Sites: Borebi (Aw-
Bor); Itamarandiba (Cwa-Itam); Macapa (Am-Mac); Paraopeba (Cwa-Par); Trés Marias (Aw-TM). Assess-
ment 1, a: range from 1.3 to 2.6 years; Assessment 2, b: range from 3.3 to 4.8 years for Diameter Breast

Height (DBH)
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XFA2 ( 19.89 %)

Type-B Correlation
Assessment 1

Assessment 2

1.0 1.0
=
0s 2 05 Aw-Bor
' ~
=
< 004
[T
0.01 x Aw-TM
-0.51
05
-1‘.0 -D'.S 0.'0 0.'5 -2'.0 -1'.5 »1'.0 -0'.5 0.'0

XFA1 (39.14 %)

XFA1 (83.16 %)

Fig.3 Vector plot of the two factors from fa2 models showing the type-B correlation between pair of sites
in Multi-Environment Trial with eucalypt taxa in two evaluated assessments

XFA2 ( 22.46 %)

Assessment 2
2 3 4
3 4 . .
Vs Genotypic Variance
¢ 103
® 135
Am-Mac ® 137
/ .
= W @® 176
, b
z o
7] i
< Mortality (%
 Leewoess | {cevirts) 8(IJW( )
~ 0
\'\ \ °
\ S s 40
~
~
~ 20
~
~
~
~
~
0 1 2

XFA1 (65.88 %)

Fig.4 Polygons of the Genotype-by-Environment interaction (GGE) biplots for provenances of the Corym-

bia citriodora subsp. variegata
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(a) Assessment 1

DBH
85

8.0
75
7.0
6.5
6.0

XFA2 19.89 %

(b) Assessment 2

DBH

1
10

XFA212.12%

XFA183.16 %

Fig.5 Mean performance (BLUPs; in the direction of the red arrow) and stability (length of the dashed
line perpendicular to the red arrow axis) for the Diameter of Breast Height (DBH) of several eucalypt spe-
cies in two evaluated assessments. Note: Assessment 1, a: range from 1.3 to 2.6 years; Assessment 2, b:
range from 3.3 to 4.8 years. Sites: Macapd (Am-Mac), Itamarandiba (Cwa-Itam), Trés Marias (Aw-TM),
Paraopeba (Cwa-Par) and Borebi (Aw-Bor). “Average-Environment Axis”: (AEC) line that passes through
the average environment (red arrow) and the biplot origin
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(ccv19665) provenance had a poor mean performance combined with high stability in
both assessments (Fig.S3.a and Fig.S3.b).

Discussion

The survival rate generally decreased over time due to the increasing tree vulnerability to
mortality in the forests (Allen et al. 2015) probably resulting from intensified competition
between trees for site resources. However, the mortality between the first and second evalu-
ations was comparatively higher in the Am-Mac site, emphasizing the difference between
this site and all others. In fact, the Am-Mac site forms an independent mega-environment
with the most contrasting and limiting conditions, exhibiting high mortality over time.
Furthermore, the lower to negative genotypic correlation between Am-Mac and the other
mega-environments is because the taxon more adapted to it (C. forelliana) different to the
species identified for the sites. The stressor factor in this site is the occurrence of Cylindro-
cladium leaf spot (Silva et al. 2017, 2019b), a common disease in tropical regions (Rodas
et al. 2005). Therefore, the Am-Mac site can be used to identify genotypes with tolerance
to leaf spot disease and to allocate genotypes on sites/environment facing such stress.

Corymbia torelliana exhibited the lowest mortality in the most restrictive mega-environ-
ment, the Am-Mac site, highlighting the species high resistance to fungal diseases in Aus-
tralia (Lee et al. 2005) and the potential for hybridization with members of the spotted gum
complex (Genus Corymbia Section Politaria) for use in this region’s breeding programs.
Forestry breeding programs in Australia (Lee et al. 2005; Lee 2007; Dickinson et al. 2013)
have already applied this strategy and reported that C. forelliana x Corymbia spp. hybrids
improve rooting rate in stem cutting (Shepherd et al. 2008), resistance to biotic and abiotic
factors (Lee et al. 2005; Aparecida et al. 2014) and, consequently, productivity (Lee et al.
2009). Additionally, Eucalyptus brassiana and E. camaldulensis had survival above 50% in
the Am-Mac mega-environment and would be suitable for inclusion in a base population
in a forestry breeding strategy in this region. This probably relates to the species natural
distribution ranging from warm and sub-humid to warm and humid (Eldridge et al. 1994;
Fonseca et al. 2010), similar conditions of the Am-Mac mega-environment.

A key strategy of breeding programs is to identify mega-environments to allocate supe-
rior genotypes in the target regions (Yan et al. 2000). In this study, three mega-environ-
ments were identified at the evaluated assessments. One question however remains, why
is it possible to form two environments that clustered together Aw and Cwa? One explana-
tion may be that the Koppen classification is based on average historical data, taking into
account seasonality, as well as annual and monthly temperature and precipitation data, but
climatic environmental variations between the years can influence it as well.

To this end, the environmental stratification method is suggested for improving breeding
strategy and selecting superior material since it allows setting up orchards or seed produc-
tion areas for the best-adapted germplasm species and provenances to identify and select
the most stable and productive materials for each mega-environment. This is the core of
some eucalypts species breeding programs in Brazil (Assis 2014; Castro et al. 2018; Silva
et al. 2019a, b).

Eucalyptus longirostrata species was the best adapted to the Cwa-Itam + Aw-TM mega-
environment (Diamondy and Starkvale Creek provenances) with satisfactory performance
in the Aw-Bor+ Cwa-Par mega-environment (Coominglah provenance). This result was
similar to the E. longirostrata provenances in three Australian sites where differences
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between provenances were observed in one of the sites (Henson and Smith 2007). Also, E.
longirostrata was promising in subtropical regions in Australia and South Africa (Gardner
et al. 2007; Lee et al. 2010).

Eucalyptus urophylla was expected to have the highest productivity across the trials
since it is the main species planted in Brazil (Silva et al. 2019a) often in hybrid combi-
nation with other species. It is known to be particularly productive in the Brazilian sub-
tropical regions (Gongalves et al. 2013). However, this species’ productivity was not the
highest in all trials, for example it was neither the best adapted to the Am-Mac nor the
Aw-TM + Cwa-Itam mega-environments. However, E urophylla from a single seedlot
(uroAVO0022N01) was best suited to the higher-productivity mega-environment (Aw-
Bor+ Cwa-Par). Though this seedlot has not been selected for commercial deployment, it
already shows some level of improvement in Brazil, and also exhibited high mean per-
formance and stability at assessment 2. This seedlot comes from a seed orchard in Avaré
(Sao Paulo state, Brazil), whose origin is Flores and Timor in Indonesia. As mentioned, E.
urophylla has been worked by breeding programs in Brazil, with several productive clones
being obtained, a work that has not yet been carried out for the other species that showed
good performance in this study.

Corymbia citriodora subsp. variegata and E. longirostrata performance/productiv-
ity changed in response to environmental gradients (Brawner et al. 2013). These authors
clustered these species according to moisture related (e.g. rainfall, wetness index), soil and
temperature-related variables (e.g. minimum and average hottest temperature), unlike the
present study. However, the study by Brawner et al. (2013) did not report on the Cylindro-
cladium leaf spot incidence, which may be the determining factor for the different results
reported here. Our study indicates that C. citriodora subsp. variegata, mainly Woondum
(ccv1122) provenance had trees with some level of tolerance to leaf spot disease. Saddler
Springs, the most inland and driest provenance (ccv19665) of the C. citriodora subsp. var-
iegata had the poorest mean performance. Conversely, the Richmond Range (ccv20582)
provenance showed good potential and could form the basis of a breeding population.
Genetic improvement of both C. torelliana and C. citriodora subsp. variegata would be
beneficial. Corymbia torelliana was the only species with high tolerance to the Cylindro-
cladium leaf spot in our study, and significantly improves vegetative propagation success
(Lee 2007). Growth of CCV provenances including Wolvi (ccv10220) and Woondum
(ccv1122) was superior, and these would be suitable for inclusion in base populations that
could be used to select material both for pure species deployment and hybridization with
C. torelliana.

The C. citriodora subsp. variegata adaptability (Fig. 2), as well as the mean perfor-
mance and stability of E. longirostrata, C. henryi and E. urophylla (Fig. 4), changed
between the two studied assessments. This result indicates that these species’ stability and
adaptability may change over time and these changes must be considered in future tests.
These changes may compromise the early selection of trees. Eucalypts are prone to these
changes with studies showing that a genetic correlation between 2 and 5 years decreased
from 0.83 to 0.73 (Moraes et al. 2014a, b). Thus, there is always some percentage, maybe
even higher than 20% of non-genetic factor that should be considered as a risk of loss of
superior material in an early selection that expresses its high performance only at a later
assessment.

It is important to point out that some taxa were missing in some environments, which
means that taxon-environment interactions can only be inferred for some combinations
of species and site. However, the data still allow us to make some inferences on species
performance, define mega-environments and the interaction between these. The lack of
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within-site design did not allow the estimation of some parameters such as heritability
for each site. In addition, it reduces experimental precision since only a single residual
is allowed for all sites. However, by using a multivariate model, the environmental het-
erogeneity is captured, which softens the problems arising from the lack of design.

We suggest that as performance rankings were generally quite stable between assess-
ments for the E. longirostrata provenances tested, there should be few concerns with
changing adaptability between early and late assessments. However, the stability of
Coominglah (lon20464) provenance did change over time (Supplementary material
— Fig.S3.a and Fig.S3.b). Only this provenance was tested in the Aw-Bor site, exhibiting
good survival and better adaptation to the Cwa-Par and Cwa-Itam sites (Supplementary
material — Fig.S1.a and Fig.S1.b). However, it is noteworthy that the E. longirostrata
is not well adapted to hot and humid regions, with the occurrence of Cylindrocladium
leaf spot in Brazil (Silva et al. 2017) Similarly, disease susceptibility led to research
and development on this species being abandoned in Queensland (Pers. comm., D.
Lee 2021). There is evidence in Brazil that the species is site-sensitive, requiring good
edaphic conditions for acceptable growth (Silva et al. 2018). Early selection for dis-
ease resistance coupled with improved definition of acceptable sites will be required for
future development of an improved breed of E. longirostrata in Brazil.

The temporal stability of C. citriodora subsp. variegata, C. henryi and E. major was
low relative to E. longirostrata, with significant rank changes between assessments 1
and 2. Temporal effects on provenance ranking should be considered carefully when
making early selections, especially in species that might be grown for longer rotation
lengths (> 12 years) associated with timber production. However, temporal effects
should not be of lesser concern for early selection of E. longirostrata. It is important to
acknowledge that, in this study, there are variations in the site evaluation assessments,
which will have affected the stability analyses. As a follow-on from this preliminary
trial series, it will be important to progress to trials containing a wider range of genetic
entries on sites within the mega-environments delineated as suitable here. These trials
will allow more-accurate determination of genetic parameters and assessment-assess-
ment correlations (i.e. temporal stability) for growth, disease and other key commercial
traits.

The genotypic variance ranged from low to high in the Am-Mac environment from
one assessment to another. This is closely related to survival rate, despite the high mor-
tality at the earliest assessment, some trees were able to survive. Likewise, similar mor-
tality rate results were found for eucalypt clones in the same region (Araujo et al. 2019).
This study highlights the high expression of the genotypic value for productivity in the
early stages in Am climate; however, at a later assessment, the survival and genotypic
variance decreased. This result indicates that, in this environment, the first step towards
population improvement is tolerance (survival) and, at a later stage, productivity should
be targeted. In fact, if disease susceptibility of genotypes with higher growth poten-
tial has a detrimental effect on overall plantation productivity, then a balance must be
achieved between two desirable but partly incompatible opposing goals (Brown and
Rant 2013), i.e. selection for disease resistance and growth traits. A strategy of step-
wise improvement can be adopted, starting with the best-adapted species for a particu-
lar mega-environment. Furthermore, early selection can be adopted based on genotypic
value since the genotypic value is that of the candidate itself, i.e., species or provenance
itself, rather than its progenies (Bernardo 2020). In the later stages, individual trees with
high genotypic values can be selected in the breeding program.
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Conclusions

1. The complex taxa and environment interaction observed allowed the identification of the
best Eucalyptus and Corymbia species for each mega-environment. The environmental
stratification identified three mega-environments to do this;

2. Significant changes in environmental stability and adaptability are observed between
assessments 1 and 2 for some taxa including Corymbia citriodora subsp. variegata, C.
henryi and E. major,;

3. When more than one provenance was tested, a temporal effect of provenance was evident
for C. citriodora subsp. variegata, C. henryi and E. major and should be considered in
an early selection. However, the temporal effect of provenance is not a concern for E.
longirostrata in a possible early selection.

4. The Am-Mac is the most suitable environment for early selection, due to the high disease
stress in the first years after planting.
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org/10.1007/s11056-021-09886-7.

Acknowledgements The authors thank University of Sdo Paulo and the companies Amcel, ArborGen,
Aperam, Bracell, CMPC, Duratex, Eldorado, International Paper, Klabin, Montes del Plata, Suzano, Val-
lourec and Veracel that belong to Cooperative Improvement Program of IPEF. Paulo Henrique Miiller da
Silva and Rinaldo Cesar de Paula are supported by research fellowships granted by the National Council of
Technological and Scientific Development (CNPq 302891/2019-6; and 306734/2018-4 respectively).

References

Allen CD, Breshears DD, McDowell NG (2015) On underestimation of global vulnerability to tree mortality
and forest die-off from hotter drought in the Anthropocene. Ecosphere 6:1-55. https://doi.org/10.1890/
ES15-00203.1

Aparecida C, Reis F, Francisco De Assis T et al (2014) Empresa Brasileira de Pesquisa Agropecuaria
Embrapa Florestas Ministério da Agricultura, Pecuaria e Abastecimento Corymbia torelliana: estado
da arte de pesquisas no Brasil. Embrapa Florestas

Araujo MJ, Paula RC, Campoe OC, Carneiro RL (2019) Adaptability and stability of eucalypt clones at dif-
ferent ages across environmental gradients in Brazil. For Ecol Manag 454:117631. https://doi.org/10.
1016/j.foreco.2019.117631

Assis FT (2014) Melhoramento genético de Eucalyptus: desafios e perspectivas. In: Encontro Brasileiro de
Silvicultura. Malinovski, Campinas, pp 127-148

Assis TF, Abad JI, Aguiar AM (2015) Melhoramento Genético do Eucalipto. In: Mauro Valdir Schumach-
erMarcio Viera (ed) Silvicultura do Eucalipto no Brasil, 1st edn. UFSM, Santa Maria, RS, pp 225-247

Bernardo R (2020) Reinventing quantitative genetics for plant breeding: something old, something
new, something borrowed, something BLUE. Heredity 125:375-385. https://doi.org/10.1038/
541437-020-0312-1

Brawner JT, Lee DJ, Meder R et al (2013) Classifying genotype by environment interactions for targeted
germplasm deployment with a focus on Eucalyptus. Euphytica 191:403—414. https://doi.org/10.1007/
$10681-013-0892-4

Brown JKM, Rant JC (2013) Fitness costs and trade-offs of disease resistance and their consequences for
breeding arable crops. Plant Pathol 62:83-95. https://doi.org/10.1111/ppa.12163

Bush D, Kain D, Kanowski P, Matheson C (2015) Genetic parameter estimates informed by a marker-based
pedigree: a case study with Eucalyptus cladocalyx in southern Australia. Tree Genet Genomes 11:1—
16. https://doi.org/10.1007/s11295-014-0798-x

Bush D, Harwood C, Pinkard E (2018) Species for changing climates—Australian dryland forestry opportu-
nities. Aust for 81:102—-115. https://doi.org/10.1080/00049158.2017.1420288

@ Springer


https://doi.org/10.1007/s11056-021-09886-7
https://doi.org/10.1007/s11056-021-09886-7
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1016/j.foreco.2019.117631
https://doi.org/10.1016/j.foreco.2019.117631
https://doi.org/10.1038/s41437-020-0312-1
https://doi.org/10.1038/s41437-020-0312-1
https://doi.org/10.1007/s10681-013-0892-4
https://doi.org/10.1007/s10681-013-0892-4
https://doi.org/10.1111/ppa.12163
https://doi.org/10.1007/s11295-014-0798-x
https://doi.org/10.1080/00049158.2017.1420288

New Forests

Castro CEC, Silva PHM, Aratjo MJ et al (2018) Adaptability, stability and productivity of Eucalyptus gran-
dis progenies. Scientia Forestalis 46:157-166

Dickinson GR, Wallace HM, Lee DJ (2013) Reciprocal and advanced generation hybrids between Corymbia
citriodora and C. torelliana: forestry breeding and the risk of gene flow. Ann for Sci 70:1-10. https://
doi.org/10.1007/s13595-012-0231-2

Eberhart SA, Russell WA (1966) Stability parameters for comparing varieties. Crop Sci 6:36—40. https://doi.
org/10.2135/cropscil966.0011183x00060001001 1x

Eldridge K, Davidson J, Harwood C, van Wyk G (1994) Eucalypt domestication and breeding. Oxford Uni-
versity Press, Oxford

Elli EF, Sentelhas PC, Huth N et al (2020) Gauging the effects of climate variability on Eucalyptus planta-
tions productivity across Brazil: a process-based modelling approach. Ecol Ind 114:106325. https:/
doi.org/10.1016/j.ecolind.2020.106325

Ferreira V, Boyero L, Calvo C et al (2019) A Global assessment of the effects of eucalyptus plantations on
stream ecosystem functioning. Ecosystems 22:629-642. https://doi.org/10.1007/s10021-018-0292-7

Finlay KW, Wilkinson GN (1963) The analysis of adaptation in a plant-breeding programme. Aust J Agric
Res 14:742-754. https://doi.org/10.1071/AR9630742

Fonseca SM, Resende MDYV, Alfenas AC et al (2010) Recursos Genéticos no melhoramento do eucalipto.
In: Fonseca SM (ed) Manual pratico de melhoramento genético de eucalipto. UFV, Vicosa, pp 13-37

Gardner RAW, Little KM, Arbuthnot A (2007) Wood and fibre productivity potential of promising new
eucalypt species for coastal Zululand, South Africa. Aust For 70:37—47. https://doi.org/10.1080/00049
158.2007.10676261

Gilmour AR, Gogel BJ, Welham SJ (2015) ASReml user guide structural specification

Gongalves JLDM, Alvares CA, Higa AR et al (2013) Integrating genetic and silvicultural strategies to mini-
mize abiotic and biotic constraints in Brazilian eucalypt plantations. For Ecol Manag 301:6-27. https://
doi.org/10.1016/j.foreco.2012.12.030

Harwood C (2011) Introductions: doing it right. In: Walker J (ed) Developing a eucalypt resource: learning
from Australia and Elsewhere. Christchurch, New Zealand, pp 43-54

Henson M, Smith HJ (2007) Achievements in forest tree genetic improvement in Australia and New Zealand
1: Eucalyptus pilularis Smith tree improvement in Australia. Aust for 70:4-10. https://doi.org/10.1080/
00049158.2007.10676255

Iba (2020) RELATORIO ANUAL Annual Report

Lee DJ (2007) Achievements in forest tree genetic improvement in Australia and New Zealand 2: develop-
ment of Corymbia species and hybrids for plantations in eastern Australia. Aust for 70:11-16. https://
doi.org/10.1080/00049158.2007.10676256

Lee D, Nikles G, Pomroy P et al (2005) Corymbia species and hybrids: a solution to Queensland hardwood
plantations? In: Underpinning development of a profitable hardwood plantation industry in northern
Australia by research into Corymbia species and hybrids, pp 5-7

Lee DJ, Huth JR, Brawner JT, Dickinson GR (2009) Comparative performance of corymbia hybrids and
parental species in subtropical Queensland and implications for breeding and deployment. Silvae
Genetica 58:205-212. https://doi.org/10.1515/3g-2009-0026

Lee DJ, Huth JR, Osborne DO, Hogg BW (2010) Selecting hardwood taxa for wood and fibre production in
Queensland’s subtropics. Aust for 73:106—114. https://doi.org/10.1080/00049158.2010.10676316

Malosetti M, Ribaut J-M, van Eeuwijk FA (2013) The statistical analysis of multi-environment data: mod-
eling genotype-by-environment interaction and its genetic basis. Front Physiol 4:44. https://doi.org/10.
3389/fphys.2013.00044

Meyer K (2009) Factor-analytic models for genotype X environment type problems and structured covari-
ance matrices. Genet Sel Evol 41:1-11. https://doi.org/10.1186/1297-9686-41-21

Moraes CB, Brizolla TF, Teixeira LG et al (2014a) Estimativas dos pardmetros genéticos para selecdo de
arvores de Eucalyptus. Scientia Forestalis 42:623-629

Moraes CB, Freitas TCM, Pieroni GB et al (2014b) Estimativas de pardmetros genéticos para seleg¢do pre-
coce de clones de Eucalyptus para regido com ocorréncia de geadas. Scientia Forestalis 42:219-227

Nuvunga J, Oliveira LA, Kellen A et al (2015) Factor analysis using mixed models of multi-environment
trials with different levels of unbalancing. Genet Mol Res 14:14262—14278. https://doi.org/10.4238/
2015.November.13.10

Peixouto LS, Nunes JAR, Furtado DF (2016) Factor analysis applied to the G+GE matrix via REML/BLUP
for multi-environment data. Crop Breed Appl Biotechnol 16:1-6. https://doi.org/10.1590/1984-70332
0lévlénlal

R Core Team (2019) R: a language and environment for statistical computing

Resende MD (2007) Matematica e estatistica na andlise de experimentos e no melhoramento genético.
Embrapa Florestas, Colombo

@ Springer


https://doi.org/10.1007/s13595-012-0231-2
https://doi.org/10.1007/s13595-012-0231-2
https://doi.org/10.2135/cropsci1966.0011183x000600010011x
https://doi.org/10.2135/cropsci1966.0011183x000600010011x
https://doi.org/10.1016/j.ecolind.2020.106325
https://doi.org/10.1016/j.ecolind.2020.106325
https://doi.org/10.1007/s10021-018-0292-7
https://doi.org/10.1071/AR9630742
https://doi.org/10.1080/00049158.2007.10676261
https://doi.org/10.1080/00049158.2007.10676261
https://doi.org/10.1016/j.foreco.2012.12.030
https://doi.org/10.1016/j.foreco.2012.12.030
https://doi.org/10.1080/00049158.2007.10676255
https://doi.org/10.1080/00049158.2007.10676255
https://doi.org/10.1080/00049158.2007.10676256
https://doi.org/10.1080/00049158.2007.10676256
https://doi.org/10.1515/sg-2009-0026
https://doi.org/10.1080/00049158.2010.10676316
https://doi.org/10.3389/fphys.2013.00044
https://doi.org/10.3389/fphys.2013.00044
https://doi.org/10.1186/1297-9686-41-21
https://doi.org/10.4238/2015.November.13.10
https://doi.org/10.4238/2015.November.13.10
https://doi.org/10.1590/1984-70332016v16n1a1
https://doi.org/10.1590/1984-70332016v16n1a1

New Forests

Rodas CA, Lombard L, Gryzenhout M et al (2005) Cylindrocladium blight of Eucalyptus grandis in Colom-
bia. Australas Plant Pathol 34:143-149. https://doi.org/10.1071/AP05012

Shepherd M, Kasem S, Lee DJ, Henry R (2008) Mapping species differences for adventitious rooting in a
Corymbia torelliana x Corymbia citriodora subspecies variegata hybrid. Tree Genet Genomes 4:715—
725. https://doi.org/10.1007/s11295-008-0145-1

Silva PHM, Miranda AC, Moraes MLT et al (2013) Selecting for rust (Puccinia psidii) resistance in Euca-
lyptus grandis in Sao Paulo State, Brazil. For Ecol Manag 303:91-97. https://doi.org/10.1016/j.foreco.
2013.04.002

Silva PHM, Lee DJ, Miranda AC et al (2017) Sobrevivéncia e crescimento inicial de espécies de eucalipto
em diferentes condi¢des climaticas. Scientia Forestalis 45:563-571. https://doi.org/10.18671/scifor.
v45n115.13

Silva PHM, Paula RC, Moraes MLT (2018) Improvement of Eucalypts populations. IPEF, Piracicaba

Silva PHM, Brune A, Alvares CA et al (2019a) Selecting for stable and productive families of eucalyptus
urophylla across a country-wide range of climates in Brazil. Can J for Res 49:87-95. https://doi.org/10.
1139/cjfr-2018-0052

Silva PHM, Marco M, Alvares CA et al (2019b) Selection of Eucalyptus grandis families across contrasting
environmental conditions. Crop Breed Appl Biotechnol 19:47-54. https://doi.org/10.1590/1984-70332
019v19n1a07

Smith A, Cullis B, Thompson R (2001) Analyzing variety by environment data using multiplicative mixed
models and adjustments for spatial field trend. Biometrics 57:1138-1147. https://doi.org/10.1111/j.
0006-341X.2001.01138.x

Thompson R, Cullis B, Smith A, Gilmour A (2003) A sparse implementation of the average information
algorithm for factor analytic and reduced rank variance models. Aust N Z J Stat 45:445-459. https://
doi.org/10.1111/1467-842X.00297

van Eeuwijk FA, Bustos-Korts D, Malosetti M (2016) What should students in plant breeding know about
the statistical aspects of genotype X Environment interactions? Crop Sci 56:2119-2140. https://doi.
org/10.2135/cropsci2015.06.0375

Yan W, Hunt LA, Sheng Q, Szlavnics Z (2000) Cultivar evaluation and mega-environment investigation
based on the GGE biplot. Crop Sci 40:597-605. https://doi.org/10.2135/cropsci2000.403597x

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Paulo H. M. da Silva'%3® . Marcio J. Araujo'® - David J. Lee*® . David Bush®
Gabriel R. Baroni*® - Rinaldo C. de Paula®

Instituto de Pesquisa e Estudos Florestais (IPEF), Via Comendador Pedro Morganti, 3500, Bairro
Monte Alegre, Piracicaba, SP CEP 13415-000, Brazil

2 Universidade Estadual de Sdo Paulo (UNESP/Botucatu), Rua José Barbosa de Barros, 1780, CP
237, Botucatu, SP CEP 18603-970, Brazil

Escola Superior de Agricultura “Luiz de Queiroz”, Universidade de Sao Paulo, Avenida Padua
Dias, 11, CP 9, Piracicaba, SP CEP 13418-900, Brazil

4 University of the Sunshine Coast, Locked Bag 4, Maroochydore DC, QLD 4558, Australia
5 CSIRO Australian Tree Seed Centre, Clunies Ross Street, Acton, ACT 2601, Australia

School of Agricultural and Veterinarian Sciences, Sao Paulo State University (Unesp), Via de
Acesso Prof. Paulo Donato Castellane, km 5, Jaboticabal, SP CEP 14884-900, Brazil

@ Springer


https://doi.org/10.1071/AP05012
https://doi.org/10.1007/s11295-008-0145-1
https://doi.org/10.1016/j.foreco.2013.04.002
https://doi.org/10.1016/j.foreco.2013.04.002
https://doi.org/10.18671/scifor.v45n115.13
https://doi.org/10.18671/scifor.v45n115.13
https://doi.org/10.1139/cjfr-2018-0052
https://doi.org/10.1139/cjfr-2018-0052
https://doi.org/10.1590/1984-70332019v19n1a07
https://doi.org/10.1590/1984-70332019v19n1a07
https://doi.org/10.1111/j.0006-341X.2001.01138.x
https://doi.org/10.1111/j.0006-341X.2001.01138.x
https://doi.org/10.1111/1467-842X.00297
https://doi.org/10.1111/1467-842X.00297
https://doi.org/10.2135/cropsci2015.06.0375
https://doi.org/10.2135/cropsci2015.06.0375
https://doi.org/10.2135/cropsci2000.403597x
http://orcid.org/0000-0002-2926-8719
http://orcid.org/0000-0001-7218-3879
http://orcid.org/0000-0002-5847-0836
http://orcid.org/0000-0002-8113-0231
http://orcid.org/0000-0001-6261-4671
http://orcid.org/0000-0001-9088-3924

	Adaptability and stability of novel eucalypt species and provenances across environments in Brazil at two assessment
	Abstract
	Introduction
	Material and methods
	Results
	Discussion
	Conclusions
	Acknowledgements 
	References




