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Abstract 
The objective of this study was to better understand the underlying gene action in eucalyptus, under different plantation den-
sities, for a different set of traits: growth, bark thickness, ecophysiological, and wood chemical property traits. We estimated 
the magnitude and relative proportion of the various genetic variance components using a eucalyptus genotype by spacing 
(G × S) interaction experiment. A clonally replicated progeny test including 888 clones belonging to 64 full-sib families of 
Eucalyptus urophylla × Eucalyptus grandis hybrid was used to estimate genetic parameters using genomic information to 
assess relationship matrix. Two densities (833 and 2500 trees/ha) were used representing contrasted environments in terms 
of individual tree available resource. Results showed that for height and circumference, additive-by-spacing (A × S) inter-
action variance increased from 18 to 55 months old, while dominance-by-spacing (D × S) interaction variance decreased. 
For bark thickness, specific leaf area, nitrogen, calcium, and magnesium, A × S interaction variance was preponderant. For 
wood chemical properties, except with Klason lignin, genetic additive effects strongly interacted with spacing compared to 
non-additive effects.

Keywords Genetic variance component · Genotype-by-spacing interaction · E. urophylla × E. grandis · Growth traits · 
Ecophysiological traits · Wood traits

Introduction

Forest trees experience huge changes in spatial and tem-
poral environmental conditions, sources of genotype-by-
environment (G × E) interactions. The presence of G × E 
interaction in plant, analyzed in multi-environment trials, is 
expressed either as inconsistent responses of some genotypes 
relative to others leading to phenotypic rank change, pheno-
typic scale change, or both (Li et al. 2017, Issac-Renton 
et al. 2020). In the perspective of the global changes and the 
increasing need of agricultural land, the future environmen-
tal conditions of the forest plantations will become increas-
ingly severe; plantations will occur in poor soil conditions 
facing seasonal climatic fluctuations with probably severe 
droughts. This new context will require forest tree varieties 
able to deal with both hard and changing conditions.

The exploitation of across-environment information 
is important and has been demonstrated in plant breed-
ing (Gezan et  al. 2017). Genetic variance, heritability, 
and breeding values may be upwardly biased when they 
are based on a single trial, because they are potentially 
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confounded with G × E (Willman et al. 2022). The breeders 
are concerned with testing genotypes across a range of sites 
to obtain unbiased estimates of genetic effects and to meas-
ure the stability of genotypes across different environments 
(Russell et al. 2015). Improving knowledge and methods for 
selecting stable genotypes or identifying genotypes suited 
to specific environments by integrating G × E information 
remains one of the objectives of research in the tree breeding 
(Yang et al. 2018).

The most common approaches of analyzing G × E inter-
action are the variance component estimations, the type B 
correlations of genetic values in different environments, 
and the principal component analysis with combination 
of biplots and regression models (Gaspare et al. 2015; 
Oakey et al. 2016; Gezan et al. 2017; Ly et al. 2018). The 
emergence of the genotyping techniques has provided new 
opportunities to identify G × E patterns and mechanisms 
across a diversity of phenotypes and environments (Bajgain 
et al. 2019, 2020). This approach can benefit greatly from 
using multi-environment models as found by Burgueño 
et al. (2012). Dense molecular markers can be used to esti-
mate the realized genetic similarity between individuals 
(Habier et al. 2007; VanRaden 2008), and such information 
can be incorporated into multi-environment models (de los 
Campos and Sorensen 2013; Bajgain et al. 2019, 2020; 
Gouveia et al. 2020).

The plantation spacing in eucalyptus influences the 
cost of forest production, the growth rate (Bouvet et al. 
2003; Brito et al. 2021), and quality of the wood produced 
(Souza et al. 2020). A longstanding challenge in genet-
ics has been to better understand the mechanisms behind 
G × E interaction (des Marais et al. 2013), i.e., to relate 
genetic underlining factors to the magnitude of G × E inter-
actions (Burgueño et al. 2008; Fox et al. 2007; Mathews 
et al. 2007; Smith et al. 2015; Chen et al. 2017). This ques-
tion is considered crucial in managing the genetic diver-
sity for adaptation to the global environment change while 
maintaining genetic gain; thus, several questions arise: 
Is the magnitude of G × E varying according to different 
trait categories (growth, ecophysiological, chemical wood 
properties)? What are the relative parts of additive and 
non-additive genes effect in G × E interaction?

To address these questions, we used a clonally replicated 
progeny test using 64 full-sibs families and 888 clones of 
Eucalyptus urophylla × Eucalyptus grandis established with 
two plantation spacings, 3 m × 4 m and 2 m × 2 m, leading to 
the densities 833, the optimal production planting spacing 
of eucalyptus in the Congo, and 2500 trees  ha−1, a planting 
density contrasting with the first one that can induce G × E 
interaction. E. urophylla × E. grandis is an artificial hybrid 
that provides most commercial clones planted in the Congo. 
This hybrid is derived from a genetic improvement program 
(Makouanzi et al. 2018), planted on large-scale plantations, 

and supplies charcoal and firewood to rural populations, but 
also pulpwood for the paper industry.

In this study, we used near-infrared spectroscopy because 
of its ability to screen large numbers of individual trees in 
tree breeding programs to provide breeders with data on a 
wider range of traits.

The aims of this study were to (i) assess for growth, eco-
physiological, and wood quality traits to the magnitude of 
genotype-by-spacing (G × S) interaction: (ii) assess the part 
of additive and non-additive gene effects in the G × S inter-
action and their evolution with age; and (iii) derive recom-
mendations for Eucalyptus hybrid breeding strategy taking 
into consideration G × E.

Material and methods

Study site and experimental design

The study site was located in the Atlantic coastal zone 
of the Republic of Congo, in central Africa (11°59′21″E 
4°45′51″S). Climate was characterized by high mean annual 
air humidity and temperature (85% and 25 °C respectively). 
Annual precipitation averaged 1200 mm  year−1.

The study was based on a clonally replicated progeny test 
including 888 clones belonging to 64 full-sibs families of 
Eucalyptus urophylla × Eucalyptus grandis hybrid (table S1 
in supplementary material). Each family has an average of 
14 clones. Six copies of each clone were obtained by veg-
etative propagation and planted according to two contrasted 
plantation densities (833 and 2500 trees  ha−1) generating 
a G × S interaction experiment. For each density, the field 
experiment was a complete block design with three repli-
cations. Twenty-five trees represented each full-sib family; 
they were distributed in three blocks within each spacing.

Field measurements and molecular data

Four types of traits were considered: growth, bark thick-
ness, ecophysiological, and wood chemical property traits. 
Concerning growth traits, total height (HT) and circumfer-
ence at breast height (C) were measured at different ages, 
from 4 to 55 months, to realize the trend of genetic param-
eters with age. The tree bark thickness (BT) was measured 
in adulthood at 55 months at breast height using the bark 
thickness gauge. Concerning ecophysiological traits, the 
structural and functional leaf characters were studied as 
specific leaf area (SLA) and leaf density (LD). Sampling 
was carried out at two ages, 8 and 18 months, for practical 
reasons of ease of leaf collection from eucalyptus trees. At 
each age, ten mature (fully expanded) leaves per tree were 
sampled all-round considering the superior and inferior 
crown section. Therefore, five leaves were taken at each 
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crown section. Each leaf was removed, and its thickness 
(LT) was measured immediately with a digital microm-
eter (IP65, Mitutoyo, Japan) at a point mid-way along the 
length of the leaf and mid-way between the median and 
the edge of the leaf. After, leaves were taken to the labora-
tory, and their area was measured after scan using MatLab 
software (version 8.5 R2015a). The leaves were dried at 
65 °C to constant weight. The dry weight was used in con-
junction with their measured area to calculate specific leaf 
area (SLA in  m2  kg−1) by the following formula (Sefton 
et al. 2002):

where Si, Mi, and n are respectively the leaf area, the leaf dry 
mass, and the number of leaves harvested.

The leaf density (LD in kg  m−3) was calculated consider-
ing SLA and LT (Sefton et al. 2002):

The leaf macronutrient contents (nitrogen (N), calcium 
(Ca), magnesium (Mg)) were predicted by near infrared 
spectroscopy (NIRS) in diffuse reflectance starting from 
spectra measured on the powder-reduced leaves sampled. 
The powder size was 500 µm. After the prediction of leaf 
nitrogen concentration, the following ratio was calculated:

NA (g  m−2) is the leaf nitrogen concentration per unit 
leaf area, which is a good proxy of photosynthetic potential.

Wood chemical property traits including soluble lignin 
content (LAS), Klason lignin content (LK) α-cellulose con-
tent (CEL), holocellulose content (HOLO), syringil/guai-
acyl ratio (SG), and extractives content (EXT) were also 
predicted, in adulthood at 55 months, by NIRS in diffuse 
reflectance from spectra measured on the sawdust samples 
collected at 55 months. Spectral acquisition data were pro-
cessed using a Tango spectrometer and Opus software ver-
sion 7.0. For the chemical propriety predictions, existing 
NIRS models of multispecies of eucalypts were used includ-
ing samples from this study (Denis et al. 2013, Makouanzi 
et al. 2018, Ryckewaert et al. 2022).

The 888 clones were genotyped according to the GBS 
technology implemented by diversity arrays technology 
(DART). Among the 20,000 SNPs identified, 3303 were 
selected based on the repeatability (see more information 
about in Bouvet et al. 2016). The estimates of the genetic 
variance components and their interaction with the envi-
ronment were obtained using matrices (Af, Am, and D) of 
genomic relationship between all pairs of individuals.

(1)SLA =

∑n

i
Si

∑n

i
Mi

(2)LD =
1

(SLA × LT)

(3)NA =
N

SLA

Data analysis

Eight models were compared using the Akaike information 
criterion (Akaike 1974) defined as AIC = − 2ln(R) + 2t, 
where ln(R) is the log-likelihood of the model, and t is the 
number of variance parameters. The model with the lowest 
AIC value presented the best data fit (table S2 in supple-
mentary material). This model is based on the equation by 
Stuber and Cockerham (1966) but without epistasis effects 
the variance of which had a very high standard error in this 
considered population (see more information about in Bou-
vet et al. 2016).

The following model was developed for multisite analysis:

where y is the vector of response variable; µ is a the over-
all mean; X and Z are the design matrix connecting respec-
tively the fixed and random effects to the data; s was a vector 
of fixed effects due to the spacing; b(s) was a vector of fixed 
effects due to the block within each spacing; plot(s) ~ N(0, 
σ2

plot(d)Id) was a vector of random spatial environmen-
tal effects due to plot within each spacing, σ2

plot(d) being 
the variance related to spatial effect within each spacing; 
am ~ N(0, σ2

amAm) is a vector of additive random effect due 
to male σ2

am being the male additive variance; am × s ~ N(0, 
σ2

am×sAm) is a vector of random effect due to male addi-
tive by spacing interaction, σ2

am×s being the male additive 
variance by spacing interaction; af ~ N(0, σ2

afAf) is a vec-
tor of additive random effect due to female, σ2

af being the 
female additive variance; af × s ~ N(0, σ2

af×sAf) is a vector 
of random effect due to female additive by spacing interac-
tion, σ2

af×s being the female additive variance by spacing 
interaction; am × af ~ N(0, σ2

am×afD) is a vector of random 
dominance effect, σ2

am×af being the dominance variance; 
and am × af × s ~ N(0, σ2

am×af×sD) is a vector of random 
dominance effect due to dominance by spacing interaction, 
σ2

am×af ×s being the dominance variance by spacing interac-
tion. Af, Am, and D were the matrices of genomic relationship 
between all pairs of individuals computed using VanRaden 
(2008) equations (see more information about in Bouvet 
et al. 2016).

The following model without spacing effect was derived 
for estimating genetic parameters within each spacing exper-
iment (see results in supplementary material, table S3 to 
table S8):

where b is a vector of fixed effects due to the blocks; 
col ~ N(0, σ2

colId) is a vector of random spatial environ-
mental effects due to field design column, σ2

col being the 

(4)
y = 1� + Xss + Xb(s)b(s) + X����(s)����(s) + Zmam+Zf af + Zm×f am × af

+ Zm×sam × s + Zf×saf × s + Zm×f×sam × af × s + �

(5)
y = 1� + Xbb + Zcolcol + Zr(b)r(b) + Zpplot

+ Zmam + Zf af + Zm×f am × af + �
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variance related to spatial effect, Id the identity matrix; 
r(b) ~ N(0, σ2

r(b)Id) is a vector of random spatial environmen-
tal effects due to field design row within block, σ2

r(b) being 
the variance related to spatial effect within block; plot ~ N(0, 
σ2

plotId) is a vector of random spatial environmental effects 
due the plot, σ2

plot being the variance related to spatial effect; 
am ~ N(0, σ2

amAm) is a vector of random additive effects due 
to E. grandis males, Am being the coancestry coefficient 
matrix among males {φm} estimated from marker informa-
tion, σ2

am being the additive variance of hybrid population 
due to alleles from males crossed with females; af ~ N(0, 
σ2

afAf) is a vector of random additive effects due to E. uro-
phylla females, Af being the coancestry coefficient matrix 

among females {φf} estimated from or marker information, 
σ2

af being the additive variance of hybrid population due 
to alleles from females crossed with males; am × af ~ N(0, 
σ2

am×af D) is a vector of random dominance effects due to 
the cross between female and male, D is estimated from 
marker information, σ2

am×af being the dominance variance 
of hybrid population due to alleles from males crossed with 
females, ε ~ N(0, σ2

ε Id) vector of residual effects.
The Tukey’s HSD test was performed for mean pairwise 

comparisons.
Broad (H2) and narrow sense (h2) heritabilities, as well 

as the dominance ratio (d2), were calculated in each spacing 
design by the following formulas:

Table 1  Descriptive statistics 
for the different traits studied. 
Impact of the plantation 
spacings. (Mean, arithmetic 
mean; Min, minimum; Max; 
maximum; CV, coefficient of 
variation)

HT total height, C circumference at breast height, BT tree bark thickness, LT leaf thickness, LD leaf den-
sity, SLA specific leaf area, N leaf nitrogen content, Ca leaf calcium content, Mg leaf magnesium content, 
NA leaf nitrogen concentration per unit leaf area, LAS soluble lignin content, LK Klason lignin content, 
CEL α-cellulose content, HOLO holocellulose content, SG syringil/guaiacyl ratio, EXT extractives content. 
The numbers associated with the trait abbreviations designate their age of measurement

Trait Density Mean Min Max CV (%) P-value

HT55 (m) 833 18.30 1.40 29.30 27 8.117e − 11
2500 17.36 2.40 27.60 30

C55 (cm) 833 39.46 1.00 73.00 33  < 2.2e − 16
2500 29.93 3.00 64.50 36

BT55 (mm) 833 0.40 0.04 1.18 44  < 2.2e − 16
2500 0.32 0.05 1.40 75

LT18 (mm) 833 0.21 0.10 0.30 14 0.461827
2500 0.20 0.07 0.33 15

LD18 (kg  m−3) 833 403.13 158.14 1743.03 23  < 2.2e − 16
2500 365.14 141.10 750.95 16

SLA18  (m2  kg−1) 833 12.45 2.87 31.76 22  < 2.2e − 16
2500 14.79 5.82 57.25 28

N18 (%) 833 1.98 0.92 4.00 18  < 2.2e − 16
2500 2.19 1.14 5.57 18

Ca18 (%) 833 0.70 0.29 1.48 22  < 2.2e − 16
2500 0.75 0.31 2.02 19

Mg18 (%) 833 0.43 0.20 0.79 14  < 2.2e − 16
2500 0.49 0.17 0.77 15

NA18 (g  m−2) 833 0.16 0.06 0.57 22 0.584631
2500 0.15 0.05 0.39 20

LAS55 (%) 833 5.72 3.26 8.81 13  < 2.2e − 16
2500 6.27 4.10 8.10 10

LK55 (%) 833 27.70 20.11 34.74 7 0.32512
2500 28.48 22.60 38.50 6

CEL55 (%) 833 37.80 29.30 46.15 6 0.07431
2500 38.04 24.60 49.20 6

HOLO55 (%) 833 67.63 58.93 76.32 4 0.31158
2500 66.68 53.90 76.90 4

SG55 833 2.79 0.97 4.73 20 0.08761
2500 3.10 0.30 4.80 16

EXT55 (%) 833 5.49 1.31 11.34 29 2.412e-06
2500 5.20 0.30 12.30 34
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The variance component estimation based on the REML 
method and the BLUP calculations were done using the 
ASReml version 4.1 package (Gilmour et al. 2006) imple-
mented in R software (R Development Core Team 2011). 
Approximate standard errors for linear functions of variance 
components were calculated using the pin.R function. This 
function, proposed by Ian White in 2013 (http:// www. homep 
ages. ed. ac. uk/ iwhite/ asreml/), applies the delta method for the 
estimation of approximate standard errors (Oehlert 1992).

Results

Impact of spacing on phenotypes

The density effect is significantly different from zero for 
all traits. Growth and tree bark thickness means were 
higher in low-spacing plantation compared to high spacing 
(Table 1). The coefficient of phenotypic variation (CV) of 
these traits increased in the constrained environment (high 
spacing). Concerning leaf traits, the decrease in plantation 
spacing resulted in an increase in the mean and the CV of 
SLA on the one hand and on the other hand the decrease of 
these both parameters for LD and NA, while these param-
eters remained stable for LT. The stability of mean and CV 
was observed to wood chemical properties. Leaf mineral 
content was higher in the high-density condition; however, 
they remained stable (Table 1).

Trends with age in variance components, variance 
ratios for growth traits, and bark thickness

The results at 55 months for HT and C showed that the 
variance components were, as expected, higher in large 
spacing due to the higher mean (Table 2). Variance ratios 
showed similar trends. For both traits at 55 months, the 
female additive variance was higher than the male additive 
variance at 833 trees/ha, when this pattern was inverse at 
2500 trees/ha (Table 2). Moreover, the dominance variance 
was markedly expressed in 833 trees/ha when it was nearly 
null at 2500 trees/ha (Table 2).

(6)H2 =
�
2

am + �
2

af + �
2

am×af

�2
plot + �2

am + �2
af + �2

am×af + �2
�

(7)h2 =
�
2

am + �
2

af

�2
plot + �2

am + �2
af + �2

am×af + �2
�

(8)d2 =
�
2

am×af

�2
plot + �2

am + �2
af + �2

am×af + �2
�

Trends in variance components and variance ratio 
increased progressively with age at 833 trees/ha when, at 
2500 trees/ha, some components, such as �2

af  and �2

am×af  , 
decreased to reach a quasi-null value (results shown in 
supplementary material, tables S3 and S4). A similar trend 
was observed for the heritabilities and the d2 ratio. They 
were higher at 833 trees/ha than at 2500 trees/ha. They 
increased and became stable at 833 trees/ha (tables S3 
and S4).

The trend in G × S interaction variances changed accord-
ing to the genetic effects. The A × S interaction variance 
increased with age from 18 years old for HT and C (Figs. 1 
and 2 showing proportions). Most of the A × S interac-
tion variance was explained by the interaction between the 
female genetic effects and spacing (Af × S), the interaction 
variance between male genetic effects and density (Am × S) 
being null after 4 months. For both traits, the D × S interac-
tion variances decreased with age to reach a null value at 
32 months for height and circumference (Figs. 1 and 2).

Concerning bark thickness, all the G × S interaction 
variance was explained by the A × S interaction (Fig. 3). 
The proportion of variance explained by the female addi-
tive effects (83%) was much higher than the male additive 
effects (17%).

Trends with age in variance, variance ratio, and G × S 
variance for leafs traits

For leaf traits, female additive variance presented higher 
estimates than male additive variance in some cases (tables 
S5, S6 and S7 in Supplementary material). For the follow-
ing variables, SLA, N, and LT, the additive variance of the 
hybrid was exclusively due to the female effect. Trend in 
genetic variances components changed according to the vari-
ables. For example, for SLA, the additive variance decreased 
with age in both spacings, while the dominance variance 
increased (table S5).

Heritabilities, as well as the proportion of dominance, 
varied according to the trait, the age, and the density (tables 
S5, S6, and S7). Clear trends in heritability and proportion 
of dominance were not observed. However, for all variables 
except LT, there was an increase in heritabilities with age 
at 833 trees/ha. Globally, heritability decreased with age at 
2500 trees/ha (tables S5, S6, and S7).

No interaction between spacing plantation and domi-
nance gene effects was detected for the following traits: 
SLA, N, Ca, and Mg content. Additive gene effects 
explained all the G × S variance (Table  3). For those 
traits, the A × S interaction variance decreased from 8 to 
18 months. The magnitude of male and female variances 
by spacing varied according to trait.

At 8 months, for LT, the additive by spacing interac-
tion variance was smaller than the dominance one. At 
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18 months, an opposite situation was observed, with 
absence of dominance gene effects to G × S interaction. 
In contrast to growth traits and bark thickness, most of 
the A × S interaction variance was explained by the male 
additive effects (Table 3).

The increase in A × S interaction of LD is due to the 
increase in the male variance by spacing interaction.

The A × S interaction variance increased with age for 
calcium leaf content, mainly explained by female addi-
tive effect. For this trait and NA, the D × S interaction 
variance was equal to zero. A marked decrease in Af × S 

variance interaction with age was observed compensated 
by a strong increase of the Am × S interaction variance 
(Table 3).

Trends with age in variance, variance ratio, and G × S 
variance for wood chemical traits

For the wood chemical property traits, the additive vari-
ance component was preponderant, whatever the planta-
tion spacing. Except for EXT, the male additive vari-
ance was greater than the female additive variance. The 

Table 2  Genetic variance 
components and variance ratios 
at 55 months for growth traits 
and bark thickness within each 
plantation spacing experiment

σ2
am male additive variance, σ2

af female additive variance, σ2
am×af dominance variance, h2 narrow senses 

heritability, d2 dominance ratio, H.2 broad senses heritability, HT55, C55, BT55 total height, circumference 
at breast height and tree bark thickness measured at 55 months. The number between parentheses indicated 
percentages of each component in genetic variance

833 trees/ha HT55 C55 BT55
Parameters Component SE Component SE Component SE
σ2

am 2.992 (21) 2.059 15.252 (15) 14.878 0.004 (36) 0.002
σ2

af 4.682 (32) 2.177 31.634 (32) 15.935 0.001 (9) 0.002
σ2

am×af 6.820 (47) 3.991 52.842 (53) 30.169 0.006 (55) 0.005
h2 0.240 0.116 0.201 0.629 0.124 0.063
d2 0.214 0.159 0.226 0.751 0.162 0.117
H2 0.454 0.213 0.427 1.369 0.287 0.073
2500 trees/ha HT55 C55 BT55
Parameters Component SE Component SE Component SE
σ2

am 2.7402 (100) 0.869 9.597 (100) 3.480 0.004 (80) 0.003
σ2

af 0.000 (0) 0.000 0.000 (0) 0.000 0.001 (20) 0.003
σ2

am×af 0.000 (0) 0.000 0.000 (0) 0.000 0.000 (0) 0.000
h2 0.100 0.085 0.080 0.262 0.087 0.031
d2 0.000 0.000 0.000 0.000 0.000 0.000
H2 0.100 0.085 0.080 0.262 0.087 0.031

Fig. 1  Proportion of the differ-
ent interaction variances (Af × S, 
Am × S, A, and D × S) in the total 
G × S interaction variance for 
height at different ages
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genetic variance components decreased with plantation 
spacing. Similarly, heritability (h2) decreased with spac-
ing varying among traits from 0.35 to 0.45 and from 0.17 
to 0.32 at 833 and 2500 trees/ha, respectively (table S8 
in Supplementary material).

Except for LK, the genetic additive by spacing inter-
action variance was higher than the genetic dominance 
by spacing interaction variance (Table 3). The contri-
bution of male and female effects differed according 
to the traits. For HOLO, LAS, CEL, and S/G ratio, the 
contribution of the male additive effects to the G × S 
interaction variance was higher than the female addi-
tive effects. The opposite situation was observed For 
LK and EXT.

Discussion

Variance components according to parent species 
and traits

Our results report the predominance of the dominance 
variance for the growth traits in both spacing designs. This 
result was consistent with work of Resende et al. (2017) 
indicating that dominance had substantial contribution 
to genetic variance for growth in E. grandis × E. uro-
phylla hybrids. Bouvet et al. (2009) with the same hybrid 
assumed that the higher magnitude of the dominance vari-
ance is due to the overdominance effects in hybrid popula-
tions, especially when planted in marginal areas as it is the 

Fig. 2  Proportion of the differ-
ent interaction variances (Af × S, 
Am × S, A, and D × S) in the total 
G × S interaction variance for 
circumference at different ages
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Fig. 3  Proportion of the differ-
ent interaction variances (Af × S, 
Am × S, A, and D × S) in the total 
G × S interaction variance for 
bark thickness at different ages
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case in the climatic conditions of the Congolese coastal 
zone. More generally our results are consistent with those 
obtained from previous studies which clearly corroborate 
this trend induced by the hybridization (de la Torre et al. 
2014; Tan et al. 2018; Tanabe et al. 2019).

The female variability was found higher than the male 
variability. The more pronounced variability of E. uro-
phylla compared to E. grandis was previously highlighted 
in the eucalyptus breeding program in the Congo (Bouvet 
and Vigneron 1996). This result can be explained by the 
larger genetic basis of the E. urophylla populations intro-
duced in the Congo compared to the E. grandis and in 
consequence by the larger variability among parent trees 
(Bouvet and Vigneron 1996; Bouvet et al. 2009).

Concerning the ecophysiological traits, the evolution 
with age of the genetic variance components changed 
according to the traits. Additive variance was in most cases 
higher than dominance variance. For SLA, N, and LT, the 
hybrid additive variance was exclusively caused by the 
female origin. The dominance variance remained weak.

This study has shown that in eucalyptus hybrid popula-
tions of the Congo, the contribution of dominance effects 
to the total genetic variance was higher for growth traits 

than for ecophysiological traits. Such studies focusing on 
the partition of genetic variance of eucalyptus ecophysi-
ological traits are few. In poplar hybrid population, Li 
et al. (2002) found that the genetic variance component of 
leaf traits in male parents was greater than that of female 
parents. Other studies (Drost et al. 2015; Bijarpasi et al. 
2019; Ren et al. 2020) report that leaf morphology traits 
are under strong genetic control.

The wood chemical trait genetic variances showed the 
predominance of the additive component. This result is 
consistent with other experiments with eucalyptus (Ram-
bolarimanana et al. 2018). Our study has shown that the 
wood chemical properties appeared to be more heritable 
than growth traits. This is the case in other eucalyptus 
studies (Hein et al. 2012; Mandrou et al. 2012; Makouanzi 
et al. 2018; Yang et al. 2018).

Density effect on variances components 
and variance ratios

Our results showed that the planting spacing affects the 
genetic parameter estimates. Competition leads to a strong 
decrease of some additive variance component leading to an 

Table 3  Proportion of the 
additive (Am × S and Af × S) and 
dominance (D × S) by spacing 
interaction variances in the total 
G × S interaction variance at 
different ages for leaf and wood 
chemical traits

LT leaf thickness, LD leaf density, SLA specific leaf area, N leaf nitrogen content, Ca leaf calcium content, 
Mg leaf magnesium content, NA leaf nitrogen concentration per unit leaf area, LAS soluble lignin con-
tent, LK Klason lignin content, CEL α-cellulose content, HOLO holocellulose content, SG syringil/guaiacyl 
ratio, EXT extractives content. The numbers associated with the trait abbreviations designate their age of 
measurement. The number between parentheses indicated estimates value of each component

Proportion (%) of components genetic variance in σ2
G×S

σ2
Am×S σ2

Af×S σ2
D×S

Leaf traits LT8 24 (3.16E − 05) 0 (9.23E − 07) 76 (1.01E − 04)
LT18 100 (1.52E − 04) 0 (3.65E − 11) 0 (6.35E − 11)
LD8 18 (1.16E + 02) 32 (2.10E + 02) 50 (3.32E + 02)
LD18 95 (6.52E + 02) 5 (3.35E + 01) 0 (1.42E − 03)
SLA8 56 (7.15E − 01) 44 (5.65E − 01) 0 (6.66E − 07)
SLA18 100 (6.43E − 01) 0 (1.14E − 06) 0 (2.45E − 06)
N8 58 (2.80E − 02) 42 (2.06E − 02) 0 (1.91E − 07)
N18 44 (6.31E − 03) 56 (8.16E − 03) 0 (1.14E − 08)
Ca8 38 (1.37E − 03) 62 (2.27E − 03) 0 (7.53E − 09)
Ca18 52 (1.62E − 03) 48 (1.48E − 03) 0 (4.27E − 09)
Mg8 33 (2.75E − 04) 67 (5.50E − 04) 0 (5.37E − 10)
Mg18 42 (1.82E − 04) 58 (2.50E − 04) 0 (3.36E − 10)
NA8 33 (4.61E − 05) 67 (9.38E − 05) 0 (1.98E − 10)
NA18 98 (7.99E − 05) 2 (1.55E − 06) 0 (1.01E − 10)

Wood chemical properties EXT55 18 (6.57E − 02) 82 (3.00E − 01) 0 (2.28E − 07)
LK55 46 (1.91E − 01) 54 (2.23E − 01) 0 (2.33E − 07)
HOLO55 89 (1.16E + 00) 3 (4.19E − 02) 8 (1.05E − 01)
LAS55 57 (8.10E − 02) 43 (6.07E − 02) 0 (3.16E − 08)
CEL55 94 (7.56E − 01) 6 (5.09E − 02) 0 (1.57E − 06)
SG55 99 (4.10E − 02) 1 (2.46E − 04) 0 (1.47E − 07)
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almost null estimate for the female component (see Table 2 
for σ2

af). This would mean that competition affects differ-
ently, i.e., according to the parent species, the additive gene 
expression. This effect was also found by Stonecypher and 
McCullough (1981), St. Clair and Adams (1991) in Pseu-
dotsuga menziesii, Williams et al. (1983) in Pinus taeda, 
Kusnandar et al. (1998) in Pinus pinaster, Bouvet et al. 
(2003) in E. urophylla × E. grandis, Volker et al. (2008) in E. 
nitens, and Tanabe et al. (2019) in Zelkova serrata. However, 
working on the progeny tests of Pseudotsuga menziesii var. 
menziesii, Campbell et al. (1986) found that the structure 
of genetic variance was not affected by plantation spacing. 
Patino-Valera and Kageyama (1995) also reported a similar 
result on E. saligna. These results lead to the assumption 
that competition due to spacing affects differently the addi-
tive gene expression in hybrid depending on the parental 
origin. This assumption needs to be considered with caution 
due to the small sample size of the parents and retested in 
future experiments.

Our results showed that heritabilities for growth traits 
increased with tree age for each density. Similar results 
were found for various species: Xie and Ying (1996) in 
Pinus contorta families, Osorio et al. (2001) in E. grandis 
clones, Ignacio-Sánchez et al. (2005) in E. urophylla clones. 
The heritability estimates showed that height was under a 
stronger genetic control than circumference, result that was 
observed in eucalyptus tree studies (Bouvet and Vigneron 
1996; Botrel et al. 2010; Makouanzi et al. 2018). Our results 
report clearly that the increase in plantation spacing led to 
slight increase of wood chemical means, except HOLO and 
EXT, and to slight decrease of the wood chemical trait her-
itability. Brito et al. (2021) reported that lignin content of 
eucalypts was not influenced by the planting spacing. For 
other traits, evolution of heritability with plantation spac-
ing depends on the tree age. Bouvet et al. (2003) reported 
for growth traits higher heritability in high density (2500 
stems/ha) compared to low density (625 stems/ha) in a con-
ventional progeny test of E. urophylla × E. grandis and E. 
urophylla × E. pellita. This trend is observed at certain ages 
in this present study.

Despite the lack of consistency of the results of trend in 
heritabilities with plant spacing for ecophysiological traits, 
specific leaf area (SLA), and leaf density (LD), it is found 
that these traits are under medium to strong genetic con-
trol. Our results corroborate those of Bijarpasi et al. (2019) 
obtained on Fagus orientalis and reporting a high broad-
sense heritability of SLA (H2 = 0.88). Ren et al. (2020) 
reported a high narrow-sense heritability (h2 = 0.77) of the 
leaf area in Populus simonii × P. nigra hybrid.

Studies addressing the determinism and genetic vari-
ability of foliar mineral status and structure are still poorly 
documented. Our study provides data to feed this issue. 
Foliar mineral content traits were characterized by a low 

variability (see CV in Table 1) and a rather high heritabil-
ity. The integration of these traits in a breeding program 
could facilitate the selection of the most efficient trees in 
terms of resource use (Bouvet et al. 2020).

Trends in G × E variance components

Our study showed that the magnitude and trends in G × E 
interaction change according to tree age, traits, and genetic 
variance components. Calleja-Rodriguez et al. (2019) and 
Ling et al. (2021) also detected strong patterns of G × E 
for growth traits respectively in Pinus sylvestris and Picea 
koraiensis contrasting environment.

The part of G × E interaction changed with the studied 
trait. G × E interaction was less pronounced with height 
than with circumference. This can be explained by the 
stronger genetic control for height and the weaker influ-
ence of the competition effects (Bouvet et al. 2003).

We found that the magnitude of the G × E interaction 
changed with age without any clear relationship between 
juvenile and mature stages. Rönneberg-Wästjung et al. 
(1994) found the gradual decrease of G × E interaction 
with the age on Salix viminalis and Gwaze et al. (2001) on 
Pinus taeda. Both results suggested that the G × E interac-
tion observed in the juvenile phase was not conducive to 
predicting G × E interaction in adulthood.

This study reports that gene expression changes when 
competition is established according to the traits. For 
example, growth traits have a greater interaction with 
planting spacing than chemical wood properties (Isaac-
Renton et al. 2020). Yang et al. (2018) also found strong 
site–site correlation for chemical wood properties and a 
small one for growth traits. This study also reports that 
the additive and non-additive effects interact in different 
ways depending on age and trait. Using the same analysis 
modeling, Gammal El-Dien et al. (2018) showed the supe-
riority of additive effects in G × E interaction for two traits: 
height and wood density. Those both traits displayed small 
dominance variance × environment interaction (4.54 and 
7.86% respectively). In contrast to this result, Berlin et al. 
(2019) have shown that G × E interactions are stronger for 
non-additive effects for height, and Lai et al. (2017) also 
found a significant family × site interaction for resin yield, 
growth traits, and morphologic traits.

Conclusion

This study showed that the additive effects provide the large 
part or all of G × S for growth, ecophysiological, and tree 
form traits, as well as wood chemical properties, except 
Klason lignin. The additive and non-additive genetic effects 
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can be effectively better exploited with the availability of 
genome-wide markers. Further research is required to exam-
ine the non-additive genetic variances such as epistasis and 
its interaction with environment.

This study showed that the genotype-by-spacing (G × S) 
interaction plays an essential role in genotypic expression 
and must be considered in the evaluation and selection of 
superior genotypes. The importance of G × S with tree age 
was determined for the growth, ecophysiological, and wood 
chemical properties traits. The present results offer possibili-
ties to optimize multi-trait selection of eucalyptus varieties 
in contrasted environment.
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