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Introduction

When grown in plantations, forest tree
species are subject to high spatial and tem-
poral variations, which are sources of ge-
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To analyze the stability of growth traits and the chemical properties of wood in
55 full-sib families of Eucalyptus urophylla x Eucalyptus grandis from the re-
ciprocal recurrent selection scheme for Eucalyptus in the Congo, two trials
were conducted to compare planting spacing (833 and 2500 stems ha™'). The
effect of spacing at 55 months after planting was determined for height, cir-
cumference, lignin, cellulose, extractive contents, and the genetic variance
component of the syringyl to guaiacyl ratio, using single and multisite linear
mixed models. The families’ stability analysis was conducted by evaluating the
P; index of Lin. Results show that increased competition between trees raises
the heritability of the chemical properties of wood, except for extractive con-
tent, and reduces the heritability of growth traits. Results also showed that
the chemical properties of wood are relatively constant and that selection
would involve a very slight drop in lignin, cellulose, and extractive content. In
the case of a short rotation, plantation spacing alters the mean values of the
chemical properties of wood in most families, although some remain stable in
both plantation densities. For families with a low P; index, planting spacing has
very little influence on wood quality. This suggests that high-density planta-
tions could be established with no negative impact on wood quality. The inter-
action between planting spacing and the effects of the main male and female
primarily concerns growth traits. The interaction between planting spacing
and the family effect tends to affect the chemical properties of wood.

Keywords: Planting Density, Wood Chemical Properties, Genetic Gain, Geno-

type-by-environment Interaction, Genetic Variance Component

notype-by-environment interaction (GxE).
Different environmental conditions can af-
fect the performance of forest trees (Mak-
ouanzi et al. 2019, 2022, Torun & Altunel
2020, Vancura et al. 2022, Tomar et al. 2024,
Liu 2025, Zhang et al. 2025). Some geno-
types can produce different phenotypes
depending on the environment (Pigliucci
2001, Siljestam & Ostman 2017). This phe-
nomenon is known as phenotypic plastic-
ity. It is particularly relevant today in the
face of environmental change.

Global environmental changes, pollution,
habitat destruction, and the introduction
of invasive species are exerting intense se-
lective pressure on forest populations.
Phenotypic plasticity is a potential lifeline
for many species, enabling them to adapt
rapidly to these new conditions and in-
crease their chances of survival (Mgller et
al. 2023). By modifying their physiology,
morphology, or behavior, organisms can
mitigate the adverse effects of a changing
environment (Mgller et al. 2025). A funda-
mental tool for studying phenotypic plas-
ticity is the reaction norm, a graph that de-
scribes the phenotype of a given genotype
as a function of the environment. When re-
action norms are plotted for multiple geno-
types, the slopes of the curves can be com-
pared to visualize the genetic and environ-
mental effects and the GxE. If the slopes
are not parallel, the GxE is significant and
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the genotypes have different plasticity (Ta-
bery 2008).

The establishment of forest plantations,
which provide high-quality raw material for
the pulp and paper industry, energy prod-
ucts, wood panels, and sawn timber, plays
a crucial role in mitigating the deforesta-
tion of natural forests. Eucalyptus has been
the subject of numerous genetic breeding
studies, due to its rapid growth and adapt-
ability to Congo’s climatic and soil condi-
tions. This makes it an important species
for reducing deforestation of native spe-
cies. In general, forest plantations are es-
tablished with a design that aims to pro-
vide optimal conditions for tree growth
and maximum productivity, and to manage
timber quality with a focus on the desired
end products (McEwan et al. 2020).

The immediate goal in genetic improve-
ment is to predict the genotypic value of
candidates for selection (Apiolaza 2014).
This goal is feasible if we can accurately
predict genetic value and maintain its sta-
bility under different environmental condi-
tions. However, the GxE complicates selec-
tion in plant improvement programs by
making the expected genetic gains incon-
sistent (Ades & Garnier-Géré 1996). Testing
trees in different environments, therefore,
improves our understanding of the plant
material we are interested in harvesting.

Wood characteristics can vary in proper-
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Fig. 1- Location
of the experi-
mental station.
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ties and performance for specific applica-
tions, influenced by both genetic and envi-
ronmental factors. However, the precise
mechanisms by which these factors con-
tribute to wood variation remain unclear.
As a result, studies are being conducted to
improve our understanding of how envi-
ronmental variables, such as planting den-
sity, affect wood quality. Plantation spac-
ing is one of the most important factors to
consider when planning and implementing
forestry projects for timber production.
The distance between trees, which repre-
sents the useful area, has economic, silvi-
cultural, and technological implications, af-
fecting forest production costs, growth
rate, forest management practices, and
wood quality (Brito et al. 2019, 2021, Res-
quin et al. 2019, Souza et al. 2020).
Plantation spacing is a limiting factor for
tree growth, as it influences the resource
consumption per unit area (Gabira et al.
2023). Changes in environmental resource
availability are known to affect productiv-
ity, as reported by Resende et al. (2018).
Each species, clone, or cultivar responds
differently to the growing conditions im-
posed by the environment, such as planta-
tion spacing. For fast-growing species with
short rotation cycles, such as those in the
genus Eucalyptus, studying wood chemical
properties is particularly important due to
the higher proportion of juvenile wood in
the stem and its various uses (Karlsson et

294

al. 2013, Eisenbies et al. 2017, Pachas et al.
2019).

Planting density can alter wood chemical
properties by affecting tree growth and
morphology at different stages (Rocha et
al. 2016, Charlton et al. 2020). Studies re-
porting the influence of spacing on euca-
lyptus wood chemical properties mainly fo-
cus on wood basic density (Alcorn et al.
2007, Gominho & Pereira 2007, Lasserre et
al. 2009, Chen et al. 2010, Peng et al. 2014,
Moulin et al. 2017). Morphological charac-
teristics, rather than wood chemical prop-
erties, are most commonly used to assess
how planting density affects plant growth.
There has been little research on the effect
of planting density on wood anatomy and
chemical composition (Rocha et al. 2016,
Charlton et al. 2020, Brito et al. 2021, Sang
et al. 2021). Because of the significance of
forest plantations in the world and the pos-
sible use of planting density as a manage-
ment tool, it is crucial to investigate the re-
sponse of plantation species to various
densities at both the individual and stand
levels.

This study aims to select the most stable
and productive Eucalyptus urophylla x Euca-
lyptus grandis families from the Eucalyptus
breeding program in Congo. We asked
three research questions: (i) What is the
effect of planting spacing on key wood
chemical properties? (ii) What are the heri-
tability and variance-causal components of

growth traits and wood quality stability at
the family level? (iii) What is the genetic
gain in growth traits and wood quality
when the most stable and productive fami-
lies are selected?

Material and methods

Field experimental data

The study was conducted in the Atlantic
coastal zone of the Republic of the Congo
(11°59' 21" E, 04° 45’ 51" S - Fig. 1). Mean an-
nual rainfall is approximately 1200 mm (be-
tween the years 2012 and 2022); daily tem-
perature is 25-26 °C in the rainy season (Oc-
tober to May) and 22-23 °C in the dry sea-
son (June to September). The average
monthly rainfall during the rainy season
ranges from 83 to 92 mm, and during the
dry season from 1 to 20 mm. Relative hu-
midity is high (85%) with low seasonal vari-
ability (2%). The soil is ferralitic and highly
desaturated in bases (Mareschal et al.
2011). We used a 13-female E. urophylla x 8-
male E. grandis incomplete factorial mating
design to produce 55 full-sib families. The
progeny test was installed according to
two contrasted stocking densities of 883
and 2500 trees ha'. For each density, the
field experiment was a complete block de-
sign with two replications. The total num-
ber of trees in this study was 2503 (1002 at
a density of 833 trees/ha and 1501 at a den-
sity of 2500 trees/ha). All families were fully
represented at both stocking densities,
with each family having an average of 46
progenies (see Tab. S1, Tab. S2, and Tab. S3
in Supplementary material).

Measured traits

Total tree stem growth (HT) and circum-
ference at breast height (C) were mea-
sured 55 months after planting using Ver-
tex V (Haglof, Langsele, Sweden) and a
tape measure, respectively. Wood chemical
property traits, including Klason lignin con-
tent (LIG), a-cellulose content (CEL), sy-
ringil/guaiacyl ratio (SG), and extractive
content (EXT), were predicted using NIRS
(Near-Infrared Spectroscopy) in diffuse re-
flectance from spectra, measured on saw-
dust samples collected at 55 months. The
sawdust samples were collected from the
tree trunk at 1.30 m above the ground us-
ing a drill.

NIRS is an analysis method that uses the
near-infrared region of the electromag-
netic spectrum (from 780 to 2500 nm). It is
an absorption spectroscopy whose princi-
ple is based on the absorption of near-in-
frared radiation by organic matter. De-
pending on their nature, chemical bonds
behave like oscillators constantly vibrating
at different frequencies (Bertand 2002).
The NIRS method is both qualitative, as it
allows for identifying a product by its spec-
tral fingerprint, and quantitative, as it en-
ables predicting the content of chemical
constituents or the value of physical prop-
erties under chemical control associated
with a sample.
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Before NIRS measurements, the sawdust
samples were dried in an air-conditioned
room (23 °C) to stabilize the sample mois-
ture content at 12%. Spectral acquisition
data were processed using a Tango FT-NIR
spectrometer (Bruker, Ettlingen, Germany)
and Opus software v. 7.0. To predict the
chemical properties, we used existing NIRS
models of multispecies of eucalypts for
samples from this study (Denis et al. 2013,
Makouanzi et al. 2018, Ryckewaert et al.
2022).

Data analysis

To test the effect (a = 0.05) of planting
spacing on the growth traits and wood
chemical properties, estimates for variance
components and genetic parameters were
obtained using the Restricted Maximum
Likelihood and Best Linear Unbiased Pre-
diction (REML/BLUP). The following linear
mixed model analysis was used to analyze
families at a single site and across environ-
ments. For individual analysis by trial site

(egn.1):

Y=Xp+ Xp+ Zy+ Zi+ Zyy e O]

and for joint analysis (eqn. 2):

y:Xg+XgEZ{+Xﬁ+Zﬂj+Zi
. . . ‘M- 2
B @)

where the vectors are: y = phenotypic ob-
servation; B = replication effect (assumed
as fixed); P = plot effect (assumed as fixed);
d = density effect (assumed as fixed); B(d)
= replication within density effect (as-
sumed as fixed); other vectors were as-
sumed to be random, M = male effect; F =
female effect; MxF = male-by-female inter-
action effect; dxM = density-by-male inter-
action effect; d<F = density-by-female inter-
action effect; dxMxF = density-by-family in-
teraction effect; € = residuals. X and Z are
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the incidence matrices of fixed and random
effects, respectively.

To assess the effect of planting spacing
on heritability, the genetic parameters
were calculated using the following classi-
cal quantitative genetic formulas. For addi-
tive variance (eqgn. 3):

UAZZZ(UMZ"'UFZ) (3)

with o2y and o% denoting male and female
variance; for the dominance variance (eqgn.
4):

0D2=4(0M2'UF2) @)

while for the strict sense heritability (eqgn.
5):
hZ:UAZ/(jP2 (5)

and for the dominance proportion (egn. 6):

D’=o. o, (6)

The analysis of family stability was per-
formed by calculating the P; index of Lin
(Lin et al. 1986) with the following formula
(eqn. 7): ,
[Z (Y,./.—M/.)]

2n

P= ?)

where Y; is the performance of family i in
environment j, M; is the performance of the
best performing family in environment j,
and n is the number of environments
tested.

To determine the genetic gain in growth
traits and wood chemical properties when
the most stable families are selected, the
best linear unbiased predictors (BLUP) re-
lated to the total genetic effects were com-
puted by solving the mixed model 3 equa-
tions. To estimate the relative genetic gain
in each trait in a density trial, the following

formula was used (White et al. 2007 — eqgn.
8):
n (BLUP

AG=ly (BLUP,) (8)
n =1t y
BLUP., being the BLUP of the selected
families using three selection intensities
(the selection proportions equal to 5%, 10%
and 20%), n is the number of selected fami-
lies, and y is the overall trait mean.

Results

Variability of single-site growth and
wood quality traits

Tree height and circumference are
greater at density 833 than at 2500 stems
ha'. The difference in average circumfer-
ence was significant (>8 cm), and the
height difference was negligible (=0.2 m)
and not significant. The coefficients of vari-
ation for both traits were higher in the
high-density plots (Tab. 1). Only the male
and male-by-female interaction variances
contributed to the genetic variability. How-
ever, with a density of 2500 stems ha, the
main male effect was not apparent. At the
same time, we noted a slight decrease in
the participation of male-by-female interac-
tion in the genetic variance (Tab. 1). Re-
garding the chemical properties of wood,
the cellulose content, lignin content, and
SG ratio were higher in high-density plant-
ing, while the extractive content was
greater in low-density planting. Cellulose
and lignin showed stable variability in both
planting densities. The variability of ex-
tractive content increased with increasing
planting density, while that of SG de-
creased. The cellulose and lignin content of
trees varied very little between families (CV
< 10%). The genetic variance components
had highly variable trends depending on
the wood quality traits considered and
planting density (Tab. 1).

Tab. 1 - Trait’s statistical description and estimation of components of the genetic variance. (HT): height; (C): circumference; (CEL):
cellulose content; (LIG): lignin content; (EXT): extractives content; (SG): syringil/guaiacyl ratio; (h2): strict sense heritability; (D?):
dominance proportion; (833, 2500): stand density (n ha™).
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HT (m) C (cm) CEL (%) LIG (%) EXT (%) SG
Parameters

833 2500 833 2500 833 2500 833 2500 833 2500 833 2500
Mean 18.3 18.0 39.4 31.1 37.81 38.05 27.75  28.47 5.51 5.19 2.78 3.10
SD 4.4 4.7 121 9.9 2.16 2.40 1.84 1.80 1.57 1.75 0.56 0.49
Min 2.6 7.2 5.4 11.1 29.30 24.60 21.99 22.60 1.31 0.30 0.97 0.30
Max 28.4 27.6 73.0 64.5 46.15 49.20 34.74  38.50 11.34 11.20 4.45 4.80
CV(%) 24 26 31 32 6 6 7 6 28 34 20 16
p-value famiy) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
p-value family x densityy ~ 0.079 0.657 <0.001 <0.001 5.00e-11 <0.001
o’ 0.00 0.00 0.00 0.00 0.04 0.26 0.36 0.57 1.23e-08 0.00 1.21e-11 6.89e-03
O 2.89 0.00 16.98  0.00 0.00 0.00 1.38 0.00 0.00 0.00 2.86e-02 0.00
O 0.35 1.64 7.10 6.94 0.35 0.00 1.1 5.87e-10 0.00 0.15 5.87e-10 1.83e-04
o’ 15.74  21.46 136.61 97.78  2.51 3.54 1.53 1.65 1.61 2.43 9.94e-02 1.04e-01
h? 0.25 0.00 0.17 0.00 0.02 0.13 0.36 0.40 1.53e-08 0.00 0.16 0.11
D2 0.06 0.23 0.14 0.22 0.35 0.00 0.46 8.41e-10 0.00 0.19 0.55 6.15e-03
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Fig. 2 - Paired boxplots
showing reaction norms
for growth traits (A, B) and
wood chemical properties
(G, D, E, F).
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The heritability for height and circumfer-
ence was 0.25 and 0.17, respectively, in the
plot with a density of 833 stems ha™. It was
non-existent in the plot with 2500 stems
ha. At the same time, we noted an appar-
ent increase in the dominance proportion,
which ranged from 0.06 to 0.23 and from
0.14 to 0.22, respectively, for height and cir-
cumference. For lignin and cellulose con-
tent, heritability increased with planting
density, while the opposite was observed
for extractive content and SG ratio (Tab. 1).

The reaction norms of all the traits stud-
ied showed that the performance of most
families differs with planting densities. The
performance of some families was stable
at both plantation densities. Some families
performed well, but were unstable at both
densities; some performed well and were
stable, and some performed poorly, but
were stable at both densities (Fig. 2). In
other words, some families perform very
well at a density of 833 stems ha" and not
at 2500 stems ha" and vice versa; some per-
formed well at both densities, some per-
formed very poorly at both densities, and
some families had a mean performance at
both densities.

Variability in growth and wood quality
traits at both densities

Regarding growth, we observed a signifi-
cant effect of density on circumference (p
<0.001), but not on tree height (p = 0.5).
For wood quality, the impact of density
was significant for all traits. Statistically sig-
nificant differences were observed for the

833 2500 833
Planting density (plantsha)

family effect for growth traits and wood
quality (p < 0.001 - Tab. 1). Overall, the den-
sity-by-female interaction was apparent in
growth traits. For wood chemical proper-
ties, it was only evident for extractive con-
tent and cellulose content. It did not ap-
pear to affect lignin content and SG ratio.
This interaction was very pronounced for
circumference growth (02, = 1.41), while it
was moderate for height growth (0%, =
0.4) and weak for cellulose content (024 =
0.14). The interaction was negligible for ex-
tractive content (02%.r = 8.8e-02) and zero
for lignin content and SG ratio.

The density-by-male interaction appears
to affect growth traits above all. For wood
chemical properties, it was only evident for
extractive content, cellulose, and S/G ratio,
while it was null for lignin content. Male
variance was found to be the component
of variance that interacted least with plant-
ing density. This interaction was very pro-
nounced for growth traits, with 0%, = 2.16
and 0.62 for circumference and height
growth, respectively. It was almost null for
cellulose content (024.m = 1.48€-08), extrac-
tive content (0%.m = 8.74€-10) and S/G ratio
(0%.m = 2.07e-11), and null for lignin con-
tent.

The density-by-family interaction is high-
lighted for all wood chemical properties. It
was found to be close to zero for circum-
ference and height.

Family variance is the variance compo-
nent that interacts the most with planting
density. This interaction was very pro-
nounced for lignin (0%.c.m = 0.93) and cellu-

Tab. 2 - Expected genetic gain (AG) of growth and wood chemical properties traits.

Proportion of selection

Traits 5% 10% 20%
Height 0.14 0.13 0.11
Circumference 0.13 0.11 0.10
Cellulose 0.005 0.004 0.003
Lignin 0.03 0.03 0.02
Extract 0.02 0.02 0.01
SG ratio 0.10 0.08 0.07
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2500

Pianting density (plants/ha)

lose (0%.rm = 0.82), weak for extractive
content (0%.¢.m = 0.29) and S/G ratio (0%u.rm
= 0.12), while it was negligible for circum-
ference (0%.r.m = 1.54€-06) and zero for
height.

Growth and wood quality stability
analysis of families using P; index and
selection of optimal families

Tab. S4 (Supplementary material) shows
the Lin indexes for the 55 families studied
for each trait. We found that families with
a low P;index reflect the stability and good
performance of their individuals. However,
several families showed a high P; index, in-
dicating instability and poor performance
of the resulting individuals.

The rank held by each family, considering
the P; index for each trait, and the sum of
the ranks considering all traits, are pre-
sented in Tab. S5 (Supplementary mate-
rial). It should be noted that some families
performed well and were stable across all
characteristics. However, some families
with the worst performance were also less
stable for all the traits.

Expected genetic gains by direct selec-
tion for growth and wood property traits
were determined according to three selec-
tion rates. We noted that genetic gain in-
creased in line with selection intensity. Se-
lecting the best families for growth and SG
ratio generated considerable estimated
gains. However, selecting the best families
for cellulose, lignin, and extractive content
generated little gain (Tab. 2).

Discussion

Effect of plantation density on genetic
variance components

Among growth traits, height was less af-
fected by planting density than circumfer-
ence. Research has already shown in the
Pointe-Noire region that E. urophylla out-
performs E. grandis (Bouvet et al. 2003,
Makouanzi et al. 2022). In our study, the
male additive variance (E. grandis) is the
only significant effect expressed for height
and circumference at a density of 833
stems ha". No specific effect was observed
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for the same traits with the 2500 planting
spacing. On the contrary, a preponderance
of female variance was observed by Mak-
ouanzi et al. (2019). The difference be-
tween our crossover designs could explain
the discrepancy between our results.

Planting density significantly affects the
chemical properties of wood, with female
variance (E. urophylla) playing a key role.
The extractive content is determined by
residual variance at both densities. At 833
stems ha’, female additive variance ex-
presses itself minimally. Environmental fac-
tors may explain the production of certain
extracts as a defense mechanism, as noted
by Favreau (2012). At 833 stems ha", lignin
content showed greater male variance,
high family variance, and average female
variance.

In contrast, at 2500 stems ha“, female
variance significantly increased while fam-
ily variance decreased, overshadowing
male variance. This highlights E. urophylla’s
superiority over E. grandis in Pointe-Noire,
attributed to E. urophylla’s higher variabil-
ity upon its introduction to the Republic of
the Congo (Bouvet et al. 2009). This advan-
tage may also stem from the diverse and
suitable seedlots initially introduced, as
both species exhibit considerable genetic
variation across their extensive natural
ranges (FAO 1981).

Effect of plantation density on
heritability and dominance proportion

Heritability of growth traits and wood
chemical properties varies with age (Zobel
1964, Makouanzi & Vigneron 2022) and en-
vironment. We found that, in a less con-
strained environment, height heritability
was low and circumference even lower.
Several studies indicate that height heri-
tability generally exceeds that of circumfer-
ence (Isik et al. 2003, Makouanzi et al.
2018, Makouanzi & Vigneron 2022). Mak-
ouanzi et al. (2022) studied 64 full-sib fami-
lies and found a decreasing trend in heri-
tability from 833 stems ha' to 2500 stems
ha". In this study, heritability was negligible
in high-density plantations, indicating that
these traits, being polygenic, are sensitive
to environmental factors (Isik et al. 2003).
In constrained environments, genetic inter-
actions increase, with dominance playing a
significant role. Dominance effects, espe-
cially in hybrid populations, are amplified in
marginal areas like Pointe-Noire (Bouvet et
al. 2009, Makouanzi & Vigneron 2022).

At a density of 833 stems ha", the genetic
control of wood chemical properties is low
to medium. Mandrou et al. (2012) found a
medium heritability for lignin content and
high heritability for the S/G ratio in 33 full-
sib families of E. urophylla x E. grandis at
667 stems ha". In this study, extractive con-
tent was entirely influenced by environ-
mental factors at both densities, a trend
also noted in Eucalyptus dunii (Ricardo et
al. 2018).

iForest 18: 293-300
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Interaction between density and
genetic variance components

Overall, the interaction between planting
density and the principal male and female
effects involves growth traits. In contrast,
the interaction between planting density
and the family effect generally concerns
the chemical properties of wood. These re-
sults contrast with those obtained by Mak-
ouanzi et al. (2022), who found that the in-
teraction between planting density and the
main male and female effects significantly
contributed to the chemical properties of
wood. In our view, these results largely de-
pend on the structure of the crossover de-
sign.

The reaction norms for growth and the
chemical properties of wood

The GxE varies among families, with some
showing stable family rankings between
833 and 2500 stems ha’, while others ex-
hibit unstable performance at higher densi-
ties. Increased plantation density impacts
circumference more than height, and
wood chemical properties remain relatively
constant.  Eucalyptus’s rapid growth
heightens competition between individuals
(Makouanzi et al. 2019). Previous studies
confirm that density primarily affects cir-
cumference over height (Dhote 1997, Bou-
vet et al. 2003, Parde & Bouchon 2009).
Brito et al. (2021) indicated that 833 stems
ha' is optimal for eucalyptus growth in
terms of height and circumference, consis-
tent with our findings.

Although wood chemical properties ap-
pear constant, individual families respond
differently to environmental changes, ex-
hibiting non-parallel reaction norms at
varying plantation densities, indicating GxE
(Makouanzi et al. 2022). In short rotations
(55 months), plantation density signifi-
cantly alters the chemical properties of
wood for most families by affecting extrac-
tive content. This contrasts with findings
from Elerati (2017) and Brito et al. (2021),
who reported non-significant variations in
lignin, cellulose, and extract content with
changing density, likely due to their smaller
sample sizes (five and three clones, respec-
tively) compared to our 55 families. Addi-
tionally, chemical composition in wood is
influenced by genetic effects, tree age, and
environmental interactions (Moulin et al.
2015, Rocha et al. 2016, Makouanzi & May-
inguidi 2019, Makouanzi et al. 2019). Com-
petition and environmental stresses affect
the chemical composition of broadleaved
trees like eucalyptus. In high-density plan-
tations, trees compete for light, water, and
nutrients, which can lead to increased
lignin content as a response to strengthen
cell structures and enhance mechanical
strength (Lourenco & Pereira 2018). Conse-
quently, high-density plantations may ex-
hibit higher lignin levels.

Families’ performance and stability
Our results indicate that some families ex-
hibit stable performance in growth and

chemical properties, characterized by the
lowest sum of P; ranks. Notably, several
stable families share common parents, 9-21
(E. grandis) and 14-142 (E. urophylla), sug-
gesting that the ability to adapt to differ-
ent plantation spacings may be inherited.
Stability might arise from adaptive genes
(Gallais 1992), and research showed that
heterogeneous genetic structures tend to
be more stable than homogeneous ones
(Haussmann & Geiger 1994, Stelling et al.
1994). Given our study’s single hybrid for-
mula (E. urophylla x E. grandis) and a signifi-
cant number of families (55), the potential
for flexibly adapting to density changes is
notable.

Stability in growth and wood quality is
crucial for selecting plant material amidst
global environmental changes. Lin’s P; in-
dex helps assess performance and stability,
with low values indicating stable, high-per-
forming genotypes (Crossa et al. 2002,
Benmahammed et al. 2010, Rose et al.
2008). Families with good performance un-
der varying conditions are likely to provide
valuable genetic material for developing
elite hybrids (Potts & Dungey 2004, Da
Silva et al. 2019). A focused hybridization
program can lead to new genetic combina-
tions that enhance biotic tolerance and
productivity (Assis et al. 2005). Our find-
ings suggest that selecting high-perform-
ing, stable families is beneficial, as pheno-
typic plasticity allows for adaptation to
new conditions and fosters adaptive ge-
netic changes crucial for long-term evolu-
tionary success (Windig et al. 2004, Nicotra
etal. 2010).

In short, for families with a low P;index,
planting density has very little influence on
wood quality. Therefore, high-density plan-
tations can be established without reduc-
ing wood quality. Lasserre et al. (2009) and
Brito et al. (2021) have reached similar con-
clusions. This result suggests that wood
with good paper quality can be produced
with a higher plantation density.

Genetic gains

Our results show that selection might in-
volve a very slight drop in lignin, cellulose,
and extractive content. This suggests that
the selection process in the E. urophylla x
E. grandis improvement program in the
Congo is unlikely to have any major effects
on lignin, cellulose, and extractive content
(Makouanzi et al. 2018). As in hybrid poplar
clones (Zhang et al. 2003), our results indi-
cate that selecting for growth traits will
not significantly reduce wood quality traits.
Based on our results, it would be possible
to independently choose very productive
families, as well as those with a low lignin
content (a trait sought by paper makers) or
a high lignin content (a trait sought by
charcoal makers). However, selection
should be carried out in a large population.
Numerous parents and families are re-
quired to maximize the potential genetic
gain. Despite the slight variation in lignin
content, this chemical trait displays strong
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genetic control, suggesting that parental
selection plays an important role.

Conclusions

This study shows that the chemical prop-
erties of wood are less variable than
growth traits. Increased competition in-
creases the heritability of the chemical
properties of wood, but decreases the
dominance proportion, except for extrac-
tive content. Increased competition de-
creases the heritability of growth traits and
increases the proportion of dominant
growth traits. Based on these results, we
can recommend striking a balance be-
tween increased competition, which in-
creases the heritability of wood chemical
properties, and reduced heritability of
growth traits. By adjusting the plantation
spacing, it would be possible to favor a cer-
tain level of competition that would allow
better expression of the chemical proper-
ties of the wood without significantly com-
promising the heritability of the trees’
growth traits. Family variance is the com-
ponent that interacts most with planting
density. The interaction between planting
density and the main male effect, as well as
between planting density and the main fe-
male effect, primarily concerns the devel-
opment of growth traits.

In contrast, the interaction between
planting density and the family effect con-
cerns the development of the chemical
properties of the wood. The plantation
density affects growth and wood quality
differently. We also found that the families
studied respond differently to plantation
densification in terms of growth and wood
quality.
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