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Abstract
The impact of forestry practices was evaluated on Eucalyptus’s growth variables and mortality dynamics. An experiment 
was conducted in Uruguay over sixteen years, sixteen spacing and thinning treatments were compared depending 
on the genetic material and productive objective. Tree height and diameter at breast height were assessed annually. 
All variables were analyzed using linear mixed models. Kaplan-Meier survival analysis and the Log Rank test 
were used to compare tree survival. 460 trees ha-1 from seed material resulted in the highest individual basal area 
(0.023 m2), while treatments with 2000 trees ha-1, without thinning, generated a greater yield per hectare (1014 m3 
ha-1). Variations in mortality were detected in higher-density treatments (above 800 trees ha-1). This study underscores 
the critical importance of managing spacing, genetic material, and thinning practices to optimize Eucalyptus growth.

Keywords: Forest management, stand density, survival rate, thinning.

1. INTRODUCTION AND OBJECTIVES

In the past few decades, forestry has emerged as a globally 
significant field, critically influencing both economic 
and ecological dynamics. Notably, Eucalyptus, a widely 
planted hardwood specie, covers over 25 million hectares 
worldwide (Elli et al., 2020). In Uruguay, there has been a 
remarkable expansion of areas designated for fast-growing 
species, particularly Eucalyptus, which now dominates 
70% of the area (Dieste et al., 2019). The Eucalyptus genus 
boasts various enticing characteristics, including rapid 

growth rates, ready access to genetic material, abundant 
seed availability, and versatile end-products (Resquin 
et al. 2019). The potential productivity of forest systems 
is primarily influenced by management practices, such as 
genetic selection, soil preparation, stand density (SD), weed 
and pest control, and thinning, rather than environmental 
variations (Binkley et al., 2019). Understanding the complex 
dynamics of forest stands is challenging and requires the 
examination of multiple interactions (Lintz et al., 2016; 
Pires et al., 2020). However, research efforts in the region 
have primarily focused on isolated evaluations of genetic 
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merit and different management factors in productive 
stands. Situations where both have been evaluated together 
have predominantly been with a focus on bioenergy 
(Resquin et al., 2019). 

Establishing new Eucalyptus plantations requires 
carefully assessing SD, a significant factor influencing 
wood attributes (Cassidy et al., 2012; Bentancor et al., 2019). 
These species favor environments with abundant light 
(Resquin et al., 2019; Lie & Xue, 2019), underscoring the 
importance of adjusting SD to match the desired end products 
(West & Smith, 2019; André et al., 2021). In Uruguay, 
higher-density stands, exceeding 1200 trees per hectare, 
are aimed at pulp production, while solid wood typically 
sources from lower-density stands of 900–1000 trees per 
hectare (Resquin et al., 2018). Appropriate SD is key for 
silvicultural decisions, affecting individual tree dimensions 
and stand yield (Forrester et al., 2013). The choice of SD 
has a profound effect on the type, quantity, and quality of 
products over the rotation period. Additionally, optimizing 
SD and rotation duration according to site conditions and 
selecting suitable genotypes is essential for maximizing 
productivity within the limits of available land resources.

Competition among trees plays a crucial role in shaping 
their growth trajectories, significantly influencing individual 
development in productive cycles and the final product 
(DeBell et al., 2001; Resquin et al. 2019; West & Smith, 2019). 
Eucalyptus plantations are particularly susceptible to the 
competence dynamic, which reverberates throughout the 
ecosystem (Akhtar et al., 2008). The consequential impact 
on volume and tree size is well-documented (Forrester, 2019; 
Bhandari et al., 2021), with the intricacies of mortality 
varying across stand ages (Binkley, 2017; Lie & Xue, 2019). 
Appropriate thinning time can enhance wood quality, 
consistency, and size (Qu et al., 2022). Silvicultural practices, 
such as spacing, fertilization, and thinning, play a crucial 
role in enhancing both quantitative and qualitative yields. 
Thinning redistributes resources, increasing stand value 
over volume (Cassidy et al., 2012), with thinned Eucalyptus 
stands leading to faster growth in the individual tree 
diameter (Forrester, 2013). Comprehending the effects of 
thinning on stands that have diverse objectives and utilize 
different genetic materials is key for the optimization 
of silvicultural system designs.

In terms of genetic origin, many studies have shown the 
disparities in growth and production dynamics between 
pure and hybrid Eucalyptus clones, serving various product 
purposes (Griffin, 2014). Evaluating the interplay of genotype 
and management practices, notably spacing, is achievable 
through commonly employed experimental designs (Binkley 
et al. 2017; Ferraz et al. 2018; Stape et al. 2022). Although 

seed-source trees are also employed in plantation design, 
the internal variability of plantations tends to be higher 
compared to clone-based plantations (Griffin, 2014). 
Nevertheless, this variability becomes less critical when the 
production objective is cellulose pulp rather than solid wood. 
In such scenarios, it can be effectively utilized to achieve 
broader and more varied production outcomes, starting 
with a focus on pulp production before transitioning to the 
utilization of solid wood.

Our hypothesis centers on the critical relationship 
between initial and final density and genetic material to 
effectively implement management practices aligned with 
production goals. The relevance of conducting studies with 
a dual purpose (cellulose and solid wood) is emphasized, 
as limited research has been conducted on evaluating the 
combined impact of tree spacing and genetic materials on 
Eucalyptus growth in common South American scenarios, 
especially in long-term experiments where factors can 
be studied over several years (Fernandes et al., 2023). 
Therefore, this study aims to evaluate the effect of tree 
spacing, genetic material (E. grandis grown by seed or 
clones, and pure or hybrid E. grandis × E. camaldulensis), 
and thinning practices on stand growth, considering two 
different end uses: cellulose pulp or solid wood.

2. MATERIALS AND METHODS

2.1.  Experimental site 

 The experiment was installed in the Department of 
Rivera, Uruguay, at coordinates 30º54‘S and 50º33‘W 
(152 masl) (Figure 1). The experimental site experiences an 
average annual precipitation of 1500 mm, evenly distributed 
throughout the year. The average temperature is around 
18 ºC, with the highest mean temperature in January (22 ºC), 
and the lowest in June (10 ºC). The predominant soils are 
moderately deep Melanic/Umbric Inceptisols with a sandy 
loam-loam texture, characterized by low fertility and good 
drainage (classified as CONEAT 7.2 in the Uruguay System 
of Soil Aptitude). Additionally, there are Umbric Ochric 
Dystric Planosols with a deep loamy-sandy texture and 
imperfect drainage (CONEAT G03.21).

2.2.  Experimental design and data collection

We analyzed a Eucalyptus trial planted in 2003 that 
encompassed diverse genetic materials and productivity 
objectives. To enhance comparability, the original trial dataset 
was partitioned into three datasets (Table 1) based on the 
intended productivity goals and the genetic material used.
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Table 1. Overview of the assessed treatments, including details on initial and final stand density, spacing between trees (m × m), 
thinning timing, and genetic material across the three datasets.

Dataset Treatment code Genetic material Initial density 
(trees ha-1) Thinning * Final density 

(trees ha-1) 
Distance among 

trees (m × m)

A 400_400_C1 E. grandis (C1) 400 - 400 5 × 5

A 500_350_C1 E. grandis (C1) 500 8 350 4.5 × 4.5

A 622_444_C1 E. grandis (C1) 622 8 444  4 × 4

A 622_622_C1 E. grandis (C1) 622 - 622 4 × 4

A 800_333_C1 E. grandis (C1) 800 2 / 8 333 3.5 × 3.5

A 800_800_C1 E. grandis (C1) 800 - 800 3.5 × 3.5

A 800_333_S Seed 800 2 / 8 333 3.5 × 3.5

A 800_333_S Seed 800 - 800 3.5 × 3.5

B 400_400_C2 E. grandis x E. 
camandulensis (C2) 400 - 400 6 × 5

B 500_350_C2 E. grandis x E. 
camandulensis (C2) 500 8 350 4.5 × 4.5

B 622_444_C2 E. grandis x E. 
camandulensis (C2) 622 8 444  4 × 5

B 622_622_C2 E. grandis x E. 
camandulensis (C2) 622 - 622 4 × 5

B 800_333_C2 E. grandis x E. 
camandulensis (C2) 800 2 / 8 333 3.5 × 3.5

B 800_800_C2 E. grandis x E. 
camandulensis (C2) 800 - 800 3.5 × 3.5

C 1111_460_S Seed 1111 2 / 8 460 3 × 3

C 1111_1111_S Seed 1111 - 1111 3 × 3

C 1600_1033_S Seed 1600 2 / 8 1033 2.5 × 2.5

C 1600_640_S Seed 1600 8 640 2.5 × 2.5

C 2000_2000_S Seed 2000 - 2000 2 × 2
* Years after planting 

Dataset A focused on solid wood production and consisted 
of seed material and Clon 1 (C1), which represents pure 
E. grandis. Dataset B, also for solid wood production, included 
Clon 2 (C2), a hybrid of E. grandis and E. camaldulensis. Lastly, 
dataset C had a dual objective of producing pulp cellulose and 
solid wood at different times. The genetic material in dataset 
C was seed material (E. grandis). Thinning was carried out in 
specific treatments (Table 1). The thinned trees were sold for 
pulp production, while the remaining trees were designated 
for solid wood production.

Datasets A and B maintained an SD ranging from 400 to 
800 trees ha-1, while dataset C had an initial SD ranging from 
1111 to 2000. After eight years, specific treatments underwent 
thinning with varying intensities, depending on the specific 
treatment and end-product goal (Table 1). The experimental 
design was a randomized complete block design with three 
replications, and the experimental units were of fixed dimensions, 
measuring 900 square meters (30 m × 30 m).

Annual measurements of diameter at breast height 
(DBH) and individual tree height were recorded for all the 
trees from 2005 (two years after implantation) until 2021. 
The border trees of each experimental unit were excluded 
from this study. Since fixed-size plots were used and 
treatments were associated with different SD, a varying 
number of trees per plot were observed. In dataset C, 
individual tree volumes were calculated for each treatment 
using the taper functions described by Hirigoyen et al. (2021). 
The per-hectare volumes were obtained by multiplying the 
individual volumes by survival rates and final SD of each 
treatment. Basal area (BA) was determined on an individual 
tree basis. Due to measurement issues in two evaluation 
years, the data from these years were estimated by taking 
the average of the values from the years before and after 
(2015, 2019). Additionally, residual values above three 
times the standard deviation were defined as outliers and 
removed from each specific dataset.



Floresta e Ambiente 2024; 31(3): e20230050

4 - 11 Siri P, Bruno C, Balzarini M, Benitez V, Hirigoyen A, Ingaramo L, Posse JP, Fedrigo JK, Gonzalez Barrios P

4

Figure 1. Satellite image of the experimental site, where replications 
are differentiated by color, and treatments from each dataset 
are distributed in each replication. Each experimental unit is a 
square of 30 meters by 30 meters.

2.3.  Statistical analysis

For data analysis, linear mixed models for repeated 
measures were used incorporating information from all 
the evaluated years (Littel et al., 2006, Equation 1).

yijk = µ + τi + δj + τij + τδij + β1xk + β2xk
2 + τxik + εijk [1]

where: yijk is the response variable, μ is the overall mean, τi: 
is the effect of the i-th SD, δj is the effect of j-th replication, β1xk : 
x and x2 are the k-th year and squared year, respectively, defined 
as a covariate,  β and  β2 are the corresponding (unknown) 
regression parameters, and εijk is the residual random error 
term. Two scenarios were evaluated in the analysis. One with 
independent residuals and the other with residuals consider a 
temporally correlated structure modeled by a first-order continuous 
autoregressive process (AR(1)), with the tree serving as subject. 

For each variable, an analysis of variance was conducted, 
followed by a post hoc Tukey test (α= 0.05) to determine 
significant differences. To further investigate the dynamics of the 
treatments over time, annual predictions were made, allowing for 
the assessment of treatment impacts across years. To compare the 
survival rate among treatments, Kaplan-Meier survival analysis 
and Log Rank test (α = 0.05) were employed. The survival analysis 
was performed for all three databases, considering thinned and 
unthinned treatments. The analysis focused on the time at which 
the final density was reached (8 years) for the thinning treatments. 
Statistical analyses were conducted using the InfoStat statistical 
software (Di Rienzo et al., 2021) and its R interface (R core, 2021), 
in addition to SAS 9.3 (SAS Institute, Cary NC).

3. RESULTS

3.1.  Basal area 

Significant differences were observed among treatments 
regarding BA at both eight and sixteen years of age across 
all three datasets. Dataset A revealed notable differences 
among treatments at both time points (Figure 2). Moreover, 
as time progressed, additional distinctions among treatments 
became apparent (Figure S1). However, across both age 
groups, it consistently appeared that treatment 800_800_C1 
exhibited the lowest individual BA. Additionally, the treatment 
800_333_S outperformed treatments that initially began with 
800 trees per hectare but were not thinned (800_800_C1 and 
800_800_S) during both evaluation periods. Specifically, 
under the 800_800 and 800_333 treatments, seed material 
exhibited a higher BA than the evaluated clone C1 at sixteen 
years. The most interesting aspect was the considerable 
variability within treatments, with significant differences 
between the seed and clone treatments. 

Eight years after plantation, noteworthy distinctions between 
treatment 500_350_C2 and 800_800_C2 were identified in 
dataset B (Figure 3). However, at sixteen years, the 400_400_C2 
exhibited a greater BA compared to 800_800_C2. The remaining 
treatments were grouped without significant differences, 
and the trajectories of the treatments over time were similar 
(Figure S2). Figure 4 illustrates that the spacing treatment 
with the lowest final SD (1111_460_S) displayed the best BA 
performance at the age of eight in dataset C. Nevertheless, at 
the age of sixteen, three distinct groups emerged. Treatment 
1111_460_S continued to demonstrate the best performance, 
while treatment 2000_2000_S exhibited the lowest BA. The more 
surprising aspect of the results was the more differences observed 
at age sixteen compared to eight, underscoring the influence 
of age on the observed variations (Figure S3). 

Figure 2. Adjusted means and standard error for individual 
basal area (m2 tree-1) for each treatment evaluated in dataset A 
at ages 8 and 16 years after planting. Means with common letters 
are not significantly different (p ≤ 0.05).
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Figure 3. Adjusted means and standard error for individual BA 
(m2 tree-1) for each treatment evaluated in dataset B at ages 8 
and 16 years after planting. Means with common letters are not 
significantly different (p ≤ 0.05).

Figure 4. Adjusted means and standard error for individual basal 
area (m2 tree-1) for each treatment evaluated in dataset C at ages 
8 and 16 years after planting. Means with common letters are 
not significantly different (p ≤ 0.05).

3.2.  Stand Volume 

The analysis of volume was exclusively conducted on 
the seed genetic material treatments, specifically designed 
for thinning at the age of eight to facilitate pulp production. 
As depicted in Figure 5, the impact of thinning is evident, 
with treatment 1111_460_S displaying the highest individual 
tree volume. Interestingly, this treatment maintains the same 
initial SD as treatment 1111_1111_S. Despite increased 
disparities at sixteen years, treatment 2000_2000_S consistently 
exhibited the lowest individual volume values at both time 
points. Notably, individual tree volume showed a clear trend, 
as treatments with higher SD consistently had lower average 
volumes per tree than those with a lower initial SD (Figure S4).

Concerning volume per hectare (Figure 6), the results 
reveal a contrasting trend compared to individual tree volume, 
as denser treatments demonstrate higher performance. 
Specifically, treatments 1111_1111_S and 2000_2000_S 
exhibit higher volumes per hectare at ages eight and sixteen, 
respectively. As the years progress, fewer differences become 
apparent, and changes in ranking emerge (Figure S5). While 
at eight years, the treatment that resulted in the fewest post-
thinning number of trees (1111_460_S) displayed the lowest 
wood productivity, by the age of sixteen, an intermediate 
treatment, such as 1600_640_S, had the lowest production.

Figure 5. Adjusted means and standard error for individual tree 
volume (m3 tree-1) for each treatment evaluated in dataset C at ages 
8 and 16 years after planting. Means with common letters are not 
significantly different (p ≤ 0.05).

Figure 6. Adjusted means and standard error for wood volume 
per hectare (m3 ha-1) for each treatment evaluated in dataset C, 
at ages 8 and 16 years after planting. Means with common letters 
are not significantly different (p ≤ 0.05).

3.3.  Survival analysis 

In dataset B without thinning, no significant differences 
in tree survival were detected (Figure 7). However, in datasets 
A, both with and without thinning, and in dataset B with 
thinning, significant differences were found. Treatments 
with an initial density of 800 trees per hectare exhibited 
lower survival rates. In dataset C, significant differences 
were observed for both thinned and unthinned treatments 
(Figure 8). It is evident in all cases that a higher initial SD is 
associated with lower survival rates, as seen in treatments 
1600_640_S and 2000_2000_S. In the non-thinned treatments, 
a decrease in survival was observed starting from year five, 
which can be attributed to a period of sustained and extreme 
water deficit (MGAP, 2008). Treatment 1600_640_S, which 
starts the production cycle with a high density, exhibits the 
highest mortality. Therefore, the thinning effect at age 8 does 
not significantly impact survival, as the majority of mortality 
occurs before thinning. Among the non-thinned treatments, 
treatment 2000_2000_S displays the highest mortality and 
significant differences compared to other treatments.
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Figure 7. Tree survival rate for dataset A (left panels) and B (right panels), with thinning (lower panels) and without thinning (upper 
panels) evaluated from the time that final SD was reached until age 16.  Means with common letters are not significantly different (p ≤ 0.05).

Figure 8. Tree survival rate for dataset C was evaluated from the latest thinning practice (final SD) until age 16 by treatment. The analysis 
was performed separately depending on silvicultural practices with (upper panel) and without thinning (lower panel). Means with common 
letters are not significantly different (p ≤ 0.05).

4. DISCUSSION

4.1.  Model selection

The significance of integrating temporal variability to 
enhance precision in estimating the mean effect of treatments 

in forestry experiments has been underscored (Loughin 
et al., 2007; González Barrios et al., 2020). The use of repeated 
measures analysis, highly recommended for its efficacy in 
reducing standard errors and narrowing confidence intervals, 
thereby increasing statistical power, is exemplified by 
Gezan & Carvalho (2018). Overlooking temporal correlations 
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can raise the risk of Type 1 errors, leading to false detection 
of non-existent differences between treatments (Sherman, 
2011). Consistent with these findings, our study affirms the 
effectiveness of models that consider temporal correlations 
among trees. This approach not only serves as a powerful tool 
for the design and optimization of silvicultural systems but 
also facilitates a detailed understanding of tree development 
and the interactions between treatments and their effects 
on productivity variables. 

4.2.  Basal area and wood volume

The investigation into the relationship between tree 
size and production related to planting density is crucial, 
as highlighted by Forrester et al. (2013). We observed 
that individual wood volume decreases, while overall 
stand volume increases at higher densities, aligning with 
findings from global spacing studies (Binkley et al., 2010; 
Forrester et al., 2013). Significant variations in BA at the 
final assessment indicated diverse genetic responses to 
treatments. Treatments using seed material, recommended 
for solid wood due to larger trees at final time, adapted 
better to local conditions, leading to higher BA and tree 
volume, yet exhibited more heterogeneity (Stape et al. 2022). 
This aligns with Caniza et al. (2018), noting seed materials 
excel in low-potential environments versus clones, which 
show greater uniformity and are preferred for solid 
wood production, especially C2 due to homogeneous 
productivity, despite requiring intensive silviculture and site 
preparation (Binkley et al. 2017). These findings underline 
the importance of considering genetic and environmental 
factors in forestry, particularly for Uruguay’s dual-purpose 
wood and pulp production.

Higher SD leads to a rapid expansion of leaf area and 
biomass, ensuring quick site coverage. This phenomenon 
is well-documented in the literature (Forrester et al., 2013; 
Rocha et al., 2019). However, this growth also increases 
competition for light, leading to smaller tree sizes. 
Our study supports this, showing that denser treatments 
result in lower BA and individual volume, an important 
factor for pulp production, where achieving the right 
balance between quality and quantity per hectare is key. 
The impact of spacing on tree size becomes more evident 
with age, particularly in the first five years, which are the 
most competitive (Rocha et al., 2019). Following Malan 
and Hoon (1992), our findings underscore that managing 
stand density through initial spacing or thinning is vital 
for optimal tree growth. Stands that are widely spaced 
(i.e. 400_400) or thinned (i.e. 800_333) demonstrate 
quicker growth compared to denser ones (i.e. 800_800). 

Thinning also affects solid wood yield, tree dominance, 
mortality, and cessation of growth (Fernandes et al., 2023). 
Our extensive analysis indicates that differences in BA at the 
final assessment are more closely related to targeted rather 
than initial SD, especially in hybrid clones (Dataset B). 
Additionally, thinning effects are more pronounced 
in treatments with high initial SD and undergo substantial 
reductions in individual numbers at harvest. This is linked 
to initial SDs of fewer than 800 trees per hectare and 
thinning of less than 50% of individuals.

In Dataset B, most of treatments did not show significant 
differences (Figure 3). The only substantial distinction was 
observed between the two extreme treatments (800_800_C2 
and 400_400_C2) at the final assessment. Over the years, the 
ranking of treatments in Dataset B demonstrated notable 
variability, which can be attributed to the interplay of site-
specific conditions and SD. This pattern was also observed 
in C1 and seed material. It’s important to emphasize that 
all treatments in this dataset employed a hybrid clone. 
The Kaplan-Meier analysis (Figure 7) revealed that mortality 
rates did not significantly influence production in treatments 
without thinning. As the study progressed, the variability 
among treatments became more pronounced, a dynamic 
influenced by the experimental area’s size and the diversity 
of specific site conditions.

The comparison between seed and clone treatments 
shows greater variability in the former, affecting data spread 
and adjusted means (Figures 2 and 4), essential for dual-
purpose seed material strategies. At the productive cycle’s 
end, this variability allows for diverse production goals 
based on each tree’s volume or BA. Thinned trees at age 
eight are aimed at pulp production, while seed-type genetic 
treatments exhibit higher BA at sixteen years, suggesting 
the viability of dual-purpose stands. Such stands offer 
outcomes comparable to single-purpose wood or pulp stands, 
allowing for an intermediate product. This underscores 
the potential of dual-purpose stands to optimize resource 
use and enhance productivity, which should be considered 
in forest management strategies.

In our study, a detailed analysis becomes evident when 
examining tree volumes, especially from the perspective 
of pulp production objectives. Similar to our observations 
in BA, the analysis of individual tree volumes in seedling 
treatments revealed a consistent trend: higher stand 
densities (2000_2000_S) correlate with lower individual tree 
volumes (0.64 m3.tree-1) (Figure 5). This trend underscores 
the intricate balance between tree density and individual 
growth in forestry management. However, a contrasting 
compensatory effect was noted in the volume per hectare 
metric, where treatments with higher densities exhibited 
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increased volumes per hectare. This effect is particularly 
evident in seed materials with 2000_2000_S (1014 m3.ha-1) 
compared to 1111_460_S (620 m3.ha-1) and 1600_640_S 
(466 m3.ha-1) at year sixteen. These findings are critical 
for understanding the dynamics of wood production in 
high-density plantations and underscore the importance of 
considering both individual tree growth and overall stand 
productivity in developing effective forestry management 
strategies, particularly in Uruguay’s environmental conditions.

4.3.  Survival analysis 

Research indicates that competition’s relation to SD 
involves factors like age, growth, genetics, phenology, 
and site conditions (Dwyer et al., 2010; Fernandes 
et al., 2023). Our findings show intensified competition 
at higher densities in seed-type treatments (Figure 5), 
consistent with Uruguayan studies (Resquin et al., 2018). 
Yet, in Dataset B, competition was not a significant factor 
in stand growth. Notably, hybrid genetic materials, with 
crown structures distinct from pure Eucalyptus grandis, 
exhibit reduced competition. This demonstrates that the 
impact of competition is contingent on specific genetic and 
environmental circumstances.

In Dataset C, we observed significant differences in tree 
mortality for both thinned and unthinned treatments. These 
results support the hypothesis that increased competition 
among closely spaced trees leads to higher mortality 
rates over time (Harris, 2007; Schneider et al., 2015). 
Treatments with higher initial SD, notably 1111_460_S 
and 2000_2000_S, showed lower survival rates, aligning 
with the theory that dense populations undergo rapid early 
growth, a critical factor in stand establishment decision-
making (Rocha et al., 2019). Early reduction of live trees, 
crucial during the initial competitive years (West and 
Smith, 2019), can mitigate competition’s adverse effects 
on final yield (Akhtar et al., 2008; Resquin et al., 2018). 
The management of stocking levels, both during and post-
thinning, significantly influences resource availability per 
tree, affecting both tree size and the stand’s overall value at 
harvest (Cassidy et al., 2012). Our findings underscore the 
importance of timely thinning decisions: Delaying thinning, 
even with an optimal final SD, can lead to suboptimal 
growth and reduced stand performance due to the initial 
high density’s effects (Binkley, 2004; Ferrere et al., 2005).

Significantly, our findings align with Resquin et al. 
(2018), who reported a positive correlation between wood 
volume and final SD. In our study, trees planted at narrower 
spacings exhibited lower BA and individual wood volume, 
yet resulted in higher wood volume per hectare. It is crucial 

to consider how management practices, including thinning, 
impact these outcomes, as suggested by Qu et al. (2022) and 
Forrester (2013). While our study accounted for the effects 
of thinning by calculating the post-thinning survival rate, 
the potential confounding impact of mortality on wood 
volume and growth patterns must be acknowledged. 

The extensive literature on tree growth prediction 
models underscores their effectiveness and value in guiding 
productive decisions (Hirigoyen, 2018). In our study,  
we leveraged local models, which are instrumental in offering 
predictive insights based on current data and in unraveling 
the complex dynamics of tree growth and mortality across 
various treatments. These models are particularly beneficial 
for working with local stands, as they enable a thorough 
characterization of long-term trials, incorporating nearly 
annual measurements over sixteen years. Employing these 
models has allowed us to discern the specific growth 
patterns and mortality dynamics within the Eucalyptus 
plantations under study. They adeptly account for the unique 
characteristics and complexities of the local environment, 
enhancing the accuracy of our predictions and the efficacy of 
our forest management decisions. This research underscores 
the significance of using site-specific models to capture 
the nuanced aspects of tree growth and mortality, thereby 
contributing to more precise productivity assessments.

Our research highlights the complex dynamics of tree 
growth and production influenced by diverse environmental 
conditions and genetic compositions, particularly in an 
experimental context. The complex interplay between 
site-specific conditions, genetic materials, and treatment 
effects stands out as a crucial area for further research. 
Exploring these aspects in greater detail is essential for a 
more thorough understanding of forest ecosystems and 
advancing sustainable forestry practices. Future studies in 
this field will not only augment our knowledge but also pave 
the way for innovative, eco-friendly approaches in forestry 
management, both locally and globally. 

5. CONCLUSIONS

Our research after 16 years demonstrates that dual-purpose 
Eucalyptus treatments can yield basal areas similar to those 
aimed solely at solid wood production. This highlights the 
adaptability and productivity potential of various genetic 
materials in response to spacing treatments. This underscores 
the utility of seed-type materials, particularly when applied 
to lower spacing densities, which have been correlated with 
an increase in individual tree basal area and volume.

Furthermore, our analysis of spacing, genetic selection, 
and thinning practices emphasizes their critical roles 
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in forestry management. Lower SD were particularly 
effective in enhancing individual tree growth, whereas 
higher SD, even when unthinned, resulted in larger overall 
productivity per hectare. However, this increase comes 
with higher mortality rates in denser plantings, suggesting 
a need for a balanced approach in plantation management. 
These findings inform our recommendations for improving 
the sustainability and productivity of Eucalyptus plantations 
under varying environmental conditions.
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