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A B S T R A C T

Stand structure can have a considerable influence on forest growth and productivity. A stand’s response to
factors like temperature, precipitation, vapor pressure deficit and different soil characteristics may result not
only from the mean change in tree responses (e.g. growth decrease or increase), but may also depend on how
individual tree responses vary in relation to their size and how they cope with competition. There may be a large
growth imbalance among trees as a function of their size, which is referred to as growth dominance. That is, a
change in a factor may have different impacts on stand growth depending on stand structure and how growth is
distributed. Thus, using an experimental platform spanning tropical Brazil, we explored the relationship between
growth dominance and stand growth, and whether this relationship changes across a wide climatic gradient,
represented by soil water deficit. We found a predominance of negative growth dominance during the early
phase of stand development which increased until dominance became positive, after about 30 months, and kept
increasing afterwards. Increasing soil water deficit slowed the increase in growth dominance throughout time.
The intensification of growth dominance (either positive or negative) was associated with decreasing stand
growth. Increasing soil water deficit decreased the negative effect of growth dominance on increment in absolute
terms, but we showed that, at the end of a 5-year rotation, increasing growth dominance at a site with more
intense water deficit led to a greater growth loss in relative terms than at a site with milder water deficit. For
example, the estimated difference in increment between a stand with a low growth dominance of 0.05 and a
stand with a high growth dominance of 0.20 at the end of a 60–month rotation at a site with an accumulated
water deficit of −200 mm was about 28 m3 ha−1 year−1, which is equivalent to a 39% decrease in relative
terms. This same GDC difference under a water stress of −4000 mm resulted in a decrease in increment of
approximately 18 m3 ha−1 year−1, or 48% in relative terms.

1. Introduction

Stand structure is a key feature of forest stands that may have a
considerable influence on forest growth and productivity. The re-
lationship between structural diversity – including tree size distribution
and genetic or species diversity – and forest productivity has been
studied in various forest ecosystems and contrasting relationships have
been found such as positive, neutral and negative relationships
(Forrester and Bauhus, 2016).

Monoclonal stands are an especially useful framework to investigate
how structure affects growth independent of the effects of genetic or
species diversity. In monoclonal stands of Eucalyptus, increasing tree
size inequality is associated with decreasing productivity (Stape et al.,
2010; Soares et al., 2016; Resende et al., 2018). In non-monoclonal
Eucalyptus plantations and monocultures of other species, where there is
a certain degree of genetic diversity, this has also been shown (e.g.
Bourdier et al., 2016; Sun et al., 2018).

Structural heterogeneity emerges from differences in trees’ growth
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rates within a stand throughout time. The growth of individual trees
depends on their ability to acquire and use resources (i.e. light, nu-
trients and water) and how efficient trees are in using them (Binkley
et al., 2010). For example, it has been shown that bigger Eucalyptus
trees grow faster than smaller ones because they are able to capture a
greater amount of resources and also because they use them more ef-
ficiently (Binkley et al., 2002, 2010, 2013; Campoe et al., 2013). At the
stand level, the greater productivity of the biggest trees does not
counterbalance the lesser growth of the smaller trees, resulting in an
overall lower productivity of heterogeneous stands compared to more
homogeneous stands (Binkley et al., 2013, Campoe et al., 2013, Luu
et al., 2013).

Factors that change resource availability, resource use and or use
efficiency can affect stand growth not only because of changes in mean
tree growth, but also because of the different responses according to
tree size (Forrester, 2019). For example, in Eucalyptus plantations in
Brazil, increasing 1 °C in air temperature decreased growth by
2.2 Mg ha−1 yr−1 in the range of 19.5 to 23.5 °C, and for every
100 mm year−1 decrease in rainfall, growth declined by 0.5 Mg ha−1

year−1 (Binkley et al., 2020). Part of this effect of environmental stress
on growth, might not only result from reductions in mean tree growth,
but also because it leads to more unequal growth partitioning and
consequently to a more heterogeneous structure with higher propor-
tions of suppressed and smaller-sized trees, which, in turn, also reduces
stand growth. In addition, since the relationship between stand struc-
ture and productivity has been shown to vary among species or geno-
types (Soares et al., 2016; Resende et al., 2018), these different re-
sponses, according to tree size, may also have a genetic component.

Therefore, we used a continent-wide Eucalyptus experimental net-
work in Brazil to explore the relationship between growth dominance
and stand growth, and whether this relationship changes across a wide
climatic gradient, represented by soil water deficit. We asked the spe-
cific questions: i) Is increasing growth dominance associated with de-
creasing stand growth? ii) Does increasing soil water deficit increase
growth dominance? iii) If growth decreases with increasing growth
dominance, does increasing soil water deficit intensify the negative
effect of growth dominance on growth? iv) How do these relationships
change with stand age?

2. Material and methods

2.1. Site description and experimental design

We used data from the TECHS project (Tolerance of Eucalyptus
Clones to Hydric, Thermal and Biotic Stresses, www.ipef.br/techs/en),
a continent wide experimental platform, in which different Eucalyptus
genotypes were planted on sites with a wide range of climates and soils
from north Brazil to Uruguay. Detailed descriptions of this project can
be found in Binkley et al. (2017) and Binkley et al. (2020), and findings
related to various subjects are reported in this Especial Issue.

Out of the 36 sites of the TECHS project, we selected 17 tropical
sites (Fig. 1), which had a considerable water deficit throughout a 5-
year rotation. Cuttings of 11 genotypes were planted in 720-m2 single-
cloned plots, at a spacing of 3 m× 3 m, totaling 80 plants per plot. Two
adjacent plots were established for each genotype at each site. At
fourteen sites (2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 30 and 31) one
plot was treated with 30% rain reduction and the other kept as control.
Rain reduction was performed with the installation of troughs, and
across all sites the current annual increment in the final year of the
rotation declined by about 0.5 Mg ha−1 yr−1 for each 100 mm−1 yr−1

of rain reduction (Binkley et al. 2020). All plots were fertilized during
the first year and weed control was also carried out to eliminate com-
peting vegetation (Binkley et al., 2017).

The soil classes covered by the selected sites were Oxisols (68% of
the sites), Entisols (23% of the sites) and Ultisols (9% of the sites) and
the elevation ranged from close to sea level up to 969 m. Sites were

situated in the following climatic zones: Am (tropical and monsoon), As
(tropical with dry summer), Aw (tropical with dry winter), Cfa (humid
subtropical zone with hot summer and without dry season), Cfb (humid
subtropical zone with temperate summer and without dry season), Cwa
(humid subtropical zone with hot summer and dry winter) and Cwb
(humid subtropical zone with temperate summer), as shown in Fig. 1.

2.2. Measurements and studied variables

The measurement of dendrometric variables such as total height (ht)
and diameter at 1.30 m from soil surface (dbh) started between
December/2012 and May/2013 and remeasurements were carried out
approximately every 6 months until April/2017. Climatic variables
such as air temperature and precipitation, were obtained on a daily
basis using weather stations installed at each TECHS site in 2012.

The following variables were used to tackle our questions: growth,
growth dominance, tree size inequality, water deficit and stand age.
Growth was represented by gross current annual increment of outside
bark stem wood volume (Gross CAI, in m3 ha−1 year−1). Trees’ outside
bark stem wood volume was calculated with the equation developed by
Scolforo et al. (2019a)). Increment was calculated as the difference
between two consecutive measurements. Gross CAI was then computed
as the sum of the trees’ increments within a plot, extrapolated to an area
of one hectare and to a period of one year.

Growth dominance was represented by the growth dominance
coefficient (GDC). This coefficient reflects the growth partitioning
across tree size. GDC ranges from −1 to 1, so that positive values in-
dicate that the biggest trees grew disproportionally more than the
smaller trees, null GDC indicates that trees grew proportionally to their
sizes (no growth dominance) and negative values indicate that smaller
tress grew disproportionally more than bigger ones. Therefore, growth
disproportionality in relation to size (growth dominance strength) de-
creases as values tend to zero and increases otherwise. GDC is calcu-
lated based on the Lorenz curve, in which the cumulative tree growth,
in relative values of the total plot growth, is plotted against the cu-
mulative tree size at the beginning of the growth period, in relative
values of the sum of trees’ size within a plot and in increasing order of

Fig. 1. TECHS tropical sites selected for this study and respective climatic
zones.
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size. Growth proportional to tree size (null GDC) results in a 1:1 line.
Positive or negative growth dominance results on curves deviating from
the 1:1 line (Fig. 2). GDC is the ratio between the area between the
measured GDC line and the 1:1 line, and the area below the 1:1 line. It
can be calculated as:

=
= +

+ +( )
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x x0.5 ( )
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i
n

i i
y y

1 1 2
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where: xi is cumulative ordered relative tree size up to tree i and yi is
the cumulative relative tree growth up to tree i. In this study, we used
outside bark stem volume as a proxy for tree size.

The Gini coefficient, a metric for tree size inequality, was used to
represent stand structural heterogeneity. The Gini coefficient is also
calculated based on the Lorenz curve, but using the cumulative relative
tree size in the y axis and the cumulative relative quantity of trees or-
dered by size (volume, in this case) in the × axis (Fig. 2). In contrast to
the GDC, the Gini coefficient ranges from 0 (all trees are equal in size)
to 1 (maximum difference among trees).

Among the environmental variables that could represent the en-
vironmental gradient, we chose the soil water deficit (SWD), since it
takes into account several other environmental variables related to soil,
climate and topography (Scolforo et al., 2019b). These authors, indeed,
demonstrated that SWD appropriately summarizes the Brazilian en-
vironmental gradient.

We decided to use accumulated values, as opposed to mean annual
values or values between measurements, to take into account the lagged
effect of soil water deficit throughout the trees’ development (Scolforo
et al., 2019c). Soil water deficit was first calculated on a monthly basis
(SWD’) as:

=
=

SWD PET P PET AET' [( )( )]
n 1

12

where, PET is the potential evapotranspiration calculated on a daily
basis according to the Penman-Monteith equation; P is the precipitation
measured at the weather stations on a daily basis; PET ≥ P is a dummy
variable, which takes the value of 1 if potential evapotranspiration is
greater than precipitation and 0 otherwise; AET is the actual evapo-
transpiration calculated using the Thornthwaite-Mather water balanced
method with specific site specific soil water holding capacity. There-
fore, the accumulated soil water deficit was calculated as the sum of the
SWD’ from planting up to a given measurement date.

Stand age was used as months from planting up to a measurement
date. Although measurements were performed approximately every six
months, we analyzed patterns at an annual time step that included both

a rainy season and a dry season. We analyzed growth dominance only
in plots with survival greater than or equal to 90%.

2.3. Modeling approach

We used the linear mixed effects approach to build the inference
models. The general form of such models is given by:

= + +y X Zu

where: y is the vector of observations; is the vector of fixed effects; u is
the vector of random effects with E(u) = 0 and u N D~ (0, )u

2 ; ε is the
vector of residual with E(u) = 0 and N I~ (0, )2 ; X and Z are design
matrices relating the observations y to β and u, respectively. The fixed
and random effects structure was selected as follows.

The first model (Gross CAI model) had gross current annual incre-
ment of wood volume as the response variable as a function of stand age
(Age, in months), growth dominance coefficient (GDC, dimensionless)
and accumulated soil water deficit (SWD in millimeters) and their two-
way interactions in the fixed effects. The full random effects structure
initially tested was random intercepts for sites to allow for site-specific
responses, random intercepts for genotypes inside sites to allow for
genotype-specific responses at each site, and random slopes for geno-
types within sites in relation to Age, SWD and GDC. These random
slopes were used to account for possible genotype specific responses to
age (e.g. different growth rates), to SWD (e.g. different tolerances to
water stress) and to GDC (different competitive abilities). By different
competitive ability, we mean that disproportion in growth partitioning
may have different impacts on plot total increment depending on the
ability or tolerance of the genotypes to cope with competition (Resende
et al., 2016). For example, trees of a given genotype may be highly
sensitive to competition, such that smaller plants suffer more from
suppression than trees of less sensitive genotypes. This lower sensitivity
could occur, for example, if the suppressed trees could acquire more
and or use resources more efficiently than the suppressed tress of the
highly sensitive genotypes. However, the dominant trees of two geno-
types could reach the same size through different processes: one using a
greater amount of resource, decreasing resource availability for smaller
trees, and the other using a smaller amount of resource but converting it
more efficiently wood. In the latter case, the smaller trees would have
more resources available to capture, which could result in greater plot-
level growth.

The second model (GDC model) was built to investigate the effects
of stand age (Age), accumulated soil water deficit (SWD) and stand
structural heterogeneity at the beginning of the growth period (lagged
Gini coefficient) on growth dominance (GDC). The model had,

Fig. 2. Examples of growth dominance and size inequality curves (right and left panels, respectively) and their respective values of growth dominance coefficients
(GDC) and Gini coefficients. Plots were made with actual data from this study.
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therefore, GDC as the response variable and the above mentioned
variables as the explanatory variables in the fixed effects in addition to
their two-way interactions. The initial full random effects were similar
to that in the Gross CAI model, except that a random slope in relation to
Gini coefficient was included in place of the random slope in relation to
GDC.

Model building was performed starting from the full structure of
fixed and random effects. The random structure was tested first as re-
commended by Zuur et al. (2009). For that, the full model with the full
fixed and random structure was fit via restricted maximum likelihood.
Variables were removed from the random structure one at a time and
the new models were refitted and compared to the model hierarchically
above by the log-likelihood ratio test. For example, the GDC model with
random intercepts for site, random intercepts for genotypes within sites
and random slopes for genotypes within site in relation to Age, SWD
and GDC, was compared to the GDC model with random intercepts for
site, random intercepts for genotypes within sites and random slopes for
genotypes within site in relation to Age and SWD. In this example, if not
significant, the GDC would be removed from the random structure. If
the random effects of the competing models were not nested, for ex-
ample, random slopes for genotypes within site in relation to Age and
SWD vs random slopes for genotypes within site in relation to Age and
GDC, then the comparison would be performed by comparing the
Akaike information criterion (AIC) values and the model with the
smallest values would be chosen.

Once the final random structure was obtained, the model was re-
fitted via maximum likelihood to test the fixed effects (Zuur et al.,
2009). The removal of terms from the full fixed structure was per-
formed one at a time, with the F test, and started from the interactions,

being removed by order of significance. After every removal, the model
was refitted to update the p-values. When the final model comprised
interactions, all main effects contained in the interactions were kept
even if they were not significant. The intercept was never removed.

Since a final fixed structure was obtained, the model was refitted via
restricted maximum likelihood (Zuur et al., 2009) for fit diagnostics
and, if no serious problems were detected, for final inferences. The final
Gross CAI and GDC models were graphically checked for the assump-
tions of normal distribution of residuals, homoskedasticity, in-
dependence of the residuals and normal distribution of random effects.
Residuals and random effects normal distribution was checked with
normal probability plots (qq-plots); homoskedasticity was checked with
boxplots of the normalized residuals against genotypes and sites and
with scatterplots of the normalized residuals against the continuous
variables; residual auto-correlation was assessed with semivariograms,
since the time intervals between measurements were not evenly spaced.

Goodness-of-fit were assessed with the correlation coefficient be-
tween the estimated and observed values (r, Eq. (1)) the root mean
squared error (RMSE, Eq. (2)) and with the model efficiency (EF, Eq.
(3)), all calculated with the estimates at the innermost structure of the
mixed models.
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Fig. 3. Histograms for the growth dominance coefficient, Gini coefficient, gross current annual increment (in m3 ha−1 year−1) and accumulated soil water deficit (in
mm) for the TECHS experimental net’s tropical sites. Different colors relate to age class from one to five years after planting. The dashed line in plot (a) marks the null
GDC.
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where: O and Pr are the observed and predicted values, respectively; Ō
and are their averages; n is the number of observations.

All analyses were carried out in R version 3.5.3 (R Core Team,
2019). We used the nlme package in R for the mixed effects modelling
(Pinheiro et al., 2018).

3. Results

3.1. Data summary and exploratory analyses

Growth dominance coefficient (GDC) varied from −0.37 to 0.25
across all plots and measurement periods. Negative growth dominance,
especially the lowest values, was highly concentrated in the early phase
of stand development, typically before about 30 months. Throughout
time, there was a shift in growth dominance sign. That is, the tree size
relative contribution to stand increment shifted towards greater relative
share of bigger trees and this increased with time (Fig. 3a).

The Gini coefficient varied from 0.04 to 0.40, with most of the data,
i.e. 83%, below 0.20 (Fig. 3b). Early in stand development, there was a
decrease in the Gini coefficient up to ca. 30 months increasing con-
sistently afterwards. (Fig. 3b).

Accumulated soil water deficit over 5 years ranged from −130 mm
and reached –6500 at the driest site (Fig. 3c). Gross current annual
increment ranged from very low, around 7 m3 ha−1 year−1 up to
158 m3 ha−1 year−1 (Genotype C3 at site 30 at 58 months and Geno-
type B2 at Site 22 at 50 months, respectively), but most of the values,
ca. 82%, were concentrated between 15 m3 ha−1 year−1 and
80 m3 ha−1 year−1 (Fig. 3d).

A summary of the sites’ environmental and size/growth inequality
variables are presented in Supplementary Material S1. The time trends
of these variables and for wood volume yield for every plot within sites
are shown in the Supplementary Material S2, S3, S4, S5 and S6).

3.2. Effect of age, growth dominance and soil water deficit on growth

The final model for gross current annual increment as the response
variable was composed of GDC, Age and SWD, and the interactions
between Age and GDI, Age and SWD and between SWD and GDI as
fixed effects (Table 1). During the exploratory analysis, we identified
opposite patterns of effects of GDC on growth depending on if it was
positive or negative. To allow for that in the model, the effect of GDC,
and the interactions with it, was modified by a dummy variable.

The random effects included random intercepts for sites, random
intercepts for genotypes inside sites and random slopes for genotypes
within sites in relation to Age and in relation to SWD (the estimated

standard deviations’ and the predicted coefficients for the random ef-
fects are provided in the Suppl. Mat. Table S7). This model had r of
0.96, RMSE of 8.08 m3 ha−1 year−1 and EF of 0.91.

This model indicates that, holding the other factors constant, in-
crement decreased with increasing growth dominance, either in the
positive or negative directions (Fig. 4). The negative effect of GDC on
increment increased with age also for both negative and positive
growth dominance (Fig. 4a).

Decreasing the intensity of soil water deficit (i.e. higher SWD va-
lues) slightly increased the absolute negative effect of GDC on incre-
ment (Fig. 4b). That is, the better the site in terms of soil water avail-
ability, the greater the absolute loss in increment with increasing
growth dominance.

It is worth highlighting that the greater the intensity of soil water
deficit (more negative SWD) the lower the increment (Fig. 4b). This
resulted in a greater relative negative effect of GDC on growth at sites
with stronger soil water stress. For example, for each 0.01 unit increase
in (positive) GDC at the end of a 60-month rotation at a site with an
accumulated soil water deficit of −200 mm, current annual increment
was estimated to decrease 1.85 m3 ha−1 year−1. The difference be-
tween a stand with a low growth dominance of 0.05 and a stand with a
higher growth dominance of 0.20 was estimated to be about 28 m3

ha−1 year−1, which is equivalent to a 39% decrease in relative terms.
The same 0.01-unit difference in GDC would result in a 1.22 m3 ha−1

year−1 decrease in increment under a soil water deficit of –4000 mm.
This, difference (0.05 to 0.20) for a 60-month old stand would result in
a decrease in increment of approximately 18 m3 ha−1 year–1, or 48% in
relative terms.

3.3. Effect of age, previous stand structural heterogeneity and soil water
deficit on growth dominance

The final model for the GDC as the response variable was used to
investigate the effects of stand age, accumulated soil water deficit
(SWD) and stand structural heterogeneity at the beginning of the
growth period (lagged Gini coefficient) on growth dominance (GDC).
This model had as fixed effects the variables: Age, SWD and lagged Gini
plus the interaction between age and SWD, and between Age and
lagged Gini (Table 2).

The final random structure for this model consisted of random in-
tercepts for sites, random intercepts for genotypes inside sites, random
slopes for genotypes within sites in relation to age and in relation to
lagged Gini (the estimated standard deviations and the predicted
coefficients for the random effects is provided in the Suppl. Mat. Table
S8). This model had r of 0.92, RMSE of 0.03 units, and EF of 0.83.

GDC was estimated to increase with age, typically starting with
negative values at the early phase of stand development (Fig. 5). That
is, there was a phase of negative growth dominance, especially before
about 30 months, shifting towards positive growth dominance, which
kept increasing with age. At this early phase, when GDC was typically
negative, lower values of SWD (more intense soil water deficit) were
associated with higher values of GDC. That is, weaker negative growth
dominance with increasing intensity of soil water deficit. Throughout
rotation, intensifying soil water deficit slowed the increase in GDC, so
that sites with milder soil water deficit had a higher (positive) growth
dominance at the end of the study period (Fig. 5a).

Regarding the effect of stand structural heterogeneity at the be-
ginning of the growth period, high values of lagged Gini coefficient
were associated with low negative values of GDC at the early phase of
stand development. The rate of increase of GDC throughout rotation -
from negative to positive values - was faster the more heterogeneous
the stand (Fig. 5b).

4. Discussion

Studies investigating the effect of stand structural heterogeneity or

Table 1
Estimated coefficients of the fixed effects of the final equation used to assess the
effects of growth dominance (GDC), stand age (Age) and soil water deficit
(SWD) on gross current annual increment of wood volume (Gross CAI) for the
TECHS experimental net’s tropical sites.

Equation’s term Estimated coefficient p-value

Intercept 80.11016 <0.0001
GDC- −31.08483 0.4879
GDC+ 127.33508 0.1012
Age 0.05256 0.7185
SWD 0.01803 <0.0001
Age × GDC- 5.59381 0.0006
Age × GDC+ −5.26191 <0.0001
SWD × GDC- 0.03884 0.0130
SWD × GDC+ −0.01650 0.0138
Age × SWD −0.00014 0.0036

+ and – indicates the coefficients for positive and negative GDC, respectively.
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tree size inequality in monocultures or monoclonal stands associated
increasing size inequality with decreasing stand level productivity due
to increasing tree suppression (Binkley et al., 2013, Campoe et al.,
2013, Luu et al., 2013). This effect was explained by the fact that
suppressed trees are much less productive than bigger trees (Binkley
et al., 2010). Therefore, a more heterogeneous stand would be less
productive than a more even stand if the greater growth of the bigger

trees does not offset the smaller growth of suppressed trees (Binkley
et al., 2013, Campoe et al., 2013, Luu et al., 2013).

Similar to the relationship between stand structural heterogeneity
and stand yield or productivity, we also found that stand growth was
highest when growth dominance was close to zero but declined as
growth dominance became more negative or more positive. This may
be explained by the bell-shaped size distributions, that are often found
for Eucalyptus plantations (Scolforo et al., 2019b; Fig. 6). In such stands,
a high proportion of the basal area or volume is concentrated on in-
termediate size classes, so if the larger sizes gain an advantage (positive
GDC), or the smaller sizes gain an advantage (negative GDC), at the
expense of the intermediate sizes, the stand growth will decline
(Forrester, 2019).

In our data, there was a considerable occurrence of negative growth
dominance (smaller trees growing disproportionally more than bigger
trees), which was concentrated especially at the early phase of stand
development, roughly before 30 months (Figure S3 in the
Supplementary Material). Generally, at this stage, the canopy in Eu-
calyptus plantations in Brazil is not fully closed (Mattos et al., 2020).

In this relative open canopy environment, tree competition, espe-
cially for light, is low and current annual increment increases steadily

Fig. 4. Negative effect of growth dominance coefficient (GDC) on gross current annual increment of wood volume (Gross CAI) for the TECHS tropical sites. In the left
chart, accumulated soil water deficit was held at −2000 mm. In the right chart, stand age was held at 60 months. Black lines are the estimated curves at the
population level (fixed effects only). Transparent grey points and lines are the observed values and estimated curves for every plot characteristic at its measured date
(innermost structure of the mixed effect model).

Table 2
Estimated coefficients of the fixed effects of the final equation used to assess the
effects of stand age (Age), soil water deficit (SWD) and previous stand structural
heterogeneity (Lagged Gini’s coefficient) on growth dominance coefficient of
eucalyptus monoclonal stands.

Equation’s term Estimated coefficient p-value

Intercept −0.065887 0.0166
Age 0.0019504 0.0022
SWD −0.000022 0.0059
Lagged Gini −0.8205383 <0.0001
Age × SWD 0.0000005 0.0005
Age × Lagged Gini 0.0172643 <0.0001

Fig. 5. Increasing growth dominance coefficient (GDC) throughout stand age and the effect of accumulated soil water deficit (SWD) and stand structural hetero-
geneity at the beginning of the growth period (lagged Gini coefficient). In the left chart lagged Gini was held at 0.14. In the right chart, SWD was held at −2000 mm.
Black lines are the estimated curves at the population level (fixed effects only). Transparent grey points and lines are the observed values and estimated curves for
every plot characteristic at its measured date (innermost structure of the mixed effect model).
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until it reaches its peak, which is often reported to occur at around
30 months in intensively managed plantations in Brazil (Stape et al.,
2010; Binkley et al., 2020). The negative GDC of very young stands may
result if the smaller trees partition a higher proportion of their biomass
aboveground to build their crowns or to gain a competitive position
within the canopy, while the larger, but still young, trees partition a
higher proportion of biomass to roots.

Stand structural heterogeneity, in terms of the Gini coefficient, de-
clined until around 25 months, and then slowly increased with age
(Figure S4). This same pattern in Gini coefficients was found in other
Eucalyptus plantations (Tomé et al., 1994; Hakamada et al., 2015).

We found opposite directions for the relationship between growth
dominance and stand heterogeneity whether before or after the onset of
positive growth dominance (Fig. 7). Early in stand development,

Fig. 6. Evolution of the diameter distributions and growth dominance curves of eleven genotypes tested in the TECHS tropical sites in two sites with contrasting mean
soil water deficits (SWD’). Plots with mortality greater than 10% were not included.
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increasing Gini coefficient was associated with decreasing negative
GDC. This indicates that the greater relative growth of the smallest trees
decreased the difference in tree sizes. Such effect of negative growth
dominance on stand structure is expected, if low or no mortality occurs
and in the absence of extremely high growth of small trees making them
bigger than the previous biggest trees. However, at this phase, stand
structure at the beginning of the growth period may not have a direct
effect on growth dominance, especially due to the very low or no tree
competition at this phase.

After the onset of positive growth dominance, around 30 months,
GDC was positively correlated with lagged Gini. From this stage on, it is
very likely that a heterogenous structure at the beginning of the growth
period lead to higher positive growth dominance because of the in-
tensification of tree competition and, as a consequence, because of the
increasing tree suppression by the biggest trees, resulting in even more
heterogeneous structures. These temporal changes in GDC and Gini
coefficients are consistent with expected changes in size distributions,
and hence Gini coefficients, with changes in the shapes of relationships
between individual tree size to individual tree growth (i.e. GDC)
(Westoby, 1982; Forrester, 2019).

Regarding the effect of soil water deficit on the development of
growth dominance, it seems that the strength of growth dominance
decreased (GDC towards 0) with increasing soil water deficit (more
negative SWD) as a consequence of the slowed growth. For the phase
after the onset of positive growth dominance, the intensification of
competition for resources, resulting from the higher growth rate in less
water stressed stands, seems to have had a greater impact on tree
growth unbalance (towards greater growth of bigger trees) than the
water stress. Therefore, assuming no nutrient stress, since the sites were
appropriately fertilized, competition for light possibly had a stronger
effect on the development of growth dominance than competition for
water. Such a relationship matches the often assumed asymmetric
competition for light, that is, bigger tress acquiring disproportionally
more light compared to smaller trees, and symmetric competition for
water, though these assumptions might not always hold (Forrester,
2019).

Although it was not the focus of our study, we found evidence of
genotype-specific responses. The gross CAI model did not capture
genotype-specific growth response to GDC (i.e. GDC was not present in

the random effect of final model), indicating that the unbalance of
growth partitioning is likely to have the same effect on growth across
genotypes. However, the random effects of the GDC model (random
intercepts for sites and for genotypes within sites, and random slopes in
relation to age and lagged Gini) showed that patterns of growth dom-
inance development differed among genotypes with an interaction with
site and that there is also variation in the relationship between growth
dominance and previous stand structure. That is, there are genotypes
that are more responsive to competition. Since SWD was not significant
as a random slope in this model, the ability to cope with light compe-
tition might be the driver of these differences.

These findings reinforce the opportunity to select for genotypes that
would be less sensitive to competition, especially under increasingly
harsh conditions like water stress, yielding more productive and re-
sistant stands, as also suggested by Soares et al. (2016), Resende et al.,
(2016) and Resende et al. (2018). In addition, suppressed trees were
also shown to be more prone to suffer from pest attacks and were more
susceptible to diseases (Alfenas et al., 2009). Therefore, decreasing the
number of suppressed trees or selecting clones with more resistant
suppressed trees may be a sensible measure to be considered in forest
protection.

It is worth highlighting that Eucalyptus, mostly planted in mono-
clonal stands in Brazil, present a consistent characteristic to develop
growth dominance, which does not hold for other species, for example,
some pine species (Fernández et al., 2011). In addition, systems in-
volving more species or even monocultures (which have plants with
different genetic constitution) may present contrastingly different pat-
terns as species/genetic diversity can promote niche partitioning, re-
duce direct competition and or promote facilitation through various
processes (e.g. Boyden et al, 2008; Bouillet et al., 2008; Forrester,
2014). We believe, however, that monoclonal plantations of other fast
growing species are very likely to present similar patterns to what we
found.

In conclusion, we found increasing growth dominance (either po-
sitive or negative) was associated with decreasing stand growth.
Increasing soil water deficit decreased the negative effect of growth
dominance in absolute terms, but we showed that, at the end of a 60-
month rotation, increasing soil water deficit led to a greater growth loss
in relative terms. We found a predominance of negative growth dom-
inance at the early phase of stand development which increased until
dominance became positive, after about 30 months and kept increasing
afterwards. Increasing soil water deficit slowed the increase in growth
dominance throughout time.
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