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The effect of stand structural heterogeneity on production was examined in the northeastern region of
Brazil using a set of spacing � genotype trials of Eucalyptus along a large gradient in site productivity.
This experimental platform enabled an analysis of relationships between productivity and structural
heterogeneity for entire rotations while controlling the confounding effects of species and genetic diver-
sity. Stand heterogeneity was negatively correlated with productivity. A 10-unit increase in heterogeneity,
quantified using Gini’s coefficient, was associated with a loss of approximately 17 m3 ha�1 to 23 m3 ha�1

for the lowest planting density (667 trees ha�1) and highest planting density (1667 trees ha�1),
respectively, by the end of a 7-year rotation. The most productive genotypes were generally the most
homogeneous. While stand density increased productivity, it also increased structural heterogeneity. In
general, the positive effect on productivity of increasing density was greater than the negative effect of
heterogeneity, but we found that the contrary can also occur. The relationship between planting density
and heterogeneity differed between genotypes, with somemuch less plastic than others. The results show
that structural heterogeneity per se, in the absence of genetic diversity and species diversity, can have a
strong negative effect on productivity, and an understanding of the mechanisms causing these contrasting
patterns (with versus without genetic diversity) will be important when engineering forest reforestation
projects and plantations for wood production, carbon sequestration and many ecosystem functions
correlated with productivity.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The global area of forests has declined by 36% or 16.5 mil-
lion km2 over the last 200 years (Meiyappan and Jain, 2012),
resulting in large carbon (C) emissions, a lower capacity for C stor-
age (van der Werf et al., 2009), and declines in biodiversity
(Butchart et al., 2010). This problem is being partially addressed
by increasing reforestation efforts and using plantations (FAO,
2010). For instance, even though the plantations’ share of land
comprised only 7% of the world’s forested land, their share in the
supply of roundwood, for example, was 30% in 2005 and is
estimated to reach up to 80% by 2030 (Seppäla, 2007; Carle and
Holmgren, 2008).

There has also been increasing interest in the establishment and
use of mixed-species stands as opposed to monocultures due to
their potential to provide higher levels of ecosystem services
(Thompson et al., 2014). The potential of mixed-species stands is
attributed, in part, to their greater structural heterogeneity com-
pared with monocultures, such as the development of canopy or
root stratification (Kelty, 1992; Forrester et al., 2006). Conversely,
however, recent studies show that structural heterogeneity, in
the absence of species and genetic diversity, can reduce productiv-
ity by up to 20% (Binkley et al., 2010; Stape et al., 2010; Ryan et al.,
2010; Aspinwall et al., 2011; Luu et al., 2013). The reduction in
stand-level productivity with increasing variability in tree sizes
in monocultures is thought to result from contrasting responses
by suppressed versus dominant trees (Binkley et al., 2010). That
is, in more structurally heterogeneous stands, dominant trees are
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Table 1
Characterization of six genotype � spacing experiments of Eucalyptus in Bahia,
northeastern Brazil. The experiments (Exp) were coded E1 to E6. Genotypes G2 and
G6 are clones of E. grandis, and G1, G3, G4 and G5 are hybrids of E. grandis � E.
urophylla. Age refers to the age of the last measurement (years). Precip, Tmed, Tmax
and Tmin are, respectively, mean annual precipitation (mm) and monthly mean,
maximum and minimum temperatures (�C) corresponding to the periods of 2005–
2013 for E1 and E3; 2008–2013 for E5, E4 and E6; and 2007–2013 for E2. MAI is the
mean annual increment (m3 ha�1 year�1) estimated at the age of 7 years for Genotype
G1, the only genotype present in all experiments.

Exp Age Genotypes MAI Soil
order

Precip Tmed Tmax Tmin

E1 8 G1; G2; G3;
G4

71.7 Ultisol 1498 23 28 20

E2 4 G1; G2 52.2 Ultisol 1459 23 28 20
E3 8 G1; G2; G3 50.3 Oxisol 1312 23 24 21
E4 7 G1; G2; G3;

G4; G5
42.8 Oxisol 1075 22 27 20

E5 8 G1; G2 41.1 Ultisol 1392 24 28 21
E6 6 G1; G6 20.6 Oxisol 650 24 29 21
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likely to have smaller neighbors than they would in less heteroge-
neous stands and they therefore grow faster because they capture
more resources and use them more efficiently (Binkley et al., 2002,
2010, 2013; Campoe et al., 2013; Forrester et al., 2013). However,
at the stand level, the faster growth of dominant trees is out-
weighed by the reduction in growth of the suppressed trees
(Binkley et al., 2013; Campoe et al., 2013; Luu et al., 2013).

Clearly, the structural heterogeneity of monocultures, as well as
mixtures, is a major factor influencing forest productivity and,
therefore, probably also other ecosystem functions and services
that are linked to productivity, including water use, carbon seques-
tration, nutrient cycles and the response and susceptibility of
stands to droughts and other variations in climate.

The contrasting effect of structural heterogeneity, depending on
the presence of genetic (or species) diversity, highlights the value
of experiments using clonal monocultures. These allow species
and genetic diversity to be reduced to zero in order to focus on
the structural heterogeneity effects. Moreover, the importance of
understanding the effect of structural heterogeneity on the produc-
tivity of monocultures is highlighted by the increasing contribution
that monospecific plantations make to the global wood supply, and
the related effects that these plantations have on other ecosystem
functions. Some plantations, such as Eucalyptus in Brazil, are the
most productive ecosystems in the world, capable of achieving cur-
rent annual increments in excess of 70 m3 ha�1 year�1 or
35 Mg ha�1 year�1 (Almeida et al., 2007; Stape et al., 2010). Due
to their high productivity, plantations play an important role as
carbon sinks in the face of climate change (Böttcher and Lindner,
2010). They have also reduced logging pressure on native forests
in some regions (Gladstone and Thomas Ledig, 1990; Brockerhoff
et al., 2008). Therefore, understanding the relationship between
structural heterogeneity and productivity has both ecological and
economic implications.

The reduction in stand-level productivity with increasing vari-
ability in tree sizes in monocultures is thought to result from
contrasting responses by suppressed versus dominant trees
(Binkley et al., 2010). That is, in more structurally heterogeneous
stands, dominant trees are likely to have smaller neighbors than
they would in less heterogeneous stands and they therefore
grow faster because they capture more resources and use them
more efficiently (Binkley et al., 2002, 2010, 2013; Campoe
et al., 2013; Forrester et al., 2013). However, at the stand level,
this increase in growth of dominant trees is outweighed by the
reduction in growth and resource-use efficiency of the
smaller trees (Binkley et al., 2013; Campoe et al., 2013; Luu
et al., 2013).

Three factors that have a major influence on productivity, and
potentially also on structural heterogeneity, are site quality, plant-
ing density and genotype. In this study, a regional assessment of
the relationships between structural heterogeneity and productiv-
ity was done in tropical Eucalyptus plantations across northeastern
Brazil.

The objective was to test the hypothesis that the heterogeneity
reduces plot growth across genotypes, spacing, and site productiv-
ity. More specifically, this was divided into four main components:
(1) Stand structural heterogeneity increases with age and with
increasing planting density (because both increase the expression
of dominance within a stand); (2) Increases in stand structural
heterogeneity reduce productivity for a given site, planting spacing
and age, and this is a general pattern across all the plantations
examined; (3) Stand heterogeneity as well as the above mentioned
relationships are influenced by genotype; (4) Increasing planting
density increases productivity but also increases heterogeneity
(which reduces productivity). This trade-off can be managed using
genotypes that are less inclined to develop high structural
heterogeneity.
2. Material and methods

We used six genotype � spacing experiments of Eucalyptus
located in the state of Bahia in the northeast of Brazil, which were
established with the main purpose of determining the best combi-
nation of genotype and spacing for each given region. These exper-
imentswere chosen because of the control of genotype and spacing.
They were also selected because they maximize the variability in
productivity and heterogeneity once they were established across
sites with a wide range of site quality such that mean annual
volume increment differed by more than 50 m3 ha�1 year�1

(20–71 m3 ha�1 year�1). A brief summary of the experiments’
characterization is presented in Table 1.

Genotype G1 was used to compare site quality because it was
the only genotype present in all experiments. Productivity values
(MAI) in Table 1 were estimated as V ¼ aðb� eð�cAgeÞÞ þ e, fitted
for each experiment, relating total plot volume (V; m3 ha�1) of
Genotype G1 to age in years.

All experiments were implemented in a factorial
(spacings � genotypes) scheme and a randomized block design
with four blocks. Five spacings were compared in each experiment,
corresponding to planting densities from 667 to 1667 trees ha�1,
namely: 4 � 3.75 m, 5 � 2.4 m, 4 � 3 m, 3 � 3 m and 3 � 2 m. The
first number is the distance between tree rows and the second is
the distance between trees within a row. The number of genotypes
tested varied between experiments as shown in Table 1. The plots
were composed of 50 trees in E6 and 72 trees in the other experi-
ments, but only the innermost 25 and 36 trees, respectively, were
analyzed.

To examine the relationship between production and stand
structural heterogeneity, production was quantified as the over
bark stem volume per hectare, hereafter named yield (m3 ha�1).
Stand structural heterogeneity of each plot was quantified using
the Gini coefficient (non-dimensional) calculated using the over
bark stem volume of individual trees. Gini’s coefficient was derived
from the Lorenz curve in which the cumulative percentage of trees
was plotted against the cumulative percentage of tree volume.
Gini’s coefficient was then calculated as one minus the ratio
between the area under the Lorenz curve and the area under the
perfect equality line (1:1 line). This coefficient is originally a pro-
portion, ranging from 0 to 1, but we transformed it into percentage,
by multiplying it by 100, which considerably reduced issues with
non-convergence during the mixed effect fitting process (described
below). The greater the value of Gini’s coefficient, the more hetero-
geneous the plot. This index was calculated using the package
‘‘ineq” in R (Zeileis, 2014).



Fig. 1. Frequency distribution of Gini’s coefficient in six genotype � spacing
experiments of Eucalyptus in Northeastern Brazil throughout the rotation.
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Total tree height (ht) was measured with a Suunto clinometer
with a precision of 0.5 m. Bole circumference at 1.3 m above soil
surface was measured with a tape-measure with the precision of
0.5 cm, and converted to diameter (dbh). Both variables were
measured approximately annually, starting at about the age of
one year, but only data from the second year on were used in
this analysis. Individual tree over-bark stem volume (V) was
estimated using Schumacher and Hall’s model, lnðvÞ ¼
b0 þ b1lnðdbhÞ þ b2lnðhtÞ þ e, summed to compute total plot vol-
ume and converted to volume per hectare (Yield).

The relationships between yield, Gini’s coefficient, age, spacing
and genotype were analyzed using generalized linear mixed effect
models, following the 3-step model selection approach suggested
by Zuur et al. (2009) and Pinheiro and Bates (2000). First, we
decided the random structure in the presence of the full set of fixed
effects (main effects and second-order interactions). When testing
the random component, model fitting was performed via restricted
maximum likelihood (REML). After selecting the random structure,
we analyzed the fixed component. In this step, model parameteri-
zation was performed by maximum likelihood (ML). Spacing was
entered as a categorical variable in the random component and
as a continuous variable, ‘‘planting density” (trees ha�1), when in
the fixed component of the models. Two spacings had the same
area per plant but different arrangements, 4 � 3 m and 5 � 2.4 m,
therefore the latter, more rectangular spacing, was excluded to
avoid potential confounding effects of rectangularity (DeBell and
Harrington, 2002; Stape and Gonçalves, 2002). When necessary,
the variance structure or autocorrelation were also modeled in this
step. Inference was made after refitting the best models via REML.

To test for an effect of spacing on stand structural heterogene-
ity, Gini’s coefficient was modeled as a function of planting density,
age and their interaction in the fixed component (Gini 1). We tried
adding either only random intercepts or both random intercepts
and slopes. When only random intercepts were used, experiment,
block and genotype were initially added following the nested
structure of genotype nested within block, nested within experi-
ment. Random slopes were always related to age and whenever
tested, spacing (always as categorical variable when in the random
component) was also included in the random component as part of
the nested structure (experiment/block/spacing/genotype). This
allowed for each genotype inside the nested structure to have a dif-
ferent trajectory of heterogeneity development through time. This
model was also used to check whether heterogeneity increases
with time and whether different planting densities present differ-
ent development of heterogeneity.

We rearranged the previous model to test for differences in
stand uniformity due to genotypes and whether heterogeneity
develops at different rates for each genotype. Genotype and age
were included in the fixed structure while spacing was added to
the random component that included either random intercepts
or both random intercepts and slopes (Gini 2).

The effects of planting density, age and Gini on stem volume
yield were examined by fitting yield as a function of these variables
and their interactions (Yield 1) in the fixed component. The same
random structure was used as in the Gini 1 model. The interaction
with Gini’s coefficient was used to test whether there was an
increasing effect of heterogeneity as stands age (‘‘Gini � Age”
interaction) and whether the effect of heterogeneity increased with
density (‘‘Gini � planting density” interaction). To test whether
heterogeneity impacts yield differently depending on the geno-
type, we shifted genotype to the fixed component and tree density
was added in the random component, but as spacing (categorical
variable) (Yield 2).

The assumptions of normality of residuals and homoscedastic-
ity were graphically checked using scatter plots of the normalized
residuals against the estimated values and for the continuous
explanatory variables, using box plots of the normalized residuals
against the categorical explanatory variables and normal probabil-
ity plots (qq-plots) at all levels of nesting. The assumption of inde-
pendence of the residuals regarding the time series was assessed
by plotting variograms because the time span between measure-
ments was not constant. The normal distribution of the coefficients
of the random components were checked with qq-plots at all levels
of nesting.

All analyses were carried out using R (R Core Team, 2015). The
partial F test and the log-likelihood test, both at 5% significance,
were used, respectively, on the fixed and on the random compo-
nents of the models. In the case of any non-nested models, compar-
isons were made with their Akaike’s Information Criteria (AIC).
Model fitting and tests were performed with the package ‘‘nlme”
(Pinheiro et al., 2015).
3. Results

For all experiments, disregarding treatments, Gini’s coefficient
had a mean of 20 and ranged from 4 to 51. In terms of the coeffi-
cient of variation of individual tree volume, this had a mean of
32% and a range from 8% to 84% with values concentrated between
10% and 45%. Fig. 1 shows the frequency distributions of Gini’s
coefficient.

Block did not improve the fit of the models and was therefore
removed from all of them. Assumptions were met for all of the
models except by Yield 1. After the procedure of model selection,
model Gini 1 contained age, planting density and their interaction
as fixed terms and random intercepts and slopes (in relation to
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age) for genotype nested within experiment. Significance of terms
and goodness-of-fit statistics are presented in Table 2 (see table in
Supplementary material for the terms’ estimated coefficients).

Greater Gini’s coefficient was associated with denser treat-
ments and Gini also increased with age (coefficient = 0.13, p-
value < 0.001, for ‘‘Age”). In addition, this increase in heterogeneity
with age was even higher for denser treatments (coeffi-
cient = 0.002, p-value < 0.001, for the ‘‘Density � Age” interaction).

The final model relating Gini’s coefficient to genotypes and age
(Gini 2) consisted of genotype, age and their interaction in the fixed
Table 2
Explanatory variables of the models for Gini’s coefficient and stem volume yield and
their p-values in the partial F-test at a 5% significance level. Main effects were tested
as in sequential ANOVA and interactions as in marginal ANOVA. Gini = plot-wise
Gini’s coefficient for the over-bark stem volume of individual trees; age = age from
planting in years; density = number of trees per hectare; R2

adj = adjusted coefficient of
determination; RMSE = root mean squared error in percentage; ryŷ = Pearson’s
coefficient of correlation between estimates and observed values (all significant at
a 5% level). ⁄ = statistics calculated at the lowest level of nesting.

Fixed component Models

Gini 1 Gini 2 Yield 1 Yield 2

Age <0.0001 <0.0001 <0.0001 <0.0001
Density <0.0001 – <0.0001 –
Genotype – 0.0218 – <0.0001
Gini <0.0001 <0.0001 <0.0001 <0.0001
Age2 – – <0.0001 <0.0001
Density � Age <0.0001 – 0.0098 –
Density � Gini <0.0001 – 0.0428 –
Genotype � Age – <0.0001 – <0.0001
Genotype � Gini – <0.0001 – <0.0001
Age � Gini <0.0001 <0.0001 <0.0001 <0.0001

R2
adj

⁄ 0.82 0.81 0.93 0.98

RMSE (%)⁄ 22.22 19.69 9.04 10.10
ryŷ

⁄ 0.86 0.89 0.99 0.99

Fig. 2. The effect of stand density and structural heterogeneity (represented by Gini’s c
northeastern Brazil.
component allowing for random intercepts and slopes for geno-
type nested within spacing (as categorical variable) nested within
experiment. According to this model, genotype had a significant
effect on stand structural heterogeneity with a different rhythm
of heterogeneity development with age (p-value < 0.001 for the
‘‘Genotype � Gini” interaction, coefficients for each Genotype in
Supplementary material).

The model Yield 1 contained a fixed component with age, age
squared (to correct for curvature), planting density and Gini’s coef-
ficient and the interactions ‘‘Density � Age”, ‘‘Density � Gini” and
‘‘Age � Gini”. The random structure comprised of random inter-
cepts and slopes for genotype nested within spacing nested within
experiment. Several variance structures were tested to correct for
heteroskedasticity across experiments. The best one was selected
by comparing models using the log-likelihood test (at 5% signifi-
cance level) or AIC for nested and non-nested models, respectively,
aided by comparisons of plots of normalized residuals against esti-
mates and against each of the explanatory variables. The selected
variance structure was implemented using the varIdent() function
from the ‘‘nlme” package with ‘‘Experiment” as the grouping cate-
gorical variable, within which variance was allowed to vary (refer
to Pinheiro and Bates (2000) and Zuur et al. (2009) for computa-
tional methods and details). The model with the variance structure
was statistically better than the one without it (AIC = 14638.36 vs.
15021.36; log-likelihood ratio = 392.99 with p-value < 0.0001).
After the addition of this variance structure, the diagnostic plots
were rechecked.

An increase in stand heterogeneity was associated with a
decrease in stem volume yield (Fig. 2). The significant interaction
between density and Gini resulted in a greater heterogeneity effects
with increasing density (coefficient = �0.0006, p-value = 0.043).
The effect of heterogeneity on growth also increasedwith age (coef-
ficient for ‘‘Gini � Age” interaction = �0.39, p-value < 0.0001), as
shown by the steeper curves for lower levels of Gini in Fig. 2. Notice
that as density increases, so do the distances between the lines. This
oefficient) on stem volume yield for an entire rotation in Eucalyptus plantations in
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indicates that the negative effect of heterogeneity is stronger for
denser stands and that this effect increases as the stands age
(non-parallel curves).

The model Yield 2 showed a significant effect of genotype on
yield with some genotypes presenting distinct growth rates
(p-value for ‘‘Age � Genotype” interaction < 0.0001; coefficients
shown in Supplementary material), increasing effect of hetero-
geneity on yield with age (coefficient for ‘‘Gini � Age” interac-
tion = �0.44, p-value < 0.0001) and different effect of
heterogeneity on yield depending on genotype (p-value for
‘‘Gini � Genotype” interaction < 0.0001; coefficients shown in Sup-
plementary material).
4. Discussion

By isolating the effect of structural heterogeneity from genetic
diversity, this study showed that stand heterogeneity, represented
by Gini’s coefficient, was negatively related to stand production, in
accordance our hypothesis (2) and with other studies (Stape et al.,
2010; Luu et al., 2013; Binkley et al., 2010; Ryan et al., 2010;
Aspinwall et al., 2011). In general (fixed component of Gini 1
model), a 10-unit increase in heterogeneity was associated with
a productivity loss of approximately 17 m3 ha�1 for the widest
spacing of 667 trees ha�1 and 23 m3 ha�1 for the closest spacing
of 1667 trees ha�1 by the end of the 7-year rotation. In relative
terms this reflects a reduction in productivity of approximately
5–7%, respectively, for each 10-unit increase in Gini. For example,
in a stand with a planting density of 1667 trees ha�1, increasing
from a Gini of 10 to a Gini of 40 units, a realistic range in our data-
set, was associated with a mean volume yield decrease of 20%. This
reduction is consistent with the 18% decrease in mean annual
increment in experiments where structural heterogeneity was
directly manipulated by staggering the age of planting within a
given stand (Stape et al., 2010).

This large reduction in growth is probably correlated with sim-
ilarly large changes in other ecosystem functions that are corre-
lated with productivity such as carbon sequestration, nutrient
cycling, transpiration and water-use efficiency (annual wood
growth per unit annual transpiration). For example, based on
regional relationships between growth and water use for planta-
tions in northeastern Brazil (Stape et al., 2004), a 20% reduction
in productivity at the age of 7 years, e.g. from 50 m3 ha�1 year�1

to 40 m3 ha�1 year�1, would likely decrease stand transpiration
by about 11.5% (from 902 mm year�1 to 798 mm year�1) and
decrease water-use efficiency by about 12.5% (from 2.83 to
Fig. 3. Yield (a) and Gini’s coefficient (b) throughout time for four planting de
2.47 kg of above ground biomass per m3 of water). These large dif-
ferences not only have implications for regional water supply but
also for responses to droughts. Less heterogeneous stands are more
productive and are likely to use more water, but they will probably
also be more water-use efficient based on the general positive
correlations between forest growth, transpiration and water-use
efficiency (Stape et al., 2004; Binkley, 2012; Otto et al., 2014).

As we posed in our hypothesis (4), there were two opposing
effects influencing productivity as planting density increased:
planting density directly increases stand yield by increasing the
number of stems and basal area. However, heterogeneity also
increased with planting density due to the intensification of com-
petition for resources (Boyden et al., 2008; Aspinwall et al., 2011)
and this increase in heterogeneity reduced productivity. In this
study the former usually had the larger effect, so that productivity
generally increased with increasing planting density (Fig. 3). This
dominating effect of stand density is consistent with meta-
analyses and inventory studies showing that stand density can
have a much stronger influence on forest growth than species
diversity (Paquette and Messier, 2011; Vilà et al., 2013). However,
it is important to note that species diversity associated with struc-
tural heterogeneity sometimes has a positive effect on productivity
(Lei et al., 2009; Wang et al., 2011; Paquette and Messier, 2011;
Vilà et al., 2013; Zhang and Chen, 2015), whereas in this study,
where genetic diversity was reduced to zero, structural hetero-
geneity had a negative effect on growth.

There were also exceptions where the negative heterogeneity
effect was actually greater than the positive spacing effect on
growth. For example, assuming no mortality, the smallest differ-
ence in planting density, between the 667 trees ha�1 and
833 trees ha�1 treatments, is 166 trees ha�1. Close to the rotation
length (seven years), the maximum Gini for the density
833 trees ha�1 was 33, found in Experiment E1, and the mini-
mum Gini found in the 667 trees ha�1 treatment, in this same
experiment, was 21. Based on the estimated coefficients of the
model Yield 1, this 12-unit difference in the Gini’s coefficient
has an effect of 21.4 m3 ha�1 while the difference in density
(a difference of 166 trees ha�1) has an effect of 8.4 m3 ha�1. That
is, in this case, increasing the number of trees did not offset the
negative effect of heterogeneity. Even though this is not the rule,
it illustrates the fact that the effect of stand heterogeneity on
productivity is not necessarily always smaller than the effect of
planting density. When choosing closer spacings, opting for geno-
types that are less likely to form heterogeneous stands could
minimize any loss in production due to tree competition and
suppression.
nsities in a genotype � spacing trial of Eucalyptus in northeastern Brazil.



Fig. 4. Yield (a) and Gini’s coefficient (b) throughout time for six genotypes in a genotype � spacing trial of Eucalyptus in northeastern Brazil.
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Even though the clones deployed in these experiments may be
considered very genetically related, they differed in production, in
tree size variability. The relationship between structural hetero-
geneity and productivity was also influenced by genotype. These
findings corroborate our hypothesis (3). As expected, the most uni-
form genotypes were generally the most productive (Fig. 4). Simi-
larly, Aspinwall et al. (2011) examined genotype and uniformity in
Pinus taeda stands and also observed that the most uniform geno-
types were generally the most productive.

These results have important management implications. Given
that forest plantation companies typically use a greater collection
of genotypes (but not in the same stand), the effect of genotype
on stand uniformity and production may be even greater. This sug-
gests the potential for future selection of genotypes that are able to
form more uniform and productive stands.

Thewithin-genotype variability also has ecological implications.
Our results contrast with the often expected increase in productiv-
ity associated with increases in structural diversity of
mixed-species stands comparedwithmonocultures. That is, greater
productivity ofmixtures is often attributed, in part, to the structural
heterogeneity that results from inter-specific differences in growth
and allometry (Kelty, 1992; Forrester et al., 2006), or with the
plasticity of a given species that allows it to modify its allometry
(or physiology, phenology) when growing in a mixture that is com-
plementary to other species (Bauhus et al., 2004; Pretzsch, 2014).
This study shows that in the absence of genetic diversity, structural
heterogeneity by itself is not necessarily as useful as indicated by
some studies that confound genetic and structural diversity. Tree-
level studies in monospecific stands have shown that the reduction
in stand-level productivity with increasing heterogeneity occurs
because there is a decrease in growth, resource use and use
efficiency of suppressed trees that outweighs any increase in the
growth and resource-use efficiency of the dominant trees
(Stape et al., 2010; Campoe et al., 2013; Luu et al., 2013).

The contrasting effects of structural heterogeneity on growth,
with versus without the presence of genetic diversity, and also
inter-genotype differences in this study, are likely to reflect shifts
in the balance between the positive response of dominant trees
and the negative response of suppressed trees. The balance will
also likely be influenced by the fact that within a stand there can
be large variability in soil nutrients, soil moisture and light avail-
ability (Schume et al., 2004; Boyden et al., 2012). The faster
growing and less heterogeneous genotypes may have traits, such
as rapid root development, that make them less responsive to
micro-site heterogeneity. In stands where there is genetic
diversity, such as mixed-species stands, the greater genetic diver-
sity may increase the probability that trees in lower resource sup-
ply micro-sites have traits that enable them to make more efficient
use of their environment than trees of a similar dominance class in
stands with less genetic diversity. We suggest that greater insight
into the driving mechanisms of structural heterogeneity–productiv
ity relationships could be obtained by combining tree- and stand-
level analyses with process-based analyses (e.g. Binkley et al.,
2010). In addition, Eucalyptus species are generally very shade
intolerant, so it would be of great interest to repeat these experi-
ments with shade tolerant species.

In conclusion, we found a negative association between the
heterogeneity in tree sizes and volume yield for monoclonal Euca-
lyptus plantations in northeastern Brazil. Increases in structural
heterogeneity reduced productivity by as much as 20% over a
seven-year rotation period and is likely to have a similar impact
on other ecosystem services that are correlated with productivity.
The most uniform genotypes tended to have greater productivity
than the most heterogeneous ones. Closer spacings were associ-
ated with greater heterogeneity, however, productivity generally
increased with closer spacings because the greater number of
stems generally had a greater positive effect on productivity than
the negative effect of greater heterogeneity. The negative relation-
ship between heterogeneity and productivity contrasts with the
positive relationship observed in some studies in forests with
genetic diversity. An understanding of the mechanisms behind
these contrasting effects would improve our knowledge about
how forest structure and genetic diversity influence forest growth
and other ecosystem functions and services.
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