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Abstract - The large amount of degraded areas and productive potential of the legal
reserves in Brazil make restoration an environmental demand and a commercial
opportunity. We modelled the diameter growth as a function of age of eight tree species
in restoration plantations in the Brazilian Amazon. From 14 years of annual forest
inventory data, for each species, we tested variations of logistic function: simple logistic,
logistic with covariant (plant area at the time of planting), logistic with random effect,
logistic with random effect and covariant. Amongst the studied species, Schizolobium
parahyba var. amazonicum, Tectona grandis and Simarouba amara showed the highest
growth rates while Cordia alliodora, Cedrela odorata and three species of the genus
Handroanthus showed slower growth. The gains from using the covariant in modeling
were small for both fixed and mixed-effect models. Gains from the inclusion of the
random effect were substantial. Mixed-effect models had the best performance in
modeling the growth of the species. Our results provide basis for a critical view of the
criteria and possibilities for degraded areas restoration and management practices in
legal reserves of the Amazon. An economic analysis is required to ensure the viability
of these areas’ sustainable exploitation.

brasileira

Resumo - A grande quantidade de areas degradadas e o potencial produtivo das
reservas legais no Brasil tornam a restauragdo uma demanda ambiental e oportunidade
comercial. Modelamos o crescimento do didmetro em fungao da idade de oito espécies
de arvores em plantagdes de recomposi¢do na Amazonia brasileira. A partir de 14 anos
de dados de inventario florestal anual, testamos varia¢des da fungao logistica: logistica
simples, logistica com covariante (area da planta na época do plantio), logistica com
efeito aleatorio, logistica com efeito aleatorio e covariante. As espécies Schizolobium
parahyba var. amazonicum, Tectona grandis e Simarouba amara apresentaram as
maiores taxas de crescimento, enquanto Cordia alliodora, Cedrela odorata e trés
espécies do género Handroanthus apresentaram crescimento mais lento. Os ganhos
com o uso da covariante na modelagem foram pequenos para modelos de efeitos fixos
e mistos. Os ganhos com a inclusdo do efeito aleatorio foram substanciais. Os modelos
de efeitos mistos tiveram o melhor desempenho na modelagem do crescimento das
espécies. Nossos resultados fornecem subsidios para uma visdo critica sobre os critérios,
possibilidades de recomposi¢ao e praticas de manejo de areas degradadas em reservas
legais na Amazonia. Uma analise econdmica ¢ necessaria para garantir a viabilidade
da exploragdo sustentavel dessas areas.

Modelos de crescimento nao linear para espécies de arvores usadas
na restauracao florestal no Arco do Desmatamento da Amazoénia
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Introduction

Despite several initiatives for forest protection and
conservation, deforestation and degradation are still
serious environmental issues in Brazil. For instance, in
January 2019 the Legal Amazon lost 108 km? of forests,
an increase of 54% compared to the same period in 2018,
according to data released by the Amazon Institute of
Man and Environment (Imazon, 2019). This scenario
of devastation has been reported in many international
studies (e.g. Carvalho et al., 2019; Qin et al., 2019).
Historically, deforestation, mainly for cattle ranching and
grain production, has deteriorated the Brazilian Amazon,
leaving many hectares of degraded areas (Gollnow
et al., 2018). Currently, Brazil has 20 million ha of
degraded areas in the Amazon (Zanetti & Souza, 2018)
and, through the National Plan for Native Vegetation
Recovery (Brasil, 2017), has committed to recover
12.5 million ha of native vegetation over the next 20
years, considering areas all over the Country (Brancalion
et al., 2016). If restored, these areas will have high
potential for ecosystem services, such as carbon
sequestration and storage, with mitigation of global
climate change effects, and in some cases generation of
economic incomes for landowners.

Even facing the possibility of planting exotic species
and commercially manage the legal reserve (LR) (Brasil,
2012), the rural landowner often chooses not to deal with
it. There are many discouraging reasons, remarkably
the lack of information and techniques for planting
and maintaining the LR, lack of knowledge about the
forest species production potential, and difficulties
for forest inputs and supplies acquisition. A crucial
technical information concerns the growth of different
native and exotic tree species in these environments.
We still know little about how tree species growth
under different environmental conditions, different
densities and planting consortia. Studies have been
developed to describe the growth of tree species in the
Amazon (Andrade et al., 2019) and other Brazilian
vegetation domains (Scolforo et al., 2017). However,
such studies commonly use information of only few field
measurements, with relatively short intervals (Scolforo et
al.,2017; Batista et al., 2020) or are reconstructions and
simulations made from growth rings (Free et al., 2014;
Cunha et al., 2016). Information from long-term forest
inventories could shed light on the growth potential of
tree species under measurable field conditions. This
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information combined with information on wood quality,
multiple-uses of forests, phenology, and ecology of the
species can be decisive when debating the suitability
and feasibility of managing these species.

There are many proposed models for the tree growth
description, most of them with sigmoidal tendency
(Podor et al., 2014). Among these models, the logistic
function (Verhulst, 1838) has been widely used for
growth and yield studies in different forest types, mainly
due to its asymptotic shape with inflection point and
parameters with biological interpretation (e.g. Mendonga
etal., 2017). The use of a covariant in the parameters of
this model may represent gains in the model fitting and
allows testing other sources of variation to the response
variable (Alves et al., 2017). This covariant may be, for
example, site or competition indicators.

Another approach that has represented gains in forest
modeling is that of mixed-effects models (Calegario et
al., 2005). The possibility of working with longitudinal
data (repeated measurements of each tree) with a nested
structure has driven the use of mixed-effect models.
Thus, the inclusion of a random effect element in
modeling can reduce error because the random effect
parameters explain the different sources of stochastic
variability (Zobel et al., 2011). These models can
capture the correlation between observations within
the same group, which is often observed in this type of
data. However, most of the growth models that bring
these innovations have been developed and applied to
temperate forests, and the lack of information for tropical
forest species is remarkable.

Here, we gather information on eight tree species used
in forest restoration of degraded areas in the Amazonian
Arc of Deforestation assessed yearly for 14 years. Our
main goals were to describe and to model the growth
of these eight tree species by testing variations of the
logistic model, fixed and mixed-effect approach, and
covariant use.

Material and methods

Study area

Data were collected in ocated in Contriguagu,
northwest of Mato Grosso State, at the southern end
of the Amazon rainforest, at Sdo Nicolau farm, from
Peugeot-Office National des Forésts (Figure 1). Since
1998, this project manages over 2,000 ha of forest
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recomposition and restoration areas to capture and store
the atmospheric carbon responsible for climate change
(Arrudaetal., 2010). The region is located in the Amazon
domain, where terra firme and lowland rainforests are
common, and areas with seasonal forests in the highest
portions of the landscape are found (Brasil, 2012; Borges
et al., 2014). The climate of the region according to
Koppen classification is Am, tropical, hot and humid
(Alvares et al., 2014), with an average temperature of
24 °C, relative humidity around 80% (Souza et al., 2013)
and annual rainfall averages from 2,000 to 2,500 mm
(Inmet, 2021).

Specifically, in the S8o Nicolau Farm (SNF), the
annual rainfall average is 2,034 mm, with a dry season
from April to September and a rainy season from October
to March (Noronha et al., 2015). The predominant
soils are Dystrophic Red Yellow Argisols characterized
by base saturation < 50% (Santos et al., 2018). The
forest recomposition plantations started in 1999 and
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continued annually during the rainy months until 2004.
To operationalize the plantations, the study area was
divided into plots with different dimensions, totaling
112 planting plots. Replanting was performed until the
last year of reforestation. In all plots, the regeneration
method was the planting of seedlings in total area, or
enrichment in situations of greater expression of natural
regeneration.

The present study used data from eight tree species
(Table 1). Data collection in 134 permanent plots
(50 x 20 m) began in 2003 and continued annually until
2017, totaling 14 years of annual measurements. All
trees from the studied species were measured, totaling
4,217 trees sampled. The measurements were performed
preferably between June and August of each year.
Diameter at 1.3 m above ground level (DBH) and tree
height were recorded using a tape measure and optical
hypsometer, respectively. Data of the initial planting
density of each plot were also used for the present study.

[ Study areas
Il Runway

- Rural road

Peugeot-ONF (PCFPO) Forest Carbon Sink Project

58°15'0"W

Figure 1. Study area location in Sdo Nicolau Farm (SNF), Cotriguagu, Mato Grosso State, Amazonian Arc of Deforestation,

Brazil.
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Table 1 Tree species used in forest restoration in the Brazilian Amazon Arc of Deforestation, evaluated in the present study.

. . Brazilian - . Number
Tree species Family Origin Commercial use
vernacular name of trees
Cedrela odorata L. Meliaceae Cedro rosa Native . Luxury furm.tu.re; musical . 182
instruments; medicinal; beekeeping
Cordia alliodora (Ruiz & Boraginaceac Freijo Native Shlpbulldlgg; f}lrmture; cabinets; S14
Pav.) Cham. musical instruments
Handroanthus heptaphyllus . . R .
(Vell.) Mattos Bignoniaceae Ipé-rosa Native 1.687
Handroanthus impetiginosus . . . . N
(Mart. ex DC.) Mattos Bignoniaceae Ipé-roxo Native Furniture; wood floor 118
Hana’r(o\c/z:}ift)ug'xézz::fohus Bignoniaceae Ipé-amarelo Native 43
Schizolobium parahyba
var. amazonicum (Huber ex Leguminosae Parica Native Multiple uses 179
Ducke) Barneby
Simarouba amara Aubl. Simaroubaceae Caixeta Native Paper; furniture; PlyWOOd Iar.1d 285
matches; construction; medicinal
Tectona grandis L.f. Lamiaceae Teca, Teak Exotic (Asia) Luxury furniture; shipbuilding; 1.209

high standard frames

Growth modeling

We performed an exploratory data analysis with the
inventory data, calculating the diameter at 1.3 m above
ground level (DBH) descriptive statistics and mean
annual increment (MAI), considering the last year of
measurement for each species. The data collection was
performed during an interval of 14 years (2003-2017).
The field measurement's began when the trees were
already 4 years old, ending at age of 18 years old (except
to C. odorata - 16 years old). The MAI was calculated
considering the species age at the last measurement
(16 year to C. odorata or 18 years for the other species).
For DBH growth modeling as a function of age by species,
we tested variations of the logistic function: only with
fixed effects — (1) simple logistic and (2) logistic with
covariant - and mixed-effect models, using the individual
trees as a random effect — (3) with and (4) without
covariant (Table 2).

In the logistic function, the “A” parameter is the
asymptote of the equation, which represents the maximum
mean value of the response variable in time and its unit is
the same as the response variable. The “I” parameter is
the inflexion point of the curve, that is, the value of x at
which the response is A/2 and represents the maximum
growth rate of the organism. “E” is a scale parameter that
represents the distance on the x-axis between the inflection
point and the point at which the response is approximately
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0.73A (Alves et al., 2017). The covariant tested on the
asymptote (parameter A) was the area occupied by the
plant at the time of planting, which is related to the idea of
density/competition faced by the plant in the early stages of
development. For the species Handroanthus serratifolius,
no covariant was tested, since there was no variation in the

Table 2 Structure of the models used in the DBH growth
modeling as a function of the age of eight tree species
used in forest restoration at the Brazilian Amazon Arc of
Deforestation.

Growth model Equation
A
Logisti -
ogistic (1 +exp ((1 bfzge)))
(A + cov)

Logistic with covariant

(1 + exp (7(1 —que)))

A o
Logistic — mixed effect m | individual
E

(A+cov)

Logistic — mixed, with
(ron(55)

! | individual
covariant

A, I, E and cov are fitted parameters; A = asymptote; I = inflection; E = scale;
cov = co-variant; individual = each tree measured. DBH = diameter at 1.3 m
above ground level.
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initial planting density (only one spacing was used).

The model’s evaluation was performed based on
the residual standard error (Syx), root mean square
error (RMSE), Akaike information criterion (AIC) and
residuals plots. All models were fitted and analyzed
on the R platform (R Core Team, 2019), with qpcR
(Spiess, 2018), nlme (Pinheiro et al., 2019) and tidyverse
(Wickham, 2017) packages.

Results

All species presented positive average growth with
higher (Tectona grandis, Schizolobium parahyba
var. amazonicum, Simarouba amara, Handroanthus
heptaphyllus) or lower (Handroanthus impetiginosus)
sigmoidal tendency in the evaluated period (Figure 2;
Table 3). The species S. parahyba var. amazonicum,
T. grandis and S. amara presented the highest mean
annual increment (MAI) values and the largest diameter
averages at 18 years. H. impetiginosus had the lowest
MAI and the lowest mean diameter at 1.3 m above
ground level (DBH) at 18 years. The variability of
diameters among individuals of each species was

C. odorata MA| =0.67*

C. alliodora
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expressive and increasing over the years, reaching, for
example, coefficient of variation (CV) of 77.5% at 17
years in H. impetiginosus (highest recorded CV). The
fitted parameters of the models and their goodness-of-
fit measures are presented in Table 4. Most of the fitted
parameters were significant by the t-test (p < 0.05),
except for the parameters of H. impetiginosus models
and some punctual parameters of fixed and mixed-effect
models of other species.

Overall, we observed a very small gain in the
modeling using the covariant for most species within
both approaches (fixed and mixed-effects), except
H. heptaphylus for which covariant use in the mixed
model showed no gain. Thus, the inclusion of the
covariant in the models brought Syx average reduction
gains of 0.39% in the fixed effect models and 0.22%
reduction in the mixed-effect models. It is also possible
to notice the outperformance of the mixed approach
over the fixed effects approach, with Syx reductions
of 69.6% and 69.8%, with and without covariant,
respectively. Therefore, the mixed approach brought
more substantial gains. For H. impetiginosus, the use
of the mixed approach showed no remarkable gains

MAI =0.91 MAI =0.86

H. heptaphyllus

20 30 30
15 .
20 - 20 I
o tHf TSR La: srip T
RRPTSTT SR w | aepibilptt o _pasbpf HI
0 0 o
o 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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Figure 2. Average diameter at 1.3 m above ground - DBH (cm) (with standard deviation bars) over the
different ages (years) and mean annual increment (MAI) at the age of 18 for eight tree species used for
forest recomposition in the Brazilian Amazon Arc of Deforestation. *MALI at the age of 16.
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Table 3. Average diameter at 1.3 m above ground - DBH (cm) over the different ages (years) and its coefficient of variation
(CV%) of eight tree species used for forest recomposition in the Brazilian Amazon Arc of Deforestation.

Age - time (years) since planting
Tree species 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
DBH(cm) 59 59 69 7.1 74 77 76 - 85 92 108 99 100 108 - -
CV (%) 11.7 154 247 269 282 332 294 - 346 368 440 364 388 39.7 - -
DBH(m) 6.1 70 87 93 98 99 109 109 113 11.8 134 139 151 150 162 163
CV (%) 15.8 257 27.0 30.8 309 39.6 353 50.5 44.1 34.1 41.0 387 435 383 395 394

Cedrela odorata

Cordia alliodora

Handroanthus DBH(cm) 62 79 93 104 11.1 113 120 - 134 146 166 158 16.1 16.6 152 155
heptaphyllus CV (%) 19.1 253 27.8 289 306 377 372 - 36.8 350 399 374 377 378 503 49.6
DBH(cm) 48 63 66 70 58 64 71 73 80 93 101 84 89 88 92 108
H. impetiginosus
CV (%) 17.1 21.1 235 433 413 200 457 462 51.1 425 60.7 619 68.0 77.5 682
DBH (cm) - - - - - 102 11.1 11.8 12.8 - 13.6 13.6 13.7 157 159 1le.1
H. serratifolius
CV (%) - - - - - - 81 82 87 - 19.2 22,6 205 229 239 296
Schizolobium parahyba DBH (cm) - 65 77 85 98 109 119 141 159 - 184 19.7 239 23.0 242 256
var. amazonicum CV (%) - 222 227 285 325 36.7 387 425 448 - 435 427 414 428 423 409
DBH(cm) 58 74 89 101 11.3 121 127 - 12.1 129 151 17.6 18.1 185 26.0 24.9
Simarouba amara
CV (%) 11.8 236 242 282 30.7 37.0 383 - 31.2 337 373 462 46.6 454 348 4038

DBH(cm) 70 7.6 94 109 129 146 159 164 179 181 20.1 20.8 234 232 246 253

Tectona grandis
CV (%) 242 290 319 331 335 359 363 446 422 392 389 373 36.1 370 338 357

Table 4. Growth model parameters (logistic model variations) fitted for each of the eight species used for forest recomposition
in the Brazilian Amazon Arc of Deforestation.

Cedrela odorata

Model A cov 1 E RMSE AIC Syx
fixed 18.59 - 12.18 11.92 3.16 7025.98 3.17
p-value 0.06 - 0.34 0.03
fixed+cov 16.93 0.29 12.37 12.06 3.15 7020.30 3.16
p-value 0.06 0.13 0.35 0.03
mixed 11.54 - 5.06 3.47 0.84 4868.96 0.94
p-value 0.00 - 0.00 0.00
mixed+cov 7.36 0.65 5.11 3.46 0.84 4856.59 0.94
p-value 3x 101 2x10* 5x 10 1x 101
Cordia alliodora
fixed 30.84 - 16.30 11.37 4.92 22318.29 4.92
p-value 0.00 - 0.01 0.00
fixed+cov 23.98 0.15 12.88 10.55 4.90 22287.56 4.90
p-value 0.00 0.00 0.01 0.00
mixed 14.71 - 6.11 2.20 1.60 17893.95 1.81
p-value 0.00 - 0.00 0.00
mixed+cov 11.06 0.23 6.09 221 1.60 17869.68 1.81
p-value 0.00 0.00 0.00 0.00
Handroanthus heptaphyllus
fixed 18.52 - 5.42 5.11 4.69 95338.10 4.69
p-value 0.00 - 0.00 0.00
fixed+cov 20.40 -0.18 5.82 5.40 4.67 95180.76 4.67
p-value 0.00 0.00 0.00 0.00
mixed 16.58 - 5.29 3.14 1.41 70756.75 1.56
Continuation...
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Table 4. Continue.
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Handroanthus heptaphyllus

Model A cov 1 E RMSE AIC Syx
p-value 0.00 - 0.00 0.00

mixed+cov 18.16 -0.21 5.28 3.14 1.42 70729.31 1.56
p-value 0.00 0.00 0.00 0.00

H. impetiginosus

fixed 12.83 - 6.34 9.49 4.76 3249.54 4.77
p-value 0.05 - 0.50 0.28

fixed+cov 193.56 -6.49 45.48 16.47 4.73 3243.35 4.74
p-value 0.91 0.91 0.82 0.39

mixed 12.84 - 6.34 9.49 4.76 3251.54 4.76
p-value 0.05 - 0.50 0.28

mixed+cov 193.43 -6.48 45.46 16.47 4.73 3245.35 4.73
p-value 0.91 0.91 0.82 0.39

H. serratifolius

fixo 78.30 - 45.70 20.69 3.36 744.67 3.40
p-value 0.95 - 0.92 0.76

mixed 16.65 - -1241.50 -0.82 0.75 646.85 1.00
p-value 0.00 - 0.20 0.00

Schizolobium parahyba var. amazonicum

fixed 3421 - 12.00 5.42 6.91 7449.07 6.92
p-value 0.00 - 0.00 0.00

fixed+cov 10.13 1.22 12.09 5.50 6.90 7449.38 6.92
p-value 0.59 0.20 0.00 0.00

mixed 22.94 - 7.91 3.55 1.13 4875.63 1.30
p-value 0.00 - 0.00 0.00

mixed+cov 8.37 0.74 7.88 3.55 1.13 4876.96 1.30
p-value 0.52 0.26 0.00 0.00

Simarouba amara

mixed 21.41 - 6.19 3.69 1.14 9411.82 1.27
p-value 0.00 - 0.00 0.00

mixed+cov 15.69 0.63 6.26 3.70 1.13 9385.48 1.27
p-value 0.00 0.00 0.00 0.00

Tectona grandis

A cov I E RMSE AIC Syx

fixed 28.59 - 8.36 5.04 6.77 58758.47 6.77
p-value 0.00 - 0.00 0.00

fixed+cov 26.06 0.16 8.14 4.99 6.74 58667.93 6.74
p-value 0.00 0.00 0.00 0.00

mixed 23.86 - 7.35 2.63 1.99 46237.43 225
p-value 0.00 - 0.00 0.00

mixed+cov 19.85 0.29 7.38 2.63 1.99 46189.01 2.24
p-value 0.00 0.00 0.00 0.00

A, I and E = logistic function parameters; A = asymptote; I = inflection; E = scale; cov = covariant; Syx = residual standard error; RMSE = root mean square
error; AIC = Akaike information criterion. P-values of significant parameters at 0.05 are highlighted in gray.

over the fixed one.

The Akaike information criterion (AIC) and the root
mean square error (RMSE) follow the observed trends
for the residual standard error (Syx), with small reduction
with the inclusion of covariant and expressive reduction
in the mixed approach. Again, H. impetiginosus is an
exception, since it presented a small increased AIC in

the mixed and mixed with covariant approach. Residual
plots reinforce the superiority of mixed models over
fixed effects (Figure 3). We observed less dispersion
of residuals in the mixed approach, as well as less
heteroscedasticity and absence of trends. In the case of
residual plots of H. impetiginosus mixed models, the
discrete distribution of residues was maintained in the

Pesq. flor. bras., Colombo, v. 42, €¢202102180, p. 1-13, 2022
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Figure 3. Residual plots of growth models in diameter at 1.3 m above ground level (DBH) fitted for tree species used in forest
restoration at the Brazilian Amazon Arc of Deforestation. logistic = logistic function; logistic cov = logistic function with a
covariant (plant area at the time of planting) in the asymptote; mixed = mixed-effect model (logistic function using the tree
as random effect); mixed cov = mixed-effect model (logistic function using the tree as random effect) and the covariant (plant
area at the time of planting) in the asymptote. a) Cedrela odorata; b) Cordia alliodora; ¢) Handroanthus heptaphyllus; d)
H. impetiginosus; ¢) H. serratifolius; f) Simarouba amara; g) Schizolobium parahyba var. amazonicum; h) Tectona grandis.

Pesq. flor. bras., Colombo, v. 42, €¢202102180, p. 1-13, 2022



Non-linear growth models for tree species used for forest restoration in Brazilian Amazon Arc of Deforestation

mixed approach.

Discussion

Considering that the viability of forest management
is based on technical and economic information on tree
species, this study provided valuable information on
the growth of eight species used in forest restoration
in the Brazilian Amazon Arc of Deforestation. In the
exploratory analysis, it is clear that Schizolobium
parahyba var. amazonicum, Tectona grandis and
Simarouba amara grow faster in the study area,
presenting higher annual average increments at 18 years
age. On the other hand, Cordia alliodora, Cedrella
odorata and the three species of the genus Handroanthus
showed relatively slower growth. The best models were
the mixed approach and in most cases the mixed models
with and without covariant were equivalent.

S. parahyba var amazonicum (paricd) presented the
highest final mean diameter and highest MAI (1.42 cm
at 18 years). The productive potential of this species is
already known and has been exploited in plantations
in the Amazon. Paricd occupies a planted area of
90.05 ha, corresponding to about 17% of the total area
of forest plantations with other species (excluding
Eucalyptus and Pinus) in Brazil (IBA, 2017). This
species assumed particular importance in the forest
scenario due to its fast growth and good adaptation to
different edaphoclimatic conditions, including good
performances in agroforestry and intercropping systems
when compared to monoculture. This is an indicative
of the exploitation potential of the species in legal
reserves (Cordeiro et al., 2015). In addition, based on
seedling survival and growth in the first six years after
planting, Gomes et al. (2019) suggest S. parahyba var
amazonicum for plantations in forest gaps, with areas
from 200 m? caused by reduced impact logging.

The performance of 7. grandis (teak) in the present
study (second highest MAI; MAI=1.41 cm at 18 years)
corroborates other studies showing the good adaptation
and growth of this species in the Amazon (Tonini et
al., 2009). Although some authors claim that teak has
adverse effects on the plant succession process, by
affecting allelopathic properties (Healey & Gara, 2003)
and decreasing the attraction of seed dispersers (Tewari,
1992), the species has great economic attractiveness,
with special success in silvipastoral systems in the
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Amazon (Maneschy et al., 2009) and therefore potential
for forest restoration projects in the region.

S. amara, which also presented relatively faster
growth in the study area (MAI = 1.38 cm at 18 years),
is known as a fast-growing species associated with gaps
in old-growth forests and abundant in secondary forests
(Ryan et al., 1994). In relation to the nonpioneers species,
S. amara shows a different pattern, since the species has
large growth, mainly among the juvenile size species
(Clark & Clark, 2001).

C. alliodora, which is among the relatively slower-
growing species in the study area (MAI=0.91 cm at 18
years), is considered a fast-growing species with high
potential for natural regeneration in pastures, fields,
(semi) perennial crops (sugarcane, coffee, cacao) and
annual crops in Costa Rica (Somarriba & Beer, 1986).
In these environments, the species reaches a MAI of
3 cm year' at age 5, 2 cm year' at ages 5 to 10 and a
diameter of 55 cm after 34 years (optimal biological
rotation). A possible explanation for the relatively
slower growth in the study area is the higher density
and, therefore, greater competition to which this species
was subjected in the evaluated plantations. Nevertheless,
such mean annual increment of nearly 1 cm is considered
high for the Amazon Forest (Silva et al., 2002).

C. odorata also presented relatively slower growth
among the studied species (MAI = 0.67 cm at 16
years), however the species mean annual increment is in
accordance with the values found to the Amazon Forest
(Diinisch et al., 2003; Cunha & Finger, 2013; Braz et
al., 2015). Despite showing a slow-growth, this species
is a light-demanding tree species, which adapts to gap
environments and is recommended for forest enrichment
plantations after timber harvesting (Pinedo-Vasquez et
al., 2001; Vieira et al., 2018). Again, the density and
competition conditions may have harmed the growth
of this species in the study area. In addition, C. odorata
shows slow growth in drier periods of the year, thus
presenting a dependence to water and light availability
(Diinisch et al., 2003; Brienen & Zuidema, 2006).

The species of the genus Handroanthus, popularly
known as ipés, showed relatively slower growth (MAI
ranging from 0.59 to 0.89 cm at 18 years) and higher
intraspecific diameter variability (CV%). These species
are known to have slower growth (Andrade et al.,
2019) and may take up to 100 years to reach an average
diameter of 40 cm. However, its quality wood can
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guarantee good economic return and species-specific
management practices can optimize production.

Regarding the growth modeling, the addition of the
covariant led to very small gains in both approaches.
The variable used (area occupied by the plant at the
time of planting) is related to competition for resources
that plants experience in the early stages of growth. In
fact, growth is affected by competition and planting
density issues (Naji et al., 2015). However, competition
begins to intensify and express its effects a little later
and over time, with eventual mortality by competition
for light and shading when the tree crowns start tangling
as the canopy closes. This probably has minimized the
effect of the covariant used here, as it represented only
the initial planting condition. Moreover, in the early
stages, other factors not directly linked to density are
more determinant for survival and growth, such as wind
resistance and pest and pathogen attack (Margais et al.,
2017). Nevertheless, the use of a covariant has been
shown to be possible and may be important for forestry
decision making. Specifically, in the case of the covariant
“planting density”, if it varies with the evaluated ages
(i.e., if the covariate is tree density), it would indeed
represent a proxy for competition and could perform
better in the model.

Therefore, here we prove that a traditional growth
model can accommodate this hypothesis test (that
competition affects growth) by means of a covariant
incorporation in the model. Traditionally, the issue of
competition has been dealt with by specific models
that explicitly consider this variable, with or without
distance-dependent competition indices (Kuehne et al.,
2019), but these models require individual data from
neighboring trees. Another constraint is that in the
present case tree mortality modeling was not performed,
which is an important element in the models at this
level of approach, as it allows the simulation of stand
structure over a period of time. In addition, parameters
such as species composition, climate and soil variables
may be included as covariant at the tree species growth
modelling, since these characteristics have direct
influence at trees survival, structure and establishment
(Bartelt-Ryser et al., 2005; Toledo et al., 2010; Zhang
& Dong, 2010).

The approach using mixed-effects, with individual
trees as random effect was superior in all cases. Model
fitting gains from the mixed approach have been reported
in several papers (e.g. Calegario et al., 2005; Zobel et al.,
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2011; Kahriman et al., 2018). This methodology — widely
used in repeated measurements - considers the presence
of fixed and random effects in the database and it is quite
flexible and more accurate when compared to methods
that use only fixed effects in the models (Calegario et
al., 2005). The correlation among the individual specific
effect and the independent variables determines the
fixed effect assumption. On the other hand, the random
effects models overcome the fixed effects model when
random effects assumption is accepted.. In the present
case, the choice of the individual trees to summarize
random effects was very efficient. Probably the effects
of competition not explained by the covariant are
contained in the random effect. In mixed models it is
desirable large variability within the random effect.
As already presented in the exploratory analysis, the
variation between individuals of the same species is
quite significant. Genetic variability, the variations in
the plantation configurations, and different neighboring
species lead to growth idiosyncrasies of each individual,
which were captured by the random effect.

In the case of H. impetiginosus, where the gains
from the mixed approach were not distinguished, there
is a particularity. The variance and covariance matrix
structure were not positively defined and the model
fit did not converge. Hereupon different specifications
of random effects were tested. The mixed model fit
with random effects on all parameters asymptote (A),
inflection (I) and scale (E) and each parameter separately.
Among the possibilities tested, the only possible fitting
for H. impetiginosus was the inclusion of a random
effect only in the parameter E, since the random effects
associated with parameters A and I were very close to
zero, indicating that these parameters may be considered
as fixed. As only one parameter of the mixed model of
this species had a random effect, the performance of
the mixed model may have been impaired since the
separation of data into hierarchies was compromised.
This probably also interfered with the form of residuals
distribution.

Conclusions

Schizolobium parahyba var. amazonicum, Tectona
grandis and Simarouba amara grow faster in the study
area. On the other hand, Cordia alliodora, Cedrella
odorata and the three species of the genus Handroanthus
showed relatively slower growth compared to the above-
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mentioned group of species. The best growth models
belonged to the mixed-effect approach, and in most
cases the mixed models with and without covariant
were equivalent.

Our study presents data on tree growth that prove
the viability of planting species with high commercial
potential in legal reserve areas for recomposition purposes
at Amazon as there is commercially management
potential. Moreover, our results provide information
that may be useful for the system of tree cutting in
the Amazon, taking into account species-specific
management to ensure the sustainability of the activity.
In addition, economic and plant sanity analyses are
required to ensure that the activity is indeed profitable.
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