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Abstract Individual tree models (ITMs) are classified as
growth and production models for projecting current and
future forest stands. ITMs are more complex than other
growth and production models, show a higher level of
detail and, consequently, produce a better modeling reso-
lution. However, the accuracy and efficiency of ITMs have
not been properly assessed to date. In this study, we esti-
mated the growth in height, diameter, and individual tree
volume of a Eucalyptus urophylla plantation by applying
an ITM. We used a continuing forest inventory dataset in
which 1554 individual trees within 29 permanent plots
were measured in the field over a 6-year period (24 to
72 months). Each individual tree volume was estimated for
future tree age. To achieve this, we adjusted the model to
predict the height and diameter growth, and the probability
of mortality as a function of the competition index. The
ITM accuracy was assessed based on the analysis of vari-
ance results and, subsequently, the multiple mean com-
parison test at the 5% significance level. The tree volumes
predicted by the ITM for the forest stand aged 72 months,
beginning at ages 24, 36, 48, and 60 months, were com-
pared to the field measured tree volume acquired from the
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72-month forest inventory that was used as the reference
age. Estimated and observed tree volumes were similar
when the estimation was based on the 48-month forest
plots. These results might help to reduce financial costs of
forest inventory because the ITM produces accurate future
predictions of forest stand stocks. Our estimated ITM for
Eucalyptus plantations using measurement intervals up to
2 years is recommended because it significantly reduced
the projected volume discrepancy compared to the field
measurements.

Keywords Competition index - Forest production - Forest
site - Simulation models - Tree mortality

Introduction

There are several categories of growth and forest produc-
tion models. The most commonly used models are the
stand-level models, diametric distribution models, and
individual tree models (ITMs; Davis et al. 2005).

Individual trees are the basic modeling unit of an ITM
that are used to simulate tree growth (diameter and height)
and mortality (Campos and Leite 2017). Although these
models vary in structures and utilities (Weiskittel et al.
2011), they are more complex than the models of total
forest stand and diametric distribution because they use
individual trees in each stand as the model input (Chassot
et al. 2011) and depend on the adjustment of several sub-
models (Campos and Leite 2017). The most current and
important studies related to this research topic were con-
ducted by Castro et al. (2013a, b), Martins et al. (2014),
Hevia et al. (2015), Vospernik et al. (2015), Orellana et al.
(2016), Weiskittel et al. (2016), Miranda et al. (2017), and
Moreno et al. (2017).

@ Springer


http://www.springerlink.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11676-019-00920-1&amp;domain=pdf
https://doi.org/10.1007/s11676-019-00920-1

1664

J. V. N. Carrijo et al.

Forest plantations increased in area by approximately
0.5% between 2016 and 2017 in Brazil. Most of the planted
forests are FEucalyptus spp, which currently encompass
approximately 5.7 million hectares in Brazil (IBA 2017).
Eucalyptus urophylla is the most planted species in forest
stands in several South American countries because of its
high rates of productivity and adaptation (Mendes et al.
2011; Rangel et al. 2017). This forest species shows high
productive and economical potential for energy generation,
panel production, and in pulp and paper industries (Reis
et al. 2012; Guimardes Janior et al. 2015; Jardim et al.
2017; Rangel et al. 2017).

However, advanced knowledge is required to improve
forest management due to the silviculture complexity and
product variety in this species. Growth and production
models can help simulate tree growth (height and diameter)
to predict forest productivity at different levels (total stand
level, diameter classes, or ITM) of detail.

In the last few decades, improvements in planting
techniques and silvicultural treatments have helped to
improve forest production (Reiner et al. 2011; Tian et al.
2017). Currently, forest production have been improved
based on scientific studies, especially those that have
modeled short-cycle planted forests. Such advances have
globally increased profits from plantation forestry, espe-
cially in Brazil (Pereira et al. 2016).

The objectives of the present study were to apply, adjust,
and assess model accuracies to estimate the volume of E.
urophylla trees. We also aimed to assess individual tree
growth in permanent plots by applying an ITM.

Materials and methods
Study area

Our study site was in a forest clonal stand encompassing
320 ha of E. urophylla S.T. Blake, planted in 2010, spa-
tially located in the Rio Verde municipality, state of Goias,
Brazil (central coordinates: 18°00'45”S and 50°53'15"W).
According to the Kdppen climatic classification system, the
study site was an Aw climate region, and it was charac-
terized by average annual precipitation of 1713 mm and
average annual temperature of 24.6 °C with a wet and
rainy summer and a dry winter (Alvares et al. 2014). The
study region is mostly covered by dystrophic, deep, and
well-drained red-yellow latosols (Embrapa 2013).

Dataset
We recorded field data from continuous forest inventory of

trees measured at 24, 36, 48, 60, and 72 months of age. We
measured trees in 29 permanent plots of 25 m length x
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20 m width (500 m?) that were randomly distributed and
demarcated over the study area. Trees were planted on a
grid of 3 x 2 m in this forest stand, corresponding to a
planting density of 1666.66 trees per hectare.

The diameter at breast height (DBH) and total height
(Ht) of trees were measured using a diametric tape and
vertex hypsometer, respectively, for every tree of
DBH > 5 cm. Additionally, the dominant tree height
(Hdom) for each plot was estimated using the Assmann
(1970) definition. A total of 586 trees were strictly cubed
during the study period and the measured volume of each
cubed tree was determined using the Smalian equation
(Spurr 1952).

Adjustment of volumetric models

Volumetric model adjustment was based on field mea-
surements of 90% of the cubed trees using linear and
nonlinear models (Table 1). Linear models were adjusted
using Microsoft Excel® 2013 by applying the ordinary least
squares method. The nonlinear models were adjusted by
applying the Levenberg—Marquardt method (Levenberg
1944; Marquardt 1963) available in the Statistica® 7 soft-
ware program (Statsoft 2007). The remaining trees (10%)
were used for model validation.

Site classification

The widely used guide curve method was used to classify
the productive capacity of each sample plot (Petrou et al.
2015). Five sigmoidal site index (S) models (Table 2) were
tested and adjusted during this analysis by applying the
Levenberg—Marquardt method (Levenberg 1944; Mar-
quardt 1963) available in the Statistica® 7 software pro-
gram (Statsoft 2007). This type of index is efficient for
describing the growth of living organisms and accurately
estimates forest stand variables, thus enabling classification
of the different productive units in forest plantations
(Machado et al. 2010; Zlatanov et al. 2012; Retslaff et al.
2015).

A total of 75% of the sample plots were randomly
selected and used for the site index model adjustments. The
remaining plots (25%) were used to validate and select the
best adjusted model.

Competition indices and probability of mortality

Competition indices (CIs) are commonly used to estimate
and simulate forest growth and production to improve
forest management (McTague and Weiskittel 2016; Pothier
2017). In the present study, 10 distance-independent CIs
were estimated (Table 3). Conceptually, indices that con-
sider the tree spatial arrangement and further spatial
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Table 1 Candidate models for estimation of observed volume and structural components of individual tree modeling—ITM

Volumetric models
Spurr
Schumacher-Hall
Naslund
Takata

Meyer

Probability of mortality models
Logistic
Negative exponential
Allometric
Logistic of Hamilton

DBH and total height at future age models
Linear adapted by Martins et al. (2014)

Schumacher
Lundqvist-Korf—A

Richards—A

Hossfeld

V = B, + BDBH?Ht + ¢;
V = B,DBHP HtP: + ¢;
V = By + ByDBH?* + B,DBH*Ht + f,DBHH?? + B, Ht* + &

v = (PBHHO 0\ g, DB + o

V = By + BDBH + B,DBH? + B,DBHH! + 8,DBH*Ht + BsHt + &

Pm = a/l + be—cCl + &

Pm = By + P +hCh 4,
Pm = B,CIP + ¢
Pm=(1+ e(ﬁ°+/i'01>)7l+s,~

Yo=Y+ ([30 + B, (i - ﬁ) + B,BAI + [33S> +e
Yy =Yy + elPothil) _ o(bothilt) 4 ¢

1))
Y, =Ye 4 ’3 + &

](ﬁ)+

_ (ki)
h=" [LZ(%

A S O[O

&i

V volume (m3), DBH diameter at breast height (cm), Ht total height (m), Pm probability of mortality, CI competition index, ¥, DBH (cm) or Ht

(m) at future age, Y7 DBH (cm) or Ht (m) at current age, I, future age, I; current age, BAI basal area index (BAI diy/q»; di- DBH of tree

7332

i” (cm),

¢ mean square diameter (cm)), e exponential; fo, f1, B2, f3, a, b, ¢, k, m, A parameters to be estimated, ¢ random error

Table 2 Models tested for Hdom estimation and classification of
forest sites

Hdom models

Logistic Hdom =% | po—cl + &
Gompertz Hdom = ae=*"" + ¢
Richards Hdom = a/(l n eh—d)% +g
Weibull Hdom = a — be~"" + ¢
MMF

Hdom = (ab + Cld)/(b + ]d) + g

Hdom dominant height, I age of forest stand, a, b, ¢, d parameters of
the equation, & random error

information are expected to achieve better modeling
results. However, studies comparing these two types of
indices do not indicate large differences between them
(Burkhart and Tomé 2012; Maleki et al. 2015). Thus, we
assumed that there was no difference in the spatial
arrangement and therefore in the area of the competitive
influence of individual trees, following Campos and Leite
(2017).

The optimum index was selected by analysis of corre-
lation between the index and the annual variation of the
number of individuals. The correlation test was applied
between the CIs and the density of individuals per area unit
(N/ha) that estimates the relationship between the CIs and
stand mortality (Daniels et al. 1986; Tomé and Burkhart
1989). Based on this, the index showing the highest cor-
relation with N/ha was defined as the optimum CI for the
predictive probability of mortality (Pm) in the ITM. Sub-
sequently, four models based on the CI results were
adjusted to estimate Pm (Table 1).

For the adjustment of the Pm models, 75% of the sample
plots were randomly selected and the remaining plots
(25%) were used to validate and select the best adjusted
model by applying the Levenberg—Marquardt method
(Levenberg 1944; Marquardt 1963) available in the Sta-
tistica® 7 software program (Statsoft 2007).

Growth modeling of height and diameter
Two essential components for modeling individual trees
are Ht and DBH future projections. The two variables were

estimated using five statistical models (Table 1) by
applying the Levenberg—Marquardt method (Levenberg
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Table 3 Distance independent competition indices (CI) tested

Distance independent competition indices (CI)

Glover and Hool (1979) (1) Jlo dl.z /152
Glover and Hool (1979) (2) IC = d?hi/ﬁzﬁ
Stage (1973) IC = BAL;
Lorimer (1983) " d
IC = /.
P /d;
Daniels et al. (1986) IC — d; In;
n J
(=)
Tomé and Burkart (1989) (1) IC = d,-/q
Tomé and Burkart (1989) (2) IC = d,-/d
max
Tomé and Burkart (1989) (3) IC = di/dd
om
Tomé and Burkart (1989) (4) IC = d? /d2
Tomé and Burkart (1989) (5) IC — dl.z/dz

d; Diameter of the object tree (cm), d; diameter of competing tree
(cm) D mean diameter of the sample unit trees (cm); h; height of the
object tree (m), H mean height of the sample unit trees (m), BAL; total
basal area of larger trees than the object tree, n; number of competing
trees, ¢ quadratic diameter (cm), d,,,,, maximum diameter of the trees
in the sample unit (cm), d,,, diameter of the dominant trees, defined
as the quadratic diameter of the dominant trees

1944; Marquardt 1963) available in the Statistica® 7 soft-
ware program (Statsoft 2007). The model adjustment was
performed based on 75% randomly selected sampled plots
while the remaining plots (25%) were used to validate each
tested model.

Model selection and testing criteria

The selection of the best model to estimate volumetric, S,
Pm, Ht, and DBH growth was based on the following
statistics of fit and precision: residuals dispersion graph,
standard error of estimate (Syx%), and coefficient of
determination (Rz) (Draper and Smith 1998). We then used
the “observed-estimated” graph, the error classes graph,
and the Akaike index (AIC) to select our overall optimum
model. The coefficient of determination was replaced by
the correlation coefficient (R) for the Hdom models
because they are nonlinear models.

Individual tree modeling

The future survival (36, 48, 60, and 72 months) applied to
the ITM growth and forest production was initially deter-
mined based on the field data acquired at 24 months of age.
The estimated Pm of each sampled tree was compared to a
random value simulated by the Monte Carlo method as
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described by Castro et al. (2013a). The tree was considered
dead when the estimated Pm was greater than the random
value (Pretzsch et al. 2002).

Ht and DBH of all surviving trees were estimated, which
enabled estimation of their volumes. The total volume for
each plot was estimated based on the sum of the individual
tree volumes at the reference age (72 months) and
extrapolated to volume per hectare.

Modeling using the ITM started from four different
initial ages (24, 36, 48, and 60 months), each projecting the
volume for forest stands at 72 months of age (the reference
age). The projected volumes of 24, 36, 48, and 60 months
of age and the observed forest stand volume at 72 months
of age (control) were defined as the five treatments. For the
forest stands aged 72 months, five different volume values
were estimated for each sampled plot/hectare with four
values projected, and an observed value determined. The
ITM was performed using the Microsoft Excel® 2013
program and eight previously defined validation plots.

Statistical analysis

Projected volume data (treatments) and traditional inven-
tory data (control) were tested using the Shapiro and Wilk
(1965) normality test followed by the Bartlett (1947)
homogeneity of variance test. By assuming data normality
and a completely randomized block design (o = 0.05),
analysis of variance (ANOVA) was performed. Different
sites were considered as blocks, whereas the different time
intervals of the volume projection up to the forest stands
aged 72 months (reference age) were considered as treat-
ments, where (T1) was the volume projection of forest
stands aged 24 months, (T2) was for stands of 36 months,
(T3) was for stands of 48 months, (T4) was for stands aged
60 months, and (T5) was the control, the observed volume
based on field measurements (forest inventory) at the ref-
erence age (72 months).

Finally, a multiple mean comparison test was used to
identify potential treatment differences using Tukey’s
(1953) test at the 5% level of significance.

Results

Based on the Syx% results, most of the tested models of
each analyzed variable showed satisfactory adjustment.
The Schumacher and Hall model was selected for the
volume estimation (Table 4). The adapted Hossfeld model
and the adapted Lundqvist-Korf model (Table 5) were
selected for the estimation of DBH and Ht at future age.
The allometric model (Table 6) was selected for the
estimation of Pm. The residual distribution patterns of the
selected models for volume, DBH2, and Height2
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Table 4 Parameter estimators and precision statistics of volumetric models

Models Model parameter estimators Precision statistics
Bo Bi B2 B3 Ba Bs Syx (%) R%adj
Spurr 0.005214 0.000038 5.81 0.98
Schumacher-Hall 0.000012 1.597028 1.687941 4.92 0.99
Naslund 0.040457 0.000122 0.0000093 0.000030 — 0.000227 497 0.99
Takata 22893.89 153.09 5.64 0.98
Meyer 0.192431 — 0.019255 — 0.0000043 0.001472 0.00000040 — 0.01122 4.98 0.99

o, 1. P2r P, Ba, Bs parameters of the models, Sy, % standard error of estimate (%), R2y adjusted coefficient of determination
p y j adj

Table 5 Parameter estimators and precision statistics of DBH and total height at future age models

Models Po P P> Ps A K M Precision statistics
Syx R AIC
(%)
DBH model parameter estimators
Linear adapted by Martins — 02772 —49.1574 — 0.0160 0.0389 506 099 —3185.72
et al. (2014)
Schumacher 8.3483 0.000019 545 098 — 2552.25
Lundqvist-Korf-A 3.5015 0.1354 405 099 — 5097.56
Richards-A 0.0045 —2.1484 4.06 099 — 5085.81
Hossfeld — 11.5585 0.1278 389 099 — 5455.96
Total height model parameter estimators
Linear adapted by Martins —0.826 — 123.058 — 0.048  0.098 391 0.87 —1814.54
et al. (2014)
Schumacher 9.6833 0.000011 5.16 098 579.46
Lundqvist-Korf-A 5.0586 04512 285 099 — 4536.02
Richards-A 0.0188 0.3404 286 099 — 4524.15
Hossfeld 112.1988 0.5292 322 099 — 349571

Po B, P2, B3, A, K, m parameters of the models, S,,% standard error of estimate (%), R correlation coefficient, AIC Akaike index

Table 6 Parameter estimators and precision statistics of probability of the mortality models

Models Pm model parameter estimators Precision statistics

Bo B B> A b c Syx (%) R AIC
Logistic 0.00031 — 0.99521 0.11026  66.58 0.034 — 580.19
Negative exponential — 091190 — 0.02294 — 1.99436 66.58 0.005 — 580.18
Allometric 0.09179 0.04565 66.20 0.017 — 580.21
Logistic of Hamilton 2.66094 28.85211 66.21 0.005 — 580.19

Po» 1> P2, a, b, ¢ parameters of the models, Syx% standard error of estimate (%), R correlation coefficient, AIC Akaike index

estimations were acceptable (Fig. 1al, a3, and a4), and the
estimates of the dependent variable were accurate
(Fig. 1bl, b3, and b4). Based on the frequency histogram
(Fig. 1cl, c3, and c4), we observed a higher concentration
of residuals in the central classes; therefore, the selected
models proved unlikely to overestimate or underestimate
the values of each of the analyzed variables.

However, the residuals of the probability model showed
a greater degree of dispersion (Fig. 1a2), indicating weaker
correlation between observed and predicted values
(Fig. 1b2) and a stronger trend toward overestimation or
underestimation (Fig. 1c2).

Based on the site classification, S (21), S (25), S (29),
and S (33), four productivity curves were plotted. The

@ Springer
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Fig. 1 Percentage of the residual distribution (a), observed values used to predict tree volume (b), and slope distribution (¢) of volume estimates
(1), probability of tree mortality (2), breast height diameter (3) and height (4)

generated curves accurately described the behavior of
Hdom compared to age (Fig. 2bl). All models showed
similar accuracy and degree of fit (Table 7), however, the
logistic model was chosen because it yielded lower Syx%.
The residual distribution was homogeneous without great
bias and was stable in site classification (Fig. 2al). We
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observed overestimation and underestimation of Hdom in
the model estimation (Fig. 2c1).

CI was significantly correlated with the number of
trees per hectare at different ages. Thus, the distance
independent index proposed by Daniels et al. (1986)
yielded better correlation results. The correlations
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Table 7 Parameter estimators

.. . . Models Site index model parameter estimators Precision statistics
and precision statistics of site
index classification models A b C D Syx (%) R
Logistic 29.1569 1.9597 0.0481 - 16.8300 0.6543
Gompertz 29.7665 0.2346 0.0385 - 16.8333 0.6541
Richards 28.1388 3.5332 0.0788 4.1065 16.8896 0.6545
Weibull 30.3809 24.1720 0.0234 1.0547 16.8963 0.6540
MMF — 5.9608 12.5731 40.1395 0.8215 16.9049 0.6535

a, b, ¢, d parameters of the models, S,,% standard error of estimate (%), R correlation coefficient

Table 8 Randomized block

analysis of variance (ANOVA) Vs DF S8 MS Fuabre Feate

results Block (forest sites) 3 13,156.00 4385.00 269.87 < 2e-16%*
Treatment 420.00 105.00 6.47 0.000572%*
Residuals 32 520.00 16.25

*Significant at o = 0.05 **significant at oo = 0.01

VS variation source, DF degrees of freedom, SS sum of squares, MS mean square, Ftable tabulated value of

F, Fcalc calculated value of F

between CI and stand density varied between — 0.9974
and 0.9615.

After the preliminary simulations and adjustment of the
ITM calculation, parameter estimates varied by initial age
(F (3, 4) =6.55, p<0.05) (Table 8), and mostly, the
variation was explained by the treatments. Using the
classification of productive units as an environmental gra-
dient was important to achieve these results.

The mean test comparison results showed significant
differences between volumes predicted by the ITM and the
volume measured by traditional inventory (control) at the
reference age (72 months). Differences were attributable to
higher variation among estimates based on initial mea-
surements of stands aged 24 and 36 months. Estimates
based on longer duration treatments were indistinguishable
from the control (Table 9). Measurements of stands aged
48 months were adequate to accurately estimate the vol-
ume of stands at 72 months. Therefore, the ITM accurately
predicted individual tree volume for a future interval of up
to 2 years.

Table 9 Mean volumes (m3 hafl) estimated at 72 months, estimated
based on the projection of field data collected at different ages of the
stand (24, 36, 48 and 60 months) and mean observed volume mea-
sured at 72 months (control)

Treatments Mean volumes (m> ha™")
Projection from 24 to 72 months (T1) 212.21b
Projection from 36 to 72 months (T2) 216.38b
Projection from 48 to 72 months (T3) 233.88a
Projection from 60 to 72 months (T4) 238.95a
Control—72 months (T5) 242 .45a

Means followed by the same letter are similar at oo = 0.05. Least
Significant Difference (LSD) equal to 11.55 m®

Discussion

Adjustment of the various submodels proved suitable for
the ITM. The models were selected from the best sub-
models adjusted to the dataset. The volumetric model of
Schumacher and Hall that was selected to estimate tree
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volume is a classic model in the forest sector and is widely
applied because of its statistical properties, which result in
non-biased estimates (Campos and Leite 2017). This model
has been used to estimate variables of planted forests (Leal
et al. 2015; Sales et al. 2015; Carrijo et al. 2017) and
natural forests (Colpini et al. 2009; Vibrans et al. 2015;
Miguel et al. 2017).

Although the estimation of Hdom for site classification
showed a standard error estimate greater than 15%, other
studies using the guide curve method have estimated similar
values of Syx% (Zlatanov et al. 2012; Miranda et al. 2014;
Castro et al. 2015; Ribeiro et al. 2016). This result can be
explained by the absence of the polymorphic curve con-
struction in this method, which might not represent the dif-
ferent growth trends using the model (Binoti et al. 2012;
Cosenza et al. 2017). However, such errors were considered
satisfactory and did not compromise the accuracy of the
modeling system when considered for different site classes.

The logistic model yielded the best results for forest site
classification. This model is robust, is traditionally applied
for classifying forest sites (Oliveira et al. 2008; Salles et al.
2012), is accurate, and is independent of tree species
(Martinez-Zurimendi et al. 2015; Murillo-Brito et al.
2017). In addition, the logistic model was chosen based on
the criterion of stability of the heights of dominant trees
around the curves that express the forest site classes, which
has been successfully applied in other studies (Scolforo
2006; Silva et al. 2018).

The selection of the height projection model followed
Martins et al. (2014), who reported precision in the estimates
obtained via the Lundqvist-Korf model for both height and
DBH. This can be explained by the suitability of this model
family to simulate the DBH-height relationship (Krisnawati
etal. 2010; Lumbres et al. 2015). However, the result for the
DBH projection differed from the results reported by Kris-
nawati et al. (2010) and Lumbres et al. (2015) that were based
on adaptation of the linear model to estimate DBH.

Several studies have reported significant correlation
between CI and population variables. Martins et al. (2011)
and Castro et al. (2014) reported strong correlation between
the Pm of plots and CI. Hui et al. (2018) reported that dead
trees in native forests had experienced greater competition,
which indicated that there was a strong relationship
between Pm and CI.

Cl is often correlated with growth indicator variables of
trees (Chassot et al. 2011; Contreras et al. 2011; Pedersen
et al. 2012; Castro et al. 2014; Maleki et al. 2015; Pothier
2017). Our results show that use of a variable that
expresses competition among individual trees will signifi-
cantly improve the prediction of the dimensions and
dynamics of tree growth, as reported by many studies
(Contreras et al. 2011; Oheimb et al. 2011; Castro et al.
2014; Maleki et al. 2015; McTague and Weiskittel 2016).

@ Springer

The competition index is the most important variable of
individual tree growth models (Maleki et al. 2015) and,
therefore, a high correlation between CI and stand variables
is crucial to ensure accurate results when modeling indi-
vidual trees.

The model used to estimate Pm in the present study was
tested by Castro (2011), who reported a good model fit for
his study population. Our results showed better precision
statistics of the Pm model than those reported by Miranda
et al. (2017), who used exponential and Buchman models
and estimated errors (Syx%) greater than 100%. This
probably resulted from the difficulty of estimating mor-
tality, which reflects the uncertainties of future forest stand
conditions (Yang et al. 2003; Gonzalez et al. 2006; Castro
et al. 2014). Despite these difficulties and the number of
known and unknown variables that may affect tree mor-
tality (Strimbu et al. 2017), the adjusted models used to
estimate this probability have yielded satisfactory results
(Hevia et al. 2015; Ma and Lei 2015; Maleki and Kiviste
2016; Strimbu et al. 2017).

Thus, we conclude that the ITM was efficient consid-
ering the time interval adopted. Castro et al. (2013b)
reported accurate estimates from ITM when using a dataset
based on field measurements recorded 3 years before har-
vest. Similarly, Lhotka (2017) demonstrated the effective-
ness of ITM in predicting tree growth expressed by DBH
up to 5 years before harvest.

Models that predict future production by considering the
density of the stands help to improve our understanding of
tree growth in forest plantations (Lhotka 2017). ITMs are
considered a precise method to estimate tree growth and
mortality, and to predict forest production.

In the present study, all submodels showed statistically
productive adjustments, which indicates a great potential for
predicting timber volume at different ages in E. urophylla
plantations. Our ITM proved effective for use in E. urophylla
stands for up to 2 years between the actual age and the ref-
erence age (in this case, 48 and 72 months), and allowed us to
accurately predict future volumes. This can help decision
makers estimate forest production, contributing to reduce the
cost of forest inventories. However, it is recommended for
intervals up to 2 years because greater intervals may cause
overestimation of the predicted forest volume when com-
pared to the observed volume (Weiskittel et al. 2016).
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