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ABSTRACT: Intense exploitation of the Atlantic forest in southern Brazil has caused the
depletion of stocks of valuable timber. Legal restrictions and socioeconomic changes have
subsequently promoted the expansion of secondary forests in the region. In addition to their
ecological importance, secondary forests are endowed with promising productive potential,
with fast-growing species and good quality timber. Given this context, this study introduces
a web application developed in R language (‘shiny’ package) to predict log assortments
— i.e. the number and volume of logs by dimensional classes (encompassing different log
lengths and minimum diameters) that may be extracted from a stem — for species growing
in three forest types of the Atlantic forest. The application uses new taper models calibrated
with large datasets acquired by the FlorestaSC program, an initiative linked to the National
Forest Inventory of Brazil, and aims to contribute to the development of sustainable
management of secondary forests in the region.

Keywords: National Forest Inventory, Atlantic forest, forest management, forest resources,
taper model

The intense exploitation of timber resources in the
southern Brazilian Atlantic forest led to the depletion
of stocks of valuable timber, such as 'canela-preta’
(Ocotea catharinensis Mez), 'imbuia’ (Ocotea porosa
(Nees) Barroso), 'grapia’ (Apuleia leiocarpa (Vogel)
J.F.Macbr.), among others. Legislative instruments
limiting exploitation of the Atlantic forest - combined
with socioeconomic phenomena, such as rural exodus,
agricultural land abandonment, and expansion of
commercial forests of exotic species - have favored
the expansion of secondary forests in the region over
recent decades (Baptista and Rudel, 2006; Fantini et
al., 2017, Vibrans et al., 2020). It should be noted that
this phenomenon occurred not only in the southern
Brazilian portion of the Atlantic forest but also in
other regions of the biome across the country (Rosa
et al., 2021).

In addition to their important role in providing
environmental services and conserving biodiversity,
secondary forests are endowed with a relevant
productive potential - they can provide good quality
timber under sustainable forest management schemes
(Fantini and Siminski, 2016; Fantini et al., 2019;
Oliveira et al., 2019). Tree species such as ‘jacatirdao’
(Miconia cinnamomifolia (DC.) Naudin), ‘licurana’
(Hieronyma alchorneoides Allem&o), and 'bracatinga’
(Mimosa scabrella Benth.) stand out on account of
their fast growth and good quality timber, which is
suitable for multiple uses (Schuch et al., 2008; Mello
et al., 2012; Zambiazi et al., 2021).

The analysis of economic viability and the
planning of forest management operations depend
on information obtained through forest inventory
and biometrics (Pretzsch et al., 2017). In this context,
assortment tables are important tools for predicting
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log volume by dimensional classes encompassing
different log lengths and minimum diameters. These
tables are typically constructed using taper models
that describe the longitudinal profile of the stem and
predict stem diameter at a given height (Kozak, 1988,
2004; McTague and Weiskittel, 2021). These models,
combined with mathematical integration techniques,
enable the prediction of the number and volume of
extractable logs from a stem based on technical and/
or market criteria, underpinning operational planning
and timber commercialization (Costa et al., 2016;
Oliveira et al., 2020).

With the aim of supporting the management
of secondary forests in southern Brazil, this study
presents a novel web application designed to predict
log assortments for timber species in three forest
types, namely, evergreen rainforest (ERF), Araucaria
forest (AF), and semi-deciduous forest (SF) (Oliveira-
Filho et al., 2015). For this exercise, field data collected
by the FlorestaSC program (http://www.floresta.sc.gov.
br), linked to the National Forest Inventory of Brazil
(Freitas et al., 2010), were used.

Between 2007 and 2011, the FlorestaSC field
crews measured the diameter at breast height (D,
cm) and total height (H,, m) of 1,727 stems across 305
systematically distributed sampling units (SUs) in the
three aforementioned forest types in the southern
Brazilian state of Santa Catarina (located between
latitudes 25°57'36" S and 29°21'48" S, and longitudes
48°22'55" W and 53°60'00" W), using measuring
tapes and hypsometers. Additionally, the diameter
(d, cm) of each stem was measured at heights (h, m)
of 0.3, 1.0, 1.3, 2.0, 3.0 m, and then consecutively at
every meter until the beginning of the crown, using a
measuring tape and climbing techniques (Vibrans et
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al., 2010, 2015). The merchantable height (H,,, m) was
defined as the h at the upper d measurement. A total
of 182 additional stems were measured using the same
procedure described above at a secondary ERF stand
in the municipality of Guaramirim, in the state of
Santa Catarina, except that measurements were taken
on felled trees and two additional measurements for d
were taken at & of 0.1 and 0.7 m. It is worth noting that
no data from Araucaria angustifolia (Bertol.) Kuntze
individuals were collected. Descriptive statistics for
the model calibration datasets are presented in Table 1.
After calibrating and evaluating several
nonlinear taper models with different mathematical
structures, including the variable exponent models
by Kozak (1988, 2004) and Sharma and Parton (2009),
the variable form model by Valentine and Gregoire
(2001) was selected on account of its flexibility and
biological consistency (Westfall and Scott, 2010;
McTague and Weiskittel, 2021). This model achieved
prediction accuracy closely comparable to the
others according to the metrics in Eq. (8) and (9).
However, in contrast to the other models, it yielded
parameter estimates that were significantly different
from zero (t-test, significance level of 0.05) across
all forest types, indicating consistency with respect
to parameter identifiability. The model assumes that
the lower, middle, and upper portions of the stem
exhibit approximately neiloid, parabolic, and conic
shapes, respectively. It continuously represents these
geometric forms via numerical switches (Eq. 2 and 3),
which activate or deactivate specific terms along the
stem. The statistical model has the following form,

Table 1 — Descriptive statistics for the model calibration datasets.

Foresttype  Statistic D H, H, d
cm -———m - cm
Mean 27.0 17.2 9.4 24.2
ERF Standard deviation 8.6 3.7 3.1 8.7
Nops = 12011 Minimum 6.1 6.5 1.3 4.8
Ngems = 1081 Maximum 67.5 32.9 22.0 93.0
Nop =182 4s Quartile 207 150 7.0 18.1
3" Quartile 32.2 20.0 11.0 29.0
Mean 30.3 15.3 6.9 28.3
AF Standard deviation 9.4 3.7 2.0 9.6
Ny =4718  Minimum 108 50 30 76
Ntoms = 588 Maximum 76.7 35.0 15.0 87.9
Negp = 99 1% Quartile 239 130 55 216
3" Quartile 35.8 17.0 8.0 33.7
Mean 290 16.2 76 272
SF Standard deviation 7.0 45 2.2 7.5
Ny =2181  Minimum 17.2 6.0 30 127
Ngtoms = 240 Maximum 56.7 33.0 14.0 63.7
Negp = 49 1%t Quartile 239 130 60 216
3" Quartile 334 18.0 9.0 31.8

D = diameter at breast height; H, = total height; H,, = merchantable height;
d = diameter at a given height; n,,, = number of measurements for d; Ny
= number of measured stems; ng,, = number of measured species; ERF =
evergreen rainforest; AF = Araucaria forest; SF = semi-deciduous forest.
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where 1 (i=1, 2, ..., ng), j (=1, 2, ..\, Nyens)

and k (k=1, 2, ..., K) index species, stems, and
measurements along the same stem, respectively; a;
is the stem cross-sectional area (m?) at A, calculated
based on dj;; A; is the stem cross-sectional area (m?)
at 1.3 m above the ground, calculated based on D;; a.,,
o, 0, 0,, A, and A, are parameters to be estimated; al-(l)
is a random effect to be predicted for the i species;
and g is a random residual.

The model described above was calibrated
independently for each forest type, incorporating
the ’species’ factor as a random effect. Although
the calibration datasets have a clustered structure
- with multiple stems measured on the same SU -
the 'SU’ factor was not included as a random effect.
This exclusion aimed to simplify the models, making
them more broadly applicable without requiring the
prediction of random effects for an area not included
in the calibration datasets. It should be noted,
however, that by not accommodating the clustered
structure of the dataset bias may be introduced
into the estimator of the variance-covariance matrix
for the model parameter estimates; therefore, the
corresponding standard errors should be interpreted
with caution.

To accommodate the autocorrelation among
cross-sectional areas measured along the same stem,
the CAR(1) (continuous autoregressive) residual
correlation structure was adopted. It assumes that the
correlation between two model residuals decreases
exponentially as the distance between them increases
(Gregoire et al., 1995,

Corr (e, e4) =p P (4)
where p is a parameter to be estimated; k and &' index
two distinct heights along the same stem; and |4, - /|
is the absolute distance between those heights.

Residual heteroscedasticity was accommodated
via a combination of two variance functions, with
forms similar to those proposed by Valentine and
Gregoire (2001), such that

g;~ N(0,XZ,;) (5)
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Table 2 — Parameter estimates for the taper models.
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ERF AF SF
Model component Parameter - - -
Estimate PRSE Estimate PRSE Estimate PRSE
% % %
oy 0.5787 4.5 0.2274 18.5 0.3426 11.8
o, -0.7398 10.7 -0.6869 16.6 -0.2287 34.6
) 0, 0.3360 1.7 0.4595 6.4 0.3914 4.9
Fixed effects
0, 0.0497 46 0.0288 16.7 0.0423 15.8
A 1.2924 2.9 0.8939 5.0 1.0904 6.7
A 5.0690 10.1 4.4182 16.4 2.3045 425
Random effects sd (a,f“) 0.216 - 0.196 - 0.136 -
p 0.622 - 0.612 0.625 -
. -5 - . -5 . -5 =
Residual covariance ¢ 2.295 10 1.648 - 10 6.820 - 10
5 1.911 - 1.978 1.568 -
¥ -1.667 - -1.490 -2.085 -

PRSE = percentage relative standard error, calculated as the standard error of the parameter estimate divided by the absolute value of the parameter
estimate times one hundred; sd = standard deviation; ERF = evergreen rainforest; AF = Araucaria forest; SF = semi-deciduous forest.

o2 25

Uk = (P D eXp(Z'Y hl/k /H ) (6)
Cov( y=p s o, fork =k 7

ov(&ik,&4k) = P Og, ' Oy 10T (7)
where g;= (g;, & ..., gx)'; X; is the residual

variance-covariance block diagonal matrix, with
heteroscedastic residual variances as diagonal
elements and covariances as off-diagonal elements;
cﬁjﬂ( is the heteroscedastic residual variance; and o, &
and y are parameters to be estimated.

The models were calibrated using the Lindstrom
and Bates algorithm, with the restricted maximum
likelihood method, as implemented in the 'nlme'
function of the 'nlme' R package (version 3.1-164).
Model prediction accuracy was evaluated using the
metrics mean absolute percentage error (MAPE) and
mean systematic percentage error (MSPE),

MAPE (%)= ¥ 27— Pkl 100 (8)
Yijk Nobs

MSPE (%) = ZM 100 (9)
yz/k Nops

where y; and J;; are an observation and a prediction
for theresponse variable (either d or total merchantable
Volume V.., m3), respectively; d ijk was obtained from

dj; V,,, was calculated using the Smalian formula
(Avery and Burkhart, 2015); and Vm was calculated
as a special case of the predictor,

Vip= 40000r d’f dh (10)

where hl is the height at the stem base; h =
d,, is the predicted diameter at h;;.

Parameter estimates for each taper model are
presented in Table 2. All fixed effects parameter

; and

m o
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Table 3 — Prediction accuracy of the taper models.

Forest type MAPE MSPE
d V., d V.,
%
ERF 5.3 71 1.4 1.2
AF 4.5 6.3 1.0 0.4
SF 4.1 5.9 0.4 -0.8

MAPE = mean absolute percentage error; MSPE = mean systematic
percentage error; d = diameter at a given height (cm); V,, = merchantable
volume (m®); ERF = evergreen rainforest; AF = Araucaria forest; SF =
semi-deciduous forest.

estimates were significantly different from zero
according to the t-test at the significance level of 0.05.
MAPEs ranged from 4.1 to 5.3 % for d, and from 5.9
to 7.1 % for V,,. In turn, MSPEs varied slightly around
0 %, indicating an absence of strong systematic
prediction errors (Table 3). It is worth noting that
although attempts were made to calibrate models
with random effects associated with parameters other
than o, these models failed to converge.

Species-level random effects associated with
parameter o, showed different levels of divergence
from the average tapering profile across the three
forest types (see the standard deviations of ai(l) in
Table 2). In general, most species presented minor
differences from the average profile. Among the key
timber species, Tapirira guianensis Aubl. in the ERF
and Prunus myrtifolia (L.) Urb. in the AF exhibited
tapering patterns that were notably less pronounced
than the average (i.e., more cylindrical stems). In
contrast, Cedrela fissilis Vell. and Ocotea puberula
(Rich.) Nees in the ERF exhibited tapering patterns
that were more pronounced than the average (i.e.,
less cylindrical stems).

The assortment prediction application was
developed using the ’shiny’ R package (version
1.9.1) and is available at https://florestasc.shinyapps.
io/sortimento. It employs an algorithm that applies
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the calibrated taper models to classify logs into
assortment classes, and uses numerical integration of
these models (Eq. 10) to predict the outside-bark wood
volume per class based on user-provided information.
The application features a simple and intuitive layout
(Figure 1); it has ten fields where the user should
select an option or enter alphanumeric information,
as explained below:

Select the forest type: Select the forest type to be
considered, i.e. ERF, AF, or SF.

Select the species: Select the species of interest.
When a given species is selected, the taper model is
evaluated with the random effects predicted for it;
in turn, when the option 'Other species’ is selected,
the model is evaluated with the expected value

Figure 1 — Application layout, with default values provided as
examples for the user.
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of the random effects, i.e. zero - in other words,
only the estimated fixed effects are considered.
Evaluating the random effects at zero did not
result in predictions with systematic errors, as
revealed by their strong alignment with predictions
obtained via Monte Carlo integration over simulated
distributions of the random effects. The species
with timber potential included in the dropdown
lists were selected based on the literature and the
criterion of having at least 15 stems measured in the
field. It should be emphasized that the taper models
calibrated in this study were applied to all species,
with the exception of A. angustifolia, for which the
taper model of Kozak (1988), as calibrated by Costa
et al. (2016), was used.

Diameter at breast height (D, cm) - one or more
trees: Enter the D of one or more trees (separated
by semicolon), in cm. The application requires a
period as the decimal separator for all numerical
variables.

Total height (H,, m) - one or more trees: Enter the
H, of one or more trees (separated by semicolon), in m.

Merchantable height (H,,, m) - one or more
trees: Enter the H,, of one or more trees (separated by
semicolon), in m.

Stump height (m): Define the stump height to be left
by the tree harvesting operator, in m.

Assortment classes: Define the names of the
assortment classes to be considered (separated by
semicolon). The classes 'Residual’ (portion of timber
not classified in any of the other classes entered by the
user) and 'Total’ (sum of all classes) are automatically
added during the calculations and shown in the final
result.

Small-end diameter of the logs (cm) by assortment
class: Define the minimum small-end diameter of the
logs admitted in each assortment class (separated by
semicolon), in cm.

Log length (m) by assortment class: Define the
log length for each assortment class (separated by
semicolon), in m.

Options for the assortment output: When the
option 'Aggregate all trees’ is selected, the assortments
for individual trees are summed and the result is a
single table containing the number of logs and outside-
bark volume per assortment class, along with other
auxiliary information. In contrast, when 'By tree’ is
selected, the assortment for each tree is displayed
individually, in the order that the dendrometric data
were entered.
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The management of native species/forests outside
the Brazilian Amazon faces several obstacles, such as
legal restrictions, excessive bureaucracy, and a lack
of management initiatives (Britto et al., 2017; Fantini
et al., 2019; Huss et al., 2020). However, developing
tools like the application presented here may be a
relevant step towards supporting and promoting the
sustainable management of secondary Atlantic forests.
Log assortment predictions for different forest types
and multiple timber species, obtained through a simple
platform, may help improve the effectiveness and
efficiency of economic and operational planning for
sustainable forest management projects. Furthermore,
this study reiterates the management of timber
resources - based on solid scientific knowledge -
as a feasible strategy for regional socioeconomic
development and the conservation of the rich native
forests in southern Brazil (Fantini and Siminski, 2016;
Zambiazi et al., 2021; Cysneiros et al., 2023).
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