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Abstract
Tree stem form in native tropical forests is very irregular, posing a challenge to establishing

taper equations that can accurately predict the diameter at any height along the stem and

subsequently merchantable volume. Artificial intelligence approaches can be useful tech-

niques in minimizing estimation errors within complex variations of vegetation. We evalu-

ated the performance of Random Forest1 regression tree and Artificial Neural Network

procedures in modelling stem taper. Diameters and volume outside bark were compared to

a traditional taper-based equation across a tropical Brazilian savanna, a seasonal semi-

deciduous forest and a rainforest. Neural network models were found to be more accurate

than the traditional taper equation. Random forest showed trends in the residuals from the

diameter prediction and provided the least precise and accurate estimations for all forest

types. This study provides insights into the superiority of a neural network, which provided

advantages regarding the handling of local effects.

Introduction
Taper models (TM) have been a major topic of study in forest measurement and management
for almost 100 years, especially for the past three decades. TM has not been tailored towards
understanding the complexity of tropical natural forests, which are among the most structur-
ally complex and carbon-rich ecosystems in the world. This complexity is related to the size-
frequency distribution of wood stems [1] and the three-dimensional arrangement of canopy
elements, such as leaves, branches and trunks, from the top of the canopy to the ground [2].
Accurate information concerning wood volume in tropical forests is critical in identifying
potential areas for sustainable timber production and forest conservation, whilst providing a
more accurate estimate of carbon balance. [3] estimated biomass change in buttressed trees
using tree taper models, and demonstrated that taper-based equations that are applied to natu-
ral forest might improve the modelling of natural forests substantially.
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Typical modelling efforts attempt to enhance prediction through amplifying a pattern and
discarding the noise. Selection of an appropriate methodology is thus key when performing cal-
culations to estimate biomass accurately. According to [4], volume equations are useful in esti-
mating the average content of standing trees of various sizes and species. However, the
reliability of volume estimates is dependent on the range and extent of the available sample
data, and the suitability of the volume equations for the given sample data. According to [3],
various sources of estimation uncertainty are derived from forest inventories, likely leading to
substantially bias in forest biomass and biomass change estimations.

Tropical forests pose a special challenge—because tree taper is dramatically irregular from
stump to the top, it is necessary to make some evaluation of stem form in the construction and
application of tree volume tables. The rate of tree taper varies not only by species but also by
tree age [5], diameter at breast height (dbh), height [6] and environmental conditions [7]. In
most cases, foresters have to deal with noisy, multi-dimensional data that are strongly non-lin-
ear and which does not meet the assumptions of conventional statistical procedures [8]. Artifi-
cial intelligence tools have been increasingly adopted over the last 20 years to overcome
problems related to lack of statistical assumptions.

Artificial intelligence tools (AI) are capable of handling non-normality, nonlinearity and
co-linearity in a system. These capabilities create major advantages for the use of the Artificial
Neural Network (NN) as a tool to assess the relationships among structural forest attributes
[9]. NN’s provide a particular approach toward developing predictive models, offering a pow-
erful method for analyzing complex relationships among variables, without having to make
assumptions about the data. An Artificial Neural Network is an artificial intelligence tool spe-
cially designed to deal with complex and ill-defined problems [10]. NN’s can learn from
incomplete, disturbed and ‘noisy’ datasets [11].

Another artificial intelligence technique is the Random Forest (RF) tool [12], an ensemble
tool that uses a ‘divide-and-conquer’ approach to improving performance. RF constructs hun-
dreds of decision trees (hence ‘forest’) using randomized subsets of predicted and predictor
variables [13] These multiple trees are then selected based upon their variation, in order to
ascertain the correct prediction [14]. The RF approach has been successfully implemented
within the forested ecological system application [13]. [15] indicated RF as the most suitable
tool for the classification of various savanna tree species, within a highly heterogeneous
environment.

This study aims to evaluate the abilities of Neural Network and Random Forest models in
predicting tree diameter (d) at any height and any accumulated volume (Vac) along the length
of stem. This will be accomplished by measuring tree taper across three different sites including
a savanna, a dense rainforest, and a semi-deciduous forest. The fitted model predictions will be
compared with site-specific taper equation results.

Materials and Methods

Data set of the investigation
Fig 1 shows the localities where forest inventories were carried out, including forest type and
biome. Mogi Guaçu Biological Reserve belongs to the Instituto de Botânica (22°15’17” S, 47°
10’20”W). The reserve is located at an altitude of 620 m, with 343 ha mainly covered by wood-
land Cerrado; a forested Brazilian tropical savanna. The second area was the north portion of
the “Carlos Botelho” State Park (24°03’54” S, 47°57’29”W), at an altitude of 776 m. The total
park area consists of 37,797.43 ha of dense ombrophilous montane forest, more common des-
ignated as rainforest. The third forest was carried out in the Caetetus Ecological Station (22°
24’15” S, 49°41’47”W), at an altitude of 587 m. The vegetation consists of 2,178 ha of tropical

Artificial Intelligence for Tree Stem Taper

PLOS ONE | DOI:10.1371/journal.pone.0154738 May 17, 2016 2 / 16



seasonal semi-deciduous forest. The transition between coastal rainforest and Cerrado in
southeastern Brazil incorporates a much larger extension of semi-deciduous forest. This transi-
tion becomes increasingly wider towards the south and forms complex mosaics with Cerrado
vegetation to the west [16].

The Instituto de Botânica of the State of São Paulo is the regulatory authority issuing work
permissions for the Mogi Guaçu Biological Reserve, and the Instituto Florestal of the São Paulo
State is the authority responsible for issuing work permissions for both Caetetus Ecological Sta-
tion and “Carlos Botelho” Park Station. We confirm we were given permissions by the two reg-
ulatory authorities to conduct this study on the three sites.

The tree vegetation communities were surveyed within thirty plots of 10 x 30 meters each
(0.9 ha), with 10 plots in each tree community. In the rainforest and semi-deciduous forest, the
sample design followed a random protocol within a buffer zone of 1000 meters along the trails.
This protocol had to be used due to the difficulty of the terrain and the denseness of the under-
story. In the Cerrado, we followed a completely random protocol, distributing the plots ran-
domly within all over the forest area.

Before selecting for volume estimation, we identified trees to species level. The floristic and
forest structure held the same characteristics from previous studies carried out on the same

Fig 1. Study Sites. Location of the three study sites in Southeastern Brazil, which are included in two Brazilian biomes (Cerrado and Atlantic
Forest).

doi:10.1371/journal.pone.0154738.g001
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sites [17–19]. Subsequently diameter at breast height (dbh) outside bark and total height (ht) of
all of the trees in the plots were measured, and diameter distributions determined to guide tree
selection for taper measurements (Table 1).

We then selected trees from different diameter classes for taper measurements and individ-
ual volume estimates regardless of the species. We collected data for taper measurements from
72 hardwood species spread out among all the different forest types, allowing for the fact that
individual tree stem forms could vary with the species and forest type. The relationship
between tree height and diameter at breast height of the trees selected for taper measurements
are shown in Fig 2.

We observed that some species, such as Couepia grandiflora and Qualea grandiflora in Cer-
rado, are frequently associated with a complex branching structure, with stems often character-
ised by thicker diameters. On the other hand, various species in the rainforest, such as Bathysa
australis and Alchornea triplinervea, were usually found to be buttressed and slender. Addition-
ally, we found different species of the genus Ficus in the three forest types, which were broadly
characterised by large flared stumps (buttressed trees).

Direct volume estimations of different tree parts were made to obtain the basic data under-
pinning the relationships between the various dimensions of a tree and its volume and taper.
The volume outside bark of the stem was calculated using Smalian´s formula, which divides
the stem into short sections [20]. Measurements included the portion of the stem above 10 cm
height and then at 0.3, 0.7, 1.3 meters. From 1.3 m up to a minimum of 5 cm stem diameter
from the outer edge of the bark, the stem was measured at intervals of 1 meter. In order to
avoid problems with discerning the main stem, we measured all branches of trees with a mini-
mum 5 cm diameter. Above the final measurement point, the tree form was considered as a
cone. We followed the recommendation of [21] concerning multi-stemmed trees, whereby all
of the stems should be measured and combined with the equivalent diameter formula below:

De ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðd2

1 þ d2
2 þ . . . þ d2

nÞ
q

ð1Þ

De = equivalent diameter and di = diameter of a specific stem i = 1,. . .,n from a single tree.
We used the electronic dendrometer Criterion RD 1000 (Laser Technology, Inc., USA) to

measure stem diameter. It is an optical instrument that provides real-time results for tree
height and diameter calculation along the stem with high accuracy[22]. [23] did not detect sig-
nificant differences in precision and accuracy between destructive measurement techniques
and the Criterion RD 1000. The dendrometer uses angular measurement and horizontal dis-
tance to the target tree in order to calculate the diameter of the tree stem at any given height.

The advantage of this definition is that nearly all potentially useful wood is included. Total
tree volume estimated using equivalent diameters is equal to totalling the estimates of

Table 1. Field data summary.

ht (m) dbh (cm)

N Median Range Median Range

Cerrado 531 5.00 1.7–17.0 7.70 5.0–48.4

Rainforest 540 9.65 1.4–26.0 9.34 5.0–107.9

Semi-deciduous forest 446 9.90 2.0–24.0 9.29 5.0–89.1

Diameter at breast height (dbh) and total height (ht) distributions collected in cerrado, rainforest and semi-deciduous forest in the São Paulo State, Brazil.

n = number of measured trees.

doi:10.1371/journal.pone.0154738.t001
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individual stem volume in a multi-stem tree. Using equivalent diameter also permits calculat-
ing the real tree basal area which can be used as a predictor of individual tree volume. Relation-
ships between tree basal area and cubic volume are stronger than relationships between tree
basal area and merchantable volume such as board foot volume.

Artificial Neural Network
Two multi-layer perceptron (NN) were calibrated in the context of regression analyses, one to
estimate the diameter (d) and another to estimate the accumulated volume (Vac) from the base
up to a given height (h). Both contained two hidden layers: 25 neurons in the first and 10 neu-
rons in the second, all containing the logistic as the activation function. The NN training was ori-
ented to minimize the sum of squared errors through resilient backpropagation algorithm with

Fig 2. Diameter versus total height scatterplot.Diameter at breast height and total height relationships of trees used as data set in
Cerrado, semi-deciduous and rainforest.

doi:10.1371/journal.pone.0154738.g002
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weight backtracking. For each iteration of the cross-validation the NN was initialized 50 times,
and the training ended when the absolute partial derivative of the error function, with respect to
the weights, was smaller than 0.01. Similar to regular taper equations, we used NN to estimate
either diameter or accumulated volume at h based on dbh, ht and h. However, these variables
were scaled before NN analysis by dividing them, respectively, by 100, 10 and 10. Besides the
continuous variables dbh, ht and h, the NN also received as input three dummy (categorical) var-
iables representing the forest type. In Cerrado the dummy variable 1 (d1) received value 1, while
the other forest types received value 0. In semi-deciduous the dummy variable 2 (d2) received
value 1 and the others received value 0. In rainforest the dummy variable 3 (d3) received value 1,
while cerrado and semideciduous received value 0. For instance, in order to estimate either d or
Vac for a given height equal to 4.3 meters in a tree from Cerrado, with dbh equal to 53 cm and
8.7 meters in height, the input vector should be [0.53, 0.87, 0.43, 1, 0, 0]. The implementation of
the neural network was based on the neuralnet package [24] for R statistical software [25].

Random Forest
Two random forests (RF) were used, one to estimate Vac and another to estimate d. The RF
inputs include dbh in cm, ht and h, both in meters, as well as three dummy variables indicating
the forest type (Cerrado = d1, semi-deciduous = d2 or rainforests = d3). The RF was imple-
mented through the algorithm developed by [12], and built using 300 decision-trees, mtry (ran-
domly sampling from the predictors) equal to 2 and the minimum observation per node equal
to 5 after split. The objective of the training section was to minimize the sum of squared errors.
We built the RF models using the R package randomForest [26].

The parameters mentioned for NN and RF were selected by a trial-and-error method, test-
ing a range of possible values and then verifying the graphs of residuals against the predicted
variables and fitting statistics. Trial-and-error method is commonly used to define parameters
in the field of artificial intelligence [27].

Taper model
We selected 6 taper models proposed in the literature with different number of parameters that
had previously shown good performance (Table 2) [28–33]. The taper equations were adjusted
using nonlinear least-squares estimates through a Gauss-Newton algorithm, implemented in

Table 2. Taper equations.

Demaerschalk [28] d ¼ dbh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð102�b0�dbh2�b1� 2�ht2�b2�ðht � hÞ2�b3 Þ

q
Biging [29] d ¼ dbh� b0 þ b1ln 1� h

ht

� �1
3� 1� exp

�b1
b2

� �h in o
Bi [30]

d ¼ dbh� ln sinp2q
ln sinp2t

h ib1þb2sin
p
2q þ3cos3p2 qþb4

sinp
2
q

q þb5dbhþ b6q
ffiffiffiffiffi
dbh

p þb7q
ffiffiffi
ht

p( )

Lee et al. [31] d ¼ b1 dbh
b2 ð1� qÞb3 q2þ b4 qþ b5

Kozak [32]
d ¼ b1 dbh

b2 htb3 X
b4q

4þ b5
1

edbh=ht

� �
þ b6X

0:1þ b7
1

dbhð Þþ b8ht
Zþb9X

Metcalf et al. [33] d ¼ D e�b1 ðh�1:3Þ

Taper equations compared in this study, where dbh is the over bark diameter at breast height (at 1.3 m

above the top of the base, cm), d is the over bark diameter at height h (cm), ht is the total tree height (m), h

is the height from the base to diameter d (m), β1,. . .,β9 are the model parameters to be estimated, q is

equal to h/ht, X is equal to [1 − (h/ht)1/3]/[1 − (p)1/3], Z is equal to [1 − (h/ht)1/3] and p is equal to 1.3/ht.

doi:10.1371/journal.pone.0154738.t002
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stats package in R [25] and then we compared the goodness-of-fits using the Akaike Informa-
tion Criterion corrected for finite sample sizes (AICc). We determined the best overall taper
model by counting the number of times that each model provided the lowest AICc for the
three forest types.

Integrating taper functions over the length desired in meters gives the volume in cubic
meters for that segment, after multiplying by a constant (K = π⁄40,000).

Vac ¼
Z h

0:1

K�d2 dh ð2Þ

As the tree volume is the integral of cross-sectional stem area over the tree height, a model
for d2 provides unbiased predictions for the cross-sectional area and volume [34]. The category
of the taper model we used is very flexible in a computational sense, since it is possible to deter-
mine the continuous stem taper with the model itself and no interpolation method, such as
spline interpolation, is needed [35]. We also did not consider eventual autocorrelation and
multicollinearity effects in this paper, as [36] evaluating these problems on tree taper modelling
stated that they do not seriously affect the predictive ability of taper modelling. One specific
equation had to be adjusted for each study site, consequently returning a site-specific model
(one taper model to Cerrado, one to semi-deciduous and one to rainforest), while the RF and
NNmodelling processes considered all the forest types together.

Evaluation criteria. For Neural Network (NN), Random Forest (RF) and taper equation
modelling (TM), the cross-validation approach was used as training routine, including a toler-
ance limit to avoid overfitting. The cross-validation by itself does not avoid overfitting but
allowed us to understand how the model behaves whilst estimating known and unknown data.
For all the three proposed techniques, the data were divided into training and validation data-
sets. For that, we set aside randomly 25% of the trees for cross-validation purposes, while 75%
of the data remained as training dataset for fitting the models. The data splitting was repeated
500 times (iterations) with repetition of the training and the validation steps.

In each iteration, the performance indicators were calculated for both training and valida-
tion datasets. Evaluation criteria included the root mean squared error Eq (3), the average rela-
tive bias Eq (4) and the model efficiency Eq (5).

� Root mean square error ðRMSEÞ ¼ 1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXX
ð Ŷ ij � YijÞ2

q
ð3Þ

� Relative average bias ðBiasÞ ¼
PPðŶ ij � YijÞ

N
ð4Þ

� Efficiency ðEFÞ ¼ 1�
PP ðYij � Ŷ ijÞ2PP ðYij � �Y Þ2 ð5Þ

where Yij is the measured data point jth in the ith tree, Ŷ i is the predicted value jth in the ith
tree and �Y is the mean of the Yij values and N the number of points. For detailed descriptions
of model evaluation criteria see [37].

Results
The number of trees surveyed resulted in 52 individuals in the Cerrado, 53 in the semi-decid-
uous forest and 55 in the rainforest, in different diameter classes. The diameter ranged between
5.0 to 52.0 cm in Cerrado, 5.0 to 135.0 cm in semi-deciduous and 5.1 to 157.0 in rainforest.

Artificial Intelligence for Tree Stem Taper
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The TM selected in this study was proposed by [31] with the lowest AICc in semi-deciduous
forest and rainforest (Table 3). We used initial parameters based upon the literature to find
convergence, however we found no convergence by using Bi model for the three forest types
and Kozak model for semi-deciduous and rainforest.

Table 4 summarizes the RMSE and model efficiency estimates of the NN, the RF and the
TM for d and Vac estimations from both training and validation datasets.

The validation results showed that the site-specific taper equation was the most precise and
efficient modelling technique for diameter estimation, with a RMSE of 0.31 cm for TM, 0.43
cm for NN and 0.50 cm for RF. The TM training efficiency declined from 0.94 to 0.91 at the
validation level, whilst both NN and RF efficiency declined more than the TM, varying from
0.93 to 0.83 and 0.91 to 0.78, respectively.

TM did not show the same performance for Vac estimation, whilst NN appeared to have
the best performance and the higher efficiency. The RF has also presented the worst perfor-
mance for volume estimation for all the evaluated criteria. Although the TM showed an inter-
mediate RMSE (0.0225 m³), its distribution had an undesirable bimodal shape, ranging
approximately from 0 to 250% (Fig 3). All the three methods showed a skewed bias distribution
during the training level for both d and Vac, especially the NN. However, the bias distribution
in the validation level did not show the same tendency, appearing centred on zero for all the
three techniques (Fig 4).

We plotted the residuals of d and Vac predictions versus diameter (d) for Cerrado, semi-
deciduous forest and rainforest (Fig 5). Residuals were calculated using the model with the low-
est RMSE along 500 iterations for the three modelling techniques. RF and TM showed residual
patterns that reveal likely variance heterogeneity in diameter estimation. They tended to under-
predict large diameters, which are typically associated with diameters on lower and thicker por-
tions of the stem or diameters of large trees. TM and RF also tended to overpredict small

Table 3. Taper models performance.

Taper Model Cerrado Semi-deciduous Rainforest

Demaerschalk [28] 2530.21 3530.21 4731.91

Biging [29] 2607.78 3550.15 4715.24

Bi [30] No convergence No convergence No convergence

Lee [31] 2546.00 3462.49 4391.26

Kozak [32] 2474.62 No convergence No convergence

Metcalf [33] 2829.13 3970.84 4905.55

Model fit comparisons in terms of AICc for 6 taper models. Bold values indicate the lowest AICc for each forest type

doi:10.1371/journal.pone.0154738.t003

Table 4. Modelling techniques performance.

Diameter (d) Accumulated volume (Vac)

Approach RMSE (cm): training / validation EF: training / validation RMSE (m³): training / validation EF: training / validation

NN 0.15 / 0.43 0.93 / 0.83 0.0037 / 0.0149 0.98 / 0.89

RF 0.18 / 0.50 0.91 / 0.78 0.0082 / 0.0281 0.92 / 0.66

TM 0.15 / 0.31 0.94 / 0.91 0.0080 / 0.0225 0.93 / 0.80

The average root mean square error (RMSE) and model efficiency (EF) for diameter (d) and accumulated volume (Vac) prediction within all forest types

using Neural Network (NN), Random Forest (RF) and taper model (TM).

doi:10.1371/journal.pone.0154738.t004
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Fig 3. Root mean square error. The root mean squared error (RMSE) distribution of diameter (d) and accumulated volume
(Vac) for both training (black line) and validation (grey line) data sets, considering five hundred iterations for Artificial Neural
Network (NN), Random Forest (RF) and taper model (TM).

doi:10.1371/journal.pone.0154738.g003
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diameters, which are related to diameters of smaller trees or diameters on the midrange or
upper portions of the stem.

Unlike the residual plots for diameter estimation, we observed no pattern in residuals of vol-
ume prediction for any method used to modelling stem taper. Nevertheless, NN plots visually
seem to lead to more accurate and precise volume estimation at any diameter class in compari-
son to the TM and RF. We randomly selected one tree from a group of species which has con-
sistent stem taper and one individual from a group which includes highly irregular stem. The
best model for each modelling technique based upon the RMSE predicted diameters along
both trees and predictions were compared to actual diameters (Fig 6). Xylopia aromatica is a
tree species in Cerrado which has a simple and rectilinear stem form, whilst Bathysa australis is
commonly found in the rainforest with a complex and buttressed stem. The NN technique was
more consistent with the actual taper for both species whilst RF tended to overpredict the
diameter on both stems.

Discussion
Our objective was to modelling the stem form as a dependent variable upon the diameter at
breast height and the total tree height in different forest types. Taper variation differed

Fig 4. Bias distribution. The bias distribution of diameter (d) and accumulated volume (Vac) for both training (black line) and validation (grey line) data
sets, considering five hundred iterations for Artificial Neural Network (NN), Random Forest (RF) and taper model (TM).

doi:10.1371/journal.pone.0154738.g004
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Fig 5. Diameter predictions residuals. Residuals of diameter predictions (cm) versus tree stem diameters (cm) in the upper plots, as well as residuals of
accumulated volume predictions (m³) versus tree stem diameters (cm) in the lower plots. Residuals were calculated using the model with the lowest
RMSE along 500 iterations using Artificial Neural Network (NN), Random Forest (RF) and taper model (TM) techniques.

doi:10.1371/journal.pone.0154738.g005

Fig 6. Stem taper predictions.Measured diameters (black dots) of trees with regular (Xylopia aromatica) and irregular (Bathysa australis) stem taper
with the respective predictions fitted by Neural Network (NN), Random Forest (RF) and taper model (TM).

doi:10.1371/journal.pone.0154738.g006
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according to species composition and tree size; nonetheless several other factors that were not
examined here would also influence this variation on stem form. Trees get increasingly more
cylindrical as they grow, and dominant individuals are more tapered than suppressed trees. It
indicates the likely dependence of taper upon the variables of stand density and tree [38].
Genetics, environmental conditions, which include climatic conditions [39,40], altitude [40]
and edaphic variables [41], as well as geographical locations were also listed as factors that can
affect the stem taper [42, 43]. Tree stem typically varies according to conditions of the forest,
usually as a response to surrounding species and competition. In this cases, individuals are
forced to develop more complex structures gradually in order to optimise biomass production
[7]. Because of these many sources of variations on stem form, establishing efficient methods
that can provide accurate estimates of stem taper is often a challenging process in natural tropi-
cal forests.

Random Forest appears as a competitive tool in ecological applications for both classifica-
tion and regression [44]. However, the least accurate results for diameter and wood volume
were obtained by using RF. This model tended to overpredict low diameter and underpredict
high diameter values. This particular trend is intrinsic to regression tree-based models whose
predictions are the average of the values within the terminal node [45]. These authors also
observed a reduction in the prediction accuracy when testing an independent set of data with
RF in an effort to estimate biomass across tropical Africa. [46], when studying climatic and
human influences on fire regime in Africa, also found overprediction in lower classes and
underprediction in higher classes of burned areas.

Very few studies have used taper functions for profile modelling in either Cerrado or Atlan-
tic forests in Brazil. Few of them attempt to describe the stem form and estimate taper-equation
parameters for overall stands [47,48], or for specific species [49]. TM provided a flexible tool
for estimating the change in total and merchantable product specifications, even though this
regression technique requires a specific model for each different forest type. In comparison, the
NN and RF techniques required only one model for all three datasets. One problem found in
this study regarding the traditional taper modelling is the lack of convergence of parameters in
more complex models, which was previously addressed in other studies on taper [50–52].

Given the difficulty in separating out the influences of the stem form drivers using standard
statistical analyses, NN appears to be a promising approach for complex vegetation mosaics. It
included uneven-aged multi-stemmed, buttressed, sinuous and slender trees and shrubs, vary-
ing substantially within forests where the inventories were carried out. Another interesting NN
property is that all the knowledge is stored in the weights. If new trees become available, the
training can occur on the weights already known keeping all the knowledge accumulated from
previous data sets.

[53] verified poor results when using NN for estimating tree height with diameter as the
input variable in uneven-aged forests. Considering that these forest stands consist of trees of
various ages and therefore of various sizes, each diameter class is consequently associated with
a likely height class. However, those authors suggest that the diversity in stem form derived
from multi-site variables may hinder the learning, due to each diameter class that may be asso-
ciated with a larger height class. Backpropagated errors in this scenario are, therefore, larger
and the fitting statistics poorer. In this particular study, we attempted to predict stem form
based on the highly dependent height and diameter [54]. Small backpropagated errors are
expected due to the high correlation between independent and dependent variables.

Studies have demonstrated the superiority of NN’s over regression models for even-aged
forests [55–58]. NN offers some advantages when compared to traditional modelling tech-
niques. Firstly, there is no need to assume an underlying data distribution (as is usually done in
statistical modelling). Secondly, it can implicitly detect complex nonlinear relationships
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between output and input variables [59]. Furthermore, the ability to learn from new data allows
for continued implementation in situations where only limited amounts of data have been col-
lected [60]. It is important to mention, however, some barriers to the widespread successful
application of artificial intelligence. AI demands much training time and can easily incur data
overfitting [59, 61]. Another serious limitation is that the most important decision support sys-
tems in forestry are not yet able to handle with AI. Moreover, whilst visible, the process of
establishing causation between inputs and outputs is not clear, implying limited ecological
interpretability [62, 58].

The NN implementation does offer a number of advantages for taper prediction in tropical
forests over the traditional methods. It may be potentially applied to large geographic regions
in Brazil, handling local effects concerning timber inventory and forest management plans.
Furthermore, AI can be continuously trained as new data are obtained and disposable. These
statistical considerations discussed above should be taken into account when choosing a tree
taper estimating method for operational applications.

Conclusions
The neural network handled well with data from three different forest types within a complex
vegetation mosaic in Brazil. Additionally, the neural network procedure provided an under-
standing of the patterns that arise from complex phenomena, insofar as correctly training the
model and performing prediction. Thereby we recommend NN for taper and volume predic-
tions in tropical forests, especially when stem form and variation in tree architecture is com-
plex. However, our recommendation must be followed by an effort to integrate artificial
intelligence tools into current forestry support decision systems.

Supporting Information
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Taper Models.
(ZIP)

Acknowledgments
Field work and data collection were supported by the Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP; 2011/19236-9) and two scholarships were provided to Matheus
H. Nunes (FAPESP; 2010/13723-2 and 2012/01044-9). We acknowledge the Instituto Florestal
and Instituto de Botânica for allowing us to conduct research in the three data collection sites.
We are grateful to Hilton Thadeu Zarate do Couto who helped in designing the experiment.
Thanks to Lívia Pavan, Lucas Livon and Érica Santos for helping in the field sampling. We are
also grateful to Simon Dunster for his support regarding translation of this work into English
and for the useful comments from two anonymous reviewers. Finally, we are thankful to FAPE-
MIG for supporting the publication of this work.

Author Contributions
Conceived and designed the experiments: MHN. Performed the experiments: MHN EBG. Ana-
lyzed the data: MHN EBG. Contributed reagents/materials/analysis tools: MHN EBG. Wrote

Artificial Intelligence for Tree Stem Taper

PLOS ONE | DOI:10.1371/journal.pone.0154738 May 17, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154738.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154738.s002


the paper: MHN EBG. Figure creation, correction implementation, and final adjustments:
MHN EBG.

References
1. Clark D.B. and Clark D.A. 2000 Landscape-scale variation in forest structure and biomass in a tropical

rain forest. Forest ecology and management, 137 (1), 185–198.

2. Richards P.W. 1952 The tropical rain forest: an ecological study. The tropical rain forest: an ecological
study.

3. Cushman K., Muller-Landau H.C., Condit R.S. and Hubbell S.P. 2014 Improving estimates of biomass
change in buttressed trees using tree taper models.Methods in Ecology and Evolution.

4. Avery T.E. and Burkhart H.E. 1983 Forest measurements. McGraw-Hill Book Company.

5. Muhairwe C.K., LeMay V.M. and Kozak A. 1994 Effects of adding tree, stand, and site variables to
Kozak's variable-exponent taper equation.Canadian Journal of Forest Research, 24 (2), 252–259.

6. Iida Y., Kohyama T.S., Kubo T., Kassim A.R., Poorter L., Sterck F. et al. 2011 Tree architecture and life-
history strategies across 200 co-occurring tropical tree species. Functional Ecology, 25 (6), 1260–
1268.

7. Guo Y., Fourcaud T., Jaeger M., Zhang X. and Li B. 2011 Plant growth and architectural modelling and
its applications. Annals of botany, 107 (5), 723–727. PMID: 21638797

8. Recknagel F. 2001 Applications of machine learning to ecological modelling. Ecological Modelling,
146 (1), 303–310.

9. Haykin S. and Network N. 2004 A comprehensive foundation. Neural Networks, 2 (2004).

10. Patterson D.W. 1998 Artificial neural networks: theory and applications. Prentice Hall PTR.

11. Hanewinkel M. 2005 Neural networks for assessing the risk of windthrow on the forest division level: a
case study in southwest Germany. European Journal of Forest Research, 124 (3), 243–249.

12. Breiman L. 2001 Random forests.Machine learning, 45 (1), 5–32.

13. Grossmann E., Ohmann J., Kagan J., May H. and Gregory M. 2010 Mapping ecological systems with a
random forest model: tradeoffs between errors and bias.Gap Analysis Bulletin, 17 (1), 16–22.

14. Lawrence R.L., Wood S.D. and Sheley R.L. 2006 Mapping invasive plants using hyperspectral imagery
and Breiman Cutler classifications (RandomForest). Remote Sensing of Environment, 100 (3), 356–
362.

15. Naidoo L., Cho M., Mathieu R. and Asner G. 2012 Classification of savanna tree species, in the Greater
Kruger National Park region, by integrating hyperspectral and LiDAR data in a Random Forest data
mining environment. ISPRS Journal of Photogrammetry and Remote Sensing, 69, 167–179.

16. Oliveira-Filho A.T. and Fontes M.A.L. 2000 Patterns of Floristic Differentiation among Atlantic Forests
in Southeastern Brazil and the Influence of Climate1. Biotropica, 32 (4b), 793–810.

17. Mantovani W. and Martins F.R. 1993 Florística do cerrado na reserva biológica de Moji Guaçu, SP.
Acta boto bras, 7 (1), 33.

18. Durigan G., Franco G., Saito M. and Baitello J.B. 2000 Estrutura e diversidade do componente arbóreo
da floresta na Estação Ecológica dos Caetetus, Gália, SP. Revista Brasileira de Botânica, 23 (4), 371–
383.

19. Aguiar O.d. 2003Comparação entre os métodos de quadrantes e parcelas na caracterização da com-
posição florística e fitossociológica de um trecho de floresta ombrófila densa no Parque Estadual Car-
los Botelho–São Miguel Arcanjo, São Paulo, Dissertação de Mestrado. Universidade de São Paulo,
Piracicaba. 218p.

20. Husch B., Beers T.W. and Kershaw J.A. Jr 2002 Forest mensuration. JohnWiley & Sons.

21. MacDicken K.G., Wolf G.V. and Briscoe C. 1991 Standard research methods for multipurpose trees
and shrubs. Winrock International Institute for Agricultural Development, Forestry/Fuelwood Research
and Development Project (F/FRED).

22. Clark N.A., Wynne R.H. and Schmoldt D.L. 2000 A review of past research on dendrometers. Forest
Science, 46 (4), 570–576.

23. Rodriguez F., Lizarralde I., Fernández-Landa A. and Condés S. 2014 Non-destructive measurement
techniques for taper equation development: a study case in the Spanish Northern Iberian Range. Euro-
pean journal of forest research, 133 (2), 213–223.

24. Günther F. and Fritsch S. 2010 neuralnet: Training of neural networks. The R journal, 2 (1), 30–38.

25. R Core Team, 2013 R: A Language and Environment for Statistical Computing. Vienna, Austria, 2011.
Available: http://www.R-project.org.

Artificial Intelligence for Tree Stem Taper

PLOS ONE | DOI:10.1371/journal.pone.0154738 May 17, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/21638797
http://www.R-project.org


26. Liaw A. andWiener M. 2002 Classification and Regression by randomForest. R news, 2 (3), 18–22.

27. Feng G., Huang G.-B., Lin Q. and Gay R. 2009 Error minimized extreme learning machine with growth
of hidden nodes and incremental learning.Neural Networks, IEEE Transactions on, 20 (8), 1352–1357.

28. Demaerschalk J. 1972 Converting volume equations to compatible taper equations. Forest Science,
18 (3), 241–245.

29. Biging G.S. 1984 Taper equations for second-growth mixed conifers of northern California. Forest Sci-
ence, 30 (4), 1103–1117.

30. Bi H. 2000 Trigonometric variable-form taper equations for Australian eucalypts. Forest Science, 46
(3), 397–409.

31. LeeW.-K., Seo J.-H., Son Y.-M., Lee K.-H. and von Gadow K. 2003 Modeling stem profiles for Pinus
densiflora in Korea. Forest Ecology and Management, 172 (1), 69–77.

32. Kozak A. 2004 My last words on taper equations. The Forestry Chronicle, 80 (4), 507–515.

33. Metcalf C.J.E., Clark J.S. and Clark D.A. 2009 Tree growth inference and prediction when the point of
measurement changes: modelling around buttresses in tropical forests. Journal of Tropical Ecology,
25 (01), 1–12.

34. Gregoire T.G., Schabenberger O. and Kong F. 2000 Prediction from an integrated regression equation:
a forestry application. Biometrics, 56 (2), 414–419. PMID: 10877298

35. Eerikäinen K. 2001 Stem volumemodels with random coefficients for Pinus kesiya in Tanzania, Zam-
bia, and Zimbabwe.Canadian Journal of Forest Research, 31 (5), 879–888.

36. Kozak A. 1997 Effects of multicollinearity and autocorrelation on the variable-exponent taper functions.
Canadian Journal of Forest Research, 27 (5), 619–629.

37. Bellassen V., Le Maire G., Guin O., Dhôte J.-F., Ciais P. and Viovy N. 2011 Modelling forest manage-
ment within a global vegetation model—Part 2: Model validation from a tree to a continental scale. Eco-
logical modelling, 222 (1), 57–75.

38. Gomat H.Y., Deleporte P., Moukini R., Mialounguila G., Ognouabi N., Saya A.R. et al. 2011What fac-
tors influence the stem taper of Eucalyptus: growth, environmental conditions, or genetics? Annals of
forest science, 68 (1), 109–120.

39. Nogueira E.M., Nelson B.W., Fearnside P.M., França M.B. and Oliveira Á.C.A.d. 2008 Tree height in
Brazil's ‘arc of deforestation’: shorter trees in south and southwest Amazonia imply lower biomass. For-
est Ecology and Management, 255 (7), 2963–2972.

40. Lines E.R., Zavala M.A., Purves D.W. and Coomes D.A. 2012 Predictable changes in aboveground
allometry of trees along gradients of temperature, aridity and competition.Global Ecology and Biogeog-
raphy, 21 (10), 1017–1028.

41. Kempes C.P., West G.B., Crowell K. and Girvan M. 2011 Predicting maximum tree heights and other
traits from allometric scaling and resource limitations. PLoS One, 6 (6), e20551. doi: 10.1371/journal.
pone.0020551 PMID: 21695189

42. Socha J. and Kulej M. 2005 Provenance-dependent variability of Abies grandis stem form under moun-
tain conditions of Beskid Sądecki (southern Poland).Canadian journal of forest research, 35 (11),
2539–2552.

43. Socha J. and Kulej M. 2007 Variation of the tree form factor and taper in European larch of Polish prove-
nances tested under conditions of the Beskid Sądecki mountain range (southern Poland). J. FOR. SCI,
53 (12), 538–547.

44. Cutler D.R., Edwards T.C. Jr, Beard K.H., Cutler A., Hess K.T., Gibson J. et al. 2007 Random forests
for classification in ecology. Ecology, 88 (11), 2783–2792. PMID: 18051647

45. Baccini A., Laporte N., Goetz S., Sun M. and Dong H. 2008 A first map of tropical Africa's above-ground
biomass derived from satellite imagery. Environmental Research Letters, 3 (4), 045011.

46. Archibald S., Roy D.P., Wilgen V., BrianW. and Scholes R.J. 2009What limits fire? An examination of
drivers of burnt area in Southern Africa.Global Change Biology, 15 (3), 613–630.

47. Chichorro J.F., Resende J.L.P. and Leite H.G. 2003 Equações de volume e de taper para quantificar
multiprodutos da madeira em floresta atlântica. Revista Árvore, 27 (6), 799–809.

48. Nunes M.H. 2013 Stem profile modeling in Cerrado and tropical forests formations in Brazil, Universi-
dade de São Paulo.

49. Soares C.P.B., Martins F.B., Junior H.U.L., da Silva G.F. and de Figueiredo L.T.M. 2011 Equações hip-
sométricas, volumétricas e de taper para onze espécies nativas. Revista Árvore, 35 (5), 1039–1051.

50. Yang Y., Huang S., Trincado G. and Meng S.X. 2009 Nonlinear mixed-effects modeling of variable-
exponent taper equations for lodgepole pine in Alberta, Canada. European Journal of Forest Research,
128 (4), 415–429.

Artificial Intelligence for Tree Stem Taper

PLOS ONE | DOI:10.1371/journal.pone.0154738 May 17, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/10877298
http://dx.doi.org/10.1371/journal.pone.0020551
http://dx.doi.org/10.1371/journal.pone.0020551
http://www.ncbi.nlm.nih.gov/pubmed/21695189
http://www.ncbi.nlm.nih.gov/pubmed/18051647


51. Fonweban J., Gardiner B., Macdonald E. and Auty D. 2011 Taper functions for Scots pine (Pinus syl-
vestris L.) and Sitka spruce (Picea sitchensis (Bong.) Carr.) in northern Britain. Forestry, cpq043.

52. Menéndez-Miguélez M., Canga E., Álvarez-Álvarez P. and Majada J. 2014 Stem taper function for
sweet chestnut (Castanea sativa Mill.) coppice stands in northwest Spain. Annals of Forest Science,
71 (7), 761–770.

53. Castaño-Santamaría J., Crecente-Campo F., Fernández-Martínez J.L., Barrio-Anta M. and Obeso J.R.
2013 Tree height prediction approaches for uneven-aged beech forests in northwestern Spain. Forest
Ecology andManagement, 307, 63–73.

54. Kozak A., Munro D. and Smith J. 1969 Taper functions and their application in forest inventory. The For-
estry Chronicle, 45 (4), 278–283.

55. Diamantopoulou M.J. and Milios E. 2010 Modelling total volume of dominant pine trees in reforestations
via multivariate analysis and artificial neural network models. Biosystems engineering, 105 (3), 306–
315.

56. Leite H.G., da Silva M.L.M., Binoti D.H.B., Fardin L. and Takizawa F.H. 2011 Estimation of inside-bark
diameter and heartwood diameter for Tectona grandis Linn. trees using artificial neural networks. Euro-
pean Journal of Forest Research, 130 (2), 263–269.

57. Diamantopoulou M. and Özçelik R. 2012 Evaluation of different modeling approaches for total tree-
height estimation in Mediterranean Region of Turkey. Forest Systems, 21 (3), 383–397.

58. Özçelik R., Diamantopoulou M.J., Crecente-Campo F. and Eler U. 2013 Estimating Crimean juniper
tree height using nonlinear regression and artificial neural network models. Forest Ecology and Man-
agement, 306, 52–60.

59. Sando T., Mussa R., Sobanjo J. and Spainhour L. 2005 Advantages and disadvantages of different
crash modeling techniques. Journal of safety research, 36 (5), 485–487. PMID: 16298394

60. Özçelik R., Diamantopoulou M.J., Brooks J.R. andWiant H.V. Jr 2010 Estimating tree bole volume
using artificial neural network models for four species in Turkey. Journal of environmental management,
91 (3), 742–753. doi: 10.1016/j.jenvman.2009.10.002 PMID: 19880241

61. Kavzoglu T. 2009 Increasing the accuracy of neural network classification using refined training data.
Environmental Modelling & Software, 24 (7), 850–858.

62. AertsenW., Kint V., Van Orshoven J., Özkan K. and Muys B. 2010 Comparison and ranking of different
modelling techniques for prediction of site index in Mediterranean mountain forests. Ecological model-
ling, 221 (8), 1119–1130.

Artificial Intelligence for Tree Stem Taper

PLOS ONE | DOI:10.1371/journal.pone.0154738 May 17, 2016 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/16298394
http://dx.doi.org/10.1016/j.jenvman.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19880241

