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ABSTRACT

Background: The prediction of hollows in standing trees is an expensive operation, but it is essential 
for decision-making about harvesting in managed forests in the Amazon. The hollow test that is 
currently used has strong limitations for correct prediction of the presence of hollows in a tree of 
commercial interest. The objective of this research was to select and validate generalized linear logistic 
models to estimate the occurrence of hollows in trees of fifteen commercial species and to compare 
the efficiency of the models to the results from the traditional manual method of hollow testing in the 
state of Pará, Brazil. A database of 27,380 trees was used to adjust models by species. To validate the 
equations, 9,915 trees from an independent area were used. 

Results: Diameter at breast height (DBH), commercial height (hc) and stem quality (SQ) were 
important predictors of the occurrence of tree hollows, while wood density (WD) did not generate 
significant gains in the models. Species are determinants of the probability of a tree being hollow. 
From a DBH of approximately 100 cm, the probability of occurrence of hollows in the trees reaches 
about 80% for Manilkara bidentata (A. DC.) A. Chev., and for and Mezilaurus itauba (Meisn.) Taub. 
ex Mez and Astronium lecointei Ducke, for example, hollows occur in diameters of about 120 cm. 
Logistic equations are more efficient in predicting the presence of a hollow when a tree contains one, 
compared to the hollow test. 

Conclusion: It is possible to accurately predict the occurrence of hollows in commercial trees, which 
may be an alternative to the current hollow test used in managed areas in the Brazilian Amazon.

Keywords:  hollow trees; commercial trees; generalized linear models; logistic regression; tropical forests.

HIGHLIGHTS 

Species are determining factors for the probability of a tree being hollow.
The occurrence of hollows in trees tends to be greater from about 100 cm of DBH. 
Logistic equations outperform the hollow test in predicting the presence of hollow in trees.
It is possible to accurately predict the occurrence of hollows in commercial trees.
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INTRODUCTION

The presence of hollows in trees is a predominant 
characteristic of native tropical forests. Hollows develop 
mainly due to the action of fungi and insects (Gibbons and 
Lindenmayer, 2002), with the help of abiotic and stochastic 
factors, such as fire, wind, topography, precipitation, and 
damage to the stem (Liu et al., 2018; Salmona et al., 2018). 

In timber forest management areas, the presence 
of hollow trees presents important challenges, such as 
reduction of the volume of wood harvested and resulting 
negative financial impacts (Almeida et al., 2022), the 
need to increase the number of trees felled to reach the 
expected volume of wood (Danielli et al., 2016), lower 
yield of processed wood, increased generation of residual 
waste (Apolinário and Martius,  2004), and overestimation 
of commercial volume, which can interfere with planning 
(Nogueira et al. 2006), and the reduction of habitats for 
fauna dependent on tree hollows (Cockle et al., 2010; 
Gough et al., 2014), among others. 

 For these reasons, some of the authors cited above 
suggest that hollow trees should not be felled, which is also 
supported by the Execution Standard nº 1, of April 24, 2007, 
since the presence of hollows makes commercial utilization 
inviable (BRASIL, 2007). Therefore, forestry enterprises seek 
to reduce the number of harvested hollow trees, which 
requires a method of identification of hollows. 

  However, forestry enterprises in this region depend 
essentially on the hollow test and the empirical knowledge 
of the managers to predict the presence of hollows in the 
trees. The hollow test is performed by introducing the 
saber of a chainsaw into the trunk of the tree in a vertical 
position, so that the operator can evaluate indicators such 
as dark sawdust, the existence of mud or water, the level of 
resistance of the tree to cutting, among others (Nogueira et 
al., 2011). Some forestry enterprises stipulate an acceptable 
hollow diameter, which can vary from 15 to 25% of the tree 
diameter for sawmill species and approximately 8% for 
rolling mill species, and there may be a higher proportion 
in the case of species with high commercial value (Nogueira 
et al., 2011). 

Although the hollow test is currently an important 
tool in the Amazon region, which allows forest managers to 
make decisions on whether or not to cut a hollow tree, the 
use of this test can also result in errors in the detection of 
hollows and therefore cause the forester to end up cutting 
a substantial number of hollow trees (Eleutério et al., 2020; 
Medeiros et al., 2021; Santos et al., 2023). 

The activity of testing for hollows represents a 
relevant additional cost to forest management, especially 
due to the time and resources employed to perform the 
test on a tree that will eventually be replaced because 
of the presence of hollows in the stem (Batista, 2008). In 
addition, the hollow test is an invasive procedure capable 
of wounding and causing irreversible damage to the tree 
(Secco, 2011), so that the trees that are tested but not felled 
are subject to the attack of pathogenic agents. 

In this context, the application of probabilistic 
methods based on covariates obtained from the forest 

inventory may represent an alternative or complementary 
methodology for predicting the occurrence of hollows in 
commercial trees and, consequently, assist in the process 
of selecting trees for harvesting. Generalized logistic linear 
modeling is one of the approaches usually used when one 
wants to model a binary variable (Warton and Hui, 2011), 
such as the presence or absence of hollow trees. 

Logistic models have been tested for this purpose by 
several researchers in different forest typologies (Holloway 
et al., 2007; Fox et al., 2008; Zheng et al., 2009; Liu et 
al., 2018; Woolley et al., 2018). However, in the Brazilian 
Amazon, the methods for predicting the occurrence of 
hollows in trees have not been investigated, nor has the 
efficiency of the hollow test, except for the study by Santos 
(2020). Several studies have evaluated hollows together with 
other variables, for example, the influence of the presence 
of hollows in trees on volume and biomass (Nogueira et 
al., 2006), the presence of termite species that colonize 
the heartwood of living trees and the influence of tree 
dimensions and wood characteristics on the probability of 
heartwood decomposition (Eleuterio et al., 2020), and the 
effect of the occurrence of hollow trees on the volumetric 
and financial yield of a farm (Almeida et al., 2022). 

Considering the possibility of predicting the 
occurrence of hollows in trees by means of logistic models 
as an alternative to the hollow test, the objective of this 
study was to select and validate generalized linear logistic 
models to estimate the occurrence of hollows in trees of 
fifteen commercial species and to compare the efficiency of 
these models with the hollow test in the Tapajós National 
Forest, state of Pará, Eastern Brazilian Amazon.

MATERIAL AND METHODS

Area of study and data collection

The study was carried out in the Tapajós National 
Forest (TNF), a federal Conservation Unit (CU) located in 
the western region of the state of Pará, on the margins of 
the Santarém-Cuiabá Highway (BR-163), covering areas of 
the municipalities of Belterra, Aveiro, Placa and Rurópolis, 
between the geographic coordinates 2º 45 to 4º 10 ́S 
and 54º 45 ́ to 55º 30 ́W. The UC occupies an area of 
approximately 544,927 ha, where the Forest Management 
Areas that are destined, under a non-onerous concession, 
for community forest management are located.

The vegetation in the CU is classified as Dense 
Ombrophilous Forest, characterized by the dominance 
of large trees, palm trees and epiphytes, with a uniform 
canopy or with emergent trees (Gonçalves and Santos, 
2008). The climate is characterized as hot and humid (Am - 
Köppen) with an average annual rainfall of 2,000 mm. There 
is a dry season (August to November) with an average 
annual temperature of 25 °C.  The most common soil type 
is the Dystrophic Yellow Latosol, characterized by different 
textures, and is usually deep, acidic, and friable (Oliveira 
Junior et al., 2015). 
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The data used in this study were collected in twelve 
Annual Production Units (APUs) (Figure 1) located in the 
Forest Management Areas (FMA) called Ambé and Anambé 
II Projects in the TNF. Of these APUs, ten (numbered from 
03 to 12) were in the FMA Ambé Project and were managed 
from 2008 to 2017. The other two APUs (numbered 01 to 
02) were in FMA Anambé II and were managed in 2020 
and 2021. The areas of the twelve APUs ranged from 521 to 
2,242 ha, totaling approximately 15,596 ha managed. 

Data were obtained by means of censuses of 
commercial trees (diameter at 1.3 m height – DBH ≥ 50 cm) 
and by cubing the volume of selected and harvested trees. 
In the censuses, in addition to the measurement of DBH and 
visual estimation of commercial heights (hc), the species were 
identified by their regional name, and the scientific names 
were later identified in available digital databases and scientific 
publications (Cysneiros et al., 2018; Reflora, 2023; SFB, 2023). 

In the inventories, the stem quality (SQ) of the trees 
that could be commercialized was also identified, classifying 
them as: SQ1: stem without the apparent presence of defects, 
such as tortuosity and rot; SQ2: stem with the presence of 
defects, but which do not significantly impair the use of the 

wood; and SQ3: stem with major defects, which make it 
unfeasible to use the tree, making them non-commercial. 
According to criteria pre-defined by the forestry enterprise, 
only trees with SQ1 and SQ2 were harvested.

Hollows were identified and measured in the 
operation of cubing the marketable volume of the logs. In 
cases where the hollow occurred along the entire length 
of the log, two perpendicular measurements of the hollow 
diameter were obtained both at the larger end (D1 and D2) 
and at the smaller end (d1 and d2) of the log, which resulted 
in a mean diameter at each end, i.e., D and d. In these cases, 
the length of the hollow was equal to the length of the log. 
When the hollow did not occur along the entire length of 
the log, the diameter at the end of the log, as well as its 
length, were obtained.

Wood density (WD) was also tested in this study as a 
predictor of the occurrence of hollows in trees. Specific wood 
density values per commercial species were obtained based 
on the average of the values reported in the Global Wood 
Density Database (Zanne et al., 2009) and in the Brazilian 
Wood Database of the Forest Products Laboratories of the 
Brazilian Forest Service (SFB, 2023).

Figure 1: Location of the Tapajós National Forest and the Annual Production Units (APUs) along the Santarém-Cuiabá 
highway (BR-163), Pará, Brazil.
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For this study, the 15 (fifteen) commercial species 
with the highest number of trees harvested in the twelve 
APUs were considered, which represented 82% of the total 
(45,742) of trees harvested in the area. Data from 11 APUs 
(managed from 2008 to 2017 and in 2020) were used to 
adjust the models. To evaluate the predictive capacity of 
the models in an independent sample, but from the same 
forest management area, the data from APU 02, managed 
in 2021, were intended exclusively for the validation of the 
logistic equations obtained. 

The list of commercial species evaluated in this study is 
shown in Table 1, with the respective means and deviations of 
the predictor variables DBH and hc, as well as the mean wood 
density and the percentage of hollow trees per species. In 
addition to this information, an evaluation of the relationship 
between the dependent variable (occurrence of hollowness) 
and the independent variables was performed prior to the 
adjustments. A structural characterization of hollows, including 
diameter, at the species and tree level for the same area of the 
present study, can be found in Santos et al. (2023).

Binary logistic regression modeling

The logistic model of the binomial family (Expression 
1), which is part of the group of Generalized Linear 
Models (GLM), was used to estimate the binary variable 

occurrence of hollows at the tree level for the 15 species, 
obtaining specific equations per species. The adjustment of 
specific equations was justified by the fact that the species 
presented significant variation in the percentage of hollow 
trees, indicating that the characteristics of the species can 
influence the occurrence of hollow trees and, consequently, 
the response of logistic GLM. The covariates tested were 
DBH, hc, WD and SQ.

Species
Adjustment Validation

WD
(g cm-³)

Hollow 
Trees (%)n

DBH (cm) hc (m)
n

DBH (cm) hc (m)
ẋ SD ẋ SD ẋ SD ẋ SD

Apuleia leiocarpa (Vogel) J. F. Macbr. 695 90.8 17.8 20.1 4.1 195 79.2 16.5 19.6 3.5 0.79 28.2

Astronium lecointei Ducke 1,519 82.7 15.4 22.6 4.7 257 68.0 12.7 23.7 3.8 0.78 35.9

Couratari sp. 3,711 84.9 15.4 21.2 3.9 554 77.9 16.4 21.2 3.3 0.52 14.1

Dipteryx odorata (Aubl.) Willd. 466 79.7 15.9 17.1 3.6 311 72.7 15.1 15.2 3.7 0.92 38.9

Goupia glabra Aulb. 528 75.1 12.1 14.9 2.8 221 68.9 12.1 12.2 3.0 0.73 22.8
Handroanthus impetiginosus (Mart. ex 

DC.) Mattos
904 96.5 21.1 22.2 4.4 239 87.6 23.2 23.7 4.0 0.91 37.6

Hymenaea courbaril L. 2,051 99.8 18.4 24.4 4.3 657 84.6 18.4 25.4 3.6 0.77 16.9

Hymenaea parvifolia Huber 1,226 74.8 11.4 20.7 3.8 1,224 67.0 11.7 18.5 3.5 0.90 20.0

Lecythis lurida (Miers) S.A.Mori 3,570 78.5 14.5 17.4 3.9 648 65.5 12.6 15.7 3.8 0.85 14.8

Lecythis pisonis Cambess. 381 90.6 16.1 16.6 3.9 80 80.3 19.8 15.2 3.5 0.86 37.3

Manilkara bidentata (A. DC.) A. Chev. 330 65.2 10.6 16.4 4.3 230 61.7 9.2 14.2 3.5 0.87 30.4

Manilkara huberi (Ducke) A. Chev. 8,956 77.0 15.2 19.4 4.0 3,093 70.9 15.7 18.3 3.7 0.87 32.7

Mezilaurus itauba (Meisn.) Taub. ex Mez 1,912 74.6 14.0 15.9 4.7 1,783 67.5 12.2 12.8 4.1 0.74 55.2

Piptadenia suaveolens (Miq) 712 80.2 12.7 16.0 3.8 237 75.0 16.7 15.0 3.5 0.68 29.5

Pouteria oppositifolia (Ducke) Baehni 419 71.0 12.3 17.8 3.8 186 67.8 11.9 15.4 3.3 0.65 19.8

Total 27,380 9,915

Weighted averages 81.1 17.1 19.5 4.7 71.1 15.8 17.6 5.1 0.79 28.9

n = number of trees; DBH = diameter at breast height, obtained at 1.30 m above the soil; hc = commercial Height; WD = average wood density per 
species;  = mean; and SD = standard deviation.

(1)

Table 1: Samples used in the construction of Generalized Linear Logistic Models for fifteen species managed in the 
Tapajós National Forest, Eastern Amazon, Brazil.
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where p(Yi) is the probability of occurrence of hollow for 
i-th tree, Xn represents the predictor variables: diameter 
measured at 1.30 m above the soil (DBHi), commercial 
height (), average wood density per species (WDi), and stem 
quality (SQi) for the i-th tree, β0, β1 and βn represent the 
estimated coefficients, logit is the binding function of the 
logistic model, and ln is the natural logarithm.

The identification of the appropriate models was 
based on the Stepwise method, using the change in the Akaike 
Information Criterion (AIC) as a parameter for the individual 
inclusion or removal of each covariate, an approach similar to 
that used by Holloway et al. (2007), Zheng et al. (2009), Liu et 
al. (2018) and Woolley et al. (2018), for example. 
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The estimation of the coefficients of the models was 
performed using the maximum likelihood method, with the 
aid of the “glm” function of the R software (R Core Team, 
2023), using the binomial distribution function and the 
logit linkage function. The coefficients estimated on the 
logarithmic scale were transformed and presented on the 
probability scale. 

Adjustment evaluation and prediction analysis 

The evaluation of the adjustments was performed 
using the Wald test (significance of the coefficients) and the 
Hosmer and Lemeshow test (Hosmer et al., 2013), along 
with Pearson’s chi-square, which tests the null hypothesis 
that the models are adequately fitted, using the Chi-square 
statistic as a function of Pearson’s residuals. Additionally, 
this analysis used the Akaike Information Criterion – AIC, 
the distribution of residuals in half-normal plots for GLM 
for residuals evaluation, and a deviance analysis for GLMs. 

The prediction capacity (validation) of the models 
was evaluated by means of accuracy, which indicates the 
model’s ability to correctly predict the presence and absence 
of hollows in a tree (percentage of all correct answers), 
calculated from contingency tables (confusion matrices) 
(Hosmer et al. 2013). To construct the contingency tables 
for each model, the trees of the validation database were 
classified into two distinct groups (hollow = 1 and non-
hollow = 0), considering the probabilities estimated by the 
models and the cutoff points (CP) previously defined for each 
species, according to the methodology proposed in Hosmer 
et al. (2013). CPs represent the thresholds in the estimated 
probabilities that can best discriminate the trees as being 
hollow (estimated probability ≥ CP) or not hollow (estimated 
probability < CP), which allows the classification of new trees. 

In addition, the prediction of the models was 
also evaluated by means of ROC (Receiver Operating 
Characteristic Curve) curves and the respective Area Under 
the ROC Curve (AUC), considering that higher AUC values 
indicate better model performance (Fielding and Bell 
1997). AUC values usually range from 0.5 (equivalent to a 
chance result) to 1.0 (perfect performance). Values > 0.9 
are considered good, 0.7-0.9 moderate, and < 0.7 poor 
(Pearce and Ferrier, 2000). The distribution of the estimated 
probabilities of hollow occurrence was presented graphically 
as a function of the DBH, to evaluate possible trends in the 
chances of hollow occurrence as a function of the diameter 
size of the trees for each species. Statistical and graphical 
analyses were performed using the R computer program (R 
Core Team, 2023).

Comparison of the estimates with the hollow test 

After the selection and validation of the logistic 
equations, a comparison of their predictive capacity 
in relation to the hollow test was carried out, using as a 
parameter the hollow identification test result as listed 
in the packing list, since on this occasion it is possible to 
inspect the felled trees. 

For this analysis, only data from APU 02, managed 
in 2021, were considered. In this APU, the hollow test was 
carried out after the census forest inventory and before 
harvesting, with the objective of supporting the selection 
of trees to be harvested and guiding the cutting activity of 
these trees, thus avoiding the process of replacing hollow 
trees with others that could be harvested.

Of the trees inventoried in APU 02 (39,174 trees), 
23,200 (59%) belonged to the 15 species evaluated in this 
study, among which 15,401 trees were submitted to the 
hollow test. The hollow test was not performed in all the 
inventoried trees due to a previous selection, in which 
trees of non-commercial species and those considered 
seed bearers, threatened with extinction, among other 
criteria, were separated into a group that was not subject to 
harvest. After the hollow test, 9,368 trees of the 15 species 
were selected and harvested (Table 2), and these data were 
used in the present analysis. 

For these trees, the identification of the occurrence of 
hollows was compared by means of the following methods: (i) 
logistic GLM, (ii) hollow test and (iii) identification of hollows 
using the packing list of the harvested trees, the latter being 
the reference information (parameter). Contingency tables 
were generated and metrics of specificity (probability of 
classifying the event as absent when it did not actually occur) 
and sensitivity (probability of classifying the event as present 
when it actually occurred), as well as accuracy, were calculated 
to measure the efficiency of hollow detection methods.

RESULTS

There was a strong relationship between the 
occurrence of hollows in the trees and the available 
covariates, especially DBH, commercial height and stem 
quality. It was observed that the proportion of hollow trees 
is higher in the larger DBH classes, indicating that larger 
diameter trees are more likely to contain hollows (Figure 2A). 
On the other hand, there is a higher proportion of hollow 
trees in the shorter commercial height classes (Figure 2B). 

Regarding stem quality (SQ), it was found that 74% 
of the hollow trees were classified with SQ2 and only 26% 
with SQ1 (Figure 2C). Finally, a positive relationship was also 
observed between the occurrence of hollow trees and the 
average density of wood per species, with an increase in the 
percentage of hollow trees as the average density of wood 
of commercial species increased, although this trend was 
not significant (Figure 2D).

The models per species, obtained by means of the 
Stepwise method, are shown in Table 3, with the respective 
estimated coefficients and the statistics for the evaluation of 
the adjustments. It was found that the probability of a tree 
having a hollow was logistically related to DBH, commercial 
height and stem quality. All coefficients were significant (p 
< 0.05) according to the Wald test, except for those related 
to commercial height for L. pisonis and M. itaúba. The DBH 
and SQ variables were selected predictors in all models, and 
for commercial height in most of them. The covariate wood 
density was not significant in any of the models. 
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Species n nhollow

DBH (cm) hc (m) WD 
(g cm-³)ẋ SD ẋ SD

Apuleia leiocarpa 191 56 79.5 16.5 19.6 3.5 0.497

Astronium lecointei 246 72 68.6 12.6 23.7 3.8 0.650

Couratari sp. 544 83 77.8 15.8 21.2 3.3 0.480

Dipteryx odorata 294 129 73.6 14.7 15.4 3.7 0.912

Goupia glabra 194 53 69.1 11.2 12.4 3.0 0.748

Handroanthus impetiginosus 231 81 88.4 23.0 23.8 4.0 0.738

Hymenaea courbaril 641 103 84.9 18.3 25.4 3.6 0.394

Hymenaea parvifolia 1179 241 67.3 11.8 18.5 3.5 0.862

Lecythis lurida 600 85 66.1 12.5 15.7 3.9 0.643

Lecythis pisonis 66 23 77.6 18.8 15.5 3.6 0.476

Manilkara bidentata 215 53 62.0 9.1 14.3 3.5 0.713

Manilkara huberi 2853 1059 72.1 15.4 18.4 3.7 0.576

Mezilaurus itauba 1719 992 67.6 12.0 12.8 4.1 0.545

Piptadenia suaveolens 219 80 74.6 17.0 15.2 3.4 0.742

Pouteria oppositifolia 176 34 67.8 11.7 15.4 3.3 0.824

Total 9,368 3,144

Weighted averages 71.7 15.6 17.7 5.2

n = number of trees; nhollow = Number of hollow trees; DBH = diameter at breast height, obtained at 1.30 m above the soil; hc = commercial height; WD = 
average wood density per species;  = mean; and SD = standard deviation.

Table 2: Samples used to evaluate the efficiency of the Generalized Linear Logistic Models in relation to the hollow test, 
for fifteen species managed in the Tapajós National Forest, Eastern Amazon, Brazil.

Figure 2: Percentage distribution of hollow trees by (a) Center of DBH Class, (b) Center of commercial height class, (c) 
Stem Quality (SQ) and (d) relationship between hollow occurrence and average wood density by species.
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Species Predictor Parameter Estimate
Hosmer and 

Lemeshow test p (Pearson’s
chi-square test) AIC

χ2 p

Apuleia leiocarpa 

Intercept β0 -0.94875*

8.33 0.40 0.44 818.1
DBH β1 0.01311*
SQ1 β2 -2.72601*
SQ2 β3 -2.07146*

Astronium lecointei

Intercept β0 -0.59480*

12.84 0.12 0.57 1,832.8
DBH β1 0.04706*

hc β2 -0.05407*
SQ1 β3 -3.26979*
SQ2 β4 -3.22195*

Couratari sp.

Intercept β0 -1.81874*

2.33 0.97 0.49 2,970.1
DBH β1 0.01245*

hc β2 -0.02633*
SQ1 β3 -2.61649*
SQ2 β4 -2.19327*

Dipteryx odorata

Intercept β0 -0.61998*

5.62 0.69 0.46 585.7
DBH β1 0.02854*
SQ1 β2 -3.29936*
SQ2 β3 -2.87903*

Goupia glabra

Intercept β0 -1.32360*

6.45 0.60 0.42 527.9
DBH β1 0.01889*

hc β2 0.14488*
SQ1 β3 -5.55688*
SQ2 β4 -4.94069*

Handroanthus 
impetiginosus

Intercept β0 -0.47324*

10.35 0.24 0.48 1,165.6
DBH β1 0.02221*

hc β2 -0.03082*
SQ1 β3 -2.06880*
SQ2 β4 -1.86641*

Hymenaea courbaril

Intercept β0 -1.58104*

5.92 0.66 0.51 1,737.6
DBH β1 0.03580*
SQ1 β2 -5.59365*
SQ2 β3 -5.00113*

Hymenaea parvifolia

Intercept β0 -1.39755*

12.60 0.13 0.43 1,183.6
DBH β1 0.04087*
SQ1 β2 -4.82061*
SQ2 β3 -4.42351*

Lecythis lurida

Intercept β0 -1.74452*

4.18 0.84 0.50 2,905.2
DBH β1 0.02939*
SQ1 β2 -4.37865*
SQ2 β3 -3.95541*

Lecythis pisonis

Intercept β0 -0.55450*

14.25 0.08 0.44 486.2
DBH β1 0.02458*

hc β2 0.05045ns

SQ1 β3 -4.19411*
SQ2 β4 -3.50802*

Table 3: Estimated coefficients and adjustment statistics used to evaluate generalized linear models tested to estimate the 
probability of hollow occurrence in trees of fifteen species managed in the Tapajós National Forest, Eastern Amazon, Brazil.

Continue...
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Invariably, the coefficient related to DBH causes 
an increase in the probability of hollow occurrence as the 
value of the tree diameter increases. On the other hand, 
the coefficients related to the quality of the stem cause a 
decrease in the probability of occurrence of hollows, however, 
the effects are in different proportions. Trees with QF1 are 
more likely to not have a hollow compared to trees with 
QF2. The variable commercial height has a different effect 
on the probability of occurrence of hollows, depending on 
the species. For the species G. glabra, L. pisonis, M. huberi, P. 
suaveolens and P. oppositifolia, there is a greater probability 
that a tree will have a hollow the greater its commercial 
height, differently from what occurs for the other species.

According to the Hosmer and Lemeshow test, all 
models provided adequate estimates, with no evidence of a 
statistically significant difference (p ≥ 0.05) in relation to the 
observed values (Table 3). Similarly, Pearson’s chi-square test 
indicated that all models were adequately adjusted to the 
data (p ≥ 0.05). Although they do not lend themselves in this 
evaluation to the comparison of equations for the same data 
set, the lowest values of AIC for the equations of the species 

M. bidentata (397.6) and P. oppositifolia (397.7), for example, 
indicated greater quality and simplicity in relation to the 
other equations, even with a similar number of variables.

The residual analysis showed no discrepant values, 
and the distribution was within the simulated confidence 
envelopes (Figure S1). In general, the deviance analysis for 
GLMs showed that the deviations of the predictor variables 
were significant in all cases, except for the commercial 
height variable in four of the fifteen equations (Table S1). 
In addition, for the equation of the species Couratari sp., 
for example, there was a reduction of 42.4% in the variance 
from the null model (5,145) to the model with all the 
selected predictor variables (2,962). Relevant reductions 
in variance were also observed for the equations of the 
species L. lurida, H. courbaril, P. oppositifolia, among others.  

When applied to the validation data, the logistic 
equations showed an average accuracy of 68%, reaching 
80% for the specific equation of the species L. lurida (Table 
4). The AUC values remained close to what is classified in 
the literature as moderate, reaching 0.75 for the equation 
selected for the species H. impetiginosus. The cutoff points, 

Species Predictor Parameter Estimate
Hosmer and 

Lemeshow test p (Pearson’s
chi-square test) AIC

χ2 p

Manilkara bidentata

Intercept β0 -0.67950*

6.22 0.62 0.48 397.6
DBH β1 0.06148*
SQ1 β2 -4.57106*
SQ2 β3 -4.81083*

Manilkara huberi

Intercept β0 -0.78729*

9.95 0.27 0.39 10,583.7
DBH β1 0.03005*

hc β2 0.04290*
SQ1 β3 -4.36718*
SQ2 β4 -3.83153*

Mezilaurus itauba

Intercept β0 0.09421*

10.48 0.23 0.47 2,572.5
DBH β1 0.03155*

hc β2 -0.01969ns

SQ1 β3 -2.33688*
SQ2 β4 -1.87770*

Piptadenia suaveolens

Intercept β0 -0.97504*

11.46 0.17 0.45 834.0
DBH β1 0.01299*

hc β2 0.05401*
SQ1 β3 -3.05248*
SQ2 β4 -2.86884*

Pouteria oppositifolia
 

Intercept β0 0.24702*

11.64
 

0.17
 

0.63
 

397.7
 

DBH β1 1.03315*
hc β2 1.08747*

SQ1 β3 0.00162*
SQ2 β4 0.00571*

* = significant coefficient according to the Wald test (p < 0.05); ns = coefficient not significant according to the Wald test (p ≥ 0.05);  χ2 = chi-square statistic 
from the Hosmer and Lemeshow test; p = exact value of the statistical significance of the Hosmer and Lemeshow test and Pearson’s chi-square test, at 
5% probability of error; AIC = Akaike Information Criterion;  β0, β1, β2, β3 and β4 = estimated coefficients; DBH = diameter at breast height, obtained at 1.30 
m from the soil; hc = commercial height; SQ = Stem Quality.

Table 3: Continuation.
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also presented in Table 4, varied significantly among the 
species (from 0.141 to 0.552), confirming the importance of 
defining them specifically by species.

For most species, the probability of hollow presence 
increased markedly in trees with DBH larger than approximately 
80 cm, whose species strongly influenced the presence of 
hollows (Figure 3). For M. bidentata, a marked increase in the 
probability was observed in trees with DBH larger than 50 cm, 
reaching more than 80% probability of hollow occurrence in 
trees with DBH of approximately 100 cm. 

Stems of A. lecointei and M. itauba, had a probability 
of approximately 80% of having a hollow in DBH of about 120 
cm.  These species had greater probability of having hollows 
compared to most other species.  Stems of L. pisonis and M. 
huberi tend to have a higher probability of hollow occurrence 
(about 80%) with greater DBH (approximately 160 cm).   On 
the other hand, the probability of the presence of a hollow 
was between 20 and 40% even for the largest trees (DBH > 
150 cm) for Couratari spp. and P. suaveolens (Figure 3).

The metrics for evaluating the predictive capacity 
of the hollow test and logistic equations are presented in 
Table 5, which were generated from contingency tables. By 
means of the hollow test, the specificity was higher than 
97% for all species, indicating a high degree of accuracy in 
the definition of the absence of hollows when the trees do 
not really have a hollow. However, the ability of the test to 
predict the presence of hollows when the trees have one is 
low, so that the sensitivity was on average 4.7% considering 
the fifteen species. 

The logistic equations, on the other hand, showed 
more expressive sensitivity values, indicating that they 
have a greater capacity to correctly predict the presence 
of hollows when compared to the hollow test. Among the 
3,144 hollow trees of the fifteen evaluated species, it was 

possible to predict the presence of hollows in 158 trees 
by means of the hollow test, while by means of logistic 
equations this prediction was 977 trees. In addition to 
presenting greater sensitivity, the logistic equations also 
presented a high degree of specificity (on average 84%). 
In general, the accuracy was similar for both methods, 
although with higher values for the hollow test (Table 5), 
which was influenced by the higher degree of accuracy in 
predicting the absence of hollow (specificity).

DISCUSSION

All the covariates tested showed a high predictive 
capacity of the occurrence of hollow trees in the study area, 
except for wood density. It was found that trees with higher 
DBH are more likely to contain hollows, and there is a strong 
logistic relationship between these variables. Hollows are 
commonly assumed to occur in large, old, senescent trees 
(Gibbons and Lindemayer, 1997), which have been physically 
damaged and better able to withstand hollows (Salmona et 
al., 2018). Although there are many factors responsible for the 
distribution and development of hollows in trees, tree size 
tends to be a predominant factor (Lindenmayer et al., 2000). 

The biotic and abiotic processes that lead to the 
formation of hollows in trees have more time to take 
effect (and produce larger hollows) on older, thicker, and 
shorter trunks (more deteriorated by branch breakage) 
(Lindenmayer et al., 2000; Gibbons and Lindenmayer, 
2002). The longer the tree remains standing, the greater the 
risks of stochastic events (fires, winds, among others) that 
promote the development of hollows (Lindenmayer et al., 
2000). Thus, larger and older trees, with parts of the canopy 
lost due to deterioration, probably contain more hollows 
and these are increasingly larger (Inions et al., 1989).

Species Accuracy (%) AUC CP
Apuleia leiocarpa 65 0.63 0.282

Astronium lecointei 71 0.71 0.359
Couratari sp. 71 0.58 0.141

Dipteryx odorata 59 0.60 0.389
Goupia glabra 71 0.60 0.228

Handroanthus impetiginosus 69 0.75 0.376
Hymenaea courbaril 78 0.68 0.169
Hymenaea parvifolia 75 0.67 0.200

Lecythis lurida 80 0.61 0.148
Lecythis pisonis 63 0.70 0.373

Manilkara bidentata 66 0.67 0.304
Manilkara huberi 68 0.69 0.327
Mezilaurus itauba 53 0.62 0.552

Piptadenia suaveolens 60 0.55 0.295
Pouteria oppositifolia 71 0.62 0.198

Average 68 0.65 0.289

Table 4: Accuracy and value of the area on the ROC curve (AUC), used to measure the predictive capacity of logistic 
equations, and cutoff points (CP), used as a threshold for classifying trees according to the presence or absence of hollows.
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On the other hand, it was found that trees with 
shorter commercial height have a higher incidence of 
hollows. Fox et al. (2008) also observed similar behavior 
when evaluating the relationship between the proportion 
of trees with hollows and the variables DBH and commercial 
height in state forests in central and eastern Victoria, 
Australia. According to these authors, a shorter commercial 
height may indicate, for example, a tree with a bad shape 
or with a dead or broken crown, in addition to other defects 
such as a hollow or tortuous trunk, the presence of termite 

galleries, rot or fungal infection, and fire scars, among 
others. In this context and supported by the literature, 
Fox et al. (2008) reported that it is plausible that trees 
with shorter commercial height are more prone to hollow 
formation than healthy trees with larger heights. 

Considering that commercial trees of shorter height, 
in general, may be found in intermediate positions in the 
forest below the canopy, it is assumed that they may be 
more susceptible to the negative effects of competition,  
which can cause, for example, the detachment of 

Figure 3: Probabilities of occurrence of hollow trees estimated for fifteen commercial species managed in the Tapajós 
National Forest, Eastern Amazon, Brazil.
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branches, generating means of entry for pathogenic 
agents and water infiltration, as well as the occurrence 
of injuries caused by the detachment of branches from 
dominant trees and the reduction of the potential to 
combat pathogenic agents, among other consequences, 
which can maximize the incidence of hollows (Holloway et 
al., 2007; Vanclay, 2022; Santos et al., 2023).

The classification of the trees according to the 
quality of the stem was also important in the prediction 
of the occurrence of hollows. These results indicate that 
the empirical classification of stem quality based on 
visual characteristics of the stem is strongly related to the 
presence of hollows in the trees. Hollow trees with lower 
stem quality (SQ2) were more than 70% when compared 
to those with better stem quality (SQ1). Therefore, it can 
be inferred that commercial stems that are more tortuous 
and tapered and with signs of the presence of a hollow 
(such as the occurrence of lesions, termite mounds, 
presence of dark secretions along the trunk, broken 
branches) are more likely to contain hollows. Regarding 
the form of the stem, the literature indicates that it is a 
determinant variable of the incidence of hollows (e.g., 
Gibbons, 1999). According to these authors, trees with a 
more compact morphology (and generally shorter total 
heights) are much more likely to contain hollows than 
trees with higher form quality. 

The Stepwise method indicated that DBH and SQ 
were essential in all models, and commercial height in 
most of them. Although hollow formation is an intrinsically 
stochastic event and difficult to model statistically (Fox et al., 
2008), the efficiency of these three covariates for predicting 
the probability of occurrence of hollows was confirmed. 
Similar results were verified by Zheng et al. (2009) in specific 
logistic models for 16 native species in China and by Fox et 

al. (2008), who mainly indicated DBH as one of the most 
important variables to predict the presence or absence of 
hollow trees in a native forest in Victoria, Australia.

Most of the selected equations showed a high 
degree of accuracy and moderate AUC values, indicating 
that they are adequate and can generate accurate 
predictions of the occurrence of hollows in commercial 
trees. It should be noted that the predictability of the 
equations was tested using data from an independent 
area, but still from the same region, which conferred 
validity and rigor to this test. For all species, there was a 
trend towards an increase in the estimated probability of 
hollow occurrence as DBH increased (Figure 3), similar to 
the findings of Zheng et al. (2009), Onodera et al. (2013), 
Salmona et al. (2018) and Liu et al. (2018), for example. In 
a study conducted in the Xishuangbanna National Nature 
Reserve, southwest China, it was found that the probability 
of hollow presence increased from 4.4% in the tree with 
the lowest DBH (5 cm) to 99.1% in the tree with the highest 
DBH (254.78 cm) (Liu et al., 2018). 

As shown in Figure 3, these species have different 
degrees of probability of hollow occurrence. This 
demonstrates the variation in the probability of occurrence 
of hollows depending on the species and, consequently, the 
need to consider the characteristics of each species in the 
definition of criteria for the management of hollow trees. 

These results are important for the improvement 
of forest management practices in the Amazon region, 
in addition to helping to understand the occurrence of 
hollows in native trees in this region. According to Almeida 
et al. (2022), in the selection of trees for harvesting, not only 
the species with the highest occurrence of hollows deserve 
special attention, but also the diameters in which this defect 
is most prevalent. 

Species
Hollow test Logistic equations

Spec. (%) Sens. (%) A (%) Spec. (%) Sens. (%) A (%)
Apuleia leiocarpa 97.8 5.4 70.7 78.5 30.4 64.4

Astronium lecointei 98.3 4.2 70.7 92.0 19.4 70.7
Couratari sp. 99.8 1.2 84.7 77.2 32.5 70.4

Dipteryx odorata 99.4 8.5 59.5 88.5 24.0 60.2
Goupia glabra 100.0 11.3 75.8 90.8 15.1 70.1

Handroanthus impetiginosus 99.3 1.2 64.9 84.0 43.2 69.7
Hymenaea courbaril 99.8 2.9 84.2 87.9 29.1 78.5
Hymenaea parvifolia 99.5 3.3 79.8 84.5 34.0 74.2

Lecythis lurida 99.2 2.4 85.5 88.5 24.7 79.5
Lecythis pisonis 100.0 8.7 68.2 81.4 26.1 62.1

Manilkara bidentata 99.4 3.8 75.8 69.1 50.9 64.7
Manilkara huberi 98.8 6.3 64.5 86.7 34.4 67.3
Mezilaurus itauba 99.3 4.3 44.5 85.8 28.7 52.9

Piptadenia suaveolens 99.3 7.5 65.8 79.1 25.0 59.4
Pouteria oppositifolia 99.3 0.0 80.1 80.3 29.4 70.5

Spec. = Specificity; Sens. = Sensitivity; A = Accuracy.

Table 5: Comparison of the ability to predict the occurrence of hollows in trees by means of the hollow test and logistic 
equations, both compared to the observation of hollows in felled trees.
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In this sense, Eleuterio et al. (2020) also suggested that, 
in managed forests, tree selection criteria should consider the 
susceptibility of tree species to the development of hollow 
stems. These authors found that the heartwood hollow area 
increases with the basal area of the tree trunk and, therefore, 
indicated that a maximum DBH (in addition to a minimum 
DBH) should be considered in the selection of trees for 
logging. This would make it possible to reduce the loss of 
hollow trees, which are important for biodiversity, as well as to 
avoid economic losses due to waste from felling (Macpherson 
et al., 2012). In the same light, Almeida et al. (2022) suggested 
avoiding the harvesting of hollow trees above 95 cm DBH, 
where there is a higher probability of occurrence of this defect, 
which should be based on studies that consider the pattern of 
occurrence of hollows by species and by diameter class.

In the present study, it was found that after an 
approximate DBH of 80 cm, the probability of occurrence 
of hollow occurs increases markedly for most of the species 
evaluated. It is assumed that starting at this diameter, the 
probability of a tree containing a hollow may be relevant, 
indicating the need for greater attention in the selection of 
trees from these larger diameter sizes. This information is 
essential for decision-making in the selection of trees to be 
exploited. Forestry enterprises can use both the estimated 
probabilities of occurrence of hollows at the tree level and 
the classification of trees as hollow or non-hollow. 

Obviously, in addition to the presence and size of 
hollows, other factors can influence the decision to cut a tree, 
notably the diameter of maximum volumetric production. 
However, with respect to promoting greater sustainability of 
forest management in the Amazon, the definition of optimal 
cutting diameters per species should consider the criteria of 
maximum volumetric production (Andrade et al., 2019; Canetti 
et al., 2021) with respect to the probabilities of hollow occurrence 
in trees. These are complementary criteria, considering that 
the larger the diameter, the smaller the volumetric increment 
and the greater the chance of occurrence of hollows.

In due course, it should be mentioned that the relevant 
literature contains research that opposes the maintenance of 
hollow trees in the forest. Higuchi (2010) argues that hollow 
trees should be harvested to give opportunities to healthy 
and qualified trees in response to increases in the availability 
of water, light and nutrients. This author adds that hollow 
trees, in general, emit more carbon than they sequester, thus 
negatively affecting the balance of exchanges between the 
biosphere and the atmosphere. It is argued that, in the long 
run, the process of replacing hollow trees and maintaining 
them in the forest can generate an accumulation of trees 
with no economic value in the remaining stock (Almeida et 
al., 2022; Louchard, 2022). As an alternative, these authors 
recommended not discarding hollow trees at harvest, in 
addition to indicating that it should be possible to use 
reserve trees to complete the authorized volume.

In principle, one of the alternatives may be to define 
criteria that provide a balance between harvesting and 
maintaining hollow trees in the forest. As observed in the 
present study, certain species have a high probability of 
occurrence of hollows in larger DBH trees and these hollows 
may be proportionally larger. For these species, priority should 

be given to harvesting trees in the smallest diameter classes, 
and in the larger classes, hollow trees in competition with 
commercial species could be exploited. On the other hand, 
some species have little chance of developing hollows in their 
trees, which allows for the harvesting of trees with larger DBH.

It should also be considered that hollow trees are 
essential resources for many wild animals, performing 
an important ecological function (Lindenmayer et al., 
2000; Gibbons and Lindenmayer, 2002). By comparing 
the abundance of hollows and nesting of birds in hollows 
between a primary (unharvested) forest and a selectively 
harvested one, both in the humid subtropical Atlantic Forest 
in Argentina, it was shown that the exploited forest had nine 
times fewer hollows suitable for bird nesting and seventeen 
times fewer active nests (Cockle et al., 2010). In view of this, 
the authors suggested the maintenance of large living trees 
with hollows in management areas in tropical forests. 

The results of the evaluation of the efficiency of the 
logistic equations indicated that, in the study area, it could be 
more efficient to predict the occurrence of hollows in the stem 
of commercial trees using the logistic equations, as opposed 
to the use of the traditional hollow test. It is believed that 
the prediction of hollows through modeling can also result 
in a reduction of the operational cost related to the hollow 
testing activity. In addition, not performing the hollow test, at 
least on most trees, will reduce the perforation of the trunk of 
trees that will not be felled, which can minimize the opening 
of access channels for wood deteriorating agents.

Although the accuracy (percentage of all correct 
answers) was similar for both methods of hollow prediction, 
the analysis of sensitivity and specificity metrics was essential 
to indicate the efficiency of the logistic equations. The results 
indicated that, by means of the hollow test, it was possible 
to indicate with a high degree of accuracy the absence of 
hollows in the trees (specificity). However, this is a strong 
indication that the test is biased and in fact inaccurate 
since it classifies most trees as non-hollow when in fact the 
occurrence of hollow is relevant. Louchard (2022) raised this 
issue in his study conducted in a management area in the 
Saracá-Taquera National Forest in the state of Pará. Based 
on the results of this analysis, the author indicated that the 
hollow test and the evaluation made by the operator caused 
the predicted amount and frequency of hollow trees or trees 
with large hollow dimensions to be lower, when in fact the 
occurrence was high in some repetitions of the experiment.

In a forest management area, where the general 
objective is to reduce the harvest of hollow trees, accurately 
estimating the occurrence of hollows when the tree has a 
hollow is an especially important result. Correct estimates in 
these cases can avoid harvesting hollow trees, which do not 
generate enough yield after processing and most often do 
not cover the costs of harvesting, transporting, and sawing. 
Failure to properly identify hollows results in the harvesting 
of many hollow trees, which are sectioned and sometimes 
have their logs discarded while still in the forest or, later, at 
the wood processing facility (Amaral et al., 1998; Secco, 2011).

Although it is a method widely used today in areas 
under forest management in the Amazon, the results indicated 
that the hollow test has serious limitations to detect the 
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presence of hollows in trees. For the species H. impetiginosus, 
for example, of the 81 effectively hollow trees, the hollow test 
correctly predicted the presence of hollows in only one; the 
logistic equation for this species, on the other hand, indicated 
the presence of hollows in 46 of these trees. Similarly, for the 
species M. bidentata, which had 53 hollow trees, the hollow 
test indicated the presence of hollows in two trees, while the 
logistic equation indicated that 27 trees were hollow. 

The low efficiency of the hollow test was also 
highlighted by Trockenbrodt et al. (2002), in a pilot study 
carried out in managed tropical forests in Sabah, Malaysia. 
One of the factors that may explain the difficulty in detecting 
hollows by means of the hollow test is that some trees present 
this defect only in the central (middle) and/or upper part of 
the stem, leading the manager to a wrong result regarding 
the occurrence of hollow, since the test is performed at the 
base of the tree (Santos et al., 2023). In addition, the detection 
errors of the hollow test can be maximized for trees with 
large diameters, considering that in these cases it becomes 
more difficult to access the hollows (Eleuterio et al., 2020).

The results of this study will aid managers in the 
selection of harvestable trees and will allow them to prioritize 
the harvest of trees with a lower probability of having a hollow. 
With respect to forestry legislation, these results will help to 
define management criteria related to hollows specifically for 
the principal commercial species, as well as to identify diameter 
limits for harvest based on the probability of hollow occurrence.

CONCLUSIONS

The occurrence of hollows in commercial trees presents 
a logistical relationship with diameter at 1.3 m above the soil 
(DBH), the commercial height, and the quality classification of 
the stem. The probability of a tree being hollow depends on 
the species and in general tends to increase markedly as DBH 
increases, reaching a probability of hollow occurrence of about 
80%in stems of DBH about 100 cm for Manilkara bidentata, and 
about 120 cm for Astronium lecointei and Mezilaurus itauba, 
for example. The logistic equations selected for the fifteen 
species evaluated in this study are valid and can be used in 
forest management to predict the probability of occurrence of 
hollows in newly inventoried trees, and significantly improves 
upon the currently applied hollow test. These estimates can 
be used as an alternative or complementary resource in the 
process of selecting trees for harvesting, with the objective of 
reducing the number of hollow trees felled.
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