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Abstract
There has been an increasing global demand for more sustainable production systems, 
especially in what concerns goods produced from natural tropical forests. The lumber 
industry in the Brazilian Amazon region produces a significant volume of lumber, and as a 
consequence of frequent non-optimal procedures, considerable amounts of waste are gen-
erated. In order to optimize the timber production and to minimize the environmental dam-
age associated with low yields of sawmills, two features are indispensable: the lumber yield 
and the quality of the logs. The aim of this research was to analyze the wood quality and 
lumber yield of logs of tree species harvested from natural stands in the Amazon rainfor-
est. A total of 120 logs from 21 tree species were harvested from natural stands in the state 
of Pará, Brazil, and analyzed for wood quality. Out of these, 60 logs were evaluated for 
lumber yield. The most common defects found in the logs were flattening, surface cracks, 
and eccentricity of the pith. By means of the principal component analysis, the Mezilaurus 
itauba, Protium decandrum, and Caryocar villosum species stood out. The average lumber 
yield was 45%. The Bowdichia nitida and C. villosum species presented the highest yield 
values (average of 63%). There was a trend of correlation between the lumber yield and the 
quality of the logs. Based on the methodology used to analyze the quality of the logs, infer-
ences can be made on the yield of the logging and, consequently, the sustainability of the 
timber industries in the Brazilian Amazon.
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1  Introduction

The production of Amazonian lumber in Brazil has the potential to be a sustainable 
industry, including the optimization and valuation of forest trees and generation of jobs 
and income for the region, especially for traditional communities and smallholder (For-
tini and Carter 2014; Ribeiro et al. 2014; Waldhoff and Vidal 2015). However, the tim-
ber supply of tropical forests has been greatly impacted by growing deforestation asso-
ciated with restrictive timber harvest laws (Sousa et al. 2016; Lipscomb and Prabakaran 
2020). Production of tropical sawnwood in Latin America declined 11% in 2015 to  
5.9 million m3, recovering slightly in 2016 to 6.0 million m3. Brazil accounts for 46% of 
the region’s production (ITTO 2017). Brazil’s tropical roundwood production is mainly 
concentrated in the northern states of Pará, Amazonas and Mato Grosso (ITTO 2017). 
Among the challenges for the sector improvement, study of the raw material quality and 
yield of the sawed wood production can be highlighted.

In the Amazon region, the state of Pará is known for having the largest productive 
area with native tropical forest in Brazil, and it has the potential for the exploitation of 
wood from sustainable forest management plans, as well as highlighting the concentra-
tion of companies that produce mainly for the production of doors, floors, and furni-
ture (ABIMCI 2016). According to ABIMCI (2016), these tropical forest species are 
marketed according to a categorization of economic value groups, which are divided 
into noble, red, mixed, and white. These groups are defined according to the market-
ing value, availability of the raw material and quality of the wood (Sousa et al. 2020). 
Within this context, is important to define the volumetric lumber yield per log for tropi-
cal tree species in order to ensure stock compatible with consumer requirements.

Thus, for the better use of the logs in the sawmills, some aspects must be taken into 
account. The quality of the logs, for example, according to Vital (2008) and Melo et al. 
(2019), affects the yield and efficiency of a sawmill, as it also influences the quality of 
the lumber and, consequently, the price of the final product. In addition, forest manage-
ment techniques and silvicultural treatments such as pruning can improve the quality of 
logs (Nassur et al. 2013). Despite the great potential of timber and the important role of 
the Amazon in supplying wood to the market, information on Amazon sawmill yields is 
scarce. This has led to discussions by timber companies wishing to invest in the region, 
given that the absence data and concrete knowledge makes it difficult to estimate finan-
cial returns and, measuring the impacts caused by logging.

According to Li et al. (2016), the investment in models of primary breakdown should 
be encouraged in sawmill operations to improve lumber yield and enhance the sustain-
ability of the production systems, because, for a given amount of lumber, improving 
process yield means reduced demand for new areas. Thus, the correlation between the 
lumber yield and the quality of the logs can improve the use of raw material, which con-
tributes to a more sustainable production in the Amazonian region. The sustainability of 
sawmills in the Amazon region depends on diversified resource management system in 
which many tropical species overexploited are replaced with others with similar wood 
properties and sufficient growth stock (Sears et al. 2007; Reis et al. 2019). In addition, 
timber industry should integrate strategies for harvesting forest products and generating 
lumber products in sawmills (Fuentealba et al. 2019) as well to incorporating knowledge 
and modern technologies to obtain gains regarding primary breakdown, according to the 
quality of the logs (Bonato Junior et al. 2017).
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Recently, some studies have been carried out to quantify logging yield of tropical 
species (Garcia et  al. 2012; Danielli et  al. 2016; Melo et  al. 2016, 2019; Marchesan 
et al. 2018; Mendoza et al. 2019; Stragliotto et al. 2019). The latter authors indicated 
that the small number of commercial forest species, coupled with the heterogeneity of 
the Amazonian rainforest and the low technological level of the timber industries, make 
the use of the raw material low, thus generating large amounts of waste (approximately, 
30–65% of the initial log volume). On the other hand, the use of waste in sawmills for 
power generation has the potential to make industries self-sufficient in electricity (Mon-
teiro et al. 2017). This fact makes wood production more sustainable, having less green-
house gas emissions, especially in countries that use non-renewable energy sources 
(Gustavsson et  al. 2007; Kayo et  al. 2015). Once, with the energy use of forest and 
sawmill wastes, there is carbon emission reduction (Kayo et al. 2015). Thus, the good 
practices in logging and primary breakdown in the sawmill, e.g., use and minimization 
of the wood wastes production, are directly associated with the lumber yield. In addi-
tion, according to climate change mitigation policies, energy prices at sawmills may 
change (Packalen et al. 2017).

Therefore, it is of fundamental importance that the quality of the extracted wood 
is previously analyzed, which will consequently lead to an increase in the yield of the 
extracted raw material. Considering that according to Asner et al (2009), the intensity 
of the extraction is interrelated to impacts ecological, which in turn determines that a 
great deal of the damage is caused during and after the extraction of wood. Therefore, 
the industrial technological advance is fundamental for the maximum use of the raw 
material, being directly connected to the conservation of forest resources (Marchesan 
et al. 2018).

The sustainable production of Amazonian lumber on a large scale can contribute to 
making the use of this material in civil construction and higher-value products that are 
environmentally appropriate. This is because wood is considered to be the most eco-
logical material when compared to its substitutes, such as concrete, iron, steel, and 
aluminum, when considering the materials’ life cycle analyses (Knight et  al. 2005; 
Gustavsson and Sathre 2006; Chiniforush et  al. 2018). Despite all efforts to promote 
sustainable use of timber resources in tropical forests, for example, management crite-
ria at a species level and considering specific growth patterns and ecological features 
(Andrade et al. 2019); there is a lack of knowledge about lumber yield and tropical logs 
quality as a subsidy for improving the sustainability indicators of sawmills in the Ama-
zon. One of these indicators is the minimization of waste generated during the process-
ing of logs, but to achieve this goal is necessary establish methods for assessing the 
quality of logs, analyze the current values of lumber yield, and define the impact of log 
defects on the sawmill production. Hence, it is necessary know the technical-scientific 
criteria and apply them in the Amazonian timber industries, to continue to advance eco-
nomic, social, and environmental benefits through the sustainable use of wood from the 
world’s largest tropical forest (Bila et al. 2016). Finally, the novelty and relevance of the 
research rely on the assessment of the quality of logs and the volumetric lumber yield 
of many tropical tree species, definition of scientific criteria for classification of logs to 
sawmill and, discussions on the relation between process yield, log defects and, sustain-
ability of the timber industries in the Brazilian Amazon. The aim of this study was to 
analyze the quality of the logs from the Amazon forest and to quantify the yield of the 
lumber production, aiming at improvements in the sawmills of the Amazon and subsi-
dies for modifications in the standards used to classify the quality of logs of Amazonian 
species.
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2 � Materials and methods

2.1 � Log classification

One hundred and twenty logs from 21 native species were collected from an area of 
natural forest, which was clear-cut for the implementation of a mining project in the 
Carajás National Forest, Pará, North Brazil (Table 1). Normally, the commercial timber 
felled in these kinds of projects is primarily destined to the solid wood market, to the 
manufacture of furniture and parts for civil construction. The logs classification and pri-
mary breakdown occurred in a small sawmill in the town of Parauapebas, southeast of 
the state of Pará, Brazil (06° 03′ 30″ S and 49° 55′ 15″ W).

The species submitted to the quality analysis and primary log breakdown are com-
monly classified into four categories (noble, red, mixed, and white). The noble woods 
have high commercial value and small availability in the Amazonian timber market. The 
red woods are the most commercialized in the state of Pará, have a dark coloration, 
denser wood and are generally associated with more valuable products then the white 

Table 1   Species submitted to the quality analysis and primary log breakdown

a These groups are defined according to the marketing value, availability of the raw material and quality of 
the wood (ABIMCI 2016)
VLY  Volumetric lumber yield

Species Common name Groupa Number of log 
analyzed

Quality VLY

Tabebuia serratifolia Ipê amarelo Noble 1 0
Dipteryx odorata Cumaru Red 14 3
Andira athelmia Angelim Morcego Red 2 0
Mezilaurus itauba Itaúba Red 9 4
Astronium lecointei Muiracatiara Red 3 2
Quassia amara Quina Red 1 0
Bowdichia nitida Sucupira Amarela Red 3 1
Apuleia leiocarpa Amarelão Red 4 3
Caryocar coriaceum Piqui Mixed 4 0
Bagassa guianensis Tatajuba Mixed 14 7
Clarisia racemosa Guariúba Mixed 13 9
Caryocar villosum Pequiá Mixed 5 4
Erisma uncinatum Quarubarana White 9 7
Balizia pedicellaris Fava mapuchiqui White 8 4
Protium decandrum Breu vermelho White 5 2
Anadenthera macrocarpa Angico vermelho White 2 1
Guatteria poeppigiana Envira preta White 1 1
Enterolobium schomburgkii Fava orelha de macaco White 5 5
Lecythis pisonis Sapucaia White 9 3
Buchenavia huberi Tanibuca White 6 3
Eschweilera coriacea Matá matá branco White 2 1
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woods, which, on the other hand, have lighter coloration and lower density (Sousa et al. 
2020). The mixed woods present intermediate quality and value.

All 120 logs were classified according to defects in the shape, on the rolling surface, and 
on the logs ends. This was done by using the technical standard for measuring and classify-
ing hardwood logs, as elaborated by the Brazilian Institute of Forest Development (IBDF 
1984). The following parameters were analyzed: flattening; conicity; curving; grain slope; 
diametrical, non-diametrical, annular cracks and cracks reaching the surface; eccentricity 
of the pith and the net volume.

Considering that the IBDF (1984) standard classifies the log for each defect separately, 
an improvement of the standard was proposed, so that an overall classification of log qual-
ity is determined. The classes established by the IBDF (1984) standard are divided into 
SU (superior), I, II, III, and IV. For each defect of all 120 logs was hereby proposed the 
replacement of these categories (Superior, I, II, III, and IV) by the values of 10, 8, 6, 4 and 
2, respectively, so that an overall grade can be computed as the average of the assigned 
defect values (Table 2). Therefore, for each defect evaluated in the logs, a numerical value 
was assigned (suggested grade). Subsequently, the arithmetic average of the grades attrib-
uted to the defects was calculated and, in this context, each log of the tropical species 
was represented by an average grade. For the proposed classification, five quality classes 
were suggest based on intervals for this overall grade (grade average per log) as shown in 
Table 2.

2.2 � Lumber yield

Out of the 120 collected logs, 60 logs were submitted to primary breakdown performed 
using a band saw (Table 1). The successive tangential breakdown was used. The quantifica-
tion of lumber yield was assessed for these 60 logs, under operational conditions. That is, 
no cutting standardization was established in order evaluate the suitability of the proposed 
log classification in the actual conditions of the small sawmills on the Amazon region. 
The authors sampled 60 logs due the availability of raw material in the sawmill at the time 
of the assessments for mensuration the volumetric lumber yield and, the operational dif-
ficulties of determination this parameter in a high number of logs. We believe that this 
study is of great importance for sustainability of the small sawmills in the Brazilian Ama-
zon because the author’s assessment the volumetric lumber yield per log in the real condi-
tions. Thus, this methodology is representative of small timber industries in the Amazon. 
In addition, the number of logs evaluated for determining volumetric lumber yield is com-
patible with the studies by Melo et al. (2019) and Danielli et al. (2016), that is, 48 and 71 

Table 2   Log quality classes 
based on IBDF (1984) and 
proposed new classification

IBDF (1984) Current study

Quality classes Suggested 
grade

Grade interval Overall class

Superior (SU) 10 9–10 I
I 8 8–8.9 II
II 6 7–7.9 III
III 4 6–6.9 IV
IV 2 < 5.9 V
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logs, respectively. After the primary breakdown, the pieces were separated and measured 
individually in length, width, and thickness to obtain the volumetric lumber yield per log, 
according to the procedure used by Danielli et al. (2016). In this research were measure-
ment 1291 pieces (planks, boards, and beams) of the total of 60 logs.

2.3 � Statistical analyses

The Shapiro–Wilk test was used to evaluate the normality of the distribution of the volu-
metric lumber yield data for the primary breakdown and average log quality grades.

Principal component analysis (PCA) was performed using the following variables: 
diameters of both log ends, length, flatness, conicity, curvature, grain inclination, pith 
eccentricity, surface cracks, volumetric lumber yield, volume, average quality grade and 
quantity of sawed pieces. Only the averages of all the variables quantified in the logs for 
species were used, and the principal component analysis was performed considering the 
standardized data (with unit variance). Based on the dispersion of the scores of the con-
sidered main components, it was possible to evaluate the similarity or dissimilarity of the 
logs of the tropical species and, thus, to group them in defined subgroups (Mingoti 2005; 
Ferreira 2008; Lobão et  al. 2010). The number of interpreted principal components was 
determined by scree plot graph, with the principal components in the X-axis and the eigen-
values in the Y-axis, according to Ferreira (2008). The eigenvalues represent the explained 
variance by principal components. This graph is analyzed to assess the relation between 
the addition of a principal component and significant changes in the explained variance. 
This methodology was adopted by Couto et al. (2013) to choose the number of principal 
components.

In order to understand the relationship between logs quality and tropical sawnwood 
production and, in order to test for the ability to predict lumber yield based on conicity, 
surface cracks, flattening and diameter of the thin end, the following multiple linear equa-
tions were fit using the ordinary least squares method: VLY = βo + β1*C + β2*Sc + ε and 
VLY = βo + β1*TED + β2*F + ε; where VLY = volumetric lumber yield (%); C = conicity 
(%); Sc = surface cracks (%); F = flattening (%); TED = thin end diameter (cm); β0, β1 and 
β2 = regression coefficients; ε = random error. The conicity, surface cracks, flattening, and 
thin end diameter were used in the modeling, because presented the highest correlations 
with lumber yield. The correlations between quality of logs and volumetric lumber yield 
were determined by the Eq. 1, and the R2 for evaluating the linear models was determined 
by the Eq. 2.

where yi and ŷi are the observed and estimated values, 
−
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In addition, this research aimed to examine the relationships between the quality of logs 
and volumetric lumber yield using canonical correlation analysis for 60 logs from 17 native 
species, under operational conditions (Table  1). The canonical correlation analysis was 
conducted to investigate the relationships between the group formed by most common logs 
defects and characteristics (thick end diameter, thin end diameter, conicity, flattening, sur-
face cracks and volume) and, a second group formed by the grade average per log, number 
of sawed pieces and volumetric lumber yield. The first group represents the independent 
variables (X), whereas the second group represents the dependent variables (Y). The Hotel-
ling’s multivariate test (approximation of the F-distribution) was used to test the signifi-
cance of the canonical roots jointly. The correlations between dependent variables (Y) and 
independent variables (X) were interpreted through of the canonical loadings (correlations 
between the original variables and their respective canonical statistical variables) and, the 
canonical cross loadings which represent the correlation between an original variable of a 
given group and the canonical statistical variable of the opposite group. The scores of the 
canonical statistical variables were utilized to verify the variability of tropical tree species 
logs and volumetric lumber yield in the context of small sawmills in the Brazilian Ama-
zon. All statistical analyses were carried out using R software version 3.4.3 (R Core Team 
2017), package CCA (González and Déjean 2012).

3 � Results and discussion

3.1 � Quality of logs

The sampled logs presented great variability of results in the quality analysis (Table 3). 
The flattening was one of the most frequent defects among the logs with a general average 
for all species of 76.10%. The high frequency of this defect has a significant impact on the 
production of a sawmill, given that this defect hampers the obtention of a squared central 
block, which may reduce considerably the lumber yield (Vital 2008).

According to the IBDF (1984) standard, for logs be considered superior with respect to 
this flattening, values higher than 90% should be observed. In the present study, only 14 
of the 120 logs analyzed were considered as superior in the analysis flattening (12% of the 
logs analyzed). The lowest mean was obtained for Tabebuia serratifolia (63.41%), while 
the higher mean was 84.09% for Caryocar villosum.

Logs of Toona ciliata obtained from reforestation at 18 years of age presented less flat-
tening with an average value of 87.3% (Nassur et al. 2013). Garcia et al. (2012) observed 
to logs of Couratari guianensis and Mezilaurus itauba presented higher flattening, with 
average value superior the 90%. The authors noted that only for C. guianensis the quality 
of the logs influenced the lumber yield. Although the presence of flattening reduces the 
quality of the logs, the yield loss may be reduced by the use of simple band saw allows for 
versatility in the log cutting (Williston 1976) and X-ray logging technologies combined 
with traceability methods, multivariate models and breakdown simulation software (Lun-
dahl and Grӧnlund 2010).

For all the groups of economic value (noble, red, mixed, and white), the results of the 
conicity analysis were satisfactory in that 95.3% of the logs were classified as superior 
for this defect. That is, they had a conicity equal to or less than 3% (IBDF 1984). In the 
present study, only five, among the 120 analyzed logs, did not fit in the superior class, 
being divided between classes II and III. The minimum mean for conicity was 0.73% for 
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Bowdichia nitida, and the maximum was 3.01% for Quassia amara. Log conicity not only 
reduces the breakdown yield (Mendoza et  al. 2019), but may modify the physical and 
mechanical properties of the lumber (Vital 2008). Log conicity can be used to estimate the 
yield of sawn wood with high reliability. For example, Mendoza et al. (2019) evaluated 19 
native species and observed that the logs of Aniba canelilla showed 0.86% of conicity and 
higher lumber yield (53%). On the other hand, Cedrelinga catenaeformis showed 2.46% of 
conicity and lower lumber yield (45%). Regarding the grain slope (GS), only seven logs fit 
in class II (GS ≤ 10%), while the remaining logs were classified as superior for that defect 
(GS ≤ 3%). The lowest mean was found for Anadenthera macrocarpa with 0.33%, while 
the largest mean was found for Andira athelmia with 3.00%. The general average for all 
species was 1.60%. The grain slope can have an important implication on wood quality 
as it reduces the mechanical resistance of the wood and can cause greater crack formation 
(Carrasco and Mantilla 2016).

For the curving analysis (Ca), three species presented no curving: A. athelmia, Guat-
teria poeppigiana, and Eschweilera coriacea. The mean maximum value for this defect 
was 4.71% for B. nitida, and the overall average was 1.60%. Almost 80% of the logs were 

Table 3   Quality of logs and quality classes based on IBDF (1984)

F flattening, C conicity, Ca curving analysis, GS grain slope, PE pith eccentricity, SC surface cracks
a Quality classes based on IBDF (1984) from the average defects per species

Species F (%) C (%) GS (%) Ca (%) PE (%) SC (%)

Average per species
Dipteryx odorata 77.63(II)

a 1.40(SU) 2.81(SU) 2.82(SU) 8.95(I) 5.19(I)

Erisma uncinatum 73.82(II) 2.26(SU) 1.15(SU) 0.43(SU) 9.78(I) 26.97(III)

Andira athelmia 82.83(I) 1.16(SU) 3.00(SU) 3.86(SU) 16.67(II) 0.00(SU)

Mezilaurus itauba 75.37(II) 1.22(SU) 1.07(SU) 1.84(SU) 13.34(II) 13.04(II)

Astronium lecointei 73.03(II) 1.55(SU) 2.67(SU) 0.00(SU) 6.19(I) 3.79(SU)

Tabebuia serratifolia 63.41(III) 2.33(SU) 0.67(SU) 1.82(SU) 8.86(I) 0.00(SU)

Caryocar coriaceum 72.90(II) 0.92(SU) 1.17(SU) 2.89(SU) 6.79(I) 4.21(SU)

Balizia pedicellaris 74.57(II) 1.17(SU) 1.42(SU) 0.61(SU) 15.17(II) 7.74(I)

Quassia amara 70.97(II) 3.01 (II) 0.67(SU) 2.22(SU) 14.10(II) 9.42(I)

Bowdichia nitida 83.11(I) 0.73(SU) 1.56(SU) 4.71(SU) 13.13(II) 3.02(SU)

Protium decandrum 77.40(II) 1.23(SU) 1.47(SU) 2.87(SU) 12.85(II) 25.17(III)

Anadenthera macrocarpa 77.45(II) 1.04(SU) 0.33(SU) 2.00(SU) 1.90(SU) 0.00(SU)

Guatteria poeppigiana 68.29(III) 2.08(SU) 1.53(SU) 0.00(SU) 7.78(I) 0.00(SU)

Enterolobium schomburgkii 78.02(II) 1.33(SU) 1.27(SU) 0.30(SU) 12.61(II) 1.20(SU)

Bagassa guianensis 70.14(II) 1.31(SU) 1.52(SU) 1.70(SU) 8.37(I) 3.77(SU)

Lecythis pisonis 78.78(II) 1.05(SU) 1.26(SU) 1.17(SU) 8.85(I) 14.78(II)

Clarisia racemosa 77.38(II) 1.09(SU) 1.51(SU) 1.93(SU) 6.40(I) 0.52(SU)

Caryocar villosum 84.09(I) 1.08(SU) 1.60(SU) 1.46(SU) 8.28(I) 0.00(SU)

Buchenavia huberi 73.58(II) 1.00(SU) 1.57(SU) 1.11(SU) 7.54(I) 3.23(SU)

Apuleia leiocarpa 78.23(II) 1.10(SU) 1.33(SU) 0.93(SU) 6.65(I) 11.13(II)

Eschweilera coriacea 72.11(II) 1.69(SU) 1.33(SU) 0.00(SU) 10.88(II) 22.21(III)

Average 76.10 1.32 1.58 1.60 9.57 8.32
Minimum 63.41 0.73 0.33 0.00 1.90 0.00
Maximum 84.09 3.01 3.00 4.71 16.67 26.97
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classified as superior and I (Ca ≤ 5%). This can be a very good diagnostic since curving 
limits the log yield and the length of the sawed pieces (Vital 2008). Additionally, curving 
affects the properties of the wood and induces the formation of reaction wood.

In terms of pith eccentricity (PE), the species with the lowest mean value was A. mac-
rocarpa with 1.90%, and the maximum was M. itauba with 16.67%. Only 30% of the logs 
were classified in the superior class (PE ≤ 5%), and the rest was classified as class I, II, and 
III. High eccentricity values are not considered desirable, given that this defect is closely 
associated with the formation of reaction wood in the trees (Kollmann and Côte Jr 1968; 
Boschetti et  al. 2015). Trunks with eccentric pith are more prone to warping and to the 
formation of circular cracks between growth rings, in addition to being problematic for 
mechanical processing because they require proper positioning of logs in the saw (Grosser 
1980).

Surface cracks (SC) were the third defect with the lowest quality grades. The amount 
of 68% of the logs were classified as superior (SC ≤ 5%) and class I (SC ≤ 10%). Some 
species did not present this defect, such as A. athelmia, T. serratifolia, A. macrocarpa, G. 
poeppigiana, and C. villosum. On the other hand, some species such as Erisma uncinatum 
presented significant cracks (26.97%). The surface cracks compromise the lumber qual-
ity, generating more waste. This research indicates which the primary breakdown must 
be performed according to the log quality and at a species level (improved sawmilling or 
optimized breakdown), for example, knowing the conicity, flattening and surface cracks. 
According to Fortini and Carter (2014), the financing of startup costs or research leading 
to improvements in sawmill processing technology could have large impacts in the activ-
ity. The impacts of timber products can be minimized in several ways: changes in energy 
consumption behavior at the sawmill, improved sawing and sawmill practices, proper wood 
waste management, and, most importantly, use of energy efficient through environment 
friendly drying techniques and energy sources (Adhikari and Ozarska 2018).

In addition to the aforementioned defects, there were diametrical, non-diametrical, and 
annular cracks. The results for this type of defects are presented qualitatively, according 
to the IBDF (1984) standard. These cracks were in smaller proportions in the logs, con-
sidering that most of them were grouped between the superior and group I classes, pre-
senting values of 82%, 87%, and 73% for diametrical, non-diametrical, and annular cracks, 
respectively. Drying stress and contractions are possibly the main causes of these cracks, 
which can affect wood strength (Kang and Lee 2004). However, the flow of the free and/
or adsorbed water, as well as the log diameter (Nascimento et al. 2019), can also affect the 
intensity of these cracks.

The predominance of classes II and III was observed for all groups of values, repre-
senting, respectively, 42% and 45% of the 120 logs subjected to the quality analysis. This 
indicates that there was, apparently, no relation between these groups with the defects. 
The frequency of the quality classes was normally distributed (Shapiro–Wilk test’s p 
value = 0.06458, considering a significance of 0.05) (Fig. 1). The average score obtained 
for the logs was 7.76 (with standard deviation of 0.71) and, according to the normal distri-
bution, the odds of the logs presenting average grades between 7.0 and 8.9 (values corre-
sponding to classes II and III) is approximately 80%. However, the probability of obtaining 
scores greater than 9.0, which corresponds to class I, is only 4%. The estimated probability 
of the logs presenting grades lower than 7.0 (classes IV and V) is only 14%. These results 
confirm the predominance of classes II and III, stating that the basic raw materials for the 
present research are, in general, among the middle classes of quality.

This factor may be associated to the storage time of the logs in the company’s yard, 
which is on average 5 years, and this probably contributed to the wood deterioration. 
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Gerwing et al. (2000), analyzing the yield of sawn and laminated wood in the state of Pará, 
observed log degradation of up to 13% caused by insect attack or cracking. The authors 
attributed these defects in the rolling surface and log ends to storage conditions.

3.2 � Volumetric lumber yield

The volumetric lumber yield also presented normal distribution (Shapiro–Wilk test’s p 
value = 0.4717, considering a significance of 0.05) (Fig. 2). The average volumetric yield 
for the logs submitted to the primary breakdown was approximately 45%, which is greater 
than the 36% average found by Gerwing et al. (2000) for the sawmills of the state of Pará. 
In the Amazon, the smallholder produce on average 195 m3 of sawn wood per year with a 
mean sawmill processing efficiency from logs to lumber of 37%, that is, 63% of log volume 
is waste of the primary breakdown (Fortini and Carter 2014). The difficulty in obtaining 

Fig. 1   Frequency distribution of 
the grades for quality classes of 
the tropical tree species logs used 
in this study

Fig. 2   Distribution of volumetric 
yield in sawing of tropical spe-
cies logs
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logs because of the increase in inspections in recent years and, consequently, a higher price 
of the tropical lumber, may have encouraged the adoption of primary log breakdown tech-
niques with a better lumber yield.

The normal distribution indicated that the estimated probability of the volumetric yield 
of the analyzed tropical species logs is between 35 and 55%, and it is approximately 54%. 
The probability of that yield being greater than 35% is 78%. These inferences differ from 
the Brazilian regulation, CONAMA Resolution 474/2016, which reduced the volumetric 
lumber yield (VLY) to 35%. Thus, the probability of the yield being greater than the VLY 
established by the current legislation is significantly higher, according to the present study.

Similarly, yields higher than 35% were found in other studies. Garcia et  al. (2012) 
obtained operating income in sawmills ranging from 39 to 51% in the analysis of logging 
of M. itauba and C. guianensis species. Biasi and Rocha (2001) obtained average yields 
between species ranging from 53 to 62% analyzing the species E. uncinatum, Qualea albi-
flora, and M. itauba. Melo et al. (2016) observed an average yield of 52% for the species 
Qualea. Mendoza et al. (2019) evaluated 19 native species (171 logs) and, observed that 
the volumetric lumber yield (average for all species of 43.32%), was above the minimum 
required by current Brazilian regulation (CONAMA Resolution 474/2016). Several fac-
tors may influence lumber yield, such as the final size of the pieces, number of cuttings, 
machinery, the specialized workforce, sawing methods (Ferreira et al. 2004), log dimen-
sions (Vital 2008), in addition to the parameters related to log quality (Garcia et al. 2012), 
as described in the Standard for Classification of Hardwood Logs (IBDF 1984).

Because the maximum yield established by the official regulation is of only 35%, saw-
mills that are capable of achieving higher yield values, as demonstrated by the various 
studies such as this one and the ones cited above, may face barriers in marketing the lum-
ber. These barriers are cause by the fact that the issuance of the official document for the 
sale of lumber cannot exceed this the maximum lumber yield of 35%, unless there is a 
formal certification of this yield signed by qualified professional and an authorization of 
the environmental agency, as defined in CONAMA Resolution No. 474/2016. Therefore, 
this study suggests which the measurement of lumber yield should be performed at a spe-
cies level for each sawmill, because the variability of logs quality (see “Volumetric lumber 
yield” section).

This research indicates that there is need of revision of Brazilian legislation on volu-
metric lumber yield. The results demonstrate that under operational conditions, the lumber 
yield was greater than 35% in 88% of tropical species evaluated. These results are funda-
mentals for the correct planning of timber production and logging with, economic devel-
opment and sustainability. Based on measured average sawmill daily processing capacity, 
mean number of days of mill operation per month and, lumber yield, the researchers, engi-
neers and entrepreneurs can define the economic viability of timber production in Amazon 
(Fortini and Carter 2014). In terms of economic outcomes, the major lumber yield and for-
est management improves the long-term viability of the Amazon timber industry (Fortini 
2019). The integrated model production, that is, sustainable production patterns associated 
with forest management indicate better prospects for long-term logging (Fortini 2019). We 
found that sustainable lumber production will only be possible with the increase of process 
yield, due industrial technological advance, for the maximum use of the raw material, for 
example optimized breakdown in function of log quality (Bonato Junior et al. 2017).

In Table 4 shows the average quality scores as well as the average lumber yield of the 
17 species submitted to primary log breakdown. The average yield of the 60 logs was 
45.33% with a coefficient of variation of approximately 30%, which indicates great vari-
ability among the yields. In practical terms, there are differences between species that 
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can influence the sustainability of forest management, logging, and sawmills of Amazon 
region. For example, logs of tropical species with low lumber yield, negatively influence 
the economic development and efficiency of sawmill. In this context, there is growing con-
cern about fulfilling the need for increasing demand for timber products without deterio-
rating the world’s forest resources, especially the Amazon forest. Thus, enhanced insight 
is required into ways of improving the efficiency of timber production process, reducing 
wood wastage and helping the timber sector to address growing environmental challenges 
(Eshun et al. 2012). Therefore, study of lumber yield at a species level is important, as can 
assist in the best industrial practices for sustainable production.

The lowest mean yield values were observed for the species E. uncinatum and E. cori-
acea with values of 28.88 and 29.92%, respectively. The E. uncinatum and E. coriacea, 
both white woods, were classified as classes III and V, respectively. All E. uncinatum logs 
presented surface cracks which, consequently, caused cracks in the lumber and were elimi-
nated in the secondary processing operations. Some of these logs had diametrical, non-dia-
metrical and annular cracks, large proportions of discarded sapwood, internal rot, and com-
promised central blocks, leading to whole pieces or part of them being discarded (Fig. 3).

The E. uncinatum logs stood out in terms of the initial volume and, generally, for having 
larger logs. However, at the time of cutting, the sawmill operator preferred its conversion 
into boards in order to obtain higher commercial value for the lumber production. For this 
species, 61% of the pieces obtained were boards. This fact may explain the lower average 

Table 4   Quality classification of logs and average yields of lumber in the Amazon sawmill

VLY volumetric lumber yield

Species Grade average Class average VYC average (%)

Bowdichia nitida 7.80 III 64.8
Caryocar villosum 8.60 II 61.5
Protium decandrum 7.40 III 53.5
Dipteryx odorata 8.33 II 53.3
Mezilaurus itauba 7.45 III 53.0
Balizia pedicellaris 7.40 III 52.7
Guatteria poeppigiana 8.00 II 47.3
Astronium lecointei 8.10 II 46.7
Buchenavia huberi 7.27 III 45.7
Anadenthera macrocarpa 8.40 II 44.6
Enterolobium schomburgkii 8.48 II 44.4
Clarisia racemosa 7.91 III 44.2
Lecythis pisonis 7.47 III 42.6
Apuleia leiocarpa 8.07 II 42.5
Bagassa guianensis 7.31 III 41.4
Eschweilera coriacea 7.27 V 29.9
Erisma uncinatum 7.46 III 28.9
Average 7.75 – 45.33
Coefficient of variation 9.63 – 29.92
Minimum 5.80 – 18.67
Maximum 9.60 – 74.26
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yield when considering that the greater removal of pieces that also results in greater gen-
eration of sawdust-like residues.

The E. coriacea logs, which presented the second lowest yield, showed pronounced sur-
face cracks of up to 2 cm thick. There were also diametrical and non-diametrical cracks, 
which consequently led to the obtaining of pieces with numerous cracks. This log pre-
sented termite attack, which contributed to the deterioration of the pieces and, together 
with the cracks, culminated in the disposal of part of the raw material (Fig. 4). As for the 
pieces obtained, 75% of the log was converted into boards, generating additional waste in 
the form of sawdust.

Eshun et al. (2012) identified 19 wood waste sources in Ghana, 3 related to the forestry 
subsystem and 16 to the timber industry subsystem. The main sources of wood waste were 
low-quality logs with large defects, bark, off-cuts, sawdust, slabs, and edged trimmings 
from sawn timber. The authors reported a large amount of wasted wood is often used in 
the steam production boiler for dry lumbers or is dumped in a site. However, there are new 
technologies for the utilization of low-quality logs, especially for the species E. uncinatum 
and E. coriacea, which can significantly reduce wood waste as well as specialized equip-
ment that allows to maximize the wood recovery (Adhikari and Ozarska 2018) and, conse-
quently increase sawmill yield.

The highest average yields were observed for the B. nitida and C. villosum species, clas-
sified as classes III and II, with values of 64.77 and 61.54%, respectively. The B. nitida 
log submitted to the primary breakdown, did not present expressive cracks, however, the 
defects that led to this log being classified as quality III were the curling and the pith 
eccentricity. Therefore, considering that this log obtained the highest yield among the 60 
analyzed, this may indicate that these defects have no significant effect on the lumber yield.

Fig. 3   a, b Logs with presence of cracks; c sapwood removal with chainsaw for discard

Fig. 4   a, b Eschweilera coriacea log with cracks; c Sawn boards of E. coriacea 
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Of the 5 analyzed logs, 4 presented diametrical cracks; however, they were not very 
thick, which did not result in the sawn pieces being much worse (Fig. 5).

For the B. nitida and C. villosum species, which presented the highest yields, only 
31% and 39%, respectively, were converted into boards. The other products obtained were 
planks, boards, and beams, which are pieces of greater thickness, resulting in fewer cuts in 
the logs and, consequently, less sawdust loss.

3.3 � Grouping of logs of tropical species

The principal component analysis resulted in three components explaining 74% of the 
total variance of the data (Table 5). Analyzing the scree plot (Fig. 6), we observed that it 
was possible to consider only three or four principal components, because, from this value 
on, there were no major changes in the cumulative percentage of variance. However, the 
authors decided to consider only three principal components, instead of four, due to the 
large proportion of the total data variance explained and, to facilitate the visualization the 
clusters of log of tropical tree species by scores of the principal components (tridimen-
sional graph). This procedure was adopted by Couto et  al. (2013) to choose the number 
of principal components. The researchers observed that the first three principal compo-
nents explained 72% of the variance in original data of wood quality of Eucalyptus clones. 
Therefore, these three latent variables were used for the species grouping and assessment 
of the influence of the logs quality in volumetric lumber yield. By analyzing the eigenvec-
tors of the first principal component, it was noticed that there was a tendency of higher 
quality grades associated with higher lumber yield. In addition, from the analysis of the 
eigenvectors of the first principal component, it can be stated that more cylindrical logs, 
with smaller surface cracks, tend to have higher volumetric lumber yield. Higher scores 
for the principal component 1 indicate logs with greater number of defects, such as surface 
cracks and conicity, and consequently, less volumetric lumber yield from the primary log 
breakdown.

The second component presented significant negative eigenvectors values for the length 
of the logs and the pith eccentricity. On the other hand, the lower scores are associated 
with higher values of eccentricity and length, a factor not favorable for the classification of 
logs in upper classes. Principal component 3 had positive eigenvectors for flattening and 

Fig. 5   a Bowdichia nitida log and, b Caryocar villosum log
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curving. Higher scores refer to the species most prone to these defects, and the higher value 
for the flattening variable indicates more cylindrical logs, which is a beneficial factor for 
the yield and unfavorable for the bending.

Based on to the eigenvectors values and the scores of the principal components 
(Fig.  7), E. coriacea segregated from the rest of the species, which lead to its place-
ment as the only species in group I. This species presented the second highest values 

Table 5   Principal component 
analysis eigenvectors

PC1 principal component 1, PC2 principal component 2, PC3 princi-
pal component 3

Original variables Eigenvectors

PC1 PC2 PC3

Thick end diameter 0.3623 0.2624 0.2431
Thin end diameter 0.3373 0.2490 0.3340
Length 0.0533 − 0.5824 − 0.0806
Flatness − 0.2385 0.0190 0.4683
Conicity 0.3304 0.0773 − 0.3637
Curving − 0.1441 − 0.1888 0.5553
Grain slope − 0.1687 − 0.0549 0.1237
Pith eccentricity 0.1212 − 0.4318 0.0292
Surface cracks 0.3034 − 0.2349 0.1147
Volumetric lumber yield − 0.3527 − 0.1309 0.1295
Volume 0.3795 0.1430 0.2744
Grade − 0.3200 0.3572 0.0298
Number of sawed pieces 0.2433 − 0.2796 0.2016
Variance explained 38.56% 18.82% 16.62%
Eigenvalue 5.0 2.4 2.2

Fig. 6   Relation between explained variance and eigenvalues of principal components (scree plot)
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for conicity and surface cracks, as well as the second lowest yield. Among the anal-
ysis of the average quality grades, it was the only species in the lowest quality class 
(class V). This result may indicate difficulty in the use of this species by sawmills, espe-
cially in those conditions where logs are kept in the courtyard for a long time. It may 
be more suitable for energy generation, considering that, in the research of Moutinho 
et al. (2011), it was observed that this species presents chemical and physical character-
istics superior to the species commonly used as source of bioenergy. Moreover, lumber 
production has the potential to be self-sufficient in electric energy with the burning of 
residues (Monteiro et al. 2017), and the use of low-quality logs can increase the produc-
tion of electric energy in these industries. According to Adhikari and Ozarska (2018), 
by choosing energy sources for the timber production process, it is necessary to use as 
much renewable energy as possible, instead of fossil fuel-based energy. Therefore, the 
energy use from wood waste and logs of species in the lowest quality class (class V) 
is recommended alternative to minimize the environmental impacts of timber products 
through the production.

The M. itauba, Protium decandrum, and C. villosum species formed group II, and the 
most relevant characteristic for this grouping were the best values of flattening, in which 
the evaluated logs were more cylindrical. This was also associated with the highest yield 
values of lumber, which classified them as promising species for use in the sawmill.

Group III was formed by logs of the Astronium lecointei and A. macrocarpa species, 
due to the higher values of conicity and higher quality grades. This indicated that these 
logs were not affected by other defects, which resulted in a desirable yield and makes them 
ideal for use in the sawmill.

Group IV was formed by the Dipteryx odorata, E. uncinatum, Balizia pedicellaris, B. 
nitida, G. poeppigiana, Enterolobium schomburgkii, Bagassa guianensis, Lecythis pisonis, 
Clarisia racemosa, Buchenavia huberi, and Apuleia leiocarpa species. The most important 
factor for this grouping was that these species were classified in class III of quality. This 
indicated that these were the species most affected by the defects of the form, rolling sur-
face, and extremities.

Fig. 7   Clusters of logs of tropical 
species by means of the scores 
of the principal components 
analysis
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It was observed that there was no standardization of grouping for the noble, red, mixed 
and white species. Given that, there are species representing the different value groups in 
all groupings (except for group 1), and this suggests that these groups did not influence the 
quality of wood.

In Fig.  8, it can be observed that the species that were grouped in the PCA received 
next quality grades, according to the new classification suggested in the present study. It is 
observed that the species were divided primarily between classes II and III with the unique 
exception of E. coriacea species, placed in class V.

There was a linear and positive relationship between the quality score applied to the 
species with the yield of lumber (r = 0.49, t = 2.166, and p value = 0.04683). The higher 
grades also result in higher volumetric lumber yield. Together with the standard for meas-
uring and classifying logs made by the Brazilian Institute for Forest Development (1984), 
this factor may indicate that the classification of logs proposed can be used to make infer-
ences regarding the volumetric lumber yield.

3.4 � Correlations between yield of the breakdown and logs quality

The highest correlations were obtained between the volumetric lumber yield and the conic-
ity (r = − 0.64, t = − 3.1801, p value = 0.006212); surface cracks (r = − 0.59, t = − 2.7951, p 
value = 0.01359); thick end diameter (r = − 0.57, t = − 2.6623, p value = 0.01775), thin end 
diameter (r = − 0.55, t = − 2.5262, p value = 0.02327) and flattening (r = 0.46, t = 2.0074, p 
value = 0.06307). This indicates that these variables are the most suitable for model adjust-
ment in order to estimate the lumber yield. These results corroborate with those found by 
principal component analysis (see Table 5).

In the analysis of the adjustments determined, it was observed that the first model 
generated more reliable estimates. It presented the lowest standard error of the estimate 
(Syx = 6.85), as well as the highest coefficient of determination (R2 = 0.53), and therefore, 
is the most recommended model for estimating the yield of lumber of tropical species 
(Figs. 9, 10) in the present research. It can also be observed that larger values for surface 
cracks and conicity were related to lower yield values of lumber. On the other hand, more 
cylindrical logs with smaller diameters tend to have higher volumetric lumber yield.

Fig. 8   Quality grades and volu-
metric yield of logs in groups of 
the main components
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Garcia et al. (2012) reported a decline in yield in a tropical species of log that presented 
conicity and cracking, classifying it as class II. There was a 50% (logs that were classified 
as superior) to 39% decrease in the yield when the log showed those defects. These values 
confirm the importance of these defects for the volumetric lumber yield. Therefore, these 
results indicated that in order to obtain a yield greater than 50%, the logs are ideally less 
than 1.5% conicity and surface cracking values less than 15% (Fig. 9).

In view of this statistical finding, it is probably not appropriate to place conicity values 
of up to 3% into the upper class of logs, as suggested by the IBDF (1984) standard. Given 
this fact, values for this defect above 1.5% have already led to a significant reduction in the 
yield of lumber in the present study.

As shown in Fig. 10, the yield was influenced by the flatness and diameter of the thin 
end. The flattening is a characteristic that is a measure of the deviation of the circular shape 
of the log, and if presented in a marked way, it causes difficulty in forming a square central 
block, which reduces the lumber yield (Vital 2008). According to the IBDF (1984) stand-
ard, it is necessary that the flatness be greater than 90% in order for the log to be classified 
as superior.

Fig. 9   Volumetric lumber yield in sawing (%) as a function of surface cracks (SC) and conicity (C) of tropi-
cal species logs

Fig. 10   Volumetric lumber yield (%) estimated as a function of thin end diameter (TED) and flatness (F) of 
tropical species logs
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For the present research, all yields that exceeded the average of 50% had the best aver-
age flatness values, being in the range of 72.10–86.83%. The highest mean flattening value 
(86.83%) was found for the C. villosum species, which presented the second best average 
yield with a value of 61.54%. These results confirm the importance of this analysis for bet-
ter use of wood and, consequently, less waste generation.

It is expected that larger diameters lead to higher yields of lumber (Dobner Junior et al. 
2012). However, in the present study, the logs with the largest diameters did not present 
this behavior because of the defects that they obtained, mainly, the surface cracks. Melo 
et al. (2019) stated that there are exceptions to the higher yield associated with larger diam-
eters, emphasizing that this does not occur when there is no total use of the diameters or 
in the case of defective logs, similar to that observed in the present study. Therefore, it 
was observed that the better flatness values and the smaller the log diameters presented 
were related to the higher volumetric lumber yield. Thus, better yields are expected when 
the logs present more than 75% flattening and fine point diameters ranging from 40 cm to 
approximately 65 cm (Fig. 10). Timber industries with modern equipment and suitable log 
breakdown methods find higher lumber yields when processing logs with larger diameters 
(Williston 1976; Vital 2008). In the Amazon sawmills, these relationships are still little 
known and scarce. Less precise estimates between the log diameter of Amazonian species 
and the lumber production were shown in studies (Lima et al. 2019, 2020). Research sug-
gests that log volume should be considered as an important predictor variable for obtaining 
lumber volume of different Amazonian commercial species (Lima et al. 2019), similar to 
our study. In addition to this factor, the conicity of the logs is a characteristic that directly 
affects the lumber yield (Santos et al. 2019).

The canonical correlations and scores of significant canonical functions by Hotelling’s 
test (p value < 0.0001) demonstrate the relationships between the quality of logs and volu-
metric lumber yield (Table  6 and Fig.  11). We observed that the logs quality and volu-
metric yield presented intra-species and inter-species significant variation, according to 
the scores of canonical function. The heterogeneity of the logs quality observed in this 
research resulted in a high variation of lumber production (19–74%, see Table  4). For 
this reason, the canonical R2 was moderate (0.59) and revealed that 59% of the variance 
between the groups of logs characteristics and volumetric lumber yield was explained 
by canonical function 1. This is indicative of interdependence between the logs quality, 
lumber yield and grades for quality classes of the tropical tree species logs present in this 

Table 6   Canonical loads (CL) 
and crossed canonical loads 
(CCL) of the first canonical 
function

Variable CL CCL

Independent variables (X)
Thick end diameter − 0.81 − 0.62
Thin end diameter − 0.70 − 0.54
Conicity − 0.52 − 0.40
Surface cracks − 0.70 − 0.54
Volume − 0.82 − 0.64
Flatness 0.32 0.24
Dependent variables (Y group)
Grade 0.71 0.54
Number of sawed pieces − 0.61 − 0.46
Volumetric lumber yield 0.63 0.49
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research. The results indicate that the higher the grades for quality classes of the tropical 
tree species logs, higher the volumetric lumber yield and lower the number of sawed pieces 
per log. The crossed canonical loads indicate that the thick end diameter, thin end diameter, 
conicity, and volume present negative correlation with volumetric lumber yield and quality 
grade of logs. The flatness values presented positive correlation with volumetric lumber 
yield, that is, more cylindrical logs resulted in higher lumber yield, similar to the result 
found with the multiple linear regression approach (Figs. 9, 10). This information can be 
of great help in modeling, in understanding the primary breakdown in small sawmill and in 
ensuring improving the economic, environmental and social indicators of lumber industry 
in the Amazon.

The lower correlations obtained through multiple linear regressions and canonical cor-
relation analyses are attributed to intra-species and inter-species significant variation and 
to specific characteristics of the small sawmill studied. Lumber industries in Amazon are 
characterized by being isolated, by presenting small investment capital and low yield in 
their procedures and by generating a large amount of waste. These conditions make plan-
ning the lumber production difficult. In addition, several factors can make planning this 
production even more difficult and explain the high variation of the volumetric lumber 
yield found for the breakdown under operational conditions in the Amazon region. The 
first factor is old equipment without automation for the primary and secondary log break-
down. In many industries, a single saw is used to cut all logs. The use of tools for the 
cutting with suitable shapes and angles for each species improves the quality of the cut 
and, consequently, reduces the generation of waste (Tuset et  al. 2007). In addition, soft-
ware combined with modern log cutting equipment allows to accurately estimate the lum-
ber yield (Wery et  al. 2018). The second factor is the absence or low standardization in 
the method of log sawing and the low qualification of workers. The conventional method 
of log sawing, in which the saw operator determines how the cuts will be made, still pre-
dominates in the Amazon region (Melo et al. 2019). In most cases the decision is random 
and results in a low yield of sawn wood (Buehlmann and Thomas 2002; Biasi and Rocha 
2001). The appropriate log breakdown methods for each species is important to optimize 
the production of lumber at sawmill (Popadić et al. 2014; Bonato Junior et al. 2017; Santos 

Fig. 11   Scores of significant canonical functions by Hotelling’s test
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et al. 2019). Finally, third factor is related to the legislation, which can hinder estimates of 
lumber production due to the log quality. The requirement of a minimum yield value in the 
sawmill (i.e., minimum coefficient of volumetric yield of 35% of the CONAMA Resolution 
No. 474/2016) can result in more cuts in primary and secondary log breakdown for low-
quality logs and generate high yield in this raw material.

According to Danielli et al. (2016) and Li et al. (2016), the processing yield of the raw 
material has a direct influence on the area of forest that needs to be explored, so that the 
demand for wood is met. Therefore, this process has a high relation with the sustainability 
of the logging activity, areas of sustainable forest management, and economic develop-
ment in the Amazon. This research analyzed the wood quality and lumber yield of logs 
of tree species harvested in the Amazon rainforest and demonstrated that the correlations 
between yield of the breakdown and logs quality are influenced by intra-species and inter-
species variation. However, the results presented contributes to the understanding of the 
challenges of the lumber production in the Amazon region, especially regarding the rela-
tionship between sustainability of sawmills, process yield and logs quality. It is verified 
that a great quantity of residues is generated in the breakdown and does not have an appro-
priate use or destination (on average 55% of the initial volume of the logs). The most com-
mon use of sawmill waste has been direct burning (Garcia et al. 2012); however, this is not 
performed in an integral way due to the large volumes or the decentralized location, which 
ends up being a burden in transportation. For this reason, often the waste is burned in the 
open. Given this, it is necessary to seek better yield indices in the Amazonian sawmills and 
to determine the best use of the residual material that is often discarded without adequate 
destination.

The success of these sawmills is related to the ability to use wastes from timber oper-
ations, associated with the optimization lumber yield. The increase of lumber yield has 
implications for reducing demand for new areas of tropical forest, for a given amount of 
timber, consequently, with local benefit-sharing considering environmentally rational pat-
terns (Li et  al. 2016). In this context, the increases volumetric lumber yield, minimiza-
tion and use of waste (i.e., construction, floors production or furniture), results in better 
carbon balance in sustainable forest management and logging (Numazawa et  al. 2017). 
These observations are in accordance to the 2030 Agenda for sustainable development, 
especially Goal 12 (ensure sustainable consumption and production patterns) and Goal 13 
(take urgent action to combat climate change and its impacts). In addition, trees in cen-
tral Amazon rainforest can be 200 to 1400 years old (Chambers et al. 1998), and present 
excellent quality of wood for construction and furniture (Sousa et al. 2020); therefore, its 
rational and sustainable use is essential. Finally, this paper encourages the increase of the 
volumetric lumber yield, associated with methods for assessing the quality of tropical logs, 
for improving the economic, environmental and social indicators of sawmills in the Brazil-
ian Amazon.

4 � Conclusion

This research explores quality of the tropical logs and quantify the yield of the lumber 
production of many tropical tree species in a smallholder, aiming at increase the timber 
production and minimize waste of primary breakdown for improving the economic, envi-
ronmental and social indicators of sawmills in the Brazilian Amazon.
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The logs obtained from natural stands in the Amazon forest presented great variabil-
ity of quality and were not influenced by the value groups (noble, red, mixed, and white 
woods). Although the logs concentrated in the middle classes of quality, the studied saw-
mill presented an average yield of 45%, being 10% higher than that established in Brazil-
ian official regulation, consequently, resulted in lower generation of waste. The probability 
of lumber yield will greater than 35% was 78%, under operational conditions. The results 
demonstrate that under operational conditions, the lumber yield was greater than 35% in 
88% of tropical species evaluated.

The cut logs with presence of conicity, surface crack and flattening resulted in smaller 
lumber volumes, and therefore, these defects are important parameters for the analysis of 
the log quality in the Amazonian sawmills. In addition, it is possible to conclude that the 
storage time of the logs in the sawmills’ yard interferes with the incidence of the defects 
and the optimization of the lumber production. The correlation between the lumber yield 
and the quality of the logs, especially with flatness, surface cracks and conicity, can be 
utilized to improve the use of raw material. The results allowed for fitting of linear models 
to estimate the lumber yield and, through principal component analysis, it was possible 
to group the species according to its suitability to sawmill processing, resulting in a more 
efficient use of raw material, which contributes to a more sustainable production in the 
Amazonian region.

The classification of logs proposed can be used to make inferences on the volumetric 
lumber yield. This research indicates which the primary breakdown must be performed 
according to the tropical logs quality and classification (optimized breakdown). This study 
contributes to the local society development, where there are many tropical tree species, 
which can be explored by the sustainable management and, processed aiming at increase 
the lumber production and indicators of small sawmills in the Brazilian Amazon.
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