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ABSTRACT
According to previous studies involving biometric variables modeling using remote sensing (RS), 
data did not consider the effects of anthropogenic disturbance as relevant factor. The main objective 
of this study was to model aboveground biomass (AGB) and total wood volume (TWV) of Brazilian 
Savanna biome using vegetation indices (VI) from LANDSAT 5 TM. Multiple linear regression 
(MLR) and random forest (RF) algorithm were applied across 641 field plots of cerrado sensu 
stricto of the state of Minas Gerais, Brazil, comparing two models: non-stratified, and stratified 
according to plot’s anthropization degree. AGB and TWV obtained from non-anthropized plots 
presented linear relation with VIs (R2 = 0.82 and 0.74, respectively) and, on the other hand, 
presented nonlinear relation when plots were affected by anthropogenic disturbances or were not 
stratified. This finding helps improving estimates by stratifying plots into their anthropization 
degree, mainly in the Brazilian Savanna biome undergoing anthropogenic disturbances.
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1. INTRODUCTION

The Savanna biome represents a large area in Brazil, 
occupying the central part of the country, totaling 
about 204 million ha (Sano et al., 2010). In the state 
of Minas Gerais, savanna is a significant portion of 
the territory, with estimated area of 33 million ha 
(Scolforo et al., 2015). This biome is among the most 
endangered eco-regions in the world due to high 
conversion rates (Bueno  et  al., 2019; Silveira  et  al., 
2019a) and few protected areas (Hoekstra et al., 2005). 
Since the 1970s, this biome has suffered large losses 
of its natural vegetation due to agricultural expansion 
(Silva et al., 2006). Currently, the deforestation rate 
is about 1.6% per year (Arantes et al., 2016), leading 
to large-scale conversion of native vegetation into 
agricultural areas, which has already affected more 
than 40% of the original area of this biome (Sano et al., 
2010). In addition to anthropogenic disturbance, as the 
state has large dimensions, the physiognomy grows in 
places with different climatic and soil conditions. These 
two sources of variation make it even more difficult 
to accurately evaluate biometric data.

Several studies have been carried out mainly aimed 
at knowing the structural formation of this biome, 
with a qualitative view, in which species are identified, 
their forms of propagation and cultivation, multiple 
and alternative uses for various fruit, medicinal and 
energy species (Aguiar & Monteiro, 2005; Cabral et al., 
2015; Veenendaal et al., 2015). Quantitative studies 
have also been developed in order to identify growth 
and productivity parameters in the various regions 
of occurrence of this vegetation (Rufini et al., 2010; 
Reis  et  al., 2015; Silveira  et  al., 2019b). Volumetric 
reviews of timber potential, biomass and carbon stocks 
are being held either by environmental agencies and 
academic institutions, while the private sector carries 
out quantitative surveys designed to support plans for 
sustainable management and operations for exploration 
of timber resources (Alvarenga et al., 2012; Morais et al., 
1995; Silveira et al., 2019b). Estimating wood volume 
and biomass accurately and establishing suitable 
models can provide a scientific basis for determining 
reasonable stocking capacity (Yang et al., 2018), with 
implications to regional and global reports on biomass, 
carbon stocks, and their changes.

There are several approaches to estimate biometric 
variables in large areas using remote sensing (RS) data 

(Lu et al., 2016). In general, these data are empirically 
linked to measurements of field plots, ranging from 
simple linear regression (Scolforo et al., 2015) to complex 
machine learning algorithms (MLA) (Gleason & Im, 
2012; Wang et al., 2016). LANDSAT5 TM and 8 OLI 
images are the most medium spatial-resolution data 
commonly used due to the large historical series available 
with 30-meter resolution (Wulder et al., 2008; Zhu & 
Liu, 2015; Aslan et al., 2016). The normalized difference 
vegetation index (NDVI) is one of the most often used 
in applications relevant to the analysis of vegetation 
biophysical parameters. It has been used in various 
applications such as estimation of deforestation trends 
(Silveira et al., 2018a, b), phenological development 
monitoring (Verbesselt et al., 2010), vegetation re-growth 
assessment after fire (White et al., 2017), and estimation 
of biometric variables (Zhu & Liu, 2015). In addition 
to NDVI, other vegetation indices (VIs) have been 
used, including but not limited to the soil-adjusted 
vegetation index (SAVI) (Huete, 1988), the enhanced 
vegetation index (EVI) (Garroutte et al., 2016), and 
the LAI (leaf area index) (González-Sanpedro et al., 
2008). However, most of previous studies involved 
statistical models based on a single vegetation index, 
and each of them has limitations and uncertainties 
(Zhao  et  al., 2014). The effects of anthropogenic 
disturbance that impacts the correlation between 
biometric variables and spectral indices were also not 
studied. Anthropogenic disturbance can change the 
stand successional pattern, subsequent diversity and 
forest biomass (Pawar et al., 2014).

Thus, the main objective of this study was to 
analyse how anthropogenic disturbances affect the 
relationship between biometric variables and remote 
sensing vegetation indices. Specifically, NDVI, EVI, 
SAVI and LAI derived from LANDSAT 5 (thematic 
mapper) TM were used as independent variables to 
apply a multiple linear regression (MLR) and random 
forest (RF) algorithm to estimate aboveground biomass 
(AGB) and total wood volume (TWV). Two models 
were generated: (1) non-stratified model, considering 
all plots, and (2) stratified model, classifying plots 
according to their anthropization degree. The research 
question that motivated this study was: (1) Do field 
stratification of plots according to their anthropization 
degree improve the relationship between biometric 
variables and vegetation indices derived from LANDSAT5 
TM images?
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2. MATERIAL AND METHODS

2.1. Field data and study area

The state of Minas Gerais (MG) is located in 
south-eastern Brazil (Figure 1a), and has Savanna, Atlantic 
Forest and Semi-arid woodland biomes (Figure 1b). 
The Brazilian Savanna is a heterogeneous biome, comprising 
vegetation types ranging from grasslands to woodlands 
(Ribeiro & Ferraz, 2013; Silveira et al., 2017, 2018c), 
located between latitudes -14.25° and -21.50° 51.52 S 
and longitudes -41.80° and -50.91° W. The climate is 
seasonal Tropical, presenting dry winter and rainy 
summer (AW by Koppen classification). The average 
annual temperature is between 22 and 23 C. The average 
monthly rainfall shows a clear seasonality, occurring 
more concentrated between October and March, 
with annual average between 1.200 and 1.800 mm 
(Scolforo et al., 2015).

Field measurements of 641 plots (10 × 100 meters), 
from 49 forest remnants identified as cerrado sensu 
stricto vegetation type were obtained, which demonstrate 
well-defined arboreal and shrub-herbaceous layers 
with arboreal coverage varying from 10% to 60% 

(Silveira  et  al., 2017), belonging to the “Forest 
Inventory of Minas Gerais” project conducted by the 
Federal University of Lavras – UFLA from 2006 to 
2008 (Figure  1b). This project generated abundant 
information regarding qualitative and quantitative 
analysis of forest remnants. The map provided the 
delimitation and spatial distribution, and the forest 
inventory provided quantitative data of vegetation 
types present in Savanna, Atlantic Forest and Semi-arid 
woodland biomes in the state.

During field surveys, the diameter at breast 
height (DBH, 1.3 m) and total height of all trees with 
minimum DBH of 5 cm were measured. Data used in 
this study were total wood volume and AGB of plots 
as dependent variables. Total wood volume for all the 
trees was estimated by applying Equation 1 (Rufini et al., 
2010) for cerrado sensu stricto vegetation type, with R2 
(determination coefficient) = 98.64% and Sxy (residual 
standard error) = 0.12 m3. The trees used to determine 
AGB were all from destructive sampling campaigns 
as described by Scolforo et al. (2015).

( ) ( ). . *ln . *=− + += 9 7189673246 2 4207715832 DBH 0 4608810281 ln HV e  (1)

Figure 1. (a) Geographic location of MG in Brazil; (b) Biomes and plots (forest remnants) spatially distributed in 
the state.
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where: V is the volume (m3); e is the base of the natural 
logarithm; ln is the natural logarithm; DBH is the 
diameter measured at 1.3 meters above the ground 
(cm); H is the total tree height (m).

Field plots were stratified into two classes according to 
their anthropization degree: (1) non-anthropized – 218 plots 
(Figure 2b) and (2) anthropized – 423 plots (Figure 2c). 
The criteria for this classification are described in Ribeiro 
& Ferraz (2013). The methodology consists in applying 
data collected in quantitative forest inventories (number 
of individuals, basal area, quadratic mean diameter, ratio 
between number of individuals in the first diameter 
class - 5 to 10 cm and total number of individuals), in 
addition to visual analysis. The methodology is also 
described in Scolforo et al. (2008).

2.2. Remote sensing data

Thirteen LANDSAT 5 TM satellite scenes (Figure 2a) 
from the same collection date of forest inventory data 
were used (from 2006 to 2008), acquired by the US 
government institute that supports research involving 
geological surveys and Earth observation, the United 

States Geological Survey for Earth Observation and 
Science (USGS\EROS). Images were acquired in the 
CDR processing level (Landsat Surface Reflectance 
Climate Data Record), with the necessary geometric 
corrections and reflectance values   at ground level. 
One image by scene completely free of clouds was 
selected (Table 1).

From images, NDVI, EVI, SAVI and LAI spectral 
indices were generated. The NDVI index (Rouse et al., 
1973) expresses the ratio between bands that capture 
electromagnetic wavelength in the red and near infrared 
frequencies (Equation 2). This equation generates an 
index that varies from -1 to 1.

−
=

+
NIR REDNDVI
NIR RED

ρ ρ
ρ ρ

  (2)

where: NDVI is the Normalized Difference Vegetation 
Index; NIR is the reflectance values   for the near infrared 
wavelength; RED is the reflectance values   corresponding 
to the red wavelength.

In order to improve the received vegetation 
signal, the Enhanced Vegetation Index (EVI) was 

Figure 2. (a) LANDSAT 5 TM scenes covering the study area, used to generate remote sensing vegetation indices; 
(b) Detail of plots located in a forest remnant classified as non-anthropized; (c) Detail of plots located in a forest 
remnant classified as anthropized.
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used, whose purpose was to reduce atmosphere 
influences and improve sensitivity at high biomass 
density regions (Nakaji et al., 2008). Its calculation is 
shown in Equation 3. The coefficients adopted by the 
MODIS program algorithm are: L = 1, C1 = 6, C2 = 7.5 
and L = 2.5.

( )
( )

−
=

+ + −1 2

NIR RED
EVI G

L NIR C RED C BLUE
ρ ρ

ρ
  (3)

where: G is the gain factor; NIR is the reflectance of 
the near infrared spectral band; RED is the reflectance 
of the red spectral band; L is the adjustment factor 
for components below the canopy; C1 and C2 are 
adjustment coefficients of aerosol effects of the 
atmosphere (dust, smoke, air pollution particles); 
BLUE refers to reflectance in the blue band, which 
shows the influence of aerosols.

SAVI (Soil Adjusted Vegetation Index) was proposed 
by Huete (1988), aiming to improve the vegetation 
response in relation to soil interference, especially in 
areas of low vegetation cover. This index is obtained 
by Equation 4. The L value varies according to soil 
reflectance and vegetation density. In areas with low 
vegetation density, it is recommended to adopt L=1, 
for intermediate vegetation density, L = 0.5 and for 
high vegetation density, L = 0.25. Since our analysis 
is focused on cerrado sensu stricto vegetation type, 
L = 0.5 was adopted.

( ) ( )
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SAVI
NIR RED 1
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  (4)

where: NIR is the reflectance of the near infrared spectral 
band; RED is the reflectance of the red spectral band; 
L is the soil adjustment constant.

Based on values   obtained for SAVI, the Leaf 
Area Index (LAI) was calculated, which expresses 
the proportionality between m2 of leaf per m2 of soil 

(González-Sanpedro  et  al., 2008), using empirical 
Equation 5.

( )
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  (5)

where: LAI is the leaf area index; The numerical values 
of 0.69 – 0.59 – 0.91 are constant; SAVI is the soil 
adjusted vegetation index.

2.3. Multiple linear regression and random 
forest algorithm

TWV (m3/ha) and AGB (t/ha) from sample plots 
were used as dependent variable and the NDVI, 
EVI, SAVI and LAI vegetation indices were used as 
independent variables. MLR and RF implemented in 
the R software (R Core Team, 2014) were applied and 
the stratified method and non-stratified methods were 
tested. Among parametric methods, linear regression 
is the simplest one. It uses ordinary least squares to 
estimate parameters of the linear relationship between 
predictor variables and field measured variables 
(Equation 6). This method is often challenged when 
there is nonlinear relationship (Zhu & Liu, 2015). 
The Pearson´s correlation was also calculated.

= + +0 1 1 ii B B X E   (6)

where: iy  are the dependent variables (TWV-m3/ha; 
AGB-t/ha); iX  are the independent variables (NDVI; EVI; 
SAVI; LAI); 0B  and 1B  are the parameters to be estimated 
by regression.

The RF algorithm, initially proposed by Breiman 
(2001) is an ensemble method that generates a set 
of individually trained decision trees and combines 
their results. RF is a robust non-parametric classifier 
and has the ability to accommodate many predictor 
variables (DeVries et al., 2016). The advantages of RFs 

Table 1. LANDSAT scenes and acquisition dates used to calculate spectral indices.

Path/Row Acquisition date Path/Row Acquisition date
217/71 12 April 2007 219/71 14 September 2006
217/72 01 July 2007 219/72 14 September 2006
218/71 21 July 2006 219/73 14 September 2006
218/72 21 July 2006 220/71 17 June 2006
218/73 21 July 2006 220/72 05 September 2006
218/74 21 July 2006 220/73 05 September 2006
219/70 28 July 2006
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include excellent accuracy, efficient implementation 
on large datasets, and a structure that enables the 
future use of pre-generated trees. The number of 
decision trees (Ntree) was set to 1,000. About 70% 
of data were randomly selected and used to fit the 
models. The remaining 30% was used to test the model 
performance. To compare the performance between 
stratified versus the non-stratified method modelling 
by MLR and RF, the determination coefficient was 
computed (R2, in %), which indicates the part of the 
observed variability that is explained by the model; 
the root-mean-square error (RMSE), which measures 
the average difference between values predicted by the 
model and those observed; the mean absolute error 
(MAE), which indicates an average bias of model over 
or underestimation (Vieilledent et al., 2016).

3. RESULTS

3.1. Relationship between biometric variables 
and vegetation indices

Table 2 shows the Pearson´s correlation coefficients 
(R) between AGB and TWV with the NDVI, EVI, 
SAVI and LAI remote sensing vegetation indices 
derived from LANDSAT 5 TM. Values are positively 
correlated to AGB and TWV. Weak correlations in 
non-stratified and stratified methods in anthropized 
areas were found. This result clearly shows how 
anthropogenic disturbances impact the correlation 
between biometric variables and spectral indices. This 
is an indication that the disturbance degree in a biome 
such as the Savanna, specifically in cerrado sensu stricto 

vegetation type, affects the correlation between remote 
sensing vegetation indices with aboveground biomass 
(Figure 3) and total wood volume (Figure 4), leading 
to problems in the modelling process. The  highest 
correlation values were found using NDVI and the 
stratified non-anthropized class, reaching R = 0.81 
and 0.82 for AGB and TWV, respectively. The lowest 
R values were obtained using the stratified anthropized 
class, mainly with EVI vegetation index, reaching 0.12 
of correlation.

The low correlation values found using non-stratified 
and stratified anthropized classes do not mean that 
variables are not correlated, but may mean that the 
relationship is not linear. Figure 3 and Figure 4 show 
the scatterplots between AGB and TWV and the 
individual’s remote sensing vegetation indices, helping 
the visualization of its relationship.

Figure 5 shows scatterplots of the multiple linear 
regression (Figure 5a) and random forest algorithm 
(Figure  5b) for both AGB and TWV, considering 
the non-stratified method. Comparing the results, it 
was observed that using all plots together, both MLR 
and RF algorithm did not present good regression 
performances, with low R2 values. For both biometric 
variables, RF presented better results compared to MLR, 
decreasing MAE and RMSE, and increasing R2 values. 
These results indicate that using the non-stratified 
method, the relationship between biometric variables 
and vegetation indices are better explained using 
nonlinear algorithms, such as random forest regression.

Figure 6 shows scatterplots of the multiple linear 
regression (Figure 6a) and random forest algorithm 

Table 2. Correlation coefficients (R) values   between biometric variables and spectral indices extracted from the 
LANDSAT 5 TM images.

Method Vegetation indices R - AGB (t/ha) R - TWV (m3/ha)

Non-stratified

NDVI 0.30 0.31
EVI 0.16 0.17

SAVI 0.38 0.35
LAI 0.35 0.34

Stratified: Non-anthropized

NDVI 0.81 0.82
EVI 0.76 0.78

SAVI 0.75 0.77
LAI 0.38 0.37

Stratified: Anthropized

NDVI 0.26 0.25
EVI 0.12 0.12

SAVI 0.42 0.40
LAI 0.35 0.34
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Figure 3. Scatterplots between aboveground biomass (AGB) and vegetation indices: (a) NDVI; (b) EVI; (c) SAVI; 
and (d) LAI. A 1:1 line (dashed) is provided for reference.

Figure 4. Scatterplots between total wood volume (TWV) and vegetation indices: (a) NDVI; (b) EVI; (c) SAVI; and 
(d) LAI. A 1:1 line (dashed) is provided for reference.
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Figure 5. Non-stratified plots. Measured biometric variables vs. estimated by (a) multiple linear regression method; 
and (b) random forest algorithm. A 1:1 line (dashed) is provided for reference.

Figure 6. Anthropized plots. Measured biometric variables vs. estimated by (a) multiple linear regression method; 
and (b) random forest algorithm. A 1:1 line (dashed) is provided for reference.



9/13Anthropogenic Disturbances Affect…Floresta e Ambiente 2019; 26(3): e20180338

(Figure  6b) for both AGB and TWV considering 
anthropized stratified plots. Compared with MLR, 
both AGB and TWV presented better results 
using the RF regression model. R2 values ranged 
from 0.20 and 0.18 to 0.4, respectively. MAE and 
RMSE values also decreased.

Figure 7 shows scatterplots of the multiple linear 
regression (Figure 7a) and random forest algorithm 
(Figure  7b) for both AGB and TWV considering 
non-anthropized stratified plots. In terms of R2, MLR 
can explain more the AGB and TWV variance than 
the random forest algorithm, indicating that MLR is 
effective to improve the relationship between biometric 

variables and vegetation indices when the area of plots 
is non-anthropized.

Table 3 summarizes the statistics computed using 
MRL and RF algorithm considering non-stratified, 
anthropized and non-anthropized plots. Specifically, 
both AGB and TWV, considering MLR, MAE and 
RMSE decreased and R2 increased from anthropized 
and non-stratified plots to non-anthropized plots. 
In relation to RF, the lowest MAE and RMSE statistics 
were found using non-anthropized plots, and the highest 
were found using non-stratified plots. These results 
show how anthropogenic disturbances impact the 
relationship between biometric variables and remote 
sensing vegetation indices.

Figure 7. Non-anthropized plots. Measured biometric variables vs. estimated by (a) multiple linear regression 
method; and (b) random forest algorithm. A 1:1 line (dashed) is provided for reference.

Table 3. Evaluation methods using validation sets.

Method Statistic
Non-stratified Anthropized Non-anthropized

AGB TWV AGB TWV AGB TWV

MLR
MAE (%) 40.91 42.31 44.79 45.46 20.11 19.93

RMSE 17.94 30.28 18.98 32.06 14.20 22.21
R2 0.33 0.29 0.20 0.18 0.85 0.72

RF
MAE (%) 36.13 37.09 35.90 35.74 22.15 24.75

RMSE 16.94 28.70 16.48 27.38 18.23 33.66
R2 0.41 0.36 0.40 0.40 0.51 0.36
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4. DISCUSSION

NDVI, EVI, SAVI and LAI remote sensing 
vegetation indices are adequate to model TWV and 
AGB using linear regression in non-anthropized 
cerrado sensu stricto vegetation. Using random 
forest (RF) regression algorithm to estimate AGB 
and TWV had the advantage of estimating any 
complex non-linear relationship. Thus, acceptable R2 
values were found (0.4), modelling these biometric 
variables with vegetation indices through plots under 
anthropogenic disturbances or when they are not 
stratified. This value is low; however, according to the 
high area heterogeneity e and anthropic impacts, it 
is in accordance with previous studies carried out in 
the Brazilian Savanna biome (Alvarenga et al., 2012; 
Reis et al., 2015; Scolforo et al., 2015, 2016).

Prabhakara et al. (2015) evaluated the relationship 
between biomass and remote sensing indices across 
six winter cover crop fields in Maryland, United 
States. They reported that spectral indices are more 
sensitive to green living vegetation, whereas field 
sampled biomass included both living and dead plant 
material. Therefore, the index performance for all 
sampling dates was poor (R2about 0.26). Reis et al. 
(2018) analysed the correlation between TWV from 
eucalyptus plantation and vegetation indices derived 
from LANDSAT 5 TM. In their analysis, NDVI and 
SAVI presented the highest correlation, reaching r = 0.49 
and r = 0.47, respectively, indicating thatthe spatial 
diversity of forest canopies makes the relationship 
between forest parameters and remote sensing data 
a major challenge.

R2, as well as MAE and RMSE, are considered 
acceptable due to the wide variation found for the 
target variable in this region (see Table 3). This wide 
variation reflects the heterogeneity of the natural 
conditions of cerrado sensu stricto remnants in 
the state of Minas Gerais, which directly impacts 
biometric variables (Scolforo et al., 2015). In addition, 
it is important to note that the total wood volume 
(TWV) and aboveground biomass (AGB) values do 
not only respond to the anthropogenic disturbances 
considered, but also to environmental variables, such 
as chemical and physical soil characteristics (Berner 
& Law, 2016), as well as the structural conditions of 

remnants, such as different vegetation successional 
stages with different age structures (Schwieder et al., 
2016). There are forest fragments in different sites, 
different successional stages, and trees with different 
diameters and heights, leading to an increase in the 
vegetation variability (Scolforo et al., 2015).

In general, process-based models assume 
homogeneous stands and lack the ability to provide data 
on spatial variability in forest biomass (Lu et al., 2016). 
Forest disturbance can be natural (e.g., tornados) or 
anthropogenic (e.g., deforestation and land conversion, 
fire) (Frolking et al., 2009). In a given location, the 
reflectance of images and therefore vegetation indices, 
are expected to change due to disturbance or successional 
processes (Hermosilla et al., 2018).

For example, in forest plots not affected by 
disturbance, NDVI is around 0.65 in areas with high 
tree density. Medium vegetation cover sites have NDVI 
around 0.49 and low vegetation cover sites have NDVI 
around 0.17 (Garrigues et al., 2006). In our study, it 
was concluded that plots with NDVI values lower than 
0.49 presented mean AGB values around 19 t/ha, and 
plots with NDVI values between 0.49 and 0.65 showed 
mean AGB values around 30 t/ha and finally, plots with 
NDVI values higher than 0.65 exhibited mean AGB 
values around 62 t/ha. This pattern indicates a clear 
positive liner relationship (R = 0.81) between NDVI 
vegetation index and AGB inside plots not affected by 
anthropogenic disturbances (see Figure 3a).

On the other hand, when plots are under 
anthropogenic disturbances, the linear relationship 
between reflectance values and biometric variables 
is poor. Vegetation indices have increased spatial 
variability due to the mosaic of exposed soil with low 
vegetation index values combined with trees with high 
vegetation index values (see Figure 2c). For example, 
harvest activities result in a mosaic of post-disturbance 
land cover types mainly composed of exposed/barren 
land, herbs and shrubs, immediately following the 
change event. Plots undergoing disturbances were 
analyzed and plots with 10.85 t/ha were found 
(low AGB); however, presenting mean NDVI values 
equal to 0.72. This pattern can be explained by the use 
of images prior to disturbance events, due to gaps in 
image acquisition originating from cloud cover and 
LANDSAT temporal resolution (16 days). This pattern 
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can explain the poor performance of models from 
anthropic plots compared to non-anthropized plots, 
leading to a weak relationship between biometric 
variables and vegetation indices.

5. CONCLUSIONS

Aiming at investigating how anthropogenic 
disturbances affect the relationship between total wood 
volume (TWV) and aboveground biomass (AGB) with 
remote sensing vegetation indices, these biometric 
variables were modelled stratifying field plots according 
to their anthropization degree using multiple linear 
regression and random forest algorithm.

By performing the stratification method, the results 
revealed that TWV and AGB from non-anthropized 
plots are better explained using remote sensing 
vegetation indices performing multiple linear regression 
instead of nonlinear regression. On the contrary, these 
biometric variables presented nonlinear relationship 
with vegetation indices when plots are affected by 
anthropogenic disturbances or are not stratified, 
indicating that anthropic activity directly affects the 
relationship between biometric variables and NDVI, 
EVI, SAVI and LAI vegetation indices derived from 
LANDSAT 5 TM.

This finding helps improving the modelling 
approaches that use remote sensing data to estimate 
biometric variables in highly heterogeneous areas, 
affected by anthropogenic disturbances such as the 
Brazilian Savanna biome, improving estimates by 
stratifying field plots into their anthropization degree.

ACKNOWLEDGEMENTS

The authors are grateful to “Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior” (CAPES), 
“Conselho Nacional de Desenvolvimento Científico 
e Tecnológico” (CNPq), “Fundação de Amparo à 
Pesquisa do Estado de Minas Gerais” (FAPEMIG) and 
Department of Forest Science (DCF) of the Federal 
University of Lavras (UFLA) for supporting this work.

SUBMISSION STATUS

Received: 19 jan., 2017 
Accepted: 7 july, 2019

CORRESPONDENCE TO

Eduarda Martiniano de Oliveira Silveira 
Departamento de Ciências Florestais, 
Universidade Federal de Lavras – UFLA, Campus 
UFLA, CEP 37200-000, Lavras, MG, Brasil 
e-mail: dudalavras@hotmail.com

REFERENCES

Aguiar TJA, Monteiro MSL. Modelo agrícola e desenvolvimento 
sustentável: a ocupação do Cerrado Piauiense. Ambiente 
& Sociedade 2005; 8(2): 1-17. http://dx.doi.org/10.1590/
S1414-753X2005000200009.

Alvarenga LHV, Mello JM, Guedes ICL, Scolforo JRS. 
Performance of stratification in a Brazilian Savanna 
fragment by using geostatistical interpolator. Cerne 
2012; 18(4): 675-681. http://dx.doi.org/10.1590/S0104-
77602012000400018.

Arantes AE, Ferreira LG, Coe MT. The seasonal carbon 
and water balances of the Cerrado environment of Brazil: 
past, present, and future influences of land cover and 
land use. ISPRS Journal of Photogrammetry and Remote 
Sensing 2016; 117: 66-78. http://dx.doi.org/10.1016/j.
isprsjprs.2016.02.008.

Aslan A, Rahman AF, Warren MW, Robeson SM. Mapping 
spatial distribution and biomass of Coastal wetland 
vegetation in Indonesian Papua by combining active 
and passive remotely sensed data. Remote Sensing of 
Environment 2016; 183: 65-81. http://dx.doi.org/10.1016/j.
rse.2016.04.026.

Berner LT, Law BE. Plant traits, productivity, biomass and 
soil properties from forest sites in the Pacific Northwest, 
1999-2014. Scientific Data 2016; 3(1): 160002. http://dx.doi.
org/10.1038/sdata.2016.2. PMid:26784559.

Breiman L. Random forests. Machine Learning 2001; 
45(1): 5-32. http://dx.doi.org/10.1023/A:1010933404324.

Bueno IT, Acerbi-Júnior FW, Silveira EMO, Mello JM, 
Carvalho LMT, Gomide LR et al. Object-based change 
detection in the Cerrado biome using landsat time 
series. Remote Sensing 2019; 11(5): 1-14. http://dx.doi.
org/10.3390/rs11050570.

Cabral OMR, Rocha HR, Gash JH, Freitas HC, Ligo 
MAV. Water and energy fluxes from a woodland savanna 
(cerrado) in southeast Brazil. Journal of Hydrology: Regional 
Studies 2015; 4: 22-40.

DeVries B, Pratihast AK, Verbesselt J, Kooistra L, Herold 
M. Characterizing forest change using community-based 
monitoring data and Landsat time series. PLoS One 
2016; 11(3): 1-25. http://dx.doi.org/10.1371/journal.
pone.0147121. PMid:27018852.

https://doi.org/10.1590/S1414-753X2005000200009
https://doi.org/10.1590/S1414-753X2005000200009
https://doi.org/10.1590/S0104-77602012000400018
https://doi.org/10.1590/S0104-77602012000400018
https://doi.org/10.1016/j.isprsjprs.2016.02.008
https://doi.org/10.1016/j.isprsjprs.2016.02.008
https://doi.org/10.1016/j.rse.2016.04.026
https://doi.org/10.1016/j.rse.2016.04.026
https://doi.org/10.1038/sdata.2016.2
https://doi.org/10.1038/sdata.2016.2
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26784559&dopt=Abstract
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.3390/rs11050570
https://doi.org/10.3390/rs11050570
https://doi.org/10.1371/journal.pone.0147121
https://doi.org/10.1371/journal.pone.0147121
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27018852&dopt=Abstract


12/13 Silveira EMO, Acerbi Júnior FW, Silva ST, Mello JM Floresta e Ambiente 2019; 26(3): e20180338

Frolking S, Palace MW, Clark DB, Chambers JQ, Shugart 
HH, Hurtt GC. Forest disturbance and recovery: a general 
review in the context of space borne remote sensing of 
impacts on aboveground biomass and canopy structure. 
Journal of Geophysical Research 2009; 114(3): 1-27. http://
dx.doi.org/10.1029/2008JG000911.

Garrigues S, Allard D, Baret F, Weiss M. Quantifying 
spatial heterogeneity at the landscape scale using variogram 
models. Remote Sensing of Environment 2006; 103(1): 81-
96. http://dx.doi.org/10.1016/j.rse.2006.03.013.

Garroutte EL, Hansen AJ, Lawrence RL. Using NDVI 
and EVI to map spatiotemporal variation in the biomass 
and quality of forage for migratory elk in the Greater 
Yellowstone Ecosystem. Remote Sensing 2016; 8(5): 1-25. 
http://dx.doi.org/10.3390/rs8050404.

Gleason CJ, Im J. Forest biomass estimation from airborne 
LiDAR data using machine learning approaches. Remote 
Sensing of Environment 2012; 125: 80-91. http://dx.doi.
org/10.1016/j.rse.2012.07.006.

González-Sanpedro MC, Le Toan T, Moreno J, Kergoat 
L, Rubio E. Seasonal variations of leaf area index of 
agricultural fields retrieved from Landsat data. Remote 
Sensing of Environment 2008; 112(3): 810-824. http://
dx.doi.org/10.1016/j.rse.2007.06.018.

Hermosilla T, Wulder MA, White JC, Coops NC, 
Hobart GW. Disturbance-informed annual land cover 
classification maps of Canada’s forested ecosystems for a 
29-year landsat time series. Canadian Journal of Remote 
Sensing 2018; 44(1): 1-21. http://dx.doi.org/10.1080/070
38992.2018.1437719.

Hoekstra JM, Boucher TM, Ricketts TH, Roberts C. 
Confronting a biome crisis: global disparities of habitat 
loss and protection. Ecology Letters 2005; 8(1): 23-29. 
http://dx.doi.org/10.1111/j.1461-0248.2004.00686.x.

Huete AR. A Soil-Adjusted Vegetation Index (SAVI). 
Remote Sensing of Environment 1988; 25(3): 295-309. 
http://dx.doi.org/10.1016/0034-4257(88)90106-X.

Lu D, Chen Q, Wang G, Liu L, Li G, Moran E. A survey of 
remote sensing-based aboveground biomass Estimation 
methods in forest ecosystems. International Journal of 
Digital Earth 2016; 9(1): 63-105. http://dx.doi.org/10.1
080/17538947.2014.990526.

Morais VA, Mello JM, Gomide LR, Scolforo JR, Araújo 
EJG, Rufini AL. Influence of diameter measuring height 
on the adjustment of volume and biomass equations of 
Cerrado in Minas Gerais. Ciência e Agrotecnologia 1995; 
2014(38): 230-239.

Nakaji T, Ide R, Takagi K, Kosugi Y, Ohkubo S, Nasahara 
KN et al. Utility of spectral vegetation indices for estimation 
of light conversion efficiency in coniferous forests in Japan. 
Agricultural and Forest Meteorology 2008; 148(5): 776-
787. http://dx.doi.org/10.1016/j.agrformet.2007.11.006.

Pawar GV, Singh L, Jhariya MK, Sahu KP. Effect of 
anthropogenic disturbances on biomass and carbon 
storage potential of a dry tropical forest in India. Journal 
of Applied and Natural Science 2014; 6(2): 383-392. http://
dx.doi.org/10.31018/jans.v6i2.432.

Prabhakara K, Hively WD, McCarty GW. Evaluating 
the relationship between biomass, percent groundcover 
and remote sensing indices across six winter cover crop 
fields in Maryland, United States. International Journal 
of Applied Earth Observation and Geoinformation 2015; 
39: 88-102. http://dx.doi.org/10.1016/j.jag.2015.03.002.

R Core Team. A language and environment for statistical 
computing, version 1.0.136. Viena; 2014.

Reis AA, Mello JM, Acerbi-Júnior FW, Carvalho LMT. 
Estratificação em Cerrado sensu stricto a partir de imagens 
de sensoriamento remoto e técnicas geoestatísticas. Scientia 
Forestalis 2015; 43(106): 377-386.

Reis AA, Carvalho MC, Mello JM, Gomide LR, Ferraz AC 
Fo, Acerbi-Júnior FW. Spatial prediction of basal area and 
volume in Eucalyptus stands using Landsat TM data: an 
assessment of prediction methods. New Zealand Journal 
of Forestry Science Scientia Forestalis 2018; 48(1): 1-17. 
http://dx.doi.org/10.1186/s40490-017-0108-0.

Ribeiro A, Ferraz AC Fo. Estudo da metodologia proposta 
para classificação dos diferentes estágios de regeneração 
no Cerrado. Pesquisa Florestal Brasileira 2013; 33(73): 
91-98. http://dx.doi.org/10.4336/2013.pfb.33.73.390.

Rouse JW, Hass RH, Schell JA, Deering DW. Monitoring 
vegetation systems in the Great plains with ERTS. In: 
Proceedings of the 3rd Earth Resources Technology Satellite 
(ERTS) Symposium; 1973; Washington. Washington: 
NASA; 1973. p. 309-317.

Rufini AL, Scolforo JRS, Oliveira AD, Mello JM. Volume 
equations for the Savannah (Cerrado), in Minas Gerais 
state. Cerne 2010; 16(1): 1-11. http://dx.doi.org/10.1590/
S0104-77602010000100001.

Sano EE, Rosa R, Brito JLS, Ferreira LG. Land Cover Mapping 
of the tropical savanna region in Brazil. Environmental 
Monitoring and Assessment 2010; 166(1-4): 113-124. http://
dx.doi.org/10.1007/s10661-009-0988-4. PMid:19504057.

Schwieder M, Leitão PJ, Bustamante MMC, Ferreira LG, 
Rabe A, Hostert P. Mapping Brazilian Savanna vegetation 
gradients with Landsat time series. International Journal 
of Applied Earth Observation and Geoinformation 2016; 
52: 361-370. http://dx.doi.org/10.1016/j.jag.2016.06.019.

Scolforo HF, Scolforo JRS, Mello CR, Mello JM, Ferraz 
AC Fo. Spatial distribution of aboveground carbon 
stock of the arboreal vegetation in Brazilian biomes of 
Savanna, Atlantic Forest and Semi-Arid Woodland. PLoS 
One 2015; 10(6): 1-20. http://dx.doi.org/10.1371/journal.
pone.0128781. PMid:26066508.

Scolforo HF, Scolforo JRS, Mello JM, Mello CR, Morais 
CA. Spatial interpolators for improving the mapping 

https://doi.org/10.1029/2008JG000911
https://doi.org/10.1029/2008JG000911
https://doi.org/10.1016/j.rse.2006.03.013
https://doi.org/10.3390/rs8050404
https://doi.org/10.1016/j.rse.2012.07.006
https://doi.org/10.1016/j.rse.2012.07.006
https://doi.org/10.1016/j.rse.2007.06.018
https://doi.org/10.1016/j.rse.2007.06.018
https://doi.org/10.1080/07038992.2018.1437719
https://doi.org/10.1080/07038992.2018.1437719
https://doi.org/10.1111/j.1461-0248.2004.00686.x
https://doi.org/10.1016/0034-4257(88)90106-X
https://doi.org/10.1080/17538947.2014.990526
https://doi.org/10.1080/17538947.2014.990526
https://doi.org/10.1016/j.agrformet.2007.11.006
https://doi.org/10.31018/jans.v6i2.432
https://doi.org/10.31018/jans.v6i2.432
https://doi.org/10.1016/j.jag.2015.03.002
https://doi.org/10.1186/s40490-017-0108-0
https://doi.org/10.4336/2013.pfb.33.73.390
https://doi.org/10.1590/S0104-77602010000100001
https://doi.org/10.1590/S0104-77602010000100001
https://doi.org/10.1007/s10661-009-0988-4
https://doi.org/10.1007/s10661-009-0988-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19504057&dopt=Abstract
https://doi.org/10.1016/j.jag.2016.06.019
https://doi.org/10.1371/journal.pone.0128781
https://doi.org/10.1371/journal.pone.0128781
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26066508&dopt=Abstract


13/13Anthropogenic Disturbances Affect…Floresta e Ambiente 2019; 26(3): e20180338

of carbon stock of the arboreal vegetation in Brazilian 
biomes of Atlantic Forest and Savanna. Forest Ecology and 
Management 2016; 376: 24-35. http://dx.doi.org/10.1016/j.
foreco.2016.05.047.

Scolforo JR, Melo JM, Oliveira AD, Pereira RM, Souza FN, 
Guedes ICLV. Volumetria, peso de matériaseca e carbono. 
In: Scolforo JRS, Mello JM, Oliveira AD, editors. Inventário 
florestal de Minas Gerais: Cerrado: florística, estrutura, 
diversidade, similaridade, distribuição diamétrica e de 
altura, Volumetria, tendências de crescimento e áreas aptas 
para manejo florestal. Lavras: UFLA; 2008. p. 361-438.

Silva JF, Fariñas MR, Felfili JM, Klink CA. Spatial 
heterogeneity, land use and conservation in the Cerrado 
region of Brazil. Journal of Biogeography 2006; 33(3): 536-
548. http://dx.doi.org/10.1111/j.1365-2699.2005.01422.x.

Silveira EMO, Bueno IT, Acerbi-Junior FW, Mello JM, 
Scolforo JRS, Wulder MA. Using spatial features to 
reduce the impact of seasonality for detecting tropical 
forest changes from Landsat time series. Remote Sensing 
2018a; 10(6): 1-21. http://dx.doi.org/10.3390/rs10060808.

Silveira EMO, Espírito-Santo FD, Acerbi-Júnior FW, 
Galvão LS, Withey KD, Blackburn GA et al. Reducing 
the effects of vegetation phenology on change detection 
in tropical seasonal biomes. GIScience & Remote Sensing 
2018b; 00: 1-19.

Silveira EMO, Mello JM, Acerbi-Júnior FW, Carvalho 
LMT. Object-based land-cover change detection applied 
to Brazilian seasonal Savannahs using geostatistical 
features. International Journal of Remote Sensing 2018c; 
39(8): 2597-2619. http://dx.doi.org/10.1080/01431161.
2018.1430397.

Silveira EMO, Menezes MD, Acerbi-Júnior FW, Castro 
MNST, Mello JM. Assessment of geostatistical features for 
object-based image classification of contrasted landscape 
vegetation cover. Journal of Applied Remote Sensing 2017; 
11(3): 036004. http://dx.doi.org/10.1117/1.JRS.11.036004.

Silveira EMO, Terra MCNS, Acerbi-Júnior FW, Scolforo 
JRS. Estimating aboveground biomass loss from 
deforestation in the savanna and semi-arid biomes of 
brazil between 2007 and 2017. In: Silveira EMO, Terra 
MCNS, Acerbi-Júnior FW, Scolforo JRS, editors. Tropical 
forests in transition: the role of deforestation and impacts 
from community composition to regional climate change. 
London: Intechopen; 2019a. p. 1-17.

Silveira EMO, Espírito-Santo FD, Wulder MA, Acerbi-
Júnior FW, Carvalho MC, Mello CR et al. Pre-stratified 
modelling plus residuals kriging reduces the uncertainty of 
aboveground biomass estimation and spatial distribution 

in heterogeneous savannas and forest environments. Forest 
Ecology and Management 2019b; 445: 96-109. http://
dx.doi.org/10.1016/j.foreco.2019.05.016.

Veenendaal EM, Torello-Raventos M, Feldpausch TR, 
Domingues TF, Gerard F, Schrodt F  et  al. Structural, 
physiognomic and above-ground biomass variation in 
savanna–forest transition zones on three continents – how 
different are co-occurring savanna and forest formations? 
Biogeosciences 2015; 12(10): 2927-2951. http://dx.doi.
org/10.5194/bg-12-2927-2015.

Verbesselt J, Hyndman R, Newnham G, Culvenor D. 
Detecting trend and seasonal changes in satellite image 
time series. Remote Sensing of Environment 2010; 114(1): 
106-115. http://dx.doi.org/10.1016/j.rse.2009.08.014.

Vieilledent G, Gardi O, Grinand C, Burren C, Andriamanjato 
M, Camara C et al. Bioclimatic envelope models predict 
a decrease in tropical forest carbon stocks with climate 
change in Madagascar. Journal of Ecology 2016; 104(3): 
703-715. http://dx.doi.org/10.1111/1365-2745.12548.

Wang L, Zhou X, Zhu X, Dong Z, Guo W. Estimation of 
biomass in wheat using random forest regression algorithm 
and remote sensing data. The Crop Journal 2016; 4(3): 
212-219. http://dx.doi.org/10.1016/j.cj.2016.01.008.

White JC, Wulder MA, Hermosilla T, Coops NC, Hobart 
GW. A nationwide annual characterization of 25 years of 
forest disturbance and recovery for Canada using Landsat 
time series. Remote Sensing of Environment 2017; 194: 
303-321. http://dx.doi.org/10.1016/j.rse.2017.03.035.

Wulder MA, White JC, Fournier RA, Luther JE, Magnussen 
S. Spatially explicit large area biomass estimation: three 
approaches using forest inventory and remotely sensed 
imagery in a GIS. Sensors 2008; 8(1): 529-560. http://
dx.doi.org/10.3390/s8010529. PMid:27879721.

Yang S, Feng Q, Liang T, Liu B, Zhang W, Xie H. Modeling 
grassland above-ground biomass based on artificial neural 
network and remote sensing in the three-river Headwaters 
region. Remote Sensing of Environment 2018; 204: 204. 
http://dx.doi.org/10.1016/j.rse.2017.10.011.

Zhao F, Xu B, Yang X, Jin Y, Li J, Xia L et  al. Remote 
sensing estimates of grassland aboveground biomass 
based on MODIS net primary productivity (NPP): A 
case study in the Xilingol grassland of northern China. 
Remote Sensing 2014; 6(6): 5368-5386. http://dx.doi.
org/10.3390/rs6065368.

Zhu X, Liu D. Improving forest aboveground biomass 
estimation using seasonal Landsat NDVI time-series. ISPRS 
Journal of Photogrammetry and Remote Sensing 2015; 102: 
222-231. http://dx.doi.org/10.1016/j.isprsjprs.2014.08.014.

https://doi.org/10.1016/j.foreco.2016.05.047
https://doi.org/10.1016/j.foreco.2016.05.047
https://doi.org/10.1111/j.1365-2699.2005.01422.x
https://doi.org/10.3390/rs10060808
https://doi.org/10.1080/01431161.2018.1430397
https://doi.org/10.1080/01431161.2018.1430397
https://doi.org/10.1117/1.JRS.11.036004
https://doi.org/10.1016/j.foreco.2019.05.016
https://doi.org/10.1016/j.foreco.2019.05.016
https://doi.org/10.5194/bg-12-2927-2015
https://doi.org/10.5194/bg-12-2927-2015
https://doi.org/10.1016/j.rse.2009.08.014
https://doi.org/10.1111/1365-2745.12548
https://doi.org/10.1016/j.cj.2016.01.008
https://doi.org/10.1016/j.rse.2017.03.035
https://doi.org/10.3390/s8010529
https://doi.org/10.3390/s8010529
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27879721&dopt=Abstract
https://doi.org/10.1016/j.rse.2017.10.011
https://doi.org/10.3390/rs6065368
https://doi.org/10.3390/rs6065368
https://doi.org/10.1016/j.isprsjprs.2014.08.014

