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Abstract. Several studies have assessed forest disturbance in tropical forests using Landsat
imagery. However, the spatial resolution (30 m) of Landsat images has often been considered
too coarse to accurately detect the extent and impacts of selective logging. The Sentinel-2
satellite launched in 2015 has been providing images at spatial resolutions of 10 to 20 m and
those images have shown an improved potential for detecting forest disturbances in tropical
regions. We compared Landsat-8 and Sentinel-2 imagery for detecting selective logging in a
rain forest site in the Brazilian Amazon. The aerosol-free modified soil adjusted vegetation index
(MSAVI_af) was retrieved from the satellite images acquired in August 2020 immediately
following logging. A robust reference dataset of very-high-resolution imagery (0.5 m) acquired
using a complementary metal oxide semiconductor sensor (visible bands) onboard of an
unmanned aerial vehicle was used to image the area of interest and a map derived from it was
used to assess the classification accuracies made using satellite-derived data. The overall accu-
racy of the classified Sentinel-2 and Landsat-8 images varied between 54% and 83%, depending
on the applied classification parameters for distinguishing undisturbed from disturbed forest
canopy. Images acquired using the UAV allowed us to detect subtle impacts of canopy openings
by selective logging activities. Images acquired using the UAV allowed the detection of small
canopy openings, but not Sentinel-2 or Landsat-8. Sentinel-2 provided more details of canopy
disturbances than Landsat image. Our classification approach is fully implementable on the
Google Earth Engine platform and is a promising technique to monitor selective logging impacts
in tropical forests. © 2022 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL: 10.1117/1
JRS.16.014526]

Keywords: forest degradation; Landsat-8; selective logging; Sentinel-2; unmanned aerial
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1 Introduction

Over the past three decades, increasing deforestation rates have been observed in tropical
regions, despite governmental and non-governmental efforts to protect forests and their
biodiversity.! Selective logging of the rainforests in the Brazilian Amazon has been considered
economically important, however, in the meantime, it is acknowledged to be a potential precur-
sor of deforestation. Selective logging, whether legal or illegal, may open the way to land occu-
pation and the conversion of the forest to other land uses such as slash-and-burn agriculture
or large-scale clearing for pasture. Forest stands with an opened-up canopy are sensitive to fire
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events in the dry season and thus selective logging may be a significant contributor to forest
degradation,’ i.e., the “the reduction of the capacity of a forest to provide goods and services.”*

Estimating accurately the extent of degraded forests and deforestation are a key component of
international climate change initiatives such as reducing emissions from deforestation and forest
degradation in developing countries (REDD+), launched within the UN framework convention
on climate change. This requires the use of robust and transparent methods to quantify carbon
emissions from forest degradation and deforestation.* As selective logging is widespread, it is
imperative to develop a national or subnational system that can accurately monitor forest canopy
opening caused by selective logging. It is especially important for enforcing harvest regulations
regarding established intensities of selective logging in tropical forests.>® By enforcing harvest
regulations, it helps to ensure that well-planned and well-executed selective logging’ is based on
sustainable forest management principles that contribute to improve recovery of forest biomass
(carbon stocks) and reduces the chances of forest degradation.®® Importantly, illegal logging has
been estimated to account for up to 72% of all logging in the Brazilian Amazon,'®!" and forest
degradation has affected as much of the Amazon forests as deforestation.>'>

In Brazil, much effort has been dedicated to monitoring deforestation (forest clearing) in
general (e.g., MapBiomas project'®) and with special attention to Amazonia (PRODES'* and
DETER'* projects). Despite the valuable time series data available on detecting and monitoring
the dynamics of forest disturbances in Amazonia,'*"' there remain gaps of scientific knowledge.
For example, the use of Landsat imagery, with its spatial resolution of 30 m and temporal
frequency of 15 days, has been criticized for lacking sufficient accuracy'”'® for the detection
and quantification of forest degradation by selective logging activities. Comparisons between
the use of multispectral images of the recently launched Sentinel-2 satellite (13 bands; 5-day
recurrence interval) and those of Landsat 8 to assess land use and land cover changes'*?’ and
mapping the extent of burned areas' have shown that Sentinel-2 provided maps of higher accu-
racy than those produced by using Landsat imagery.”® These results suggest that Sentinel-2 data
may provide a basis for improved accuracy in identifying selectively logged forest areas and thus
improve estimating and monitoring of forest degradation in tropical forests.

In this study, we developed a remote sensing-based approach to classify forests impacted by
selective logging at a study site in eastern Amazonia using Landsat-8, Operational Land Imager
(OLI) sensor, and Sentinel-2, Multispectral Instrument (MSI) sensor, imagery. We calculated the
aerosol-free modified soil adjusted vegetation index (MSAVI_af) to detect forest canopy gaps
caused by selective logging.'® For reference, we applied supervised classification (random for-
est) to high spatial resolution (0.5 m) images acquired using a (CMOS sensor visible bands)
onboard of an unmanned aerial vehicle (UAV) during the dry season of 2020, immediately after
logging of the study site. The classification accuracies using Landsat-8 and Sentinel-2 were
calculated by comparing them with the high-resolution reference map.

2 Materials and Methods

2.1 Study Site

The study site was a logging unit of 50 ha, within the Rio Capim Forest Estate (RCFE), a logging
concession in south-western Paragominas municipality, state of Pard, Brazil, 217 km south of
the state capital Belém (Fig. 1). The RCFE, owned the Cikel Brasil Verde Madeiras Ltda. logging
company, has a total area of 140,658 ha, of which 121,000 ha are under or are earmarked
for selective logging. Timber from selective logging at the estate has been certified by the
Forest Stewardship Council since 2001,%! and the estate has permanent research plots for field
measurements and forest monitoring activities established by the Tropical Managed Forests
Observatory scientific network.”

The predominant vegetation type is non-inundated (terra firme) lowland evergreen rain forest
that grows in a Koppen Aw type climate, with an average annual precipitation of 1800 mm, a
well-defined dry season (mean monthly precipitation < 100 mm) from May to October; the
annual average temperature is 26.3°C.>* The predominant soil types include yellow Latosols
and Argisols, Plinthosols, and few small patches of Gleisols and Neosols.?*
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Fig. 1 The location of the study site, a logging unit of 50 ha within the Rio Capim Forest Estate,
state of Para, Brazil. The bottom right-hand image is composed of a mosaic of multispectral
images (bands 1 to 3, acquired at a resolution 0.5 m) using a UAV showing the site after logging
in August 2020.

2.2 Datasets

The UAV image was acquired using a built-in camera onboard of a DJI Phantom 4 Pro, with a
CMOS sensor of 20 MP of mechanical shutter resolution, which eliminates rolling shutter dis-
tortions. This sensor and processor captured images in three composite bands (blue, green, and
red; 0.5-m spatial resolution) and supplied sufficient detail for a reference data set.

Landsat-8 and Sentinel-2 images (Table 1) available from the Google Earth Engine plat-
form® were used in this analysis. We used one Landsat-8 scene and one Sentinel-2 scene with
<5% of cloud cover, acquired between August 13 and 20, 2020, during the dry season (Table 1).
The dry season is the period when most of forest operations including selective logging are
carried out in Amazonia.

We used in this analysis the red, green, blue, near-infrared (NIR), and short-wave infrared 1
(SWIR-1) spectral bands, recorded by the sensors (OLI and MSI) of both satellites. The SWIR-1
band by Sentinel-2 is acquired at a spatial resolution of 20 m and, in this study, we pansharpened
it to a resolution of 10 m of the visible bands, using nearest-neighbor resampling.

Table 1 The characteristics of the remote sensing and UAV datasets
used to detect selective logging in a 50-ha site, Rio Capim Forest
Estate, Pard, Brazil.

Satellite/sensor Acquisition date
Sentinel-2A/MSI? August 13, 2020
Landsat 8/ OLI° August 15, 2020
UAV/CMOS® August 20, 2020

a8MSI, multispectral instrument, level-1C.
POLI, operational land imager, C1 level-1.
°CMOS, complementary metal-oxide-semiconductor sensor.
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Fig. 2 Flow diagram of geometric corrections of Landsat-8 and Sentinel-2 images used for
detecting forest disturbances caused by selective logging activities in the study site, Rio
Capim Forest Estate, state of Para, Brazil, August 2020.

2.3 Methodological Approach

The step-by-step image processing and classification to detect the extent of the areas affected by
selective logging using UAV image mosaic and the Landsat-8 and Sentinel-2 imagery is pre-
sented in Fig. 2. Images acquired using a CMOS sensor onboard of an UAV, composed of three
visible bands (blue, green, and red), were georeferenced and mosaicked using the Agisoft
Photoscan Professional® software. We applied the random forest algorithm to the UAV image
mosaic to classify it into areas with intact canopy cover versus open areas affected by logging,
using the Google Engine Platform. The UAV image mosaic was used as a cartographic reference
to geometrically correct the Landsat-8 and Sentinel-2 images. After geometrical correction, we
calculated the MSAVI_af index from Landsat-8 and Sentinel-2 images and estimated the frac-
tional percentage canopy cover (FC%). The FC% images were binary reclassified into (1) areas
disturbed by selective logging activities (<30% of canopy cover) and (2) undisturbed forest areas
(> 30% of canopy cover). Finally, the areas identified as disturbed by logging using the UAV
mosaic were used to estimate the accuracy of the binary classification of satellite images.

2.3.1 Automatic photogrammetric adjustments

Photogrammetric adjustments of the UAV images were made using Agisoft PhotoScan
Professional®. This software uses the coordinates of the exposure centers for each image, per-
forms aerial triangulation, and reconstructs the photogrammetric block. The software initially
works with the coordinates captured during the flight by the antenna of the UAV. Specific infor-
mation regarding the spatial location of the camera and image overlays of the UAV image
processing is presented in Table 2.

The photogrammetric block was automatically reconstructed using the encrypted metadata
that contains the internal orientation and image acquisition angles. Once the photogrammetric

Table 2 Parameters used in the Agisoft PhotoScan® software for
image mosaicking and georeferencing the UAV image of the study
site, Rio Capim Forest Estate, state of Para, Brazil, August 2020.

Attribute Value
Number of images 162
Flying altitude 250 m
Ground resolution 0.50 mpix~!
Coverage area 0.324 km=2
Camera stations 162
Tie-points 140, 224
Error 1.00 pix
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Fig. 3 Remotely sensed images of the study site: a logging unit (50 ha) within the Rio Capim
Forest Estate, state of Para, Brazil, immediately after logging in August 2020. (a) UAV-borne
CMOS sensor composite bands (bands 1 to 3; 0.5 m resolution); (b) Sentinel-2 color composite
bands (RGB 4/3/2; 10 m resolution); (c) Landsat-8 color composite bands (RGB 4/3/2; 30 m
resolution).

block reconstruction was complete, the software automatically generated mooring points to con-
struct the ortho images. The UAV image composite [Fig. 3(a)] allowed us to identify individual
trees, while the corresponding image sections derived from Sentinel-2 [Fig. 3(b)] and Landsat-8
[Fig. 3(c)] imagery showed increasingly less details of forest disturbances.

2.3.2 Image capturing and processing using the UAV-borne sensor

The images acquired using the UAV-borne sensor were preprocessed for altitude and image over-
lap for subsequent photogrammetric adjustments and generating an orthomosaic image in RGB
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Fig. 4 Flow diagram of the image acquisition process by using the UAV-borne CMOS sensor to
produce an RGB color composite image at 0.5 m spatial resolution. In addition, four ground control
points (GCP) using a handheld GPS device (Garmin, GPSMAP 86s) were collected, however,
as the location error using the handheld GPS was greater than the UAV onboard GPS, handheld
GPS data were not used in the analyses.

format (Fig. 4). The UAV images were synchronized using control points acquired by an onboard
GPS. The accuracy of georeferencing was limited by the accuracy of the GPS receiver (0.5 m
vertical and 1.5 m horizontal); the total estimated error was 5 m or less. After georeferencing,
the UAV images were geoprocessed using the Agisoft Photoscan Professional.?®

In addition, four ground control points (GCP) using a handheld global positioning system
(GPS) device (Garmin, GPSMAP 86s) were collected in the study site; however, as the total
location error using the handheld GPS was greater than the UAV onboard GPS, we did not use
the handheld GPS data in the analyses.

2.3.3 UAV image classification

Forests disturbances caused by selective logging activities (logging roads, skid trails, log land-
ings, and canopy gaps caused by tree felling) were detected by applying the random forest algo-
rithm and the RGB orthoimage mosaic acquired using the UAV, on the Google Earth Engine®
platform. The random forest algorithm combines a large number of decision trees to achieve a
best forecast and predictive performance.?’ Training areas to represent disturbed and undisturbed
forests were selected by visual photo interpretation. The final UAV image classification was used
as a reference of canopy openness.

2.3.4 Aerosol free modified soil adjusted vegetation index (MSAVI_af)

The aerosol free modified soil adjusted vegetation index (MSAVI_af)'® was estimated using the
Landsat-8 and Sentinel-2 images. The MSAVI_af has shown good results to estimate impacts on
forest canopies caused by selective logging activities in tropical regions.>'®?® This index was
calculated using Egs. (1) and (2):

-0.5
'ONIR—/’SWIR(I +L), (1)

MSAVI,; =
“* PNR 0.5, 1

where pNIR is the surface reflectance in the NIR range, pSWIR is the surface reflectance in
the SWIR range (2.1 ym), and L is the soil adjustment factor:
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L= [(pnr —0.5,5,,) * 5+ 1+ par + 0.5, 17 — 8.0" 5 (onr — 0.5, ) ()

PSWIR

where s = 1.2 is the slope of the soil line calculated from the reflectance of the surface in
exposed soil areas at the study site.

Subsequently, we estimated fractional percentage of forest canopy cover derived from
MSAVI_af.

2.3.5 Fractional percentage of canopy cover

The fractional canopy cover (fc) was originally developed and applied by Ref. 28, and it can be
estimated using two spectral end members: forest canopy and bare soil [Eq. (3)]:

o= V1= Vg, 3
C=—,
VIcanopy—Vlope“

where fc is the fractional coverage retrieved from vegetation index (%), VI is the vegetation
index (in this analysis, MSAVI_af), VIcanopy is the end member with homogenous closed
canopy areas acquired from the vegetation index, and VIopen is the end member with homo-
geneous open areas acquired from the vegetation index.

2.4 Accuracy Assessment

The accuracy assessment was conducted for the full extent of the study site using as reference the
binary classified image (logged versus undisturbed forests) based on the UAV orthorectified pho-
tomosaic by comparing it to the classifications derived from Sentinel-2 and Lansat-8 imagery
based on different classification parameters (variable canopy cover threshold from 5% to 50%).
The Sentinel-2 and Landsat-8 classified images were resampled to 0.5 m resolution to match
the spatial resolution of the UAV image.

The canopy openness classified in the binary maps and their spatial relationships were
quantified using Fragstats v. 4.2.%

3 Results

We assessed the classification accuracies of our technique to distinguish areas disturbed by selec-
tive logging activities from areas of undisturbed forests (closed canopy) using Sentinel-2 and
Landsat-8 imagery by comparing them with a UAV CMOS image classification mosaic (Fig. 4).
Our results indicate that the overall accuracies of both classifications (Landsat-8 and Sentinel-2)
were similar, varying from 78% to 53%, according to the applied classification canopy cover
threshold.

We also observed high accuracies for detecting undisturbed canopies using Sentinel-2 and
Landsat-8 images, which varied from 84.6% to 98.5%, according to the applied canopy cover
classification threshold. Meanwhile, accuracies for classifying areas disturbed by selective log-
ging were limited for both images (Sentinel-2 and Landsat-8), varying from 22.1% to 35.3%,
according to the applied canopy cover classification threshold (Table 3).

Our results indicated high omission (>84%) and commission (>64%) errors in classifying
canopy disturbance. The omission error decreased three-fold by increasing the canopy cover
classification threshold from 5% to 50% using both Landsat-8 and Sentinel-2 images.
Conversely, the average commission errors (72 £ 5% and 68 4 3%) for canopy disturbance did
not substantially change by varying the canopy cover classification threshold. The optimum
canopy cover classification threshold (30%) resulted in an overall accuracy of >78% and the
value of the kappa index >0.72 (Fig. 5). The equilibrium between omission errors of classifying
disturbed and undisturbed canopies were observed by applying a 45% canopy cover classifica-
tion threshold; however, it resulted in overall accuracies <70% for both Landsat-8 and Sentinel-2
images.
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Table 3 Classification accuracies for detecting disturbed by selective logging activities and undis-
turbed areas (closed forest canopy) using (a) Landsat 8 and (b) Sentinel-2 imagery by applying
different canopy cover classification thresholds.

(a) Classification using Landsat-8 image and different canopy openness thresholds

Accuracy Omission Commission
(%) error (%) error (%)
Canopy cover Disturbed Closed Disturbed Closed Disturbed Closed Overall Kappa
threshold® (%) canopy canopy canopy canopy canopy canopy accuracy (%) index
5 23.56 98.51 97.59 1.49 76.44 15.84 83.17 0.78
10 30.91 97.64 94.45 2.36 69.09 15.53 82.94 0.78
15 34.35 96.54 90.47 3.46 65.65 15.12 82.64 0.77
20 34.66 85.35 85.7 5.12 65.34 14.65 82 0.76
25 33.85 86.26 76.51 8.72 66.15 13.74 80.45 0.74
30 32.17 87.13 67.68 12.95 67.83 12.87 78.31 0.72
35 28.36 87.97 57.14 20.57 71.64 12.03 73.59 0.69
40 26.75 88.99 47.22 27.47 73.25 11.01 69.33 0.66
45 24.04 90.18 34.88 39.09 75.96 9.82 61.58 0.59
50 22.15 91.04 26.32 49.21 77.85 8.96 54.45 0.53

(b) Classification using Sentinel-2 image and different canopy openness thresholds

Accuracy Omission Commission
(%) error (%) error (%)
Canopy openness Disturbed Closed Disturbed Closed Disturbed Closed Overall Kappa
threshold? (%) canopy canopy canopy canopy canopy canopy accuracy (%) index
5 32.55 84.64 92.8 2.83 67.45 15.36 82.79 0.77
10 34.42 84.99 89.3 3.87 65.58 15.01 82.48 0.77
15 35.32 85.42 85.22 5.14 64.68 15.58 82.07 0.76
20 34.64 85.91 80.14 712 65.36 14.09 81.22 0.75
25 33.1 86.42 74.61 9.75 66.9 13.58 79.89 0.74
30 32.93 87.31 66.55 12.95 67.07 12.69 78.49 0.72
35 31.91 88.34 57.5 17.23 68.09 11.66 76.34 0.70
40 29.9 89.31 48.57 22.91 70.1 10.69 72.99 0.68
45 28.15 90.42 39.35 29.42 71.85 9.58 68.99 0.65
50 26.18 91.56 30.43 37.28 73.82 8.44 63.82 0.61

aThe classification thresholds tested to distinguish disturbed canopy from closed canopy.

Based on the supervised classification using the random forest algorithm of the UAV images
indicated a total of 8.0 ha of canopy gaps caused by selective logging, which corresponds to 16%
of the total studied [Figs. 6(A) and 6(D)]. The corresponding values for Sentinel-2 image was
10.5 ha [Figs. 6(B) and 6(E)] and using Landsat-8 were 11.5 ha [Figs. 6(C) and 6(F)] by applying
the 30% canopy cover classification threshold.
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Fig. 6 Classification results for the study site, a logging unit of 50 he within the Rio Capim Forest
Estate, state of Para, Brazil, August 2020. (a) Classified image acquired by the UAV-CMOS,
where canopy openings by selective logging are shown in yellow and closed canopy in green.
(b) Fractional coverage derived from Sentinel-2 MSI, where closed canopies are in dark green
and canopy openings caused by logging are in white, orange, yellow, and light green, varying
from heavy to light impacts, accordingly. (c) Fractional coverage derived from Landsat-8 OLI,
where closed canopies are in dark green and canopy openings caused by logging are in white,
orange, yellow, and light green indicate heavy to light impacts. Binary images derived from UAV-
CMOS (d), Sentinel-2 (e), Landsat-8 OLI (f); white, closed canopy; black, canopy opening.

The similar values of estimated overall canopy gaps across the study site were associated with
spatial landscape characteristics (Table 4; Fig. 5), largely related to sensor spatial resolution.
Regarding canopy gaps, Sentinel-based maps contained seven times more distinct gap areas
identified (2.7 ha™!) than those based on Landsat (0.4 ha™'). The largest canopy gap in the
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Table 4 Landscape characterization of images resampled to a
common resolution of 0.5 m in a selectively logged are of 50 ha,
Rio Capim Forest Estate, state of Pard, Brazil, August 2020.

Class level (gap)

Patch density Edge density LPI
Sensor (100 ha™") (m.ha~") LSl (%)
Landsat-8 42 158 4.2 9.3
Sentinel-2 270 372 14.8 1.7
UAV-CMOS 9567 1680 74.6 0.6

Note: LSI, landscape shape index; LPI, largest patch index.

Sentinel map was over five times smaller (1.7% of the total study area) than that in the Landsat-
based map (9.3%). The complexity of the shape of the gaps was over three times greater in
Sentinel (LSI = 14.8) than in Landsat (4.2).

4 Discussion

Field verification is usually required to assess accuracy of digital image classification. A major
drawback of field verification is it being labor and time intensive. Our study showed that by
applying an alternative (although not being a substitute) approach using UAV, we were able
to produce reference images of very high spatial resolution (0.5 m).

We successfully used UAV images to assess detailed forest impacts caused by selective log-
ging, including tree fall gaps, skid trails, and log landings (patios and forest roads). Our results
showed that the number of individual gaps identified by UAV was 228 and 35 times larger than
those detected using Landsat-8 and Sentinel-2 imagery, and the maximum gap size was reduced
16- and 3-fold, respectively. This can explain the estimated high omission and commission errors
to detect selectively logged forests when using remotely sensed data acquired from Sentinel-2
and Landsat-8. Sensors onboard of the UAV have been applied for several applications (e.g., to
detect illegal occupation of urban areas®” and changes in canopy height®') given their superior
ability to acquire images at a high spatial resolution and suffering from less atmospheric effects
compared with satellite-borne sensors. In addition, the built-in GPS of UAV can accurately
acquire location coordinates for using for georeferencing the UAV images satellite images.
However, in comparison with satellite sensors, UAV-born sensors have the disadvantage of
limited extent, which makes their use for large-scale studies limited.

Complementarily, we observed that overall accuracies of detecting canopy opening caused
by selective logging and undisturbed canopy were similar using Landsat-8 and Sentinel-2
imagery. The observed low accuracies for detecting canopy disturbances by selective logging
were mainly due to the medium spatial resolutions of Landsat-8 and Sentinel-2 images that did
not enable capturing subtle disturbances such as tree fall gaps and skid trails. Using Landsat-8
and Sentinel-2 images allowed the detection of heavy forest canopy disturbances and high spec-
tral variations on satellite images caused by log landings/patios and forest roads.

Selective logging has been reported to cause a drier microclimate that makes logged stands
susceptible to fire, initiate major changes in stand structure (e.g., Ref. 32) and species compo-
sition, and affect animal diversity directly and by increased hunting via improved access
(see Ref. 33 for a detailed treatment of edge effects cause by deforestaion and in selectively
logged forests).

Forest disturbance caused by selective logging in Paragominas municipality has been inves-
tigated for decades. The first study by Ref. 34 applied Landsat-5 images acquired in 1986 and
1991 to estimate the extent selectively logged and undisturbed forests. The authors concluded
that selective logging disturbed 12% of their study region and that forest canopy impacts were
not detectable 3 years after logging activities. Asner et al.> estimated an average of 4.8% to 8.6%
of forest canopy disturbances by reduced impact selective logging in Paragominas municipality
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using Landsat imagery acquired between 1996 and 1999. Asner et al.* also estimated that con-

ventionally logged forests impacted an average of 8.9% to 11.2% of the forest canopy in the
same period and study region. These results indicate that canopy openings by selective logging
observed in our study site were like those by conventional logging reported by Ref. 35, as a result
of the logging intensity currently applied by logging companies in the Amazon region.

5 Conclusions

The image acquired using the UAV for this study allowed us to generate a very high-resolution
image mosaic of 0.5 m spatial resolution, which provided a by far more realistic and detailed
classification of forest disturbances caused by selective logging activities compared to those
based on Landsat-8 and Sentinel-2 imagery. Using the dataset derived from UAV-CMOS sensor,
we were able to detect subtle impacts (tree fall gaps, skid trails) as well as heavy impacts
(log patios and forest roads) caused by logging. Meanwhile, using remotely sensed imagery
(Sentinel-2 and Landsat-8), we were able to detect only the heaviest logging impacts. We
observed that spatial resolutions of Sentinel-2 and Landsat-8 were the main constraint to detect
detailed canopy disturbances, although we were able to capture more details of forest canopy
impacts using the Sentinel-2 than the Landsat-8 image.

We observed that our classification approach using fractional coverage derived from
MSAVI_af was simple to apply and showed high overall accuracies for detecting disturbed and
undisturbed forests. However, it allowed us to better detect undisturbed areas than disturbed
ones; for disturbed areas there was a balance between omission and commission errors, which
remains a concern as a large number of small-scale canopy openings caused by selective logging
go undetected.

Although the overall estimates of selectively logged forests showed good results, we recom-
mend special care in identifying forests impacted by selective logging at local scale using
remotely sensed data. Fractional coverage alone showed to be reliable to quantify canopy open-
ings using the Sentinel-2 image, which can be used for monitoring canopy cover impacts and
support planning and monitoring of forest management in tropical forests.

Acknowledgments

This study was financed in part by the Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior, Brazil (CAPES). We thank the anonymous reviewers and the editorial team for their
comments and contributions.

References

1. FAO, “Evaluacién de los Recursos Forestales Mundiales,” 2015, http://www.fao.org/3/a-
14793s.pdf (accessed 14 October 2019).

2. E. A. T. Matricardi et al., “Long-term forest degradation surpasses deforestation in the
Brazilian Amazon,” Science 369(6509), 1378—-1382 (2020).

3. Food and Agriculture Organisation (FAO), “Global Forest Resources Assessment 2010 —
Main report” (2010).

4. S. J. Goetz et al.,, “Measurement and monitoring needs, capabilities and potential for
addressing reduced emissions from deforestation and forest degradation under REDD+,”
Environ. Res. Lett. 10(12), 123001 (2015).

5. G.P. Asneretal., “Selective logging in the Brazilian Amazon,” Science 310(5747), 480482
(2005).

6. T. R. H. Pearson, S. Brown, and F. M. Casarim, “Carbon emissions from tropical forest
degradation caused by logging,” Environ. Res. Lett. 9(3), 34017-34028 (2014).

7. R. Pereira et al., “Forest canopy damage and recovery in reduced-impact and conventional
selective logging in eastern Para, Brazil,” For. Ecol. Manage. 168(1-3), 77-89 (2002).

8. L. Mazzei et al., “Above-ground biomass dynamics after reduced-impact logging in the
Eastern Amazon,” For. Ecol. Manage. 259(3), 367-373 (2010).

Journal of Applied Remote Sensing 014526-11 Jan-Mar 2022 « Vol. 16(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 24 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


http://www.fao.org/3/a-i4793s.pdf
http://www.fao.org/3/a-i4793s.pdf
http://www.fao.org/3/a-i4793s.pdf
http://www.fao.org/3/a-i4793s.pdf
http://www.fao.org/3/a-i4793s.pdf
https://doi.org/10.1126/science.abb3021
https://doi.org/10.1088/1748-9326/10/12/123001
https://doi.org/10.1126/science.1118051
https://doi.org/10.1088/1748-9326/9/3/034017
https://doi.org/10.1016/S0378-1127(01)00732-0
https://doi.org/10.1016/j.foreco.2009.10.031

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

30.

31.

32.

Castillo et al.: Assessment of selective logging impacts using UAV, Landsat, and Sentinel data. ..

E. Rutishauser et al., “Rapid tree carbon stock recovery in managed Amazonian forests,”
Curr. Biol. 25(18), R787-R788 (2015).

A. Contreras-Hermosilla, R. Doornbosch, and M. Lodge, “The economics of illegal logging
and associated trade,” Paris: Organisation for Economic Cooperation and Development
(OECD), p. 46, https://www.cabdirect.org/cabdirect/abstract/20083306906 (2007).

S. Lawson and L. Macfaul, “Illegal logging and related trade: indicators of the global
response,” Chatham House Rep. 132 + xix; Chatham House, London (2010).

E. L. Bullock et al., “Satellite-based estimates reveal widespread forest degradation in the
Amazon,” Global Change Biol. 26, 2956-2969 (2020).

C. M. Souza et al., “Reconstructing three decades of land use and land cover changes in
Brazilian biomes with Landsat archive and earth engine,” Remote Sens. 12(17), 2735 (2020).
INPE, “Monitoramento da cobertura florestal da Amazdnia por satélites: sistemas PRODES,
DETER, DEGRAD e Queimadas 2007-2008,” Sao José dos Campos, Brazil (2008).
UNFCCC, “Technical report on the technical analysis of the technical annex to the first
biennial update report of Brazil submitted in accordance with decision 14/CP.19” (2015).
C. M. Souza et al., “Ten-year Landsat classification of deforestation and forest degradation
in the Brazilian amazon,” Remote Sens. 5(11), 5493-5513 (2013).

M. C. Hansen et al., “Comparing annual MODIS and PRODES forest cover change data
for advancing monitoring of Brazilian forest cover,” Remote Sens. Environ. 112(10),
3784-3793 (2008).

E. A. T. Matricardi et al., “Assessment of tropical forest degradation by selective logging and
fire using Landsat imagery,” Remote Sens. Environ. 114(5), 1117-1129 (2010).

C. Quintano, A. Fernandez-Manso, and O. Ferndndez-Manso, “Combination of Landsat and
Sentinel-2 MSI data for initial assessing of burn severity,” Int. J. Appl. Earth Obs. Geoinf.
64, 221-225 (2018).

G. Forkuor et al., “Landsat-8 vs. Sentinel-2: examining the added value of sentinel-2’s
red-edge bands to land-use and land-cover mapping in Burkina Faso,” GIScience Remote
Sens. 55, 331-354 (2018).

P. Sist and F. N. Ferreira, “Sustainability of reduced-impact logging in the Eastern Amazon,”
For. Ecol. Manage. 243(2-3), 199-209 (2007).

TmFO, “Home,” Tropical Managed Forests Observatory, 1997, https://www.tmfo.org/
(accessed 18 October 2019).

C. A. Alvares et al., “Koppen’s climate classification map for Brazil,” Meteorol. Zeitschrift
22(6), 711-728 (2013).

T. Rodrigues et al., “Caracterizacdo e classificacdo dos solos do municipio de Paragominas,
Estado do Par4. - Portal Embrapa” (2003).

N. Gorelick et al., “Google Earth Engine: Planetary-scale geospatial analysis for everyone,”
Remote Sens. Environ. 202(2017), 18-27 (2017).

E. Matricardi et al., “Assessment of forest disturbances by selective logging and forest
fires in the Brazilian Amazon using Landsat data!” Int. J. Remote Sens. 34(4), 1057-1086
(2013).

L. Breiman, “Random forests,” Mach. Learn. 45, 5-32 (2001).

C. Wang, J. Qi, and M. Cochrane, “Assessment of tropical forest degradation with canopy
fractional cover from Landsat ETM+ and IKONOS imagery,” Earth Interact 9(22), 1-18
(2005).

K. McGarigal and B. J. Marks, “FRAGSTATS: spatial pattern analysis program for quan-
tifying landscape structure,” USDA Forest Service General Technical Report PNW-351,
Corvallis (1995).

R. L. Mota et al., “Expanding small UAV capabilities with ANN: a case study for urban
areas observation,” in /[EEE 2nd Int. Conf. Image Inf. Process., IEEE (2013).

K. lizuka et al., “Estimating tree height and diameter at breast height (DBH) from digital
surface models and orthophotos obtained with an unmanned aerial system for a Japanese
Cypress (Chamaecyparis obtusa) Forest,” Remote Sens. 10(1), 13 (2018).

R. Dalagnol et al., “Quantifying canopy tree loss and gap recovery in tropical forests under
low-intensity logging using VHR satellite imagery and airborne LiDAR,” Remote Sens. 11,
817 (2019).

Journal of Applied Remote Sensing 014526-12 Jan-Mar 2022 « Vol. 16(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 24 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


https://doi.org/10.1016/j.cub.2015.07.034
https://www.cabdirect.org/cabdirect/abstract/20083306906
https://www.cabdirect.org/cabdirect/abstract/20083306906
https://www.cabdirect.org/cabdirect/abstract/20083306906
https://doi.org/10.1111/gcb.15029
https://doi.org/10.3390/rs12172735
https://doi.org/10.3390/rs5115493
https://doi.org/10.1016/j.rse.2008.05.012
https://doi.org/10.1016/j.rse.2010.01.001
https://doi.org/10.1016/j.jag.2017.09.014
https://doi.org/10.1016/j.foreco.2007.02.014
https://www.tmfo.org/
https://www.tmfo.org/
https://www.tmfo.org/
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1080/01431161.2012.717182
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1175/EI133.1
https://doi.org/10.1109/ICIIP.2013.6707646
https://doi.org/10.3390/rs10010013
https://doi.org/10.3390/rs11070817

Castillo et al.: Assessment of selective logging impacts using UAV, Landsat, and Sentinel data. . .

33. E. N. Broadbent et al., “Forest fragmentation and edge effects from deforestation and
selective logging in the Brazilian Amazon,” Biol. Conserv. 141, 1745-1757 (2008).

34. T. A. Stone and P. Lefebvre, “Using multi-temporal satellite data to evaluate selective
logging in Para, Brazil,” Int. J. Remote Sens. 19, 2517-2526 (1998).

35. G. P. Asner et al., “Canopy damage and recovery after selective logging in Amazonia: field
and satellite studies,” Ecol. Appl. 14, 280-298 (2004).

Guido Vicente Bricefio Castillo is currently a PhD student at CIRAD (French Agricultural
Research Centre and International Development). He was awarded a forest science master’s
degree in 2021 by University of Brasilia, Brazil. He has been working with remote sensing and
geoprocessing applied to forest management in tropical forests.

Lucas José Mazzei de Freitas is a senior scientist at the Braziian Agricultural Research
Corporation (Embrapa) Amazodnia Oriental. He was awarded a forest science master’s degree
in 1999 by the Federal University of Vicosa, Brazil, and his PhD in 2010 by the Ecole Nationale
du Génie Rural des Eaux et des Foréts, France. He has been working with forest management in
tropical forests and environmental service payments.

Victor Almeida Cordeiro (in memorian) was an agronomist working with cartography,
geoprocessing, and remotely sensed data applied to tropical forest management. He had been
admitted to the master’s program in forest science, University of Brasilia, Brazil. He tragically
died in a car crash in 2021.

Jorge Breno Palheta Orellana is a forest engineer working with forest products. He was
awarded a forest science master’s degree in 2015 by the University of Brazil, Brazil.

Jorge Luis Reategui-Betancourt is currently a PhD student at the University of Brasilia, Brazil.
He was awarded a forest and environmental sciences master’s degree in 2017 by Federal
University of Mato Grosso, Brazil. He has been working with tropical forest management in
the Brazilian Amazon.

Laszlo Nagy is a lecturer in ecology. He leads an integrated Long-term Ecological Research
program in the south-eastern Brazilian mountain range.

Eraldo Aparecido Trondoli Matricardi is an associate professor at the University of Brasilia,
Brazil. He has been working with forest degradation by selective logging and forest fires in
the Brazilian Amazon. His current research interest includes land use and land cover changes,
climate changes, and applied remote sensing to environmental issues.

Journal of Applied Remote Sensing 014526-13 Jan-Mar 2022 « Vol. 16(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 24 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


https://doi.org/10.1016/j.biocon.2008.04.024
https://doi.org/10.1080/014311698214604
https://doi.org/10.1890/01-6019

