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Abstract

Timber harvest from tropical regions generates seven billion dollars annually in exports and is
estimated to occur across 20% of the area of remaining tropical forests. This timber harvesting is
estimated to account for more than one in eight of all greenhouse gas emissions from tropical forests.
Yet there is currently no means to independently estimate extracted volumes and associated
greenhouse gas emissions.

In this study, we built upon an earlier paper that used an automated algorithm applied to LIDAR
to accurately identify area of timber harvest impact in the categories of roads/decks, skid trails and
gaps. This algorithm was applied to 2014 harvest areas in four concessions in Kalimantan, Indonesia.
In two of these concessions, total harvested timber volumes and greenhouse gas emissions were
measured and calculated in the field using data from 188 harvested and extracted trees.

In order to relate remote sensing data with the estimated extracted volumes, we calculated factors
that linked extracted timber volumes with greenhouse gas emissions, and applied three different
regression equations. The parameters of the most accurate equation were the areas of roads, skid trails
and gaps, explaining 87% of the variation in the data. For situations where rivers are used in place of
roads for extracting timber and for instances of non-mechanized, often illegal logging, a second
equation was created in which only skid trail and gap attribute data were used, and in this equation
86% of the variation was accounted. The final equation, intended for use in scenarios where LIDAR
data are not available but moderate resolution imagery could be used, associated length of roads only
with extracted volumes. In this case, 78% of the variation was explained.

Application of the first equation permitted estimation of extracted volumes and associated
greenhouse gas emissions from two additional logging concessions. We discuss the application of
these equations to areas that have been identified as illegal logging concessions, and propose that these
may be applied to larger regions across the country.

These equations offer a way to estimate volumes of timber extraction when no ground data is
available, and to calculate greenhouse gas emissions associated with extracted volumes, providing a
simple methodology useful across forested tropical countries.

Introduction forests, which generated seven billion US dollars in

exports. Asner et al (2009a) estimated that during the

Timber from tropical forests is an important resource,
land use, and income generator, as well as a significant
source of greenhouse gas emissions. The International
Tropical Timber Organization (2015) estimated annual
harvests of 270 million cubic meters from tropical

2000s, 2.98 million square kilometers of humid tropical
forests were subject to timber removal, which amounts
to just over 20% of the total forest area. Pearson et al
(2017) identified timber harvest as responsible for 53%
of forest degradation greenhouse gas emissions across

© 2018 The Author(s). Published by IOP Publishing Ltd
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the tropics, or 13% of the combined emissions from
deforestation and forest degradation.

Yet independent, verifiable information on timber
harvest is sparse. Tropical forest regions are extensive
and often difficult to access, making data troublesome
to obtain, and even more challenging to verify. National
statistics as used by Pearson et al (2017) rely on com-
pleteness and accuracy, both from governments and
from concessionaires reporting to governments. Such
statistics necessarily omit illegal logging volumes. Ille-
gal logging has been estimated to be about 40% of all
tropical logging (Contreras-Hermosilla et al2007), and
as high as 61% in Indonesia, 65% in Ghana or 72% in
the Brazilian Amazon (Lawson and MacFaul 2010).

Remote sensing based approaches for timber har-
vest monitoring faces challenges with regards to
temporal frequency, spatial resolution, and sensor pen-
etration. The timing of repeat observations is critical
because treefall gaps and infrastructure associated with
timber harvest are rapidly overgrown by surrounding
canopy (Stone and Lefebvre 1998) and thus timber
harvesting can easily be under reported. Spatial reso-
lution is also an important criterion because sensors
with coarser than 1 m resolution are limited to captur-
ing only primary logging roads, rather than the logging
gaps and skids trails where logs are being extracted
(Asner et al 2004, Souza and Barreto 2000). Even
high-resolution data are subject to limitations, specifi-
cally in canopy penetration; much of the damage from
logging occurs sub-canopy, especially skid trails and
thus optical imagery is not able to detect this impact.
LiDAR imagery has the potential to capture such data,
but extensive surveys using airborne LiDAR with the
associated required temporal frequency becomes cost-
prohibitive (Ellis et al 2016).

Melendy et al (2018) developed an automated
method to measure the extent of selective logging dam-
age using airborne LiDAR data. The approach leads
to cost savings through avoided manual classification
of imagery, allowing efficient and automated assess-
ment of large areas. Yet two gaps remain: (1) How can
assessment occur beyond the path of LIDAR data collec-
tion? and (2) How can timber volumes and greenhouse
gas emissions be associated with the extent of selective
logging damage?

Pearson et al (2014) developed a methodology that
calculates emission factors for the extracted logs (ELE—
extracted log emissions), the damage created by logging
gap formation (LDF—logging damage factor), and for
the infrastructure (LIF—logging infrastructure factor),
each correlated with the volume of the extracted log.
There is a need for similar factors with comparably
high confidence that could be associated with remotely-
sensed parameters such as area of canopy gaps, skid
trails, and logging roads.

This paper builds on the work of Melendy et al 2018
pairing LIDAR measurements with ground data. The
approach allows for the development of new emissions
factors from tropical timber harvest that subsequently
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can be extrapolated across entire LiDAR data col-
lection areas. Our paper directly addresses: (1) the
development of cost-effective methods that can assess
greenhouse gas emissions from tropical timber harvest
across broad areas, applicable to both mechanized and
non-mechanized logging, and with the capability to
estimate emissions from moderate resolution imagery;
and (2) calculations of extracted volumes and green-
house gas emissions due to logging across the 13 336
hectares of LIDAR imagery captured and analyzed by
Melendy et al (2018) in Indonesia.

Methods

The design of the study included LiDAR imagery collec-
tion and analysis paired with field data collection. The
field data allowed estimation of extracted volumes and
greenhouse gas emissions that could be correlated with
the LIDAR data, to allow extrapolation to the additional
concessions, and ultimately across Kalimantan.

Study site

The study focused on four timber concessions in the
2014 cutting permit areas in Kalimantan, Indonesia, on
the island of Borneo (figure 1, table 1).

Topography, accessibility, history and reduced
impact logging (RIL) status varied between these con-
cessions (table 1). Two of the timber concessions, Roda
Mas and Timberdana, were visited for field data collec-
tion.

Ground data collection

Field data were collected between December 2014
and February 2015 in the Timberdana and Roda Mas
concessions. Data collection followed the methods of
Pearson et al (2014), to estimate per-gap extracted vol-
ume, and emissions from the extracted log, emissions
incurred during treefall and emissions resulting from
logging infrastructure (table 2).

A total of 188 felled timber trees were measured,
plus 963 trees that were damaged incidentally, and
additional measurements of infrastructure to be cor-
related with remote sensing measurement of logging
infrastructure (table 3).

Reports on actual harvest statistics were collected
directly from both Timberdana and Roda Mas (table
4).

LiDAR data collection

Details of the LiDAR data collection and analysis are
given in Melendy ef al (2018). In summary, airborne
LiDAR data and high-resolution aerial photos were
collected between October and December of 2014. The
LiDAR data achieved complete coverage of a subset of
the 2014 logging blocks of the concessions. Melendy
et al 2018 developed and applied a method for auto-
mated classification across the imagery to determine
separately the logging gaps, skid trails, and combined
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Timberdana
*

Suka Jaya Makmur

Figure 1. Location of the four concessions included in this study, in Kalimantan on the island of Borneo. (Square indicates area of
LiDAR capture of illegal logging—see discussion.)
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Table 1. Timber concessions included in this study.

Timberdana Roda Mas Suka Jaya Makmur Sari Bumi Kusuma

Location Kutai Barat & Barito Utara Upper reaches of Ketapang (West Barito Selatan & Barito
(East Kalimantan) Mahakam River (East Kalimantan) Utara (Central

Kalimantan) Kalimantan)

Total concession area 76 340 ha 75121 ha 171 340 ha 147 600 ha

Topography Gently to moderately Rugged Moderately undulating Moderately undulating
undulating

Logging history Half previously logged Unlogged Second pass logging Second to third pass

logging

Diameter limit 50 cm 50 cm 40 cm 40 cm

Extraction method Road Road and river Road and river Road and river

Extraction limits None No sinkers None None

Skidding equipment Bulldozer Bulldozer Bulldozer Bulldozer

RIL? No Yes (FSC) Yes (FSC) Yes (FSC)

Ground data collection Yes Yes No No

FSC = Forest Stewardship Council.

Table 2. Key logging emission terms as used in Pearson et al (2014).

Term

What is included?

How is it calculated?

Extracted log emissions—ELE
tCO, m™3

Logging damage factor—LDF
tCO, m™3

Logging infrastructure factor—LIF
tCO,m™3

Emissions directly resulting from logs
extracted from the forest. Including milling
waste and emissions from products
subsequent to retirement.

Dead biomass generated during tree felling.
Includes both the top and stump of the
timber tree and trees incidentally snapped or
uprooted adjacent to the timber tree during
the process of tree felling.

Emissions resulting from infrastructure
needed to extract logs from the forest.
Includes roads, skid trails and decks where
logs are stored prior to road hauling.

Volume and density of extracted log.
Assumed milling waste percentage and
percentage of product remaining sequestered
in excess of 100 years.

Top and stump calculated as the difference
between the biomass of the extracted log and
the total tree biomass (determined through
allometry).

Biomass of incidentally damaged trees
calculated through allometry of observed
damaged trees.

For areas with known timber extraction
volumes, measurement of area and/or length
of infrastructure with per area (or per length)
emissions.
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Table 3. Ground data collection in the Timberdana and Roda Mas
concessions in East Kalimantan.

Timberdana Roda Mas
Number of felled trees 60 128
Number of incidentally 391 572
damaged trees
Skid trail measurements 248 72
Road measurements 49 73

Table 4. Reported harvest data from Timberdana and Roda Mas.

Source Timberdana Roda Mas
Compartments Reported 8 10
Number of trees harvested ~ Reported 3290 6119
Total volume extracted (nm>) Reported 19759 41067
Mean tree volume (n°) Calculated 6.01 6.91

class of roads and logging decks, and estimated a
summed logging impact of 23% of the area of the
2014 logging block for Timberdana, 14% for Roda
Mas, 7% for Suka Jaya Makmur, and 12% for Sari Bumi
Kusuma (table 5). Of this total, skid trail impact was the
most significant of the total area impacted (47%—65%),
with 17%—-24% impacts from roads, and 16%-31%
gap area. With the automated classification method
Melendy et al 2018 were also able to measure conces-
sion road lengths (table 5), and determined lengths of
28.2mha~! in Timberdana, 25.7 mha~! in Roda Mas,
16.9mha~! in Sari Bumi Kasuma, and 10.5mha~! in
Suka Jaya Makmur for the assessed 2014 logging blocks.

Features classified by the algorithm as roads/decks
and skid trail corresponded well with those same fea-
tures identified in the field, with agreement measures
ranging between 69% and 99% when adjusting for
GPS location error. The automated algorithm attained
the lowest agreement measures when detecting logging
gaps, due in part to challenges associated with collect-
ing high quality field GPS boundaries of the irregularly
shaped gaps. Particularly as compared with the linear
and systematic features created by mechanical means
as usually seen with roads/decks and skid trails. Details
of these comparisons are in Melendy et al (2018).

Development of extrapolation factors
Extrapolation factors were developed to allow the esti-
mation of:

— Extracted volumes from LiDAR measurements of
gap, skid and road areas

— Greenhouse gas emissions from reported timber vol-
umes

— Extracted volumes and greenhouse gas emissions
from measurements of road length.

The relationship between extracted timber volumes
and the areas identified as gap, skid trail, and road/deck
damage in the Timberdana and Roda Mas conces-
sions were explored with a multivariate regression
analysis with a confidence level of 95%. The differ-
ences between actual concession volumes and predicted
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volumes using the regression were determined with
the student #-test. The equation resulting from the
significant linear regression was then used to esti-
mate the extracted timber volume of the Suka Jaya
Makmur and Sari Bumi Kusuma sites, the two conces-
sions we had road/deck, skid trail, and gap area data
(table 5), but no data on timber volumes extracted. We
also developed an equation with a multivariate regres-
sion analysis for the relationships between extracted
timber volumes and the gaps and skid trail damage
(95% confidence level). The calculations were per-
formed using the data from Timberdana and Roda Mas,
with the intention of applying it to non-mechanized
(often illegal) logging areas where no roads and decks
are usually created.

The greenhouse gas emissions associated with the
concessions’ timber volumes were estimated using the
ELE, LDF, and LIF factors (table 2). These factors
were developed with the logging data from Roda Mas
and Timberdana, and applied to the estimated timber
volumes of Suka Jaya Makmur and Sari Bumi Kusuma.

The relationship between road lengths and total
timber volume extracted in Timberdana and Roda Mas
was determined with a univariate regression with a con-
fidence level of 95%. To develop this regression, the
concession blocks sharing a road were grouped, and
their corresponding extracted timber volumes and road
lengths were summed, resulting in three composite data
points for Timberdana and three for Roda Mas.

Results

Field data

From the 183 measured timber trees, the mean stump
diameter was 100.1 cm in Roda Mas and 86.7 cm in
Timberdana, while the mean log lengths were 19.1 m
in Roda Mas and 17.3m in Timberdana (table 6).
Extracted logs, however, had basal diameters as large
as 210 cm and lengths as long as 39.3 m. Extracted
volumes were higher in Roda Mas than Timberdana,
leading to higher extracted biomass and greater total
damage. Skid trail and road widths did not vary greatly
between the sites.

Emission factors

We calculated greenhouse gas emission factors for Tim-
berdana and Roda Mas (table 7), following Pearson et al
(2014). The LDF was the highest source of emissions in
both concessions. The factors were not significantly dif-
ferent between sites (p-value > 0.05, F(2,5) = 18.513),
so we combined factors to generalize and allow broader
extrapolation.

Extrapolating estimates of extracted timber volume
and emissions to additional concessions

Multivariate regressions were developed with the tim-
ber volume data (dependent variable) and damaged
areas due to roads, skid trails, and gaps (independent

4
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Table 5. Areas and road lengths recorded across the concessions using the automated method of Melendy et al (2018).
Timberdana Roda Mas Suka Jaya Makmur Sari Bumi Kusuma
Area (Ha) % of logging Area (Ha) % of logging Area (Ha) % of logging Area (Ha) % of logging
block block block block
Concession total 800.8 - 1245.5 - 2208.4 - 1715.7 -
Damage due to roads  31.8 4.0% 42.0 3.4% 23.0 1.3% 48.3 2.2%
and decks
Damage due to skid ~ 113.5 14.2% 81.5 6.5% 82.1 4.8% 134.1 6.1%
trails
Damage due to gaps 41.1 5.1% 50.3 4.0% 20.4 1.2% 82.6 3.7%
Sum of total impacted 186.4 23.3% 173.9 14.0% 125.5 7.3% 268.7 12.2%
area
Logging roads length 22578 30706 17980 37385
(m)

Table 6. Measurements taken during ground work in the two
concessions, indicating the mean and half width of the 95%
confidence interval (+ CI 95).

Timberdana Roda Mas
mean =+ CI[95 Mean =+ CI95
DBH (cm) 85.3 59 975  19.1
Log length (m) 17.3 1.1 19.1 1.0
Volume (m>) 8.7 1.4 12.9 22
Biomass extracted (t C) 3.03 0.56 3.98 0.72

Top, stump, root biomass (t C) ~ 4.16 0.89 6.19 1.57
Incidental gap damage (t C) 2.67 0.71 1.21 0.35
Total damage (t C) 6.78 1.26 7.41 1.64

Table 7. Emission factors in tons of carbon dioxide equivalents

(t CO,e) per cubic meter of volume extracted. ELE—extracted log
emissions; LDF—logging damage factor; LIF—logging impact facto
(Pearson et al 2014). CI95 represents the half-width of the 95%
confidence interval.

ELE (+ CI95) LDF (« CI95) LIF (4 CI95)

Timberdana 1.18+0.06  3.32+0.61 1.48 +£0.21
Roda Mas 1.08+£0.02  2.08+0.17 1.02+0.29
Both concessions 1.11+0.03 247+0.23 1.16+0.24
combined

variables) for the Roda Mas and Timberdana conces-
sions. Two equations were produced (table 8); one
included roads, skid trails and gaps, and a second
included just skid trails and gaps for use where tim-
ber is extracted using rivers and/or non-mechanized
logging situations without road building. The equa-
tions estimate extracted timber volume in a given year
associated with the areas of new roads, skid trail and
gaps in that year.

Using the equation incorporating all factors (equa-
tion 1), we calculated the total volume of both
concessions, and they were estimated to be 59 452 m?,
similar to the actual extracted volume for both
(60 827 m?). Comparing predicted and actual volumes
ofboth concessions individually, the estimates using the
equation are not significantly different (p-value > 0.05)
to the actual extracted volumes per block in the con-
cession.

We used equation 1 to predict the timber volume
extracted in the other two concessions for which we
did not have timber volume data (Suka Jaya Makmur
and Sari Bumi Kusuma), and used the combined Roda
Mas-Timberdana emission factors (table 7) to estimate

their emissions. The resulting timber volume and total
concession emissions are summarized in table 9 and
figure 2.

The Sari Bumi Kusuma concession had the high-
est total emissions (221896 +23419tCO,e; p-value
<0.01; F(3,6) = 12.675), followed by Roda Mas
(161521 + 17 047 t COe).

Examining emissions per hectare (figure 3), we
find that Timberdana had the highest emissions rate
of the four concessions, followed by Roda Mas.
These four concessions had, on average, an emis-
sions rate of 106+11tCO,eha™!, ranging from
42-151tCOyeha™!.

T
Using road lengths to estimate extracted timber vol-
umes
The length of the roads predicts 77.65% of the vari-
ability in extracted timber volume estimates (p-value
< 0.001; F(5, 6) = 99.740; R> = 0.78; figure 4), with a
linear fit following the equation (3):

V,=1.1812 x L (3)

where V, is the volume of extracted timber (m?) in
the concession blocks, and L is the road length (m)
measured in the block in the LIDAR imagery for the
2014 harvest area.

We used this equation to predict the volume of tim-
ber extracted and the combined Roda Mas-Timberdana
emission factors (table 7) to estimate the emissions
in the four concessions for the timber harvesting year
assessed (table 10).

Discussion

Our aim was to develop and test an approach for asso-
ciating timber volumes and greenhouse gas emissions
resulting from timber extraction. Field measurements
were collected from a total of 183 felled trees and
963 incidentally-damaged trees across two conces-
sions. These measurements were paired with LIDAR
data, and relationships were assessed and applied to
LiDAR data that had been collected across 13 336 ha
including two other concessions in Kalimantan,
Indonesia. Correlation with impact areas (roads, skid
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Table 8. Multivariate regression equations developed linking elements derived from remote sensing (areas of road, skid trail and gap impact)
with extracted timber volumes.

Factors Equation 2 F p Equation
Roads, skids, gaps V' =439.63 X R—25.96 X S+ 350.65X G 0.87 (15,18) 33.264 <0.001 1
Skids, gaps V==2782XS8+ 70677 X G 0.86 (16,18) 49.031 <0.001 2

Where: Vis the volume of extracted timber (m3), R is the road and deck damage area (ha), Sis the skid trail damage area (ha), and Gis the gap
damage area (ha).

Table 9. Estimation of volumes and emissions from the four concessions with damage areas derived by automatic algorithm (cf Melendy et al
2018). Mean and half width of the 95% confidence interval (CI95) are given for the estimated emissions.

Road and deck ~ Skid area (ha)  Gap area (ha)  Total damaged Estimated Estimated logging emissions
area (ha) area (ha) volume +CI95 (10 tCO4e)
(10° n?)

Timberdana 31.8 113.5 41.1 186.4 255 120.9 12.8
Roda Mas 42.0 81.5 50.3 173.8 34.0 161.5 17.0
Suka Jaya 23.0 82.1 20.4 125.5 15.1 71.9 7.6
Makmur

Sari Bumi 48.3 134.1 82.6 264.9 46.7 2219 234
Kusuma

300,000

[1 Infrastructure

250000 | ® Logging damage

B Extracted logs
200,000 f
150,000
100,000 f
50,000 j
0

Suka Jaya Roda Mas Sari Bumi  Timberdana
Makmur Kusuma

Estimated emissions (t CVO,e)

Figure 2. Estimated emissions, in tons of carbon dioxide equivalents (t CO,e), associated to timber extraction in the four concessions
due to logging infrastructure, incidental damage, and extraction. The error bars represent the 95% confidence interval of the total
emissions of the concession.

180
160

140 {
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100 E

80
60
40 ]
20

estimated CO,e emissions rate
(tCO,e ha')

Suka Jaya Roda Mas Sari Bumi  Timberdana
Makmur Kusuma

concession

Figure 3. Rate of estimated emissions (t CO,eha™!) of the four concessions in Kalimantan, Indonesia. The error bars represent the
95% confidence interval of the total emissions.
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Figure 4. Linear relationship between road lengths and extracted timber volume.
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Table 10. Comparison actual extracted timber volumes with calculations of timber volumes using road lengths (equation 3) as well as using
infrastructure areas (equation 1), plus the estimated emissions of the four concessions resulting from the road length method.

Volume calculated Volume calculated Actual reported Estimated emission + CI95
with road length with multivariate volume extracted (10 £ CO,e)
equation (3) (10° m?) regression (equation (10° m3)
1) (103 m3)
Timberdana 22.6 25.5 19.8 107.3 11.3
Roda Mas 40.9 34.0 41.0 194.4 20.5
Suka Jaya Makmur 21.2 15.1 No data 100.9 10.6
Sari Bumi Kusuma 442 46.7 No data 209.8 22.1

trailsand gaps) from LiDAR data produced an equation
to estimate volumes that explained 87% of the variation
in input data. This tight relationship was paired with
remotely collected LiIDAR data to estimate extraction
volumes without the costs and logistical challenges of
collecting ground reference data. A second relation-
ship correlating with just skid trails and gaps would
apply to concessions extracting timber using rivers,
and to instances of non-mechanized (often illegal) log-
ging. This relationship was almost as significant as
the first, with the multivariate regression explaining
86% of the variation in input data.

LiDAR data provides accuracy, but introduces
logistical complexity and costs that might prevent
widescale application. Therefore, we identified a rela-
tionship between road length and timber volume
extraction, as road lengths can be determined from
freely-available moderate resolution satellite imagery.
The road length relationship with timber volume pre-
dicted 78% of the variability in input data.

Volumes were estimated for the two sites for which
we had remote sensing data but no volume reports
or ground data. Application of emission factors to
the extracted timber volumes produced emissions esti-
mates with narrow confidence intervals, with the half
width of the intervals equal to 10.5% of the estimated
value. It is important to note that this simplified rela-
tionship linking road length to volume extracted will
not accurately capture activity from non-mechanized
logging, which typically lack road infrastructure and
rely on transportation via waterways.

Comparison with other studies

Pearson et al (2017) demonstrated the global impor-
tance of greenhouse gases from selective timber harvest,
which accounted for 53% of forest degradation emis-
sions and 13% of total forest emissions across tropical
forest nations. Pearson et al (2014) developed a
method that could be applied to production statis-
tics from countries, but could not offer oversight
independent of the statistics, and could not oper-
ate in situations where the statistics are unknown or
are known to be poor.

Ellis et al (2016) used LIDAR data across conces-
sions in East Kalimantan to record logging impacts,
both on canopy cover and on carbon stocks, but
lacked volume estimates or emissions associated with
extracted volumes, and thus do not provide a compar-
ison.

Many studies exist that use LIDAR to determine
timber volumes (e.g. Naesset 1997, Clementel et al
2012, Kamaruzan Jusoft 2008, Latip et al 2013) espe-
cially in coniferous forest where strong correlations
exist with tree height. Similarly, studies exist that
determine forest biomass using LiDAR (e.g. Takagi
et al 2015, Toki et al 2014, Laurin et al 2016). These
studies (particularly in non-coniferous forests) rely
on extensive field work to derive new relationships
with crown area, which is highly challenging to derive
in natural closed forest. And none of these stud-
ies, nor any that we have found, examine extracted
volumes or greenhouse gases as a result of timber
harvest.
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Asner et al (2005) applied the Carnegie Landsat
Analysis System (CLAS) to detect and quantify logging
in the Brazilian Amazon. CLAS uses moderate resolu-
tion imagery (30 m resolution) with automated image
analysis to estimate area of selective logging. Asner
etal (2005) combined CLAS data with ground data and
extraction statistics to estimate volumes of extracted
timber and the corresponding logging emissions. How-
ever, while CLAS can collate imagery from multiple
sources and thereby allows the simultaneous mapping
of deforestation and forest degradation, it cannot dif-
ferentiate between anthropogenic and natural forest
change (Asner et al 2009b), and thus CLAS users still
rely on ground data to verify emissions associated with
a forest degradation agent. CLAS data relies on 30 m
resolution optical data, which may be able to deter-
mine areas where logging is likely to have occurred,
but does not offer the differentiation of actual log-
ging damage that LIDAR does. CLAS is therefore, not
being broadly used by countries or the private sector for
assessment of forest degradation and logging impacts,
likely due to the low resolution paired with excessive
costs and complexities of accompanying field data. Our
approach actually captures the three-dimensional mea-
surements of gaps, skids trails and roads at a sub-1 m
resolution, which makes the creation and application
of extrapolation factors significantly stronger.

Potential uses of the methods

The availability of a cost-effective, simple and easily
applied methodology has significant potential benefits
to developing countries with selective timber harvest.
Governments, private industry, and civil society can
benefit from such methodology.

— For governments, the methods allow independent
oversight of concessionaires to verify correct imple-
mentation of harvesting plans and application of
taxation. In addition, data for governments on green-
house gas emissions from timber harvest will be
important for international commitments, including
Nationally Determined Contributions and REDD+.

— Private industry can verify harvests undertaken and
improve future planning, as well as demonstrate
compliance with Governmental requirements for
practices or participation in national programs.

— For civil society, an oversight function gives power-
ful additional information to assess how forests are
managed, and to bring poor practice and corruption
to light.

Understanding of illegal logging is an additional
critical function of remote assessment methods. Where
illegal logging is associated with concession over-
harvesting, the methods developed here are ideal.
However, illegal logging may be dominated by tim-
ber extraction during illegal land conversion (Lawson
and MacFaul 2010) and a different approach would be
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Figure 5. Analyzed LiDAR image of illegal logging in Central
Kalimantan. The green color represents skid trails and the blue
gaps.

required. For high-value timber, illegal harvest may also
occur on a selective basis (e.g. for mahogany; Lawson
and MacFaul 2010). In those cases, it is unlikely that
new roads are being built, and thus the remote sens-
ing will only be able to capture logging gaps and (likely)
minimallyinvasive logging trails; as such, a LIDAR anal-
ysis similar to that of Melendy et al (2018) would be
necessary.

Estimating extracted timber volume and emissions
from illegal logging

To test the method of Melendy et al (2018) for non-
mechanized logging (illegal logging or legal situations
where rivers are used and there are no roads), LIDAR
imagery was captured over an area outside of legal
concessions near Tarantang in Central Kalimantan
(see square in figure 1). Over 36 ha, the Melendy
et al (2018) method recorded 1.7 ha (4.7%) as skid
trail and 1.1 ha (3.1%) as logging gaps. The method
did not identify any roads in the area (figure 5),
which lies outside any concession, and so the con-
clusion can be drawn that this is a site of illegal
logging.

We applied equation 2 to the skid trail and gap
areas of the illegal logging plot, obtaining an esti-
mate of timber volume extraction of 730m?, or
20 m3 ha~!. These timber volumes would be equiva-
lent to 1623 + 171t CO,e, or 45.1 £ 0.5t CO,eha™!, a
rate about half of the average emissions rate of the four
legal concessions. These lower numbers likely reflect
the harvest of smaller trees, and the absence of roads
and decks due to the logs being floated out.

Application of method across kalimantan
Global Forest Watch (www.globalforestwatch.org) lists
a total of 270 concessions for 2012 in Kalimantan, with
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a total area of 12.5 million hectares, or about a quarter
of the forested area in Kalimantan. The four conces-
sions in this study, therefore, represent just 3.8% of
the total concession area. For Sari Buma Kusuma, the
2014 logging area represents 1/35th of the total con-
cession area, representing a 35 year rotation (which fits
with Indonesian government requirements for natu-
ral forest management (Klassen 2005). Assuming the
same across concessions in Kalimantan would give
a total 2014 logging area of 358 thousand hectares.
The mean road length per area, as determined by
Melendy et al (2018), for the four concessions was
20.3mha~!. Applied across the 358 thousand hectares,
this is 7300 km. Using the equations developed here,
that would represent an extracted volume of 8.6 million
cubic meters, and an emission of 40.8 million t CO,.
This is an overestimation, given the FAO (2009) esti-
mate of just 5.6 million cubic meters of extraction from
natural forests across Indonesia in 2006, likely due to
the significant proportion of the assigned concession
area not being actively harvested.

Conclusions

Data is difficult to obtain on the management of
forests in many countries around the world. The fact
that tropical forests are repositories of vast stores of
carbon, are the sites of globally important biodiver-
sity, a critical source of fresh water and resources for
the development of nations, elevates the importance
of gleaning information pertaining to these forests.
Melendy et al (2018) have demonstrated that an auto-
matic algorithm applied to LiIDAR imagery is an
accurate, effective and efficient means of assessing areas
of timber harvest. This paper took the next step, pro-
viding approaches and equations that allow estimation
of extraction volumes and greenhouse gas emissions.
Resulting from this paper, an important research need
will be to apply the methods developed here more
broadly both with tests in additional concessions in
Kalimantan and application to new regions; these tests
should include application of the road-based method
with validation with the LIDAR approach and/or field
data and application of the LiDAR assessment of
illegal logging with ground data validation.
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