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Abstract: The Forest Stewardship Council (FSC) has initiated a new sustainability mechanism,
the ecosystem-services certification. In this system, management entities who wish to be certified for
the maintenance of ecosystem services (carbon, biodiversity, watershed, soil and recreational services)
must verify that their activities have no net negative impacts on selected ecosystem service(s).
Developing a robust and cost-effective measurement method is a key challenge for establishing a
credible certification system. Using a single method to evaluate a bundle of ecosystem services will be
more efficient in terms of transaction costs than using multiple methods. We tested the efficiency of a
single method, “biodiversity observation for land and ecosystem health (BOLEH)”, to simultaneously
evaluate biodiversity and carbon density on a landscape scale in FSC-certified tropical production
forests in Sabah, Malaysia. In this method, forest intactness based on the tree-generic compositional
similarity with that of a pristine forest was used as an index of biodiversity. We repeated BOLEH
in 2009 and 2014 in these forests. Our analysis could detect significant spatiotemporal changes in
both carbon and forest intactness during these five years, which reflected past logging intensities and
current management regimes in these forests. Enhancement of these ecosystem services occurred in
the forest where sustainable management with reduced-impact logging had long been implemented.
In this paper, we describe the procedure of the BOLEH method, and results of the pilot test in
these forests.

Keywords: Bornean tropical rain forests; ecosystem services enhancement; forest certification;
forest intactness; Forest Stewardship Council (FSC); reduced-impact logging; remote sensing;
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1. Introduction

The Forest Stewardship Council (FSC) forest certification was developed in the early 1990s to
reduce the deforestation and forest degradation caused by unsustainable forest management [1].
The FSC forest certification assures buyers/consumers that certified forest products have been
produced from forests that have been responsibly/sustainably managed in terms of environment,
economy and society. Certified forest products are expected to gain better consumer appeal over
uncertified products in the market and eventually drive out uncertified products. Through this market
mechanism, the deforestation and forest degradation caused by unsustainable forest management will
eventually be mitigated.

The FSC forest certification is issued when management entities comply with a set of criteria for
ten principles in their forests and managements. Principle 5 stipulates criteria for enhancing benefits
from the forests, including ecosystem services. Based on the FSC forest certification, one assumes that
ecosystem services are responsibly managed in certified forests. However, FSC forest certification is
by no means a system to quantitatively verify positive management impacts or the enhancement of
ecosystem services [1,2]. Based on these considerations, the FSC has increasingly received demands to
reliably certify important forest ecosystem services [3–9].

The FSC, therefore, pilot-tested a new system to directly certify the maintenance/enhancement
of ecosystem services to promote ecosystem services payments and to further incentivize certificate
holders [1,2,5,10–12]. The new system is expected to quantitatively demonstrate for businesses and
investors that ecosystem services are maintained/enhanced in certified forests [11]. Ecosystem services
include biodiversity conservation, carbon sequestration and storage, watershed services, soil
conservation and recreational services [2,12,13]. The FSC suggested generic indicators for each of the
five ecosystem services (Annex C, FSC-STD-60-004 V1-0-EN, International Generic Indicators; [13]).
However, practical methodologies to evaluate the impacts of forest management on these ecosystem
services are still undergoing improvement. Developing robust methodologies to quantitatively
evaluate the impacts of forest management on these ecosystem services is urgently needed to
support a reliable ecosystem-services certification system [2]. Moreover, many management entities,
who wish to apply for the ecosystem-services certification (or other payment for ecosystem services
and REDD+ schemes), may lack the technical capacity to measure the maintenance/provision of
ecosystem services [1,14–16].

Thus, methodologies to measure the maintenance/provisioning of ecosystem services must
be simple and practical enough to be undertaken by management entities on the ground,
while scientifically robust enough to accurately measure spatiotemporal changes of each ecosystem
service [2]. In view of these challenges, the FSC encourages the development of “a small number
of powerful and easy-to-measure proxy impact indicators” [17]. In addition to these technical
requirements, the cost of measurements is another issue. Many certification/eco-labelling schemes
are already associated with high transaction costs [1,18–20], and further adding a high cost of a
ground survey for measuring ecosystem services will discourage stakeholders from applying for the
ecosystem-services certification [1].

Jaung et al. [1] suggested bundling ecosystem services to reduce the certification cost per
ecosystem service. The certification of multiple ecosystem services also has several other benefits:
increasing incomes for management entities, allowing management entities to access diverse
ecosystem-services markets, and encouraging management entities to adopt a holistic forest
management approach [1]. Certification of bundled ecosystem services can also reduce the potential
trade-offs between carbon sequestration and biodiversity conservation [5], which is also an issue
in Reducing Emissions from Deforestation and Forest Degradation-plus (REDD+) as a biodiversity
safeguard, because enhancing carbon sequestration by industrial plantation of exotic species will
sacrifice biodiversity. However, again, the lack of methodologies to measure bundled ecosystem
services presents a major challenge [1].
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In view of these technical challenges, we report here the results of testing our method to
simultaneously measure carbon stock and biodiversity over a large area of tropical production forests.
These two ecosystem services, among others, may be relatively easily incorporated into
ecosystem-services certification because stakeholder adaptability is high for these services [10].
Our method “biodiversity observation for land and ecosystem health (BOLEH)” was developed
primarily for evaluating forest intactness using a metric of tree community composition in logged-over
tropical rain forests [21–23]: either species or genus composition could be used in this method.
Earlier studies indicated that the use of genus composition was statistically equally reliable as species
composition, and yet could reduce identification cost [21–23]. This approach is directly relevant
to the FSC ecosystem-services certification because the following generic indicator for biodiversity
conservation can be evaluated with our BOLEH:

• Management activities maintain, enhance or restore natural landscape-level characteristics,
including forest diversity, composition and structure (stipulated in Principle 5, Annex C;
FSC-STD-60-004 V1-0-EN International Generic Indicators; [13]).

Furthermore, the recently published “Ecosystem Services Procedure” [12] suggests “conservation
of intact forest landscape” as an important management impact in biodiversity conservation.
Our BOLEH method can directly monitor spatiotemporal changes of forest intactness in a
landscape context.

In addition, BOLEH can derive carbon stock (density) values using the same dataset as tree
community composition. We applied BOLEH to evaluate the spatiotemporal changes of carbon stock
and forest intactness (tree community composition) in two contrasting forest management units in 2009
and 2014. Our test sites were Deramakot and Tangkulap in Sabah, Malaysia, which are now certified by
the FSC yet having contrasting logging histories [24,25]. Deramakot has been harvested continuously
with reduced-impact logging (RIL) since 1995, while Tangkulap was highly degraded by high-impact
conventional logging which was operated until 2001. Logging is now fully suspended in Tangkulap,
but the recovery of ecosystem services may be slow due to ecological aftereffects of the past high
logging impacts and associated collateral damages. We report here the accuracy of estimating carbon
stock and forest intactness (or tree community composition as an indicator of biodiversity conservation)
using BOLEH and the patterns of spatiotemporal changes of these two ecosystem services between the
two contrasting forest management units.

2. Methods

2.1. Site Description

We collected data from the following forest management units (FMUs) in Sabah, Malaysia
(Figure 1): Deramakot FMU (5◦14′–28′ N, 117◦20′–38′ E, 551 km2) and Tangkulap FMU (5◦18′–31′ N,
117◦11′–22′ E, 276 km2). Supplementary data were also collected from Segaliud Lokan FMU
(5◦20′–27′ N, 117◦23′–39′ E, 576 km2). The three FMUs are adjacent to each other with the same
undulating topography and the same equatorial tropical rain forest climate. Selective logging was
a major driver of the changes of carbon stock and tree community composition in these forests.
The elevation ranges from 12 m to 355 m. The original vegetation is a lowland dipterocarp rainforest
throughout the three FMUs.

The areas of the three FMUs were initially logged in 1956, 1970 and 1958, respectively, using
conventional logging methods (i.e., high-impact logging with no environmental considerations).
In Deramakot, conventional logging continued until 1989, when all logging activities were halted for
regrowth [25]. Then, a long-term management plan with RIL was introduced to Deramakot in 1995.
RIL is an improved method of selective logging, including pre-harvest inventory, mapping of all
canopy trees, directional felling, liana cutting, and planning of skid trails, log decks, and roads [26].
In combination with reduced-impact logging, a longer cutting cycle (i.e., 40 years) was strictly adhered
to in accordance with the long-term management plan. These combined approaches helped to preserve
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forest intactness [24,27]. Deramakot was the first tropical forest certified by the FSC in 1997, and was
considered a model of sustainable forest management by the Sabah Government [25,26]. Reflecting this
logging history, we observed that the forests inside the Deramakot FMU were less disturbed based on
aboveground biomass and various biological communities [27]. In contrast, Tangkulap was repeatedly
logged using conventional logging until 2003 and all logging activities were suspended thereafter.
Tangkulap was entirely designated as a conservation forest in 2008 and later also certified by the FSC
in recognition of its conservation-oriented long-term management plan in 2011. Both Deramakot and
Tangkulap are currently managed directly by the Sabah Forestry Department. By contrast, Segaliud
Lokan was repeatedly logged using conventional logging until 2002, after which RIL was implemented
by the KTS Plantation Corp. Several areas were converted to plantation forests. It is currently certified
by the Malaysian Timber Certification Council (MTCC).

Sustainability 2018, 10, x FOR PEER REVIEW  4 of 15 

communities [27]. In contrast, Tangkulap was repeatedly logged using conventional logging until 
2003 and all logging activities were suspended thereafter. Tangkulap was entirely designated as a 
conservation forest in 2008 and later also certified by the FSC in recognition of its 
conservation-oriented long-term management plan in 2011. Both Deramakot and Tangkulap are 
currently managed directly by the Sabah Forestry Department. By contrast, Segaliud Lokan was 
repeatedly logged using conventional logging until 2002, after which RIL was implemented by the 
KTS Plantation Corp. Several areas were converted to plantation forests. It is currently certified by 
the Malaysian Timber Certification Council (MTCC).  

 

Figure 1. Map indicating the locality of the three forest management units (1, Segaliud Lokan; 2, 
Deramakot; and 3, Tangkulap), Sabah, Malaysia. 

In the following analysis, we compare spatiotemporal changes of ecosystem services, including 
carbon stock and forest intactness, between Deramakot and Tangkulap. A comparison of these two 
FMUs may elucidate differences between their respective spatiotemporal patterns in ecosystem 
services, reflecting the difference in past logging intensity, despite the fact that they are now both 
FSC-certified. We excluded Segaliud Lokan from this comparison because BOLEH was designed 
primarily for natural forests. The occurrence of plantation forests in Segaliud Lokan would interfere 
with the analysis. However, we included natural-forest data of Segaliud Lokan for the following 
remote-sensing analysis to enhance data points and statistical reliance.  

2.2. Field Sampling 

A total of 50 circular plots (20-m radius with 0.126 ha area each) were placed in the FMUs from 
December 2011 until May 2012 (hereafter 2012 inventory). Plots were placed with a stratified 
random design to represent various forest statuses, ranging from a near pristine high-stock forest to 
a highly degraded low-stock forest.  

Prior to the placement of plots, the entire area was stratified to 6 degradation strata, from 
primary forest (stratum 1) to highly degraded, open area without trees (stratum 6), with the aid of 
Landsat Thematic Mapper (TM) band-7 imagery (see Imai et al. [21] for the detailed procedure). 
Imagery obtained in 2010 was used for the stratification procedure. Briefly, we radiometrically 
converted Landsat data into Top-of-the-Atmosphere (TOA) reflectance values. Illumination artifacts 
caused by heterogeneous topography were reduced following the sun-canopy-sensor (SCS) model 
using TOA values [28]. Shuttle Radar Topography Mission (SRTM) data were employed to correct 
for illumination artifacts. After masking all non-forest pixels, band-7 values were categorized into 6 
strata using a level slicing method. Subsequently, we randomly placed 10 plots in each stratum of 
the five strata, except for stratum 6. Stratum 6, which is devoid of forests, was not actually sampled. 
Therefore, we established a total of 50 plots in strata 1 through 5. The distance between any two 
plots was greater than 100 m in order to minimize spatial autocorrelation. 

Figure 1. Map indicating the locality of the three forest management units (1, Segaliud Lokan;
2, Deramakot; and 3, Tangkulap), Sabah, Malaysia.

In the following analysis, we compare spatiotemporal changes of ecosystem services, including
carbon stock and forest intactness, between Deramakot and Tangkulap. A comparison of these
two FMUs may elucidate differences between their respective spatiotemporal patterns in ecosystem
services, reflecting the difference in past logging intensity, despite the fact that they are now both
FSC-certified. We excluded Segaliud Lokan from this comparison because BOLEH was designed
primarily for natural forests. The occurrence of plantation forests in Segaliud Lokan would interfere
with the analysis. However, we included natural-forest data of Segaliud Lokan for the following
remote-sensing analysis to enhance data points and statistical reliance.

2.2. Field Sampling

A total of 50 circular plots (20-m radius with 0.126 ha area each) were placed in the FMUs from
December 2011 until May 2012 (hereafter 2012 inventory). Plots were placed with a stratified random
design to represent various forest statuses, ranging from a near pristine high-stock forest to a highly
degraded low-stock forest.

Prior to the placement of plots, the entire area was stratified to 6 degradation strata, from
primary forest (stratum 1) to highly degraded, open area without trees (stratum 6), with the aid
of Landsat Thematic Mapper (TM) band-7 imagery (see Imai et al. [21] for the detailed procedure).
Imagery obtained in 2010 was used for the stratification procedure. Briefly, we radiometrically
converted Landsat data into Top-of-the-Atmosphere (TOA) reflectance values. Illumination artifacts
caused by heterogeneous topography were reduced following the sun-canopy-sensor (SCS) model
using TOA values [28]. Shuttle Radar Topography Mission (SRTM) data were employed to correct
for illumination artifacts. After masking all non-forest pixels, band-7 values were categorized into
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6 strata using a level slicing method. Subsequently, we randomly placed 10 plots in each stratum of
the five strata, except for stratum 6. Stratum 6, which is devoid of forests, was not actually sampled.
Therefore, we established a total of 50 plots in strata 1 through 5. The distance between any two plots
was greater than 100 m in order to minimize spatial autocorrelation.

All trees with ≥10 cm in diameter at breast height (dbh) were measured in dbh and identified as
genera (actually operationally to species) in each circular plot. Voucher specimens were collected from
the trees that could not be identified in the field and later used for identification at the herbarium of the
Forest Research Centre, Sandakan. A polyvinyl chloride (PVC) stake was driven into the ground at the
center of each circular plot as a permanent marker, and the exact coordinates (latitude and longitude)
above the stake were recorded by averaging for two hours using a portable Global Positioning
System (GPS).

In August 2014, we repeated the same procedure to inventory the forests as of 2014
(hereafter 2014 inventory). This time, we placed a total of 88 20-m-radius circular plots again evenly in
strata 1–5 (actually, some of the plots had a 30 m × 40 m rectangular shape with approximately the
same area as the circular plot because we used these rectangular plots for another purpose). None of
the 88 plots overlapped with the 2012 plots because random sampling was deployed. In reality, a total
of 50 plots would have been sufficient to derive reliable values of carbon stock and forest intactness
according to our standard protocol manuals; however, we added 38 more plots that were placed for
another research purpose to enhance model accuracy.

2.3. Pre-Processing of Satellite Images

We used the following two Landsat images to elucidate the temporal changes of carbon and forest
intactness between 2009 and 2014 at the landscape level:

• Landsat TM acquired on 11 August 2009 (Path117/Row56)
• Landsat Operational Land Imager (OLI) acquired on 06 June 2014 (Path117/Row56)

The raw digital numbers of each image were converted into top-of-atmosphere radiance.
Subsequently, top-of-atmosphere radiance was converted to surface reflectance to compensate for
atmospheric scattering and absorption effects using an atmospheric correction algorithm based
on the Second Simulation of a Satellite Signal in the Solar Spectrum radiative transfer code
(version. 1.1, [29,30]). The topographic effects on illumination were removed using the method
described in Ekstrand [31] with Shuttle Radar Topography Mission (SRTM) data. Finally, pixels
covered with clouds/shadow were removed according to the procedure described in Fujiki et al. [22];
pixels covered/affected by cloud/shadow were clustered as segments based on a homogeneity
criterion with eCognition Developer 8.7 and all segments above a certain threshold were removed
as cloud/shadow. Removed segments were filled in using the cloud-free areas of temporally
adjoining data. Calibrated cloud-free parts of adjoining secondary images were incorporated into
the missing parts of the base image (see Fujiki et al. [22] for the details). We used ERDAS Imagine
version.11.0 and ArcGIS 9.3.1 for these pre-processing procedures.

2.4. Estimating Spatiotemporal Changes of Carbon Stock

Above-ground biomass (AGB) of each plot was estimated according to the allometric equation
obtained by Chave et al. [32] as:

AGB = ρ × exp(−1.499 + 2.148ln(D) + 0.207(ln(D))2 − 0.0281(ln(D))3), (1)

where D is dbh (cm) and ρ is the wood-specific gravity (g/cm3). We obtained the wood-specific gravity
ρ for the sampled species/genera from various sources (see Imai et al. [21] for the detailed procedure).
We estimated AGB of each plot for both the 2012 and 2014 inventories. Subsequently, the estimated
AGB of each plot was multiplied by 0.48 to derive the amount of carbon.
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A multivariate regression model was established with the amount of carbon per plot as
a dependent variable and reflectance of the corresponding pixel on a Landsat image as an
independent variable. Here, textural metrics of the 3 × 3 pixels surrounding each plot were also added
as independent variables. The amounts of carbon derived from the 2012 inventory were regressed
with the reflectance and textural metrics of the 2009 Landsat imagery (Landsat TM, Path117/Row56,
11 August 2009). The amounts of carbon derived from the 2014 inventory were regressed with
the reflectance and textural metrics of the 2014 Landsat imagery (Landsat OLI, Path117/Row56,
06 June 2014). The 2012 inventory data were regressed with the 2009 Landsat imagery without
correcting for the tree growth between 2009 and 2012 for a first approximation of the 2009 condition
because there were neither 2009 inventory data nor clear 2012 Landsat images; this was logical because
all plots measured in 2012 were also present in 2009. However, modeling using the 2012 inventory data
without the correction for tree growth would slightly overestimate the modeled 2009 carbon stock.

The following Landsat metrics were used as independent variables: reflectance value of each
band (Band1TM/OLI, Band2TM/OLI, Band3TM/OLI, Band4TM/OLI, Band5TM/OLI, Band6OLI,
Band7TM/OLI), NDVI [33], normalized difference water index (NDWI) [34,35], normalized difference
soil index (NDSI) [36], and enhanced vegetation index (EVI) [37]. We calculated mean value of each
Landsat metric within a 20-m radius from the center of a plot to represent the plot. The normalized
indices were calculated as follows:

NDVI-TM(OLI) = (band 4(band5) − band 3(band4))/(band 4(band5) + band 3(band4)), (2)

NDWI-TM(OLI) = (band 3(band4) − band 5(band6))/(band 3(band4) + band5(band6)), (3)

NDSI-TM(OLI) = (band 5(band6) − band 4(band5))/(band 5(band6) + band 4(band5)), (4)

(5)

In addition, we used the following metrics as proxies for spectral heterogeneity because
degradation of forest canopies might affect the heterogeneity of the spectral pattern: the coefficient
of variation (CV), standard deviation (SD), and textures of the gray-level co-occurrence matrix
(GLCM) [38]. CV, SD, and textures of the GLCM were derived using a 3 × 3 pixel window based
on the reflectance values and each of the normalized indices. GLCM is a tabulation explaining how
often different combinations of gray levels occur at a specified distance and orientation in an image
object [39]. Homogeneity, contrast, angular second moment, entropy, dissimilarity, correlation, mean,
and standard deviation were derived as the indices of the textures. Overall, 120 and 132 metrics
were generated based on Landsat TM and OLI, respectively. For developing an adequate regression
model, independent variables were selected using a stepwise selection from the full model containing
all metrics to avoid multi-collinearity among the independent variables. We did not find significant
multi-collinearity because the variance inflation factor (VIF) of selected independent variables, which is
an indicator of multi-collinearity, was in all cases less than 10. Established models are shown in Table 1.
Subsequently, each of the models (2009 and 2014 models) was extrapolated to the entire area to estimate
the amount of carbon outside the inventory plots based on the 2009 or 2014 Landsat imagery.

We took a Monte Carlo approach to show model accuracy and to test for significant differences
of mean AGB values between 2009 and 2014 for a given FMU, or between FMUs for a given year
(2009 or 2014). Four-fifths of the plots in each stratum (e.g., a total of 40 plots in the case of 2009,
and 70 plots in 2014) were randomly selected to construct the AGB models for 2009 and 2014, respectively.
The model predictions for AGB of the remaining one-fifth of the plots were regressed with the observed
values both for 2009 and 2014, and the adjusted R2 values were determined. Based on these models,
we estimated the mean AGB value each for Deramakot and Tangkulap each in 2009 and 2014. These steps
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were reiterated 1000 times for 2009 and 2014, respectively, to derive the 95% confidence intervals (CIs) of
the adjusted R2 and the mean AGB values. The statistical tests were conducted using R ver. 3.20 [40].

Table 1. Selected multivariate regression models to explain carbon density based on all plots for 2009
and 2014.

R2 Coefficient SE T Value Pr (>|t|)

2009 (N = 50)

B7TM
0.75

−0.70355 2.70 × 10−4 9.25227 <0.001
GLCM_mean_NDSI 0.38178 8.99 × 10−3 4.97201 <0.001
GLCM_standard_B1TM −0.15363 1.43 × 10−2 2.1227 3.92 × 10−2

2014 (N = 88)

B7OLI
0.71

−0.61174 3.75 × 10−4 7.4685 <0.001
NDSI −0.32885 1.29 3.94 <0.001

GLCM_correlation_B3OLI 0.00344 2.81 × 10−1 3.0135 3.44 × 10−3

N, number of plots used for each model; R2, adjusted R-squared value; Coefficient, standardized partial regression
coefficient; SE, standard error; B1, band 1; B3, band 3; B7 band 7; GLCM, textures of grey-level co-occurrence matrix;
NDSI, normalized difference soil index.

2.5. Estimating Spatiotemporal Changes of Forest Intactness

It has been well established that tree-species/genus composition is one of the best indexes of
the magnitude of forest degradation [21,23,27]. Similarity of the species/genus composition of a
given forest with that of pristine forests decreases linearly with increasing magnitude of degradation
of the forest [21,27]. We applied this principle to the forests of Deramakot and Tangkulap and
evaluated the status of a given forest in terms of its compositional similarity with pristine forests [21].
The compositional similarity with pristine forests is termed here “forest intactness” and can be mapped
through a special extrapolation procedure [22]. Here, we compared generic composition among plots
instead of species composition because logging causes similar shifts in generic composition as in
species composition [21,23]. The procedure of mapping “forest intactness” for a given time has been
described by Fujiki et al. [22]. We elaborate here on the procedure to elucidate temporal changes of
“forest intactness”.

Firstly, differences in community composition among these plots laid out for estimating carbon
storage were examined by using an ordination technique. We used a composite of the data of both
the 2012 and 2014 inventories to derive a single data matrix to allow for a comparison between these
two years using standardized scores. The Chao distance [41] and the number of trees of each genus
were used to calculate a distance matrix. An ordination of plots was conducted with non-metric
multidimensional scaling (nMDS) using the “metaMDS” procedure in the Vegan package in R [42].

Although plots were located distantly from each other, we could not completely rule out the
possibility of spatial autocorrelations among plots. Therefore, we tested autocorrelations among plots,
but did not find significant effects of spatial autocorrelations (see Figure S1, Supplementary Materials).

A multivariate regression model was established with the derived nMDS axis-1 scores of plots as
dependent variables, and reflectance and textural metrics of the corresponding pixels on a Landsat
image as independent variables; the nMDS axis-1 scores of the 2012 inventory plots were regressed with
the 2009 Landsat TM imagery and those from the 2014 inventory were regressed with the 2014 Landsat
OLI imagery, as was conducted for the carbon analysis. We did not correct the nMDS axis-1 scores of
2012 when regressed with the 2009 imagery because the tree growth during 3 years between 2009 and
2012 would not substantially change tree-species composition. We used the same Landsat metrics as a
carbon stock estimate in this analysis. Established models are indicated in Table 2. Each model was
extrapolated to the entire area on the 2009 and 2014 Landsat imagery, respectively. This procedure
yielded the maps of forest intactness for 2009 and 2014.

We also took a Monte Carlo approach to test significant differences of mean nMDS axis-1 scores
between 2009 and 2014 for a given FMU, or between FMUs for a given year (2009 or 2014) [22].
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Four-fifths of the plots in each stratum were randomly selected to construct the 2009 and 2014 model,
respectively. Based on these models, we estimated mean nMDS axis-1 scores for Deramakot and
for Tangkulap in 2009 and in 2014. The model predictions for nMDS axis-1 scores of the remaining
one-fifths of the plots were regressed with the observed values both for 2009 and 2014, and the
adjusted R2 values were collected. Based on these models, we estimated mean nMDS axis-1 scores for
Deramakot and for Tangkulap in 2009 and in 2014. These steps were reiterated 1000 times each for
2009 and 2014 to derive the 95% CIs of the adjusted R2 and the mean reiterated nMDS axis-1 scores.
The statistical tests were conducted using R ver. 3.20 [40].

Table 2. Selected multivariate regression models to explain forest intactness (nMDS axis-1 values)
based on all plots for 2009 and 2014. Two of the plots for 2014 were not used in the analysis due to
incomplete species identification, yielding N = 86.

R2 Coefficient SE T Value Pr (>|t|)

Segaliud Lokan–Deramakot–Tangkulap 2009 (N = 50)

B5TM 0.61
−0.53599 3.88 × 10−4 5.2435 <0.001

GLCM_mean_NDSI 0.37928 1.89 × 10−2 3.79207 <0.001

Segaliud Lokan-Deramakot-Tangkulap 2014 (N = 86)

B7OLI

0.64

−0.61447 8.92 × 10−4 6.6404 <0.001
GLCM_mean_EVI −0.16068 1.65 × 10−2 2.4093 1.83 × 10−2

GLCM_homogenity_B3OLI 0.16754 7.36 2.5411 1.30 × 10−2

NDSI −0.22618 2.99 2.4598 1.60 × 10−2

N, number of plots used for each model; R2, adjusted R-squared value; Coefficient, standardized partial
regression coefficient; SE, standard error; B3, band 3; B5, band 5; B7 band 7; GLCM, textures of the grey-level
co-occurrence matrix; NDSI, normalized difference soil index; EVI, enhanced vegetation index.

3. Results

3.1. Spatiotemporal Changes of Carbon Density

Carbon density values were mainly explained by the short-wave infrared reflectance (band 7),
textures of GLCM and NDSI of Landsat metrics based on the stepwise selection (Table 1). A comparison
of observed logarithmic vs. predicted logarithmic carbon values is shown in Figure 2; the coefficients
of correlations (adjusted R2) of the full model using all plots were 0.75 for 2009 and 0.71 for 2014.
Cross-validation based on 1000 iterations indicated that the 95% CIs of the mean coefficients of
correlations were 0.54–0.91 for 2009 and 0.69–0.72 for 2014 (Figure 2).
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Figure 2. Comparison of observed logarithmic vs. predicted logarithmic carbon values for 2009
(left diagram) and for 2014 (right diagram). Adjusted R2 values of the full model using all plots were
0.75 for 2009 and 0.71 for 2014. 95% confidence intervals (CIs) of the mean coefficients of correlations
were derived from a cross-validation procedure based on 1000 iterations.
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Maps indicating the extrapolated carbon densities (Mg/ha) over the entire area of the FMUs for
2009 and 2014 are shown in Figure 3. Mean values (95% CIs) of carbon density (Mg/ha) of Deramakot
were 140 (133–151) for 2009 and 170 (162–179) for 2014, while those of Tangkulap were 115 (109–122)
for 2009 and 119 (112–126) for 2014 (Figure 3). The mean iterated carbon density value of Deramakot
significantly increased from 2009 to 2014 without an overlap in 95% CIs, while that of Tangkulap did
not significantly increase and showed a broad overlap of CI (Figure 4).

Sustainability 2018, 10, x FOR PEER REVIEW  9 of 15 

of Deramakot significantly increased from 2009 to 2014 without an overlap in 95% CIs, while that of 
Tangkulap did not significantly increase and showed a broad overlap of CI (Figure 4). 

 

Figure 3. Maps indicating the extrapolated carbon densities (Mg/ha) over the entire area of the three 
forest management units (FMUs) for 2009 (left) and 2014 (right). 

 

Figure 4. Temporal shifts of the mean (95% CI) forest intactness (a) and carbon density (b) in 
Deramakot and Tangkulap FMUs from 2009 to 2014. Green symbols indicate Deramakot and red 
symbols indicate Tangkulap. 

3.2. Spatiotemporal Changes of Forest Intactness 

The greatest variance of generic composition occurred along axis 1 of the nMDS ordination 
(stress values 0.179; Figure S2, Supplementary Materials). Derived nMDS axis-1 scores of plots 
significantly correlated with logarithmic AGB of the plots (which was considered a surrogate of 
forest degradation) (adjusted R2 = 0.69, p < 0.0001; Figure S3, Supplementary Materials) in line with 
Imai et al. [21]. Thus, nMDS axis-1 scores of plots were used as a forest “intactness index” in our 
analysis. 

Forest intactness values (nMDS axis-1 scores) based on the stepwise selection were mainly 
explained by the short-wave infrared reflectance (bands 5 and 7), NDSI, EVI and textures based on 
the stepwise selection (Table 2). A comparison of observed vs. predicted nMDS axis-1 scores (i.e., 
intactness index) is shown in Figure 5; coefficients of correlation (R2) for the full model using all 

Figure 3. Maps indicating the extrapolated carbon densities (Mg/ha) over the entire area of the three
forest management units (FMUs) for 2009 (left) and 2014 (right).

Sustainability 2018, 10, x FOR PEER REVIEW  9 of 15 

of Deramakot significantly increased from 2009 to 2014 without an overlap in 95% CIs, while that of 
Tangkulap did not significantly increase and showed a broad overlap of CI (Figure 4). 

 

Figure 3. Maps indicating the extrapolated carbon densities (Mg/ha) over the entire area of the three 
forest management units (FMUs) for 2009 (left) and 2014 (right). 

 

Figure 4. Temporal shifts of the mean (95% CI) forest intactness (a) and carbon density (b) in 
Deramakot and Tangkulap FMUs from 2009 to 2014. Green symbols indicate Deramakot and red 
symbols indicate Tangkulap. 

3.2. Spatiotemporal Changes of Forest Intactness 

The greatest variance of generic composition occurred along axis 1 of the nMDS ordination 
(stress values 0.179; Figure S2, Supplementary Materials). Derived nMDS axis-1 scores of plots 
significantly correlated with logarithmic AGB of the plots (which was considered a surrogate of 
forest degradation) (adjusted R2 = 0.69, p < 0.0001; Figure S3, Supplementary Materials) in line with 
Imai et al. [21]. Thus, nMDS axis-1 scores of plots were used as a forest “intactness index” in our 
analysis. 

Forest intactness values (nMDS axis-1 scores) based on the stepwise selection were mainly 
explained by the short-wave infrared reflectance (bands 5 and 7), NDSI, EVI and textures based on 
the stepwise selection (Table 2). A comparison of observed vs. predicted nMDS axis-1 scores (i.e., 
intactness index) is shown in Figure 5; coefficients of correlation (R2) for the full model using all 

Figure 4. Temporal shifts of the mean (95% CI) forest intactness (a) and carbon density (b) in Deramakot
and Tangkulap FMUs from 2009 to 2014. Green symbols indicate Deramakot and red symbols
indicate Tangkulap.

3.2. Spatiotemporal Changes of Forest Intactness

The greatest variance of generic composition occurred along axis 1 of the nMDS ordination
(stress values 0.179; Figure S2, Supplementary Materials). Derived nMDS axis-1 scores of plots
significantly correlated with logarithmic AGB of the plots (which was considered a surrogate of
forest degradation) (adjusted R2 = 0.69, p < 0.0001; Figure S3, Supplementary Materials) in line
with Imai et al. [21]. Thus, nMDS axis-1 scores of plots were used as a forest “intactness index” in
our analysis.
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Forest intactness values (nMDS axis-1 scores) based on the stepwise selection were mainly
explained by the short-wave infrared reflectance (bands 5 and 7), NDSI, EVI and textures based
on the stepwise selection (Table 2). A comparison of observed vs. predicted nMDS axis-1 scores
(i.e., intactness index) is shown in Figure 5; coefficients of correlation (R2) for the full model using
all plots were 0.61 for 2009 and 0.64 for 2014. Cross-validation based on 1000 iterations indicated
that 95% CIs of the mean coefficients of correlations were 0.19–0.90 for 2009 and 0.42–0.83 for 2014
(Figure 5).
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Figure 5. Comparison of observed logarithmic vs. predicted logarithmic nMDS axis-1 values
(forest intactness values) for 2009 (left diagram) and for 2014 (right diagram). Adjusted R2 values of
the full model using all plots were 0.61 for 2009 and 0.64 for 2014. 95% CIs of the mean coefficients of
correlations were derived from a cross-validation procedure based on 1000 iterations.

Maps indicating the extrapolated forest intactness values (nMDS axis-1 values) over the entire
area of the three FMUs are shown for 2009 and 2014 in Figure 6. Mean (95% CI) forest intactness
values of Deramakot were 0.211 (0.130–0.306) for 2009 and 0.333 (0.271–0.405) for 2014, while those of
Tangkulap were 0.062 (−0.018–0.142) for 2009 and 0.019 (−0.061–0.091) for 2014 (Figure 6). The mean
iterated forest intactness value of Deramakot increased with a slight overlap in 95% CIs, while that of
Tangkulap did not significantly increase and showed a broad overlap of CI (Figure 4).
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4. Discussion

The BOLEH method successfully elucidated the spatiotemporal changes of carbon density and
forest intactness as maps across the three FMUs between 2009 and 2014. The procedure to map forest
intactness was already well described by Fujiki et al. [22], who demonstrated forest intactness maps of
six FMUs across Borneo. They demonstrated that the mean values of and the frequency distributions
of forest intactness significantly differed among FMUs, reflecting the forest management schemes.
Our current study further demonstrates that the BOLEH method is useful to monitor temporal changes
of forest intactness in a given FMU. Particularly, our BOLEH method could reveal a significant increase
of mean carbon density value and a marginally significant increase of mean forest intactness value
in Deramakot between August 2009 and June 2014 (time of acquisition of Landsat data) in spite of
the continued production of timber. Deramakot FMU produced a total of 43,023 m3 volume of round
logs in two compartments during the corresponding five years. The increases in both mean carbon
density and forest intactness suggest that the regrowth in fallow compartments outweighed the harvest.
Our BOLEH method based on landscape analysis could successfully evaluate such a balance between
negative impacts of harvesting and positive impacts of leaving areas fallow.

Co-benefits of sustainable forestry with RIL on the carbon storage function have already been
suggested by Imai et al. [24], Langner et al. [43] and Langner et al. [44], who compared Deramakot with
Tangkulap with a snapshot of carbon density in a given year using a space-for-time approach. In our
current analysis, we have directly proved the co-benefits of sustainable forestry and RIL on the carbon
storage and forest intactness by continuous monitoring. The vast majority of production forests across
Malaysia and Indonesia in Borneo have been mildly to highly degraded due to past multiple entries
of logging. Deramakot is not an exception. The mean annual harvest with RIL from such degraded
secondary forests is 30 m3/ha and the mean annual harvest area is 347 ha over the 20 years between
1995 and 2016 in Deramakot (unpublished statistical data). Collateral damages are also unavoidable
even if timber is carefully harvested under RIL. If we assume that harvest practices with collateral
damage produce 30 m3/ha of waste (i.e., equivalent to the harvested volume), a total of 60 m3/ha of
trees are removed annually from 347 ha, giving rise to a total removal of 20,820 m3/year (or 10,410 tons
carbon/year in Deramakot assuming that 1 m3 volume is equivalent to 0.5 ton carbon). On the other
hand, there are a total of approximately 54,653 ha of fallow compartments each year in Deramakot.
Tree regrowth with an increment of merely 0.19 ton carbon/ha/year will make up for the removed
carbon of 10,410 tons. Our results indicate that mean carbon density significantly increased from
140 (133–151) ton/ha to 170 (162–179) ton/ha during 5 years from 2009 to 2014, which is equivalent
to 6 tons carbon/ha/year including harvested compartments. The ratio of mean harvest area to the
fallow area is 347 ha to 54,653 ha, and this wide ratio (i.e., a long rotation) is important to sustain the
surplus in carbon budget in secondary production forests. Therefore, Bornean tropical production
forests with a comparable biomass stock and a comparable management plan (a long rotation period
and moderate harvesting) to those of Deramakot will likely be assured of an increase of carbon stock.

On the other hand, mean forest intactness only marginally increased between 2009 and 2014 in
Deramakot, as indicated by the fact that the 95% CIs overlapped slightly between these years. Why did
the mean forest intactness not significantly increase while the mean carbon density significantly
increased during the same period? Probably, a longer time is required for tree communities to
recover in species/genus composition, while carbon increments can occur as a simple function of time.
There must be a shift of tree communities (from pioneer to climax species) in order to demonstrate a
significant increase of forest intactness. For instance, a vast area of young pioneer -tree stands will
support a rapid carbon increment but not an increment in forest intactness because species composition
is rather stabilized in such stands. Therefore, monitoring of both ecosystem services (carbon and
forest intactness) is necessary for the meaningful evaluation of ecosystem integrity/health.

Why the mean carbon density and forest intactness did not increase in Tangkulap between 2009
and 2014 in spite of the suspension of logging operations is an intriguing question. As reported by
Kitayama [27], the natural forests of Tangkulap have been highly degraded by past repeated logging;
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they are currently dominated by stands of pioneer trees such as Macaranga or by fern grasslands.
The shift from such pioneer stands to climax stands will be extremely slow. On the other hand, the slow
recovery of carbon stock is puzzling because the building phase of secondary succession is known
to accumulate carbon at a rapid rate. Poorter et al. [45] reported a median carbon accumulation rate
of 3.05 ton-C/ha/year in secondary forests at 20-year age in the Neotropics. Our estimate of the
carbon accumulation rate in Tangkulap is merely 0.8 ton-C/ha/year, although this value was not
statistically significant. Probably, the occurrence of vast, thick fern stands is related to the slow recovery
because the regeneration in such thick fern stands is extremely slow [46]. When forest regrowth is
analyzed, such fern stands tend to be avoided for sampling by ecologists. Moreover, mean tree
mortality may be greater in senescent pioneer-tree stands (Imai, personal observation). Therefore,
landscape-level evaluations based on remotely sensed data like our BOLEH are required to elucidate
the spatially and temporally explicit patterns of carbon (and forest intactness). Another possible
reason for the slow carbon accumulation in Tangkulap could be the use of the 2012 inventory data
for developing the 2009 carbon model without correcting for the tree growth between 2009 and 2012,
because this would slightly overestimate the carbon density for 2009. However, this would not be an
important weakness of our study, because our major objectives here were to test our algorithms, but
not to investigate the carbon dynamics per se.

The FSC ecosystem-services certification has set forth a standard by which forest managers
must verify at least the non-existence of net negative management impacts on ecosystem services [12].
The 5-year period seems to be adequate for verifying that there are no net negative management impacts
on carbon density or forest intactness using our BOLEH in the case of Deramakot. However, in an
FMU where the harvested volume outweighs regrowth (i.e., net negative impacts), the 5-year period
may not be long enough to demonstrate a statistically significant negative impact (i.e., reduction in
mean values of carbon and forest intactness) because 95% CIs tend to be fairly wide in our method.
Fujiki et al. [22] discussed the reasons for wide CIs and suggested that the number of plots was
too small for cross-validation. When outlier plots are used to develop a model (to explain carbon
or forest intactness with Landsat metrics), residuals become large, giving rise to disproportionately
large or small mean values; this must be the case for the very low coefficient of correlation (i.e., 0.19)
in the 2009 nMDS cross-validation. The coefficient of correlation for the lower 95% CI in the 2014
nMDS cross-validation was relatively high (i.e., 0.42) probably because we used a total of 86 plots.
Here, we still suggest using a total of 50 plots as standard sampling for reducing field efforts.
If we maintain this standard sampling procedure, wide 95% CIs will be inherent to our methods.
Therefore, forest managers should use our method only when mean values of carbon and forest
intactness tend to increase or to be stable in order to verify the non-existence of net negative impacts
for the FSC ecosystem-services certification. The 5-year period is equivalent to one period of an FSC
forest certification. If BOLEH is incorporated into the assessment procedures of the regular FSC
certification for sustainable management, forest managers can verify the enhancement of ecosystem
services with low cost in addition to criteria pertinent to environmental values and impacts (principle 6)
and monitoring and assessment (principle 8). It should be noted, however, that forest intactness cannot
be used as a surrogate of richness of biological taxa because compositional distances from a pristine
forest are unrelated to richness of biological taxa [21,27].

5. Conclusions

The BOLEH method could elucidate spatiotemporal changes both in carbon stock and biodiversity
(tree community composition or forest intactness) during 5 years for nearly 100,000 ha of logged-over
tropical rain forests, which reflected past logging intensities and current management regimes.
Field sampling can be completed within a few months by a team of four or five workers with minimal
support from experts. In our pilot test, expertise of tree identification was provided by the local Forest
Research Centre. When such expertise is not locally available, tree identification must rely on external
botanical experts. However, the BOLEH method uses genus instead of species abundance, which can
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reduce the burden of tree identification. The BOLEH method is useful as a standard method to verify
the maintenance/enhancement of carbon stock and biodiversity conservation to meet the requirements
of the FSC ecosystem-services procedure.

The whole of the above procedures from field sampling to statistical analyses to extrapolation are
compiled as a protocol manual and can be downloaded at the following website:

• http://www.rfecol.kais.kyoto-u.ac.jp/files/Boleh%20manual%202017.1.zip

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/11/4224/s1,
Figure S1: Effects of distance on the difference in the nMDS axis-1 scores of given paired vegetation plots, Figure S2:
Results of the nMDS analysis, Figure S3: Correlation of nMDS axis-1 values with logarithmic above-ground biomass.

Author Contributions: Conceptualization, K.K., F.K. and S.M.; Data curation, S.F., R.A., N.I., J.S., J.T., R.N., P.L.
and R.O.; Formal analysis, S.F., R.A. and N.I.; Funding acquisition, K.K.; Investigation, K.K., S.F., R.A., N.I., J.S.,
J.T., R.N., P.L. and R.O.; Methodology, K.K., S.F., R.A. and N.I.; Project administration, K.K. and Y.S.; Resources,
J.S., J.T., R.N., P.L., R.O., F.K. and S.M.; Supervision, K.K., F.K. and S.M.; Validation, S.F. and R.A.; Visualization,
S.F. and Y.S.; Writing–original draft, K.K., S.F. and Y.S.; Writing–review & editing, R.A., N.I., J.S., J.T., R.N., P.L.,
R.O., F.K. and S.M.

Funding: This research was funded by the Global Environmental Research Fund D-1006 and 1-1403 of the Ministry
of the Environment, Japan to K.K., and by the United Nations University GGS Project Fund to K.K.

Acknowledgments: This is a contribution to the FSC ecosystem services procedure.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jaung, W.; Putzel, L.; Bull, G.Q.; Guariguata, M.R.; Sumaila, U.R. Estimating demand for certification of forest
ecosystem services: A choice experiment with Forest Stewardship Council certificate holders. Ecosyst. Serv.
2016, 22, 193–201. [CrossRef]

2. Meijaard, E.; Sheil, D.; Guariguata, M.R.; Nasi, R.; Sunderland, T.C.H.; Putzel, L. Ecosystem Services
Certification: Opportunities and Constrains; CIFOR: Bogor, Indonesia, 2011. [CrossRef]

3. Bass, S.; Simula, M. Independent Certification/Verification of Forest Management; Background Paper; The World
Bank/WWF Alliance Workshop: Washington, DC, USA, 1999.

4. Griscom, B.; Ellis, P.; Francis, E.P. Carbon emissions performance of commercial logging in
East Kalimantan, Indonesia. Glob. Chang. Biol. 2014, 20, 923–937. [CrossRef] [PubMed]

5. Jaung, W.; Bull, G.Q.; Putzel, L.; Kozak, R.; Elliott, C. Bundling forest ecosystem services for FSC certification:
An analysis of stakeholder analysis. Int. For. Rev. 2016, 18, 452–465. [CrossRef]

6. Merger, E.; Dutschke, M.; Verchot, L. Options for REDD+ voluntary certification to ensure net GHG benefits,
poverty alleviation, sustainable management of forests and biodiversity conservation. Forests 2011, 2, 550–577.
[CrossRef]

7. Pettenella, D.; Brotto, L. Governance features for successful REDD+ projects organization. For. Policy Econ.
2012, 18, 46–52. [CrossRef]

8. Rametsteiner, E.; Simula, M. Forest certification—An instrument to promote sustainable forest management?
J. Environ. Manag. 2003, 67, 87–98. [CrossRef]

9. Vogt, K.A.; Larson, B.C.; Gordon, J.C.; Vogt, D.J.; Fanzeres, A. Forest Certification: Roots, Issues Challenges
and Benefits; Yale University, CRC Press: Washington, DC, USA, 2000; p. 374. ISBN 9780849315855.

10. Jaung, W.; Putzel, L.; Bull, G.Q.; Kozak, R.; Elliott, C. Forest Stewardship Council certification for forest
ecosystem services: An analysis of stakeholder adaptability. For. Policy Econ. 2016, 70, 91–98. [CrossRef]

11. Savilaakso, S.; Guariguata, M.R. Challenges for developing Forest Stewardship Council certification for
ecosystem services: How to enhance local adoption? Ecosyst. Serv. 2017, 28, 55–66. [CrossRef]

12. FSC. Ecosystem Services Procedure: Impact Demonstration and Market Tools (FSC-PRO-30-006 V1-0 EN);
FSC: Bonn, Germany, 2018; Available online: https://ic.fsc.org/en/document-center/id/328 (accessed on
10 April 2017).

13. FSC. International Genetic Indicators (FSC-STD-60-004 V1-0 EN); FSC: Bonn, Germany, 2015; Available online:
https://ic.fsc.org/en/document-center/id/87 (accessed on 10 April 2017).

http://www.rfecol.kais.kyoto-u.ac.jp/files/Boleh%20manual%202017.1.zip
http://www.mdpi.com/2071-1050/10/11/4224/s1
http://dx.doi.org/10.1016/j.ecoser.2016.10.016
http://dx.doi.org/10.17528/cifor/003500
http://dx.doi.org/10.1111/gcb.12386
http://www.ncbi.nlm.nih.gov/pubmed/24022913
http://dx.doi.org/10.1505/1474626668376
http://dx.doi.org/10.3390/f2020550
http://dx.doi.org/10.1016/j.forpol.2011.09.006
http://dx.doi.org/10.1016/S0301-4797(02)00191-3
http://dx.doi.org/10.1016/j.forpol.2016.06.004
http://dx.doi.org/10.1016/j.ecoser.2017.10.001
https://ic.fsc.org/en/document-center/id/328
https://ic.fsc.org/en/document-center/id/87


Sustainability 2018, 10, 4224 14 of 15

14. Pagiola, S.; Arcenas, A.; Platais, G. Can payments for environmental services help reduce poverty?
An exploration of the issues and the evidence to date from Latin America. World Dev. 2005, 33, 237–253.
[CrossRef]

15. Romijn, A.; Herold, M.; Kooistra, L.; Murdiyarso, D.; Verchot, L. Assessing capacities of non-Annex I
countries for national forest monitoring in the context of REDD+. Environ. Sci. Policy 2012, 19–20, 33–48.
[CrossRef]

16. Wunder, S.; Engel, S.; Pagiola, S. Taking Stock: A Comparative Analysis of Payments for Environmental
Services Programs in Developed and Developing Countries. Ecol. Econ. 2008, 65, 834–852. [CrossRef]

17. FSC. Demonstrating the Impact of Forest Stewardship on Ecosystem Servies (FSC-PRO-30-006); FSC:
Bonn, Germany, 2015. Available online: https://ic.fsc.org/en/fsc-system/current-processes/fsc-pro-30-006
(accessed on 10 April 2017).

18. Ferraro, P.J. Asymmetric information and contract design for payments for environmental services. Ecol. Econ.
2008, 65, 810–821. [CrossRef]

19. Muradian, R.; Corbera, E.; Pascual, U.; Kosoy, N.; May, P. Reconciling theory and practice: An alternative
conceptual framework for understanding payments for ecosystem services. Ecol. Econ. 2010, 69, 1202–1208.
[CrossRef]

20. Muradian, R.; Rival, L. Between markets and hierarchies: The challenge of governing ecosystem services.
Ecosyst. Serv. 2012, 1, 93–100. [CrossRef]

21. Imai, N.; Tanaka, A.; Samejima, H.; Sugau, J.B.; Pereira, J.T.; Titin, J.; Kurniawan, Y.; Kitayama, K.
Tree community composition as an indicator in biodiversity monitoring of REDD+. For. Ecol. Manag.
2014, 313, 169–179. [CrossRef]

22. Fujiki, S.; Aoyagi, R.; Tanaka, A.; Imai, N.; Kusma, A.D.; Kurniawan, Y.; Lee, Y.F.; Sugau, J.B.; Pereira, J.T.;
Samejima, H.; et al. Large-scale mapping of tree-community composition as a surrogate of forest degradation
in Bornean tropical rain forests. Land 2016, 5, 45. [CrossRef]

23. Aoyagi, R.; Imai, N.; Fujiki, S.; Sugau, J.B.; Pereira, J.T.; Kitayama, K. The mixing ratio of tree functional
groups as a new index for biodiversity monitoring in Bornean production forests. For. Ecol. Manag. 2017,
403, 27–43. [CrossRef]

24. Imai, N.; Samejima, H.; Langner, A.; Ong, R.C.; Kita, S.; Titin, J.; Chung, A.Y.C.; Lagan, P.;
Lee, Y.F.; Kitayama, K. Co-benefits of sustainable forest management in biodiversity conservation and
carbon sequestration. PLoS ONE 2009, 4, e8267. [CrossRef] [PubMed]

25. Ong, R.C.; Langner, A.; Imai, N.; Kitayama, K. Management history of the study sites: The Deramakot
and Tangkulap forest reserves. In Co-Benefits of Sustainable Forestry: Ecological Studies of a Certified Bornean
Rain Forest; Kitayama, K., Ed.; Springer: Tokyo, Japan, 2013; pp. 1–22. ISBN 9784431541400.

26. Lagan, P.; Mannan, S.; Matsubayashi, H. Sustainable use of tropical forests by reduced-impact logging in
Deramakot Forest Reserve, Sabah, Malaysia. Ecol. Res. 2007, 22, 414–421. [CrossRef]

27. Kitayama, K. Co-Benefits of Sustainable Forestry: Ecological Studies of a Certified Bornean Rain Forest; Springer:
Tokyo, Japan, 2013; ISBN 9784431541400.

28. Gu, D.; Gillespie, A. Topographic normalization of Landsat TM images of forest based on subpixel
sun–canopy–sensor geometry. Remote Sens. Environ. 1998, 64, 166–175. [CrossRef]

29. Kotchenova, S.Y.; Vermote, E.F.; Matarrese, R.; Klemm, F.J., Jr. Validation of a vector version of the 6S
radiative transfer code for atmospheric correction of satellite data. Part I: Path radiance. Appl. Opt. 2006, 45,
6762–6774. [CrossRef] [PubMed]

30. Vermote, E.F.; El Saleous, N.; Justice, C.O.; Kaufman, Y.J.; Privette, J.L.; Remer, L.; Roger, J.C.; Tanre, D.
Atmospheric correction of visible to middle-infrared EOS-MODIS data over land surfaces: Background,
operational algorithm and validation. J. Geophys. Res. Atmos. 1997, 102, 17131–17141. [CrossRef]

31. Ekstrand, S. Landsat TM-based forest damage assessment: Correction for topographic effects.
Photogramm. Eng. Remote Sens. 1996, 62, 151–161.

32. Chave, J.; Andalo, C.; Brown, S.; Cairns, M.A.; Chambers, J.Q.; Eamus, D.; Fölster, H.; Fromard, F.; Higuchi, N.;
Kira, T.; et al. Tree allometry and improved estimation of carbon stocks and balance in tropical forests.
Oecologia 2005, 145, 87–99. [CrossRef] [PubMed]

33. Rouse, J.W., Jr.; Haas, R.H.; Schell, J.A.; Deering, D.W.; Harlan, J.C. Monitoring the Vernal Advancement and
Retrogradation (Greenwave Effect) of Natural Vegetation; NASA/GSFC Type III final report; Remote Sensing
Center, Texas A&M University: College Station, TX, USA, 1974; p. 371.

http://dx.doi.org/10.1016/j.worlddev.2004.07.011
http://dx.doi.org/10.1016/j.envsci.2012.01.005
http://dx.doi.org/10.1016/j.ecolecon.2008.03.010
https://ic.fsc.org/en/fsc-system/current-processes/fsc-pro-30-006
http://dx.doi.org/10.1016/j.ecolecon.2007.07.029
http://dx.doi.org/10.1016/j.ecolecon.2009.11.006
http://dx.doi.org/10.1016/j.ecoser.2012.07.009
http://dx.doi.org/10.1016/j.foreco.2013.10.041
http://dx.doi.org/10.3390/land5040045
http://dx.doi.org/10.1016/j.foreco.2017.07.026
http://dx.doi.org/10.1371/journal.pone.0008267
http://www.ncbi.nlm.nih.gov/pubmed/20011516
http://dx.doi.org/10.1007/s11284-007-0362-3
http://dx.doi.org/10.1016/S0034-4257(97)00177-6
http://dx.doi.org/10.1364/AO.45.006762
http://www.ncbi.nlm.nih.gov/pubmed/16926910
http://dx.doi.org/10.1029/97JD00201
http://dx.doi.org/10.1007/s00442-005-0100-x
http://www.ncbi.nlm.nih.gov/pubmed/15971085


Sustainability 2018, 10, 4224 15 of 15

34. Gao, B.C. NDWI—A normalized difference water index for remote sensing of vegetation liquid water
from space. Remote. Sens. Environ. 1996, 58, 257–266. [CrossRef]

35. McFeeters, S.K. The use of the Normalized Difference Water Index (NDWI) in the delineation of open
water features. Int. J. Remote Sens. 1996, 17, 1425–1432. [CrossRef]

36. Takeuchi, W.; Yasuoka, Y. Development of normalized vegetation, soil and water indices derived from
satellite remote sensing data. J. Jpn. Soc. Photogramm. 2004, 43, 7–19. [CrossRef]

37. Huete, A.; Didan, K.; Miura, T.; Rodriguez, E.P.; Gao, X.; Ferreira, L.G. Overview of the radiometric
and biophysical performance of the MODIS vegetation indices. Remote Sens. Environ. 2002, 83, 195–213.
[CrossRef]

38. Haralick, R.M. Statistical image texture analysis. In Handbook of Pattern Recognition and Image Processing;
Young, T.Y., Fu, K.S., Eds.; Academic Press: Orland, FL, USA, 1986; Volume 68, pp. 247–279.

39. Baatz, M.; Benz, U.; Dehghani, S.; Heynen, M.; Höltje, A.; Hofmann, P.; Lingenfelder, I.; Mimler, M.;
Sohlbach, M.; Weber, M. eCognition Professional User Guide 4; Definiens Imaging: Munich, Germany, 2004.

40. R Core Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Australia, 2014.

41. Chao, A.; Chazdon, R.L.; Colwell, R.K.; Shen, T.-J. A new statistical approach for assessing similarity of
species composition with incidence and abundance data. Ecol. Lett. 2005, 8, 148–159. [CrossRef]

42. Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’Hara, R.; Simpson, G.L.; Solymos, P.;
Stevens, M.H.H.; Wagner, H. Package ‘Vegan’. Community Ecology Package Version 2.0-9. 2013.
Available online: http://CRAN.R-project.org/package=vegan (accessed on 20 September 2013).

43. Langner, A.; Samejima, H.; Ong, R.C.; Titin, J.; Kitayama, K. Integration of carbon conservation
into sustainable forest management using high resolution satellite imagery: A case study in Sabah,
Malaysian Borneo. Int. J. Appl. Earth Obs. Geoinf. 2012, 18, 305–312. [CrossRef]

44. Langner, A.; Titin, J.; Kitayama, K. The Application of Satellite Remote Sensing for Classifying Forest
Degradation and Deriving Above-Ground Biomass Estimates. In Co-Benefits of Sustainable Forestry: Ecological
Studies of a Certified Bornean Rain Forest; Kitayama, K., Ed.; Springer: Tokyo, Japan, 2013; pp. 1–22.
ISBN 9784431541417.

45. Poorter, L.; Bongers, F.; Aide, T.M.; Almeyda Zambrano, A.M.; Balvanera, P.; Becknell, J.M.; Boukili, V.;
Brancalion, P.H.S.; Broadbent, E.N.; Chazdon, R.L.; et al. Biomass resilience of Neotropical secondary forests.
Nature 2016, 530, 211–214. [CrossRef] [PubMed]

46. Chua, S.C.; Ramage, B.S.; Potts, M.D. Soil degradation and feedback processes affect long-term recovery of
tropical secondary forests. J. Veg. Sci. 2016, 27, 800–811. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0034-4257(96)00067-3
http://dx.doi.org/10.1080/01431169608948714
http://dx.doi.org/10.4287/jsprs.43.6_7
http://dx.doi.org/10.1016/S0034-4257(02)00096-2
http://dx.doi.org/10.1111/j.1461-0248.2004.00707.x
http://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1016/j.jag.2012.02.006
http://dx.doi.org/10.1038/nature16512
http://www.ncbi.nlm.nih.gov/pubmed/26840632
http://dx.doi.org/10.1111/jvs.12406
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Site Description 
	Field Sampling 
	Pre-Processing of Satellite Images 
	Estimating Spatiotemporal Changes of Carbon Stock 
	Estimating Spatiotemporal Changes of Forest Intactness 

	Results 
	Spatiotemporal Changes of Carbon Density 
	Spatiotemporal Changes of Forest Intactness 

	Discussion 
	Conclusions 
	References

