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Abstract: This study investigates how two existing pan-tropical above-ground biomass
(AGB) maps (Saatchi 2011, Baccini 2012) can be combined to derive forest ecosystem
specific carbon estimates. Several data-fusion models which combine these AGB maps
according to their local correlations with independent datasets such as the spectral bands of
SPOT VEGETATION imagery are analyzed. Indeed these spectral bands convey
information about vegetation type and structure which can be related to biomass values.
Our study area is the island of Borneo. The data-fusion models are evaluated against a
reference AGB map available for two forest concessions in Sabah. The highest accuracy
was achieved by a model which combines the AGB maps according to the mean of the
local correlation coefficients calculated over different kernel sizes. Combining the resulting
AGB map with a new Borneo land cover map (whose overall accuracy has been estimated
at 86.5%) leads to average AGB estimates of 279.8 t/ha and 233.1 t/ha for forests and
degraded forests respectively. Lowland dipterocarp and mangrove forests have the highest
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and lowest AGB values (305.8 t/ha and 136.5 t/ha respectively). The AGB of all natural
forests amounts to 10.8 Gt mainly stemming from lowland dipterocarp (66.4%), upper
dipterocarp (10.9%) and peat swamp forests (10.2%). Degraded forests account for another
2.1 Gt of AGB. One main advantage of our approach is that, once the best fitting
data-fusion model is selected, no further AGB reference dataset is required for
implementing the data-fusion process. Furthermore, the local harmonization of AGB
datasets leads to more spatially precise maps. This approach can easily be extended to
other areas in Southeast Asia which are dominated by lowland dipterocarp forest, and can
be repeated when newer or more accurate AGB maps become available.

Keywords: AGB; biomass; data-fusion; weighted averaging; vegetation; Borneo

1. Introduction

Many developing countries lack the capacities to undertake their own forest carbon monitoring. In
order to participate in REDD+ (Reducing Emissions from Deforestation and forest Degradation) these
countries can therefore either use default biomass values as stated in the IPCC guidelines, which are
characterized by high uncertainties in combination with low transparency, or refer to other existing
data sources such as local or pan-tropical above-ground biomass (AGB) maps. The most prominent
pan-tropical sources are the benchmark maps of Saatchi [1] and Baccini [2] with 1 km or 500 m spatial
resolution respectively.

A previous analysis of these pan-tropical maps showed different AGB patterns at local scale but
also observed less pronounced differences when deriving average biomass values over larger areas [3].
An additional important result of this previous study is that no single dataset was considered more
reliable than the other. Unfortunately the lack of a statistically valid sample of AGB reference values
prevented a pan-tropical accuracy assessment of these maps [3].

Another earlier study combined the pan-tropical maps of Saatchi and Baccini using a basic
data-fusion technique [4]. This approach allowed AGB estimates to be improved by reducing
uncertainties and increased the transparency of the approach as compared to the hitherto existing Tier 1
default values of the IPCC 2006 guidelines [5]. An equal accuracy of the Saatchi and Baccini datasets
was assumed at every pixel location and a pixel-based average map of both AGB datasets was
produced without taking into account actual land cover changes (e.g., deforestation) which took place
between the dates of the two datasets (2000/01 and 2007/08) [4].

Biomass maps which are created from different methodological approaches can be substantially
different and in particular can show very distinct spatial AGB patterns [6]. Therefore, weighted fusion
approaches which account for local accuracies are needed to derive AGB maps with higher overall
accuracy. The number of methods which integrate different data sources in the context of REDD+ and
carbon monitoring is currently limited [7] in particular for data-fusion methodologies for combining
AGB maps [8]. A data-fusion method has been tested in a study area in East Africa, in which different
AGB maps were combined using a weighted averaging approach [8]. Based on an AGB reference
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map [9] covering a subset of the study area and a stratification approach, land cover based accuracies
and biases were derived, thus leading to specific fusion weights for each major land cover type.

For continental or pan-tropical analyses a large number of AGB reference datasets need to be used.
However, as such datasets are derived from a variety of methodologies (e.g., use of different allometric
equations; consideration of tree height and wood density), there is an issue of comparability [10,11].
Furthermore, when using AGB reference values from field plot measurements, the representativeness
of such reference measurements with small sizes (e.g., sub-hectare) in relation to larger mapping units
(e.g., 1 km? pixel size of pan-tropical AGB maps) can be problematic [6].

To overcome such restrictions we decided to investigate a different weighted averaging approach:
instead of using AGB reference data, we utilized local correlations with independent vegetation-related
datasets. In addition, we accounted for the differences in AGB values due to land cover changes that
occurred during the period covered by the two AGB maps.

2. Methodology
2.1. Study Area

Our study area is the island of Borneo (consisting of Malaysian Sarawak and Sabah, Indonesian
Kalimantan and Brunei Darussalam). Borneo shows a large variety of different forest cover types
which are under considerable pressure due to deforestation and forest degradation.

2.2. Identification of Land Cover Changes and Data-Fusion Processing

In a first step SPOT VEGETATION (SPOT VGT) satellite imagery is used to identify areas of land
cover changes (e.g., deforestation events) which occurred during the period covered by the two AGB
maps. For that purpose two cloud-free SPOT VGT composites are produced for the years 2000/01 and
2007/08 [12] to fit the dates of the Saatchi [1] and Baccini [2] AGB maps. Land cover changes are
identified using the ratio of the SWIR bands at both dates with a threshold of £2 STDVs. The SWIR
band is the longest wavelength spectral band of the SPOT VGT sensor and is the best band to separate
forests with different biomass as the SWIR spectral reflectance relates to canopy water content while
being least influenced by atmospheric disturbances [13]. Therefore, changes in the spectral reflectance
values of the SWIR band between both dates are most likely due to land cover changes
(e.g., deforestation, reforestation) and any value outside the +2 STDVs threshold is considered as land
cover change. Such behavior was confirmed by empirical analysis using Google Earth Engine. These
areas identified as probable land cover changes (representing 5.2% of the total area of Borneo) are
excluded from further processing in order to prevent deriving AGB estimates from areas with changing
land cover types. For such areas the more recent AGB map (Baccini) is used. Missing data of either of
the input maps are handled similarly by using uniquely the other source map data.

In a second step a data-fusion model is developed and applied. The Baccini dataset is resampled
(Nearest Neighbor) to 1 km resolution to match the spatial resolution of the other datasets and all other
data are projected to the WGS84 geographic coordinate system. For areas with no pre-identified land
cover change, the single spectral bands (red, NIR, SWIR) of cloud-free SPOT VGT composites are
used as independent datasets and maps of correlations with the biomass values are produced using
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moving kernel windows of different sizes (3 X 3,5 x5,7x7,9x9,11 x 11, 13 x 13, 15 x 15 pixels).
Indeed the cloud-free SPOT VGT composites can be used to derive a land cover map similar to
the GLC2000 product [14]. A number of vegetation types are characterized by unique mean AGB
values [5]. Furthermore, even though direct AGB measurements are not feasible, spectral bands
display some sensitivity towards vegetation structures, texture and shadows, which are partly related to
AGB values [13]. Therefore, we produce maps of correlation coefficients between the spectral VGT
bands and the AGB maps using moving kernel windows. Such correlation maps are used to assess the
local precisions of the AGB maps and are further processed to derive the AGB maps weightings. The
correlation coefficients calculated over the kernel centers for each kernel size, each SPOT VGT
reference band and AGB dataset combination are used to create maps of local correlation coefficients.
The resulting correlation maps are summed for Saatchi, Baccini and both maps together, and are used
to derive relative proportions of correlation coefficients at pixel level. Based on these relative
contributions, a weighted data-fusion composite of both input AGB maps is calculated. This is done
for each kernel size (from 3 x 3 to 15 x 15 pixels) resulting in seven data-fusion maps (3 x 3 DF,
5x5 DF,7x7DF,9x9 DF, 11 x 11 DF, 13 x 13 DF, 15 x 15 _DF). These seven data-fusion
maps are finally combined into two maps using the maximum (MAX_ DF) and the mean (MEAN_DF)
correlation coefficients for each pixel location.

2.3. Model Selection

Although a statistically valid biomass reference dataset does not exist for the whole of Borneo, we
can perform a restricted accuracy assessment using an AGB local map of two adjacent forest
concessions (Tangkulap and Deramakot) in Sabah [15]. This 30 m resolution Landsat-based AGB map
of the year 2007 has a total size of 82,600 ha and is resampled to 1 km resolution using mean AGB
values. This reference map considers only the AGB values of lowland dipterocarp forests which
dominate our study area. While Deramakot has experienced “Reduced Impact Logging” (RIL) since
1995, in the Tangkulap concession logging activities stopped in 2002 after a period of “Conventional
Selective Logging” (CSL). For this local AGB map the underlying AGB model showed a high
correlation between estimated and true AGB values with an 1? of 0.66 [15]. For our accuracy
assessment we consider only the 1 km pixels with at least half their area covered by Landsat-map
pixels in order to avoid non representative values. Comparable approaches were less restrictive by
using lower threshold values than 50% (Supplementary Information of [2]). The resulting 776
1-km pixels with Landsat-based AGB reference values are then compared to (i) the AGB maps of
Saatchi and Baccini; (ii) the simple average composite of the Saatchi and Baccini maps and
(ii1) the nine data-fusion maps (3 x 3 DF, 5 x5 DF,7 x7 DF,9 x9 DF, 11 x 11 _DF, 13 x 13 DF,
15 x 15 _DF, MAX DF and MEAN_ DF). The results of this regression analysis allow the data-fusion
approach to be selected which best fits the Landsat-based reference ABG values.

2.4. Spatial Analysis

A land cover map of Borneo for the year 2008 is combined with the AGB MEAN data-fusion map
(MEAN_DF) to derive biomass values per land cover type. For that purpose a land cover map of
Borneo is produced based on a cloud-free composite of L2G daily Moderate Resolution Imaging
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Spectroradiometer (MODIS) surface reflectance data from the Terra and Aqua satellites. The methodology
for deriving the cloud-free composite as well as the land cover classification is described in [16].
In this study the composite is derived from a larger number of images (273 MODIS reflectance
single-day scenes). Furthermore, in order to improve the radiometric quality of the composite, pixels
with off-nadir viewing angles > 30° are excluded. The final land cover map with 12 land cover classes
is derived from an automatic classification (ISODATA) which is then visually revised (using high
resolution imagery from Google Earth as reference). Finally, the land cover map is validated from a
visual comparison of 600 stratified random sampling points (50 points per land cover type) selected
over 77 ALOS AVNIR-2 scenes that were acquired during year 2008.

A zonal statistical analysis is done for the forests of Borneo, excluding degraded forests. Degraded
forests are defined as forests with less than 40% tree crown cover and include forest mosaics and forest
regrowth. Thus, non-degraded forests refer to pristine forests or forests with crown cover openings of
less than 60%. We analyze separately the different forest cover types (lowland dipterocarp forest;
upper dipterocarp forest; mountain forest; heath forest and forest on ultrabasic soil; peat swamp forest;
freshwater swamp and riverine forest; mangrove forest) as well as degraded forests. In addition, this
analysis is performed on country-level (Brunei Darussalam, Malaysia, and Indonesia). Besides
calculating the mean AGB values per spatial zone, their corresponding 50% confidence intervals are
also derived, which can potentially be used to apply conservative discount factors [17].

3. Results and Discussion
3.1. Comparison of Different Data-Fusion Models

In contrast to other weighted averaging approaches which require AGB reference values for a
subset of the study area [8] our weighted averaging approach uses only cloud-free composites of SPOT
VGT data to allow the main forest types to be differentiated, which also indirectly relate to biomass.
One advantage of our approach is that it is not restricted to areas where high accuracy reference
datasets are available and can therefore easily be extended to larger areas in Southeast Asia.

In our study we analyze a set of different data-fusion models. The best fitting model is selected
from comparisons with a Landsat-based reference AGB map available over a restricted area in the
North of Borneo. The correlations of the regression analyses between the Landsat and Saatchi AGB
maps and between the Landsat and Baccini maps show r? values of 0.123 and 0.310 respectively
(Figure 1b,c). The correlation coefficient for the Saatchi data is low because Saatchi depicts the AGB
status around the year 2000 while the Landsat reference map stems from the year 2007. Possible
logging impacts in the two concessions have to be taken into account although they are considered
very limited (CSL in Tangkulap until 2002 and RIL in Deramakot with lower impact on AGB).
The simple AGB average approach which assumes similar accuracy of Saatchi and Baccini at every pixel
location [4] results after correction for LC changes in a slightly higher r* of 0.331 (Figure 1d)—indicating
the robustness of that methodology. By applying data-fusion approaches with varying kernel sizes
which weight the AGB input maps according to local correlations with a SPOT VGT reference dataset,
we obtain similar or higher r? values between 0.307 (kernel size of 3 x 3) and 0.367 (kernel size of
11 x 11). Furthermore, the combination of different kernel sizes allows the adaptation to homogeneous
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areas with different extent (e.g., small- or large-scale forest plantations) which might not be well
detected by a single kernel size. In comparison to the MAX DF data-fusion approach (overall r* of
0.355) which is based on the highest local r* value over all kernel sizes, the MEAN DF data-fusion

algorithm evenly incorporates the correlation coefficients of all kernel sizes (highest overall r* of
0.370; Figure le).
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Figure 1. Above-ground biomass (AGB) maps for two forest concessions in Sabah (location
indicated as black rectangle in Figure 2): (a) Landsat-derived AGB map of year 2007
(resampled to 1 km resolution); (b) Saatchi map; (¢) Baccini map; (d) Saatchi and Baccini
mean map; (¢) MEAN DF AGB map ((d,e) are corrected for land cover changes between
2000/01 and 2007/08); (f) AGB difference between the MEAN DF and the simple average
approach with higher MEAN DF in green and lower MEAN DF in orange. In (b—e)
correlation coefficients between (a) and the corresponding maps are shown.
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Figure 2. Land cover classification of the year 2008. Country borders in grey. The black
rectangle indicates the subset area of the two forest concessions of Figure 1.

Although 776 AGB reference pixels at 1 km? size are used for the selection of the fusion model,
these pixels only cover the lowland dipterocarp forests of two adjacent forest concessions in
Sabah [15] and are thus not fully representative of all forest ecosystems of Borneo. However, due to
the fact that Deramakot experienced RIL while Tangkulap had CSL and both concessions contain zones
of “High Conservation Value Forest” (HCVF) without any logging activities, the Landsat-derived AGB
reference pixels cover a large spectrum of AGB values (from 198.8 to 672.3 t/ha) as measured for
2007 and thus represent well the distribution of the biomass within the lowland dipterocarp forests
which is the dominant forest type in Borneo [15].
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Regarding the model selection we do not expect totally different outcomes if comparable AGB
reference data for other forest types were available because the spectral information from VGT data
conveys some information about the vegetation structure which can be partly related to AGB [13].
Furthermore weighting all correlation coefficients from the different kernel sizes (MEAN DF) as
compared to selecting only the best correlation coefficients (MAX DF) is independent of the forest
type. In case comparable AGB reference datasets would be available for other forest types a more
detailed analysis would allow this assumption to be verified. However the use of direct field plot
measurements might result in artifacts due to the low representativeness of small-sized field plots
(usually sub-hectare size) within 1 km? pixels.

A comparison of the average AGB results for the Tangkulap and Deramakot concessions reveals
much higher average biomass values for the Landsat-derived AGB map as for all other AGB maps
(393.6 t/ha for Landsat against 321.6 t/ha, 288.0 t/ha, 304.9 t/ha, and 299.6 t/ha for Saatchi, Baccini,
simple average composite and MEAN DF data-fusion approach respectively). This might be partly
related to the fact that tree height is not considered in the Tangkulap and Deramakot sample plots,
which can result in an overestimation of AGB by 13% on average [11]. However, even considering
this potential overestimate of the reference dataset, the data-fusion maps appear to be conservative
AGB estimates. This might be related to biases in the AGB input maps. Additionally, averaging AGB
reference data to 100 ha size pixels leads to smoothed values (Figure 1).

3.2. Analysis of AGB Results for Borneo and Comparison with Literature Values

A comparison of the MEAN DF AGB estimates with literature biomass values per forest cover
type available for insular Southeast Asia is performed. For this purpose we use a land cover map of
Borneo of the year 2008. The overall accuracy of this land cover map is 86.5% (Figure 2). As
compared to the forest cover status described in [16] for the period 2002—-2005, the map of the year
2008 allows a slight reduction of the annual deforestation rate to be estimated from 1.7% (2002-2005)
to 1.4% (2005-2008). In total 12 land cover classes are depicted including seven forest cover types
(lowland dipterocarp forest, upper dipterocarp forest, mountain forest, heath forest and forest on
ultrabasic soil, peat swamp forest, freshwater swamp and riverine forest, and mangrove forest) and the
class of degraded forest. Visual comparisons between the MODIS-based forest cover map and the
AGB patterns of the Saatchi and Baccini maps reveal partly similar patterns even though they are
derived from independent approaches (Figure 3). However these maps do not depict spatial vegetation
patterns equally. While for example the Saatchi map reflects well the distribution of the upper
dipterocarp and mountain forests (red circles in Figure 3b), the Baccini map shows the separation of
forest to non-forest ecosystems more clearly (blue circles in Figure 3¢). The MEAN DF AGB pattern
better matches most forest cover types (Figure 3a,d). Even though similar visual patterns are visible in
the simple average composite, a comparison over the whole of Borneo reveals differences between the
MEAN_DF data-fusion and the simple average approach of up to +140.9 t/ha or —116.3 t/ha (Figure 1f
for differences within the reference area in Sabah).

The mean resulting AGB estimates over the total forest area of Borneo are 285.0 t/ha, 273.9 t/ha,
279.8 t/ha, and 279.5 t/ha for Saatchi, Baccini, the MEAN DF and the simple average of the Saatchi
and Baccini maps respectively. The AGB mean estimates for degraded forests of Borneo are 247.8 t/ha,
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222.0 t/ha, 233.1 t/ha, and 234.9 t/ha for Saatchi, Baccini, the MEAN_ DF data-fusion and the simple
average respectively (Figure 4a). No specific AGB input map shows systematic higher or lower AGB
values, but the resulting values depend on the vegetation type analyzed. The comparison of the simple
average and the MEAN DF values shows that both maps converge when analyzing large areas.
However the advantage of the MEAN _DF approach is the local harmonization of the data, resulting in
lower uncertainties for smaller areas (see the large differences between both approaches for mountain
forests in Brunei Darussalam in Figure 4b). We also produce 50% confidence intervals of the mean
AGB values to potentially allow countries to apply a Tier 1 conservative approach [4,17]. The AGB
values of Figure 4a are visualized in Figure 5.
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Figure 3. (a) MEAN DF map for the whole of Borneo. The black rectangle indicates the
subset area shown in detail in figure (b—d); (b) Saatchi AGB map with red circles
highlighting specific patterns fitting to certain land cover types (indicated in thin black
lines); (¢) Baccini AGB map with blue circles highlighting other AGB patterns;
(d) MEAN_DF map with a combination of patterns from (b,c).
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Figure 4. (a) AGB values for all Borneo forests (left), seven different forest types (middle
group) and degraded forest (right); (b) AGB values for Brunei Darussalam and the
Indonesian and the Malaysian parts of Borneo. Error bars indicate the 50% confidence

interval (CI) at pixel level.

Reporting our MEAN_DF results per country shows the highest AGB value for Brunei Darussalam
forests at 292.6 t/ha, an intermediate value for the Malaysian part of Borneo at 289.0 t/ha and the
lowest value for Kalimantan at 276.3 t/ha. This is not surprising, as the forests in Brunei Darussalam
are considered to be more intact when compared to Malaysia or Indonesia [18].

A comparison with literature values is challenging as often a large range of AGB values is provided
in the literature. The IPCC mean value for lowland forests in insular Asia at 350 t/ha (range
280-520 t/ha) is in line with AGB values between 310.6 t/ha (for year 2000) and 393.6 t/ha (for year
2007) for the two forest concessions in Sabah [15]. Our study delivers a slightly lower estimate at
305.8 t/ha for the lowland dipterocarp forest over the whole of Borneo. For tropical mountain systems
the IPCC reports a wide range of biomass values from 50 to 360 t/ha. Our study provides specific
estimates for upper dipterocarp forests (273.8 t/ha) and mountain forests (249.1 t/ha). Our MEAN DF
estimate for heath forests and forests on ultrabasic soils (250.9 t/ha) is slightly higher as compared to
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AGB values between 196 t/ha and 235 t/ha for heath forests [19]. A literature overview of AGB
estimates for mangrove ecosystems reported a range of values between 93.7 t/ha and 202.4 t/ha for
Indonesia and Malaysia respectively [20] which encompass our AGB MEAN DF estimate of
136.5 t/ha. For peat swamp forests literature values cover a wide range: while [21] reports values
between 252.5 t/ha and 313.9 t/ha for low and high biomass stands, reference [19] provides lower ranges
between 83 t/ha and 214 t/ha or between 101 t/ha and 249 t/ha depending on the methodology. Our results
for peat swamp forests are consistent with the literature with an average AGB MEAN DF estimate of
235.1 t/ha. For riparian forests the literature reports values of 199 t/ha or 294 t/ha [19] when our results
lead to a lower estimate at 170.2 t/ha which might be related to the fact that our study combines this
forest type together with freshwater swamp forest.

AGB i
137 t/ha (Mangrove Forest) 5
170 t/ha (Freshwater Swamp Forest; Riverine Forest)
- 233 t/ha (Degraded Forest; Regrowth)
235 t/ha (Peat Swamp Forest)
249 t/ha (Mountain Forest)
251 t/ha (Heath Forest; Forest on Ultrabasic Soil)
274 t/ha (Upper Dipterocarp Forest)
- 306 t/ha (Lowland Dipterocarp Forest)

400
N - — 1 Kilometers

Figure 5. Map of AGB (in t/ha of dry matter) for all forest ecosystems of Borneo.
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According to our results the forest ecosystems of Borneo hold a total amount of 10.8 Gt AGB, of
which 66.4% stem from lowland dipterocarp forests, 10.9% from upper dipterocarp forests, 10.2%
from peat swamp forests, 6.4% from heath forests and forests on ultrabasic soil, 3.4% from mountain
forests, 1.7% from fresh water swamp and riverine forests, and 1.2% from mangrove forests. In addition,
the class of degraded forests and regrowth holds an amount of 2.1 Gt AGB.

These results depict only the AGB without considering any other carbon pools. Most prominent is
the pool of below-ground biomass and—especially for the vast extent of peat lands of Southeast
Asia—the on average 4.5 m thick organic peat layer, which contains enormous amounts of biomass [22].

4. Conclusions

In summary the major advantage of our data-fusion approach in comparison to other weighted
averaging approaches is that it requires only a limited AGB reference dataset during model selection.
Among the models tested in our study, the MEAN DF data-fusion approach leads to more precise
local biomass estimates in comparison to the simple average composite due to the local harmonization
of the input AGB datasets. However, for large areas both models deliver similar mean AGB values,
thus highlighting the robustness of the simple average composite to derive alternative Tier 1 default
values [4]. Yet our approach does not provide quantitative information about the accuracy of the
resulting data-fusion map, but allows the best fitting spatial pattern to be selected between the AGB
input maps and the spectral reference VGT datasets. However, as the VGT spectral bands are
considered to be indirectly related to AGB [13] a higher spatial correspondence is expected to lead to a
higher accuracy of AGB values. Accuracy can only be assessed through a statistically valid sample of
high quality AGB reference data over different forest ecosystems. Finally, our data-fusion approach
cannot compensate site-specific variations (e.g., differences in wood density or diameter/height
ratios) [23] that occur in both input maps but if more AGB maps become available in the future this
should allow such effects to be mitigated. The methodology can be repeated easily when a new AGB
map becomes available by either adding it to the existing ones or by replacing one of the maps, which
would be considered less accurate.
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