IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

The distribution and amount of carbon in the largest peatland complex in Amazonia

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2014 Environ. Res. Lett. 9 124017
(http://iopscience.iop.org/1748-9326/9/12/124017)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 129.11.23.117
This content was downloaded on 16/03/2016 at 10:12

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1748-9326/9/12
http://iopscience.iop.org/1748-9326
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

OPEN ACCESS
IOP Publishing

Environmental Research Letters

Environ. Res. Lett. 9 (2014) 124017 (12pp)

doi:10.1088/1748-9326/9/12/124017

The distribution and amount of carbon in the
largest peatland complex in Amazonia

Frederick C Draper', Katherine H Roucoux?, lan T Lawson’,

Edward T A Mitchard®, Euridice N Honorio Coronado®, Outi Lihteenoja’,
Luis Torres Montenegro(’, Elvis Valderrama Sandovalﬁ,

Ricardo Zarate! and Timothy R Baker'

''School of Geography, University of Leeds, Leeds, LS6 9JT, UK

% Department of Geography and Sustainable Development, University of St Andrews, St Andrews, KY16
9AL, UK

3School of Geosciences, University of Edinburgh, Edinburgh, EH9 3IN, UK

“Instituto de Investigaciones de la Amazonia Peruana, Iquitos, Perd

5 Department of Biology, University of Turku, FI-20014 Turku, Finland

S Universidad Nacional de la Amazonia Peruana, Iquitos, Pert

E-mail: gyfchd@leeds.ac.uk

Received 21 October 2014, revised 20 November 2014
Accepted for publication 28 November 2014
Published 15 December 2014

Abstract

Peatlands in Amazonian Peru are known to store large quantities of carbon, but there is high
uncertainty in the spatial extent and total carbon stocks of these ecosystems. Here, we use a
multi-sensor (Landsat, ALOS PALSAR and SRTM) remote sensing approach, together with
field data including 24 forest census plots and 218 peat thickness measurements, to map the
distribution of peatland vegetation types and calculate the combined above- and below-ground
carbon stock of peatland ecosystems in the Pastaza-Marafion foreland basin in Peru. We find that
peatlands cover 35 600+2133 km? and contain 3.14 (0.44-8.15) Pg C. Variation in peat
thickness and bulk density are the most important sources of uncertainty in these values. One
particular ecosystem type, peatland pole forest, is found to be the most carbon-dense ecosystem
yet identified in Amazonia (1391710 Mg C ha™"). The novel approach of combining optical
and radar remote sensing with above- and below-ground carbon inventories is recommended for
developing regional carbon estimates for tropical peatlands globally. Finally, we suggest that
Amazonian peatlands should be a priority for research and conservation before the developing

regional infrastructure causes an acceleration in the exploitation and degradation of these

ecosystems.

Online supplementary data available from stacks.iop.org/ERL/9/124017/mmedia
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1. Introduction

The large carbon stocks of Amazonian forests have been
recognized for many years [1] and estimates of total Ama-
zonian above-ground biomass (AGB) for terra firme (dry
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land) forest, based on forest census data and remote sensing
range from 58 to 134 Pg C [2-8]. However, there is another
significant store of carbon in Amazonia which has not, to
date, been incorporated into regional or global carbon bud-
gets: the carbon stored in peatlands. Recent work on the
Pastaza-Marafion foreland basin (PMFB) in Northwest Peru
has revealed the presence of extensive and deep accumula-
tions of peat that contain 2-20 Pg C in below-ground stocks
[9, 10]. Such values are significant in the context of both
national (e.g. 6.9 Pg C held in AGB in Peru [11]) and regional
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carbon budgets. Hence it is important that the uncertainties in
these estimates are reduced.

The PMFB in Northwest Peru contains the most exten-
sive peatlands yet discovered in Amazonia [10]. It is a sub-
siding foreland basin of ¢.100000 km?* formed during the
Cenozoic uplift of the Andes [12-15] and possibly still
actively subsiding today [16]. High rainfall, frequent flooding
and low lying topography provide the waterlogged and anoxic
conditions required for peat formation which, in this geolo-
gical setting, have enabled significant thicknesses (up to
7.5m) of peat to accumulate [9, 17, 18]. Much smaller
peatlands have also been reported from Southern Peru
(294 km?, 0.027 PgC [19]), central Amazonia (area and car-
bon stocks unknown [20]), and North of the Amazon basin in
the Orinoco delta (7000 km?, 0.049 Pg C [21]). In contrast
with the better-known but highly degraded and at-risk peat-
lands of SE Asia [22], those of the PMFB remain largely
intact and the threat of destruction from direct human impacts
is comparatively low. Climate models suggest that by the end
of the 21st century, the Western Amazon, unlike SE Asia, is
not likely to become significantly drier, though it is predicted
to warm significantly [23, 24]. Increasing wet season pre-
cipitation over the last 20 years supports this prediction [25],
although evidence for decreased dry season river discharge
over the same time period could suggest enhanced seasonality
rather than any change in annual precipitation [26]. Therefore,
improving carbon storage estimates for the PMFB peatlands
is important as they face an uncertain future, which could
enhance or diminish this carbon stock depending on climatic
and land use change.

Uncertainties in the existing estimate of the amount of
carbon stored in the PMFB peatlands derive from a number of
factors. The geographical extent and remoteness of the PMFB
mean that a relatively small proportion of the peatlands have
been mapped in the field, and variability in peat thickness and
carbon density at local scales mean that extrapolations from a
small number of field observations introduce large uncer-
tainties. In addition, although most of the peatlands are
forested, little attempt has previously been made to estimate
the above-ground component of the carbon stock using
ground data [27, 28], which may be valuable for validating
recent remote sensing estimates of above-ground carbon
stocks that include the PMFB [11].

A remote sensing approach is useful for mapping peat-
land area as it provides detailed information at a regional
scale, and is especially promising in the PMFB because the
peatlands have been found to be floristically, structurally and
topographically distinct from terra firme [18, 28]. These
features are not only distinctive on the ground, but also in
satellite data. Landsat products are effective at describing the
surface reflectance properties of vegetation and have pre-
viously been used to distinguish between peatlands and terra
firme in this region and elsewhere [10]. L-band SAR (syn-
thetic aperture radar) products, such as Advanced Land
Observing Satellite (ALOS) phased array type L-band SAR
(PALSAR), are able to penetrate the canopy and are effective
in characterising forest structure [29, 30] and biomass in terra
firme and peatland forests [31-33]. Additionally, SAR

responds to soil moisture and can therefore distinguish
between inundated and non-inundated areas [34]. SRTM
(shuttle radar topography mission) data provide an estimate of
elevation and are useful for identifying large-scale topo-
graphical boundaries within tropical forests [35, 36]. The
most effective approaches to mapping vegetation and esti-
mating AGB identified so far combine data from multiple
sensors, such as those described above, in a single analysis
[33, 37-40].

Remote sensing data are not only useful for delineating
peatland area but may also be useful for constraining the
properties of peat (thickness, bulk density and carbon con-
centration) that account for much uncertainty in estimating
carbon stocks. In the PMFB, peat has been found beneath
palm swamp forest, ‘pole’ forests (low stature forest with
many thin-stemmed trees), and almost entirely herbaceous
‘open’ communities [18, 78]. These different peatland vege-
tation types are associated with different peat properties and,
therefore, differing quantities of below-ground carbon, as has
been observed elsewhere in tropical peatlands [41, 42]. If
peatland vegetation types can be identified by remote sensing
and the amount of below-ground carbon is associated with
vegetation type, as has been shown for Northern peatlands
[43], then detailed vegetation mapping has the potential to
better constrain regional carbon estimates.

In addition to our use of data from multiple sensors and
using vegetation type as a constraint on peat properties, our
approach differs from previous work in the region [10] in the
following ways:

e remote sensing classifications have been performed on a
single image which spans the entire region, rather than
two Landsat scenes individually which can introduce
errors in area estimates;

e the number of training points is approximately twice as
large as in previous studies, providing more data for the
remote sensing classification;

e the number of measurements of peat thickness, bulk
density and carbon concentration has also been doubled,
providing more representative mean values;

e the contribution of AGB has been included, utilising
recently published species-specific allometric equations
for palms [44], which are a dominant component of
peatland forests.

We thus incorporate vegetation and soil data with a
number of suitable remote sensing products (Landsat, ALOS
PALSAR and SRTM) to answer the following questions:

1. What is the total area and carbon stock of the peatlands
of the PMFB?

2. How large are the AGB and peat elements of the carbon
stock of the peatlands of the PMFB, and how do these
vary spatially?

3. What are the relative contributions of the different
peatland ecosystem types (pole forests, palm swamps
and open peatlands) to the total carbon stock of
the PMFB?
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Figure 1. The location of 30 clusters of study sites within the PMFB
(shaded area). Filled dots represent clusters of peat depth measure-
ment points; ringed dots represent individual or clusters of 0.5 ha
forest census plots; and triangles represent vegetation surveys where
peat thickness was not measured (data from [45]). The boundary of
the PMFB has been delineated using SRTM elevation data and is
based on an elevation drop from c.140 to c.120 m above sea level.
Numbers correspond to the site names provided in table S.1.

4. How accurate are our estimates of peatland area and
carbon storage likely to be, and where does the
uncertainty lie?

2. Methods

2.1. Study area and field data

The study area is the PMFB, located in Loreto, Northeast
Peru (figure 1). Four categories of field data were used (table
S.1): (1) 218 ground reference points, used for remote sensing
classification; (2) 24 forest census plots, used to estimate
quantities of above-ground carbon; (3) 218 peat-thickness
measurement points, used to determine quantities of below-
ground carbon; and (4) 33 peat cores, from which C content
and dry bulk density were measured. The equal number of
ground reference points and peat thickness measurements is
coincidental: only 115 of the measurements occur at the same
place. Some of these sites were selected as they have been
identified as peatlands in previous studies [9, 10]. Other sites
were selected based on examination of Landsat data and
chosen to provide a representative sample of the range of
ecosystem types known to harbour peat.

2.2. Satellite imagery

All remote sensing image processing and analysis was con-
ducted in ENVI 5.1 (Exelis VIS). Three data products were
used: Landsat Thematic Mapper data from the Landsat 5
satellite (six scenes using bands 4, 5 and 7), ALOS/PALSAR
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Figure 2. Remote sensing data mosaics. Panel A is an RGB
composite Landsat image with bands 4, 5, and 7 assigned to red,
green and blue, respectively. Panel B is an RGB composite of the
PALSAR data, with HH, HV and HH/HV bands assigned to red,
green and blue. Panel C is the SRTM data showing estimated metres
above sea level.

(25 scenes using HH and HV polarizations) and SRTM [46].
A final seven-band image stack consisting of Landsat bands 4,
5 and 7, PALSAR bands HH, HV and their ratio (HH/HV),
and an SRTM elevation band in metres above sea level was
then created (figure 2). Details of images (table S.2) and pre-
processing can be found in the supplementary material.

2.3. Image classifications

A supervised classification method was used whereby a
number of ‘known pixels’, assigned to predefined classes,
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were used to train a classifier for all pixels in the image. These
known pixels correspond to ground reference points of a
known location and class. In this study these classes are land
cover or vegetation types corresponding to three peat-forming
(pole forest, palm swamp and open peatlands) and four non
peat-forming categories (ferra firme/occasionally flooded
forest, seasonally flooded forest, open water, and urban areas/
river beaches). 218 ground reference points were used: half of
these were used as known pixels to perform the classifica-
tions, henceforth referred to as ‘training data’. The remaining
ground reference points (referred to as ‘test data’) were used
to test the accuracy of the classifications by quantifying how
closely the predefined classes of these known pixels corre-
spond to the classes they were assigned by the classification.
Details of ground reference points can be found in the sup-
plementary information.

Three classifications were undertaken, firstly using
Landsat data alone, secondly using Landsat and PALSAR
data, and finally using Landsat, PALSAR and SRTM data.
The accuracy of each classification was assessed and the most
accurate classification was used to provide the area estimates
that we used to generate carbon stock estimates. The support
vector machine (SVM) classifier in ENVI was used for all
classifications because this approach has been found to pro-
duce accurate results with limited field data [47]. In this
instance it was also more accurate than either the maximum
likelihood or ENVI standard neural network classifiers. The
default ENVI SVM classifier was used with the radial basis
function kernel type. The SVM classifier is a binary classifier
but a multiclass classification is achieved by implementing a
pairwise classification strategy.

2.4. Above-ground carbon measurements

Twenty-four 0.5 ha forest census plots were established fol-
lowing the RAINFOR (Amazon Forest Inventory Network)
protocol [48]. Diameters of all trees with dbh (diameter at
breast height, 1.3 m) >10 cm were recorded and each tree was
identified to species (c. 70% of individuals) or genus level (c.
30% of individuals) by comparison with specimens held in
herbariums Herrerense (HH) and Amazonense (AMAZ).
Stem height of palms was measured using a clinometer or a
laser range finder. The plots were established in five field
seasons in 2008, 2009, 2010, 2012 and 2013. Biomass of
dicot trees was estimated using the pan-tropical three-para-
meter (dbh, wood density and E) equation of [49]. Species-
specific wood density values were obtained from [28] where
available, and the global wood density database otherwise
[50, 51]. These sources accounted for more than 95% of
calculations in all plots. When species-specific wood density
values were not available then a genus-level, or family level
mean was used, and if no family-level values were available
then the mean plot wood density was used, following [52].
Palm biomass was estimated using species-specific allometric
equations [44] which require stem or total height as the only
parameter. Above-ground carbon was assumed to be 50% of
above ground biomass

2.5. Below-ground carbon measurements

Three measurements are required to determine quantities of
below-ground carbon: peat thickness, dry bulk density and
carbon concentration. Peat thickness was measured at each
peat measurement point using a Russian-type corer [53], from
both the edges and centre of the peatlands, though the number
of measurements made varied between sites. Stratigraphic
units were visually assessed in the field and assigned to peat,
‘clayey peat’, or ‘mud’ (deposits dominated by minerogenic
sediments) following [10]. Deposits assigned as ‘mud’
were excluded from all further analysis and were not
included in peat thickness measurements. Thirteen peat cores
from different vegetation types were analysed as part of this
study. Dry bulk density (dry weight (g)/volume (cm?)) was
calculated on 100 cm® samples taken every 50 cm from the
peat core and dried at 80°C for 24h or until a constant
weight was reached. Carbon concentration was primarily
determined using previously published data from 30 cores
[9, 10], where carbon concentration was measured every
50 cm down-core. Additionally, ten further cores were used
in which carbon concentration was determined in four
samples from 5, 10, 20 and 30 cm depths. All carbon con-
centration estimates were made using an Elementar Vario
Microcube.

2.6. Carbon stock calculations

The above- and below-ground peat carbon pool was calcu-
lated using the equation below, following [54]:

B Dp Pp Cp Ap AGCP Ap
CP = + , (1)
pz::] 102 102

where: CP is the total peatland carbon pool (Pg), p represents
each peatland ecosystem type, v represents the total number of
peatland ecosystem types, D,, is peat thickness (m), p,, is dry
bulk density (kg m), C, is carbon concentration (expressed
as the percentage mass of carbon in the dry peat), AGC, is
above-ground carbon (kg m?), and A, is area (m?).

In order to generate mean values and confidence intervals
for the carbon stock estimates for each peatland ecosystem
type, a bootstrap resampling and randomized Monte Carlo
method was used as the data are not normally distributed.
Firstly, measured values for each variable of equation (1)
were grouped into the three peatland ecosystem types pro-
viding a distribution of values for each variable in each
ecosystem type, e.g. peat thickness in pole forest or bulk
density in palm swamps. These distributions of values were
then resampled with replacement 1000 times, generating a
series of simulated bootstrapped distributions for each vari-
able in each ecosystem type. A randomly selected, single
value from each simulated distribution was then entered into
equation (1). This process was repeated 107 times, to generate
a distribution of simulated carbon stock values for each
ecosystem type, from which the mean value and 95% con-
fidence limits could be extracted. Confidence intervals for
peatland area were generated separately using the method
described by [55], whereby the confusion matrix of the
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classification was used to estimate map classification error
and 95% confidence intervals for the area of each peatland
ecosystem type. These 95% confidence intervals were used to
generate a simulated distribution of 1000 values of area for
each peatland ecosystem type.

2.7. Sensitivity analysis

To assess the importance of each input component (D,, pp,
C,, A, and AGC,), as defined in equation (1) in determining
the carbon stock output in each peatland ecosystem type,
ranked partial correlation coefficients (RPCCs) were used.
RPCCs assess the significance of the relationship between
each input component and the carbon stock estimate [56]
whilst controlling for variation in the other terms. This was
done by extracting 1000 simulated carbon stock values and
the corresponding input values; RPCCs were then calculated
for each input component in each peatland ecosystem type.
All statistical analysis was performed in R [57].

3. Results

3.1. Carbon stock of the PMFB

The total peatland area of the PMFB is estimated to be
35600 2133 km? (table 1). Palm swamps account for the
majority of the peatland area (78 £1.5%), with pole forests
and open peatlands accounting for 11+1.7% and 11 +0.3%,
respectively (table 1). Palm swamps have the greatest total
carbon stock (2.3 Pg C), followed by pole forests (0.5 Pg C)
and open peatlands (0.3 Pg C), giving a total peatland carbon
stock of 3.14 Pg C for the PMFB. However, pole forests store
carbon at the greatest density (1391+710MgCha™"). All
three peatland ecosystem types store a greater amount of
carbon per unit area than neighbouring terra firme forest
(figure 3).

Overall, approximately 90% of the carbon in these
peatland ecosystems is stored below ground in peat, with the
remaining 10% stored in AGB, though this ratio varies
between peatland ecosystem types. Pole forests in this study
are always located on thick peats (>2.5 m) and have low AGB
stocks due to their low stature and thin trunks. Palm swamps
occur on both thin and, less typically, thick peats, and store
large amounts of carbon in AGB, comparable to quantities of
AGB found in ferra firme forests (figure 3). Un-forested
(open) peatlands were assumed to have negligible AGB with
all carbon stored in peat, which was variable in thickness.
Open peatlands had the lowest carbon density, as although
their below-ground carbon density was approximately
equivalent to that of palm swamps, the lack of appreciable
AGB reduced their overall carbon stock (figure 3).

3.2. Distribution of peatland ecosystem types

Peatlands in this region are not randomly distributed across
the landscape but instead appear to be largely confined to the
low-lying areas of the PMFB (figure 4). Whilst individual
pixels in upland areas may have spectral and/or structural
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Figure 3. Above- and below- ground carbon density of the three
peatland ecosystem types: open peatlands (OP), palm swamps (PS),
pole forests (PF) and mean values for Amazonian terra firme forests
(TF). The negligible AGC of open peatlands is assumed to be zero.
Terra firme above-ground values are taken from [52] and below-
ground values from [58]. Error bars represent standard errors.

similarities to peatland vegetation, they can be assumed to be
part of the upland forest mosaic in the form of tree fall gaps,
heavily degraded forest, small isolated swamps in topographic
depressions, or patches of white sand forest. Some of these
areas may contain shallow peat deposits, but their inclusion in
the classification would lead to increased confusion between
terra firme forest and peatlands and potentially over-
estimations of peatland area. Furthermore, the different
peatland ecosystem types show a strong spatial pattern across
the PMFB (figure 4). Pole forests are apparently restricted to
the Northeastern part of the basin; palm swamps are most
extensive in the Pacaya-Samiria National Reserve and bor-
dering the Rio Pastaza (see figures 1 and 4), and open peat-
lands are most common in the Northwest and far South of the
region (figure 4).

3.3. Performance of remote sensing classification

The classification performed well when tested against an
independent dataset (table 2 and figure 5), with a mean,
minimum and maximum user’s accuracy (the proportion of
the classified area that corresponds to the correct class based
on ground reference points) of 91%, 79% and 100%, and an
overall kappa coefficient (coefficient of agreement accounting
for agreement occurring by chance) of 0.94. The most accu-
rately mapped vegetation class was ferra firme forest; pole
forest was the least accurately mapped. The inclusion of the
three different satellite products, including optical (Landsat)
and radar (ALOS PALSAR and SRTM) data, improved the
accuracy of the classification for most classes apart from
flooded forests (figure 5) with mean user’s accuracy, produ-
cer’s accuracy (the proportion of ground reference pixels that
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Table 1. Summary of above- and below-ground carbon stocks in different peatland vegetation types within the PMFB and the mean,
minimum and maximum values of the parameters used to calculate these figures and their corresponding 95% confidence intervals. AGC and
BGC refer to above- and below-ground carbon stocks respectively. Confidence intervals for the carbon stock estimates are based on a

bootstrap resampling and randomized Monte Carlo method.

Dry bulk C
Peatland eco- Area density Peat thick- conc. Total C
system type (km?) (gem™) ness (cm) (%) AGC (Pg) BGC (Pg) stock (Pg)
Pole forest Mean 3,686 0.084 315 50.5 0.030 0.494 0.524
95% CI +810 +0.007 +26.8 +1.6 0.009-0.074  0.110-1.131 0.138-1.174
Min — 0.01 90 232 — — —
Max — 0.239 660 59.1 — — —
Palm swamp Mean 27,732 0.099 173 44.0 0.263 2.073 2.336
95% CI +1101 +0.009 +23.4 +2.7 0.138—0.355 0.012—5.738  0.268—5.997
Min — 0.028 0 24.0 — — —
Max — 0.181 540 55.6 — — —
Open peatland Mean 4,181 0.051 265 48.5 — 0.277 0.277
95% CI +222 +0.016 +37.8 +2.8 — — 0.034—0.974
Min — 0.012 50 27.7 — — —
Max — 0.183 450 56.1 — — —
Total 35600 — — — 0.293 2.844 3.137
95% CI +2133 — — — — — 0.440—8.145

have been correctly classified) and kappa coefficients all
increasing with the addition of each product (table S.3).
Landsat data were generally effective at distinguishing land
cover classes, and successfully identified some of the areas of
peatlands. However, the Landsat classification was not able to
differentiate between pole forest and palm swamp, or between
pole forest and terra firme forests (figure 5). This was improved
by the addition of ALOS PALSAR data, which can identify the
structural differences between the forest types because the
backscatter signal of pole forest (many small trees) is very
different to that of both ferra firme forest (fewer but larger trees)
and palm swamp forest (many palm species with no lateral
growth). Finally, the use of SRTM data further improved the
classification by constraining it to areas of suitable low-lying
topography within the PMFB (figure 5 and table 2).

4. Discussion

4.1. Carbon stock of the peatlands of the PMFB

Our analysis confirms the importance of the peatlands of the
PMEFB as a substantial store of carbon (best estimate 3.14 Pg
C), and the most carbon-dense landscape in Amazonia, stor-
ing 892+535MgCha™'. Of the three peatland vegetation
types, pole forest is the most carbon-dense with
1391710 Mg Cha™'. Compared with typical terra firme
forests which store 63—190 Mg C ha™! in AGB [4, 52] and a
similar amount (132 Mg C ha™") below ground [59], our study
therefore suggests that peatland pole forests are, by a large
margin, the most carbon-dense forest type in Amazonia.
Our best estimate of the total PMFB peatland carbon
stock of 3.14 Pg C, including below-ground carbon, is nearly
50% of a recent estimate of above-ground carbon for the
whole of Peru (6.9 Pg C [11], but see table S4), whilst only

occupying 3% of the area of Peruvian forest [5]. It is therefore
apparent that these peatlands account for a very large pro-
portion of carbon stocks at regional and national levels and
therefore need to be included in total carbon storage esti-
mates. Where another study [6] estimated below-ground
biomass stocks for Amazonia, a simple positive relationship
between AGB and BGB was assumed. In the PMFB the
reverse of this relationship is generally true, illustrating that
carbon stocks in peatlands cannot be estimated accurately
with more general methods developed for pantropical carbon
stock estimates.

AGB typically contributes 10% to the overall carbon
stock of these peatland ecosystems; however, this varies
between peatland ecosystem types. Unsurprisingly, low-sta-
ture pole forest has low AGB (61.8 +9.8 Mg ha™"). Previous
topographical and geochemical studies have indicated that
pole forest occurs on domed, ombrotrophic (i.e. entirely rain-
fed) peatlands [18]. The consequently nutrient-poor, acidic
conditions exclude many species and presumably also lead to
low net primary productivity and, as a result, lower AGB
compared to upland forests. Similar structural characteristics
are seen in the nutrient-poor white sand forests of Amazonia
[60, 61] and on Southeast Asian ombrotrophic peatlands
[41, 62]. Palm swamps, in contrast, have an above-ground
carbon density (100.9+7.7 Mg ha™") that is broadly compar-
able with surrounding rerra firme forest (c. 120 Mg Cha™
[52]). The high AGB of the dominant palm species, Mauritia
flexuosa, contributes substantially to the high above-ground
carbon density of the palm swamps. M. flexuosa regularly
grows to heights greater than 30 m, and due to the lack of
lateral growth in the canopy, can achieve high stem densities
(>150 individuals ha_]). Moreover, allometric equations that
have been developed specifically for palms, provide higher
estimates of the biomass of tall, adult Mauritia compared to
previous studies [44].
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Figure 5. The proportion of the classified area that corresponds to the
correct class based on ground reference point (user’s accuracy)
assessment for three SVM classifications using only Landsat (light
grey), Landsat and PALSAR (dark grey) and Landsat, PALSAR and
SRTM (black).

4.2. Sources of uncertainty

The uncertainty associated with our estimate of the total
PMFB peatland carbon stock remains substantial (0.4-8.1 Pg
C), but significantly lower than previous published estimates
(1.7-19.0 Pg C [10]). There is uncertainty associated with
each component of the carbon stock calculation and the
magnitude of uncertainty within each component varies with
vegetation type. Overall, the source of greatest uncertainty is
variation in peat thickness and bulk density (table 3). In palm
swamps, peat thickness provided the greatest uncertainty due
to large variation in peat thickness within and between sites,
while in the pole forests, which consistently grow on thick
peat, bulk density was the most important source of
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Table 2. Confusion matrix for the final SVM classification using Landsat, PALSAR and SRTM data showing the number of pixels per class
in both the training data set (used to generate the classification) and test data set (used to assess the accuracy of the classification), how data
from these two independent datasets correspond and where errors of omission and commission are found. Additionally the total number of
ground reference points (GRPs) for each class and the percentage accuracy for each training and test class are shown. Abbreviations refer to
land cover classes; Palm swamps (PSs), open peatlands (OPs), pole forest (PF), seasonally flooded forest (FF), Terra firme/occasionally
flooded forest (TF), urban areas and river beaches (UB) and open water rivers and lakes (RLs).

PS-test OP-test PF-test FF-test TF-test UB-test RL-test Total Total GRPs Accuracy (%)

PS-train 538 0 41 0 103 0 0 682 37 78.9
OP-train 0 425 0 0 0 27 0 452 12 94.0
PF-train 10 0 88 2 10 0 0 110 17 80.0
FF-train 12 1 9 149 2 13 0 186 19 80.1
TF-train 2 0 0 0 1881 3 0 1886 53 99.7
UB-train 0 20 0 0 0 1238 0 1258 47 98.4
RL-train 0 0 0 0 0 0 1042 1042 33 100
Total 562 446 138 151 1996 1281 1042 5616 218 —

Accuracy (%) 95.7 95.3 63.8 98.7 94.2 96.6 100 — — —

Table 3. The relative importance of each input component in
determining carbon stock for each peatland ecosystem type.
Importance is defined on the basis of partial ranked correlation
coefficients between each input variable and the final output (carbon
stock).

Partial rank correla-
tion coefficient
(Spearman’s p)

Peatland ecosys-
tem type

Component of carbon
stock calculation

Pole forest Peat depth 0.88
Peatland area 0.25
Dry bulk density 0.89
Carbon concentration 0.56
Above-ground 0.17
biomass
Palm swamps Peat depth 0.94
Peatland area 0.11
Dry bulk density 0.81
Carbon concentration 0.56
Above-ground 0.38
biomass
Open peatlands Peat depth 0.88
Peatland area 0.04
Dry bulk density 0.92
Carbon concentration 0.49

uncertainty. Systematically increasing these measurements
across all peatland ecosystem types and in all areas across the
basin would provide more reliable estimates. However, the
substantial variation in peat thickness and bulk density
occurring both within and between sites suggests that a high
degree of uncertainty will likely persist regardless of sampling
effort because of the complexity and dynamism of the PMFB
landscape. Our analysis indicates relatively little uncertainty
associated with the estimated peatland area (table 3).
Although this is encouraging, there is an assumption within
these uncertainty estimates that the training and testing
ground reference points provide complete coverage of the
study area, which is not the case. More ground reference
points in data-deficient areas are needed to test the classifi-
cation further. Root biomass is another source of uncertainty

in our analysis: although fine roots form part of the peat
matrix and are incorporated in our BGC estimates, coarse root
biomass is not included in our analysis. Further work on
coarse root volume and biomass is required in these ecosys-
tems to account accurately for this uncertainty.

One surprising finding is that our carbon stock estimate is
c. 50% of the previous best estimate of 6.232 Pg [10], even
with the addition of the AGB component. The disparity
between these estimates is partly due to the difference in
estimates of total peatland area: our more thorough approach
yields an area of 35600+2133km’, which is 8258 km’
smaller than the previous estimate of 43 858 km”. The
increased number of peat thickness and bulk density mea-
surements also reduced the carbon stock estimate slightly,
reducing mean peat thickness from 2.48 to 2.39 m and bulk
density from 0.083 to 0.079 gcm™, although it is encoura-
ging that increasing the number of sites and measurements did
not cause large changes in these values. The process of
constraining peatland carbon stock estimations by three
vegetation types rather than averaging across all individual
sites also contributed to reducing our estimate of overall
carbon stock. The thickest peat deposits under pole forest
account for a small proportion of the total peatland area while
palm swamps, although more extensive, store less carbon per
unit area.

4.3. The role of multiple remote sensing products

We have shown that combining Landsat, ALOS PALSAR
and SRTM products is more effective in distinguishing dif-
ferent ecosystem types in our study area than using any one
product alone. In particular, including PALSAR and SRTM
datasets in our analysis improved our ability to distinguish
between the swamp classes. We recommend the use of this
data fusion approach in the future, though we stress that
spatial uncertainties remain in the map, particularly to the
west of the study area where there are currently few ground
reference points. The bootstrap analysis we performed
allowed these uncertainties to be propagated through to our
carbon estimates.
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4.4. Distribution of peatland ecosystem types

A key finding of this study is the strong spatial pattern of the
different peatland ecosystem types. Pole forests are largely
limited to the Northeastern area of the study region close to
the Rio Tigre and are underlain by the thickest, oldest and
probably most ombrotrophic peat deposits [10, 18]. The
correspondence between thick peat and pole forest may be the
result of long term geomorphological stability which has
allowed peat to accumulate above the maximum flood level,
leading to ombrotrophic conditions, low nutrient status and
vegetation succession to pole forest. This explanation is
supported by geological evidence that this region has
experienced a lower frequency of river avulsions and
increased stability since the isolation of the Rio Tigre from
the Rio Pastaza ¢.8000 years BP [63]. The build-up of peat
above the maximum flood level during the course of its
development in this area is also supported by geochemical
evidence which records a transition from high- to low-nutrient
status through the peat profile [18], consistent with models of
fen to bog transitions in peatlands at high latitudes [64]. Palm
swamps, by contrast, are typically found close to large and
geomorphologically dynamic rivers [15], and minerogenic
intrusions in the peats formed under this vegetation provide
evidence of frequent flooding [18]. We suggest that frequent
fluvial influence has maintained higher nutrient input
throughout their development, up to the present day, and that
in these geomorphologically dynamic settings there has not
been sufficient time for ombrotrophic conditions to develop.
Open peatlands are found primarily close to large and
dynamic rivers [16], and while their depth and nutrient status
vary [17, 18], radiocarbon dating from the two deepest sites
shows they are significantly younger than pole forests [9, 10].
We suggest that open peatlands may represent an early suc-
cessional community in the development of peatland
ecosystems.

Work in progress on the vegetational history of these
peatlands will help to test these hypotheses about potential
landscape controls on the distribution and development of the
different peatland vegetation types. A further vegetation type
that is known to harbour peat is seasonally flooded forest [9].
This peatland ecosystem type was excluded from this analysis
because it is poorly known (only two such sites, locally
known as tahuampa, have been confirmed to hold peat).
Further fieldwork is required to quantify its contribution to the
carbon stock.

4.5. Contribution of PMFB to the tropical peatland carbon pool

In terms of tropical peatlands globally, the peatlands of the
PMFB account for 6.5% of their area and 3.5% of their car-
bon stocks [54]. Whilst these figures are small in comparison
to the deeper and more extensive peatlands of Southeast Asia,
the conservation importance of Peruvian peatlands should not
be dismissed. Southeast Asian peatlands have experienced
decades of destruction, leading to a 50% loss of intact peat
swamp forest [22] and large carbon emissions [65, 66]. At
current rates of destruction they would be lost entirely by

2030 [22]. Peruvian peatlands, on the other hand, remain
almost entirely intact, though they face an increasing range of
threats including degradation by large-scale cutting of palms
for fruit, hydrocarbon extraction, illegal logging, oil palm
plantation expansion, and direct disturbance by proposed rail
and road links from the city of Iquitos to the rest of Peru, as
well as the knock-on consequences of improved access [67—
69]. We therefore suggest that the peatlands of the PMFB
should be a priority for carbon-focussed conservation strate-
gies, because they constitute a large carbon stock, and there is
an opportunity to protect these areas before infrastructure
develops sufficiently for them to be degraded and exploited.

Accurate carbon stock information for tropical peatlands
is required to inform initiatives such as reducing emissions
from deforestation and degradation (REDD+) [70, 71]. To our
knowledge this is the first study in tropical peatlands to
estimate both above- and below-ground components of the
carbon pool at a regional scale. Estimates of below-ground
carbon stocks elsewhere in tropical peatlands have been based
on a small number of individual peatlands [19, 72] or on
historical, continental or national level inventories, which
have little empirical basis and are difficult to verify
[62, 73, 74]. AGB estimates have been developed to assess
the efficacy of remote sensing products and have used limited
ground data [75-77]. We suggest that the method applied
here, using extensive above- and below-ground field data
alongside multiple remote sensing products, is the most
effective way of generating the kind of regional and national
carbon stock inventories required by initiatives such as
REDD+.

5. Conclusions

This investigation provides the most accurate estimates to
date of the carbon stock of an area that is the largest peatland
complex in the Neotropics, and confirms the status of the
PMFB as the most carbon-dense landscape in Amazonia. The
novel approach of combining optical and radar remote sen-
sing with above- and below-ground carbon inventories is
shown to increase the accuracy of regional carbon stock
estimates and is recommended for developing regional carbon
estimates for tropical peatlands globally. The PMFB remains
almost entirely intact, but threats to its persistence are
increasing. If Amazonian peatlands are to continue to act as a
carbon store and avoid the fate of their counterparts in
Southeast Asian, then they must be a conservation and
research priority.

Acknowledgments

This work was funded by a NERC PhD studentship (NE/
J50001X/1). Additional funding for fieldwork was provided
by a NERC small grant (NE/HO11773/1), The Royal Geo-
graphical Society with IGB, The Quarternary Research
Association, The Anglo-Peruvian Society and the Earth and
Space foundation. Edward Mitchard is funded by a NERC



Environ. Res. Lett. 9 (2014) 124017

F C Draper et al

Research Fellowship (NE/I021217/1). Landsat, PALSAR and
SRTM data was provided free of charge by USGS/NASA, the
JAXA Kyoto and Carbon project and CGIAR respectively.
We would like to thank Julio Irarica, Hugo Vasquez, Carlos
Mogollon, Frans Ramirez, Sarah Pearl, Esme Shattock and
Oliver Clark for their assistance in the field; Ricardo Farofiay,
Dennis del Castillo Torres and Jhon del Aguila-Pasquel at
ITIAP for their support within Peru; Duncan Quincy for
valuable remote sensing advice, Christopher Baraloto and
Paul Fine for sharing their plot coordinates, Martin Gilpin,
David Ashley and Rachel Gasior for help with lab analyses;
Amazonia Expeditions Tahuayo Lodge for their support and
finally Thomas Kelly, Jacob Socolar and Greta Dargie for
helpful discussions.

References

—

[

]

(2]

(3]

(4]

(51

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

Dixon R K, Brown S, Houghton R A, Solomon A M,
Trexler M C and Wisniewski J 1994 Carbon pools and flux
of global forest ecosystems Science 263 185-90

Olson J S, Allison L J, Watts J A and United S 1983 Carbon in
live vegetation of major world ecosystems (Washington,
DC: US Deptartment of Energy)

Fearnside P M 1997 Greenhouse gases from deforestation in
Brazilian Amazonia: net committed emissions Clim. Change
35 321-60

Malhi Y er al 2006 The regional variation of aboveground live
biomass in old-growth Amazonian forests Glob. Change
Biol. 12 1107-38

Saatchi S, Houghton R A, Dos Santos Alvald R C,

Soares J V and Yu Y 2007 Distribution of aboveground live
biomass in the Amazon basin Glob. Change Biol. 13 816-37

Saatchi S S er al 2011 Benchmark map of forest carbon stocks
in tropical regions across three continents Proc. Natl Acad.
Sci. USA 108 9899-904

Baccini A et al 2012 Estimated carbon dioxide emissions from
tropical deforestation improved by carbon-density maps Nat.
Clim. Change 2 182-5

Mitchard E T A et al 2014 Markedly divergent estimates of
Amazon forest carbon density from ground plots and
satellites Glob. Ecol. Biogeogr. 23 935-46

Lihteenoja O, Ruokolainen K, Schulman L and Oinonen M
2009b Amazonian Peatlands: an ignored C sink and
potential source Glob. Change Biol. 15 2311-20

Liahteenoja O, Redtegui Y R, Résinen M, Torres D D C,
Oinonen M and Page S 2012 The large Amazonian peatland
carbon sink in the subsiding Pastaza-Marafién foreland
basin, Peru Glob. Change Biol. 18 164-78

Asner G P et al 2014 The high-resolution carbon geography of
Peru Carnegie Airborne Observatory and the ministry of
environment of Peru

Dumont J F, Lamotte S and Kahn F 1990 Wetland and upland
forest ecosystems in Peruvian Amazonia: plant species
diversity in the light of some geological and botanical
evidence For. Ecol. Manage. 33-34 125-39

Dumont J F, Deza E and Garcia F 1991 Morphostructural
provinces and neotectonics in the Amazonian lowlands of
Peru J. S. Am. Earth Sci. 4 373-81

Résdnen M E, Salo J S, Jungnert H and Romero Pittmann L
1990 Evolution of the Western Amazon lowland relief:
impact of Andean foreland dynamics Terra Nova 2 320-32

Résdnen M, Neller R, Salo J and Jungner H 1992 Recent and
ancient fluvial deposition systems in the Amazonian
foreland basin, Peru Geol. Mag. 129 293-306

10

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Dumont J F and Garcia F 1991 Active subsidence controlled
by basement structures in the maranon basin of Northeastern
Peru Land subsidence: Proc. of the 4th Int. Symp. on Land
Subsidence pp 343-50

Liéhteenoja O, Ruokolainen K, Schulman L and Alvarez J
2009a Amazonian floodplains harbour minerotrophic and
ombrotrophic peatlands Catena 79 140-5

Liahteenoja O and Page S 2011 High diversity of tropical
peatland ecosystem types in the Pastaza-Marafién basin,
Peruvian Amazonia J. Geophys. Res. 116

Householder J E, Janovec J P, Tobler M W, Page S and
Lahteenoja O 2012 Peatlands of the Madre de Dios river of
Peru: distribution, geomorphology, and habitat diversity
Wetlands 32 359-68

Lihteenoja O, Flores B and Nelson B 2013 Tropical peat
accumulation in central Amazonia Wetlands 33 495-503

Vegas-Vilarrubia T, Baritto F, Lopez P, Melean G, Ponce M E,
Mora L and Gomez O 2010 Tropical histosols of the lower
orinoco delta, features and preliminary quantification of their
carbon storage Geoderma 155 280-8

Miettinen J, Shi C and Liew S C 2012 Two decades of
destruction in Southeast Asia’s peat swamp forests Front.
Ecol. Environ. 10 124-8

Li W, Dickinson R E, Fu R, Niu G Y, Yang Z L and
Canadell J G 2007 Future precipitation changes and their
implications for tropical peatlands Geophys. Res. Lett. 34
L01403

Malhi Y, Roberts J T, Betts R A, Killeen T J, Li W and
Nobre C A 2008 Climate change, deforestation, and the fate
of the Amazon Science 319 169-72

Gloor M, Brienen R J W, Galbraith D, Feldpausch T R,
Schongart J, Guyot J L, Espinoza J C, Lloyd J and
Phillips O L 2013 Intensification of the Amazon
hydrological cycle over the last two decades Geophys. Res.
Lett. 40 1729-33

Espinoza Villar J C, Guyot J L, Ronchail J, Cochonneau G,
Filizola N, Fraizy P, Labat D, de Oliveira E, Ordofiez J J and
Vauchel P 2009 Contrasting regional discharge evolutions
in the Amazon basin (1974-2004) J. Hydrol. 375
297-311

Guzman Castillo W 2007 Valor econémico del manejo
sostenible de los ecosistemas de aguaje (Mauritia flexuosa),
in International Congress on Development Environment and
Natural Resources: Multi-level and Multi-scale
Sustainability vol 3 ed J. Feyen et al (Cochabamba, Bolivia:
University Mayor San Simén) pp 1513-21

Valderrama E H 2013 Floristics and above-ground biomass
(AGB) in peatlands in Peruvian lowland Amazonia (Loreto,
Peru) Msc Thesis University of Missouri-St. Louis

Imhoff M L 1995 Radar backscatter and biomass saturation:
ramifications for global biomass inventory IEEE Trans.
Geosci. Remote Sens. 33 511-8

Castel T, Guerra F, Caraglio Y and Houllier F 2002 Retrieval
biomass of a large Venezuelan pine plantation using JERS-1
SAR data analysis of forest structure impact on radar
signature Remote Sens. Environ. 79 30-41

Mitchard E T A, Saatchi S S, Woodhouse I H, Nangendo G,
Ribeiro N S, Williams M, Ryan C M, Lewis S L,
Feldpausch T R and Meir P 2009 Using satellite radar
backscatter to predict above-ground woody biomass: A
consistent relationship across four different African
landscapes Geophys. Res. Lett. 36

Morel A C, Saatchi S S, Malhi Y, Berry N J, Banin L,
Burslem D, Nilus R and Ong R C 2011 Estimating
aboveground biomass in forest and oil palm plantation in
Sabah, Malaysian Borneo using ALOS PALSAR data For.
Ecol. Manage. 262 1786-98

Englhart S, Franke J, Keuck V and Siegert F 2012
Aboveground biomass estimation of tropical peat swamp


http://dx.doi.org/10.1126/science.263.5144.185
http://dx.doi.org/10.1126/science.263.5144.185
http://dx.doi.org/10.1126/science.263.5144.185
http://dx.doi.org/10.1023/A:1005336724350
http://dx.doi.org/10.1023/A:1005336724350
http://dx.doi.org/10.1023/A:1005336724350
http://dx.doi.org/10.1111/j.1365-2486.2006.01120.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01120.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01120.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01323.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01323.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01323.x
http://dx.doi.org/10.1073/pnas.1019576108
http://dx.doi.org/10.1073/pnas.1019576108
http://dx.doi.org/10.1073/pnas.1019576108
http://dx.doi.org/10.1038/nclimate1354
http://dx.doi.org/10.1038/nclimate1354
http://dx.doi.org/10.1038/nclimate1354
http://dx.doi.org/10.1111/geb.12168
http://dx.doi.org/10.1111/geb.12168
http://dx.doi.org/10.1111/geb.12168
http://dx.doi.org/10.1111/j.1365-2486.2009.01920.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01920.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01920.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02504.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02504.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02504.x
http://dx.doi.org/10.1016/0378-1127(90)90188-H
http://dx.doi.org/10.1016/0378-1127(90)90188-H
http://dx.doi.org/10.1016/0378-1127(90)90188-H
http://dx.doi.org/10.1016/0895-9811(91)90008-9
http://dx.doi.org/10.1016/0895-9811(91)90008-9
http://dx.doi.org/10.1016/0895-9811(91)90008-9
http://dx.doi.org/10.1111/j.1365-3121.1990.tb00084.x
http://dx.doi.org/10.1111/j.1365-3121.1990.tb00084.x
http://dx.doi.org/10.1111/j.1365-3121.1990.tb00084.x
http://dx.doi.org/10.1017/S0016756800019233
http://dx.doi.org/10.1017/S0016756800019233
http://dx.doi.org/10.1017/S0016756800019233
http://dx.doi.org/10.1016/j.catena.2009.06.006
http://dx.doi.org/10.1016/j.catena.2009.06.006
http://dx.doi.org/10.1016/j.catena.2009.06.006
http://dx.doi.org/10.1029/2010JG001508
http://dx.doi.org/10.1007/s13157-012-0271-2
http://dx.doi.org/10.1007/s13157-012-0271-2
http://dx.doi.org/10.1007/s13157-012-0271-2
http://dx.doi.org/10.1007/s13157-013-0406-0
http://dx.doi.org/10.1007/s13157-013-0406-0
http://dx.doi.org/10.1007/s13157-013-0406-0
http://dx.doi.org/10.1016/j.geoderma.2009.12.011
http://dx.doi.org/10.1016/j.geoderma.2009.12.011
http://dx.doi.org/10.1016/j.geoderma.2009.12.011
http://dx.doi.org/10.1890/100236
http://dx.doi.org/10.1890/100236
http://dx.doi.org/10.1890/100236
http://dx.doi.org/10.1029/2006GL028364
http://dx.doi.org/10.1029/2006GL028364
http://dx.doi.org/10.1126/science.1146961
http://dx.doi.org/10.1126/science.1146961
http://dx.doi.org/10.1126/science.1146961
http://dx.doi.org/10.1002/grl.50377
http://dx.doi.org/10.1002/grl.50377
http://dx.doi.org/10.1002/grl.50377
http://dx.doi.org/10.1016/j.jhydrol.2009.03.004
http://dx.doi.org/10.1016/j.jhydrol.2009.03.004
http://dx.doi.org/10.1016/j.jhydrol.2009.03.004
http://dx.doi.org/10.1016/j.jhydrol.2009.03.004
http://dx.doi.org/10.1109/36.377953
http://dx.doi.org/10.1109/36.377953
http://dx.doi.org/10.1109/36.377953
http://dx.doi.org/10.1016/S0034-4257(01)00236-X
http://dx.doi.org/10.1016/S0034-4257(01)00236-X
http://dx.doi.org/10.1016/S0034-4257(01)00236-X
http://dx.doi.org/10.1029/2009GL040692
http://dx.doi.org/10.1016/j.foreco.2011.07.008
http://dx.doi.org/10.1016/j.foreco.2011.07.008
http://dx.doi.org/10.1016/j.foreco.2011.07.008

Environ. Res. Lett. 9 (2014) 124017

F C Draper et al

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

(48]

(49]

[50]

[51]

forests using SAR and optical data Geoscience and Remote
Sensing Symp. (IGARSS): IEEE Int. pp 6577-80

Hess L L, Melack J M and Simonett D S 1990 Radar detection
of flooding beneath the forest canopy: a review Int. J.
Remote Sens. 11 1313-25

Higgins M A, Ruokolainen K, Tuomisto H, Llerena N,
Cardenas G, Phillips O L, Vdsquez R and Résédnen M 2011
Geological control of floristic composition in Amazonian
forests J. Biogeogr. 38 2136—49

Higgins M A, Asner G P, Perez E, Elespuru N, Tuomisto H,
Ruokolainen K and Alonso A 2012 Use of landsat and
SRTM data to detect broad-scale biodiversity patterns in
Northwestern Amazonia Remote Sens. 4 2401-18

Walker W S, Stickler C M, Kellndorfer J M, Kirsch K M and
Nepstad D C 2010 Large-area classification and mapping of
forest and land cover in the Brazilian Amazon: a
comparative analysis of ALOS/PALSAR and Landsat data
sources IEEE J. Sel. Topics. Appl. Earth Observ. 3 594-604

Mitchard E T A et al 2012 Mapping tropical forest biomass
with radar and spaceborne LiDAR in Lopé national park,
Gabon: overcoming problems of high biomass and persistent
cloud Biogeosciences 9 179-91

Lehmann E A, Caccetta P A, Zheng-Shu Z, McNeill S J,
Xiaoliang W and Mitchell A L 2012 Joint processing of
landsat and ALOS-PALSAR data for forest mapping and
monitoring IEEE Trans. Geosci. Remote Sens. 50 55-67

Reiche J, Souzax C M, Hoekman D H, Verbesselt J,

Persaud H and Herold M 2013 Feature level fusion of multi-
temporal ALOS PALSAR and landsat data for mapping and
monitoring of tropical deforestation and forest degradation

IEEE J. Sel. Top. Appl. Earth Obs. 6 2159-73

Page S E, Rieley J O, Shotyk @ W and Weiss D 1999
Interdependence of peat and vegetation in a tropical peat
swamp forest Phil. Trans. R. Soc. B 354 1885-7

Phillips S, Rouse G E and Bustin R M 1997 Vegetation zones
and diagnostic pollen profiles of a coastal peat swamp,
Bocas del Toro, Panama Palaeogeogr. Palaeoclimatol.
Palaeoecol 128 301-38

Chimner R A, Ott C A, Perry C H and Kolka RK 2014
Developing and evaluating rapid field methods to estimate
peat carbon Wetlands 34 1241-6

Goodman R C, Phillips O L, Del Castillo Torres D, Freitas L,
Cortese S T, Monteagudo A and Baker T R 2013 Amazon
palm biomass and allometry For. Ecol. Manage. 310
994-1004

Josse C et al 2007 Ecological systems of the Amazon basin of
Peru and bolivia: clasification and mapping (Arlington, VA:
NatureServe)

Jarvis A, Reuter H I, Nelson A and Guevara E 2008 Hole-filled
SRTM for the globe version 4, available from the CGIAR-
CSI SRTM 90 m database: (http://srtm.csi.cgiar.org.)

Mountrakis G, Im J and Ogole C 2011 Support vector
machines in remote sensing: a review ISPRS-J.
Photogramm. Remote Sens. 66 247-59

Phillips O L, Baker T R, Feldpausch T R and Brienen R 2009
Field manual for plot establishment and remeasurement
available at: (www.geog.leeds.ac.uk/projects/rainfor/)
accessed 2 January 2013

Chave J er al 2014 Improved allometric models to estimate the
aboveground biomass of tropical trees Glob. Change Biol.
20 3177-90

Chave J, Coomes D, Jansen S, Lewis S L, Swenson N G and
Zanne A E 2009 Towards a worldwide wood economics
spectrum Ecol. Lett. 12 351-66

Zanne A E, Lopez-Gonzalez G, Coomes D A, Ilic J, Jansen S,
Lewis S L, Miller R B, Swenson N G, Wiemann M C and
Chave J 2009 Data from: towards a worldwide wood
economics spectrum Dryad Data Repository dx.doi.org/
10.5061/dryad.234

11

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Baker T R et al 2004 Variation in wood density determines
spatial patterns in Amazonian forest biomass Glob. Change
Biol. 10 545-62

Jowsey P C 1966 An improved peat sampler New Phytol. 65
245-8

Page S E, Rieley J O and Banks C J 2011 Global and regional
importance of the tropical peatland carbon pool Glob.
Change Biol. 17 798-818

Olofsson P, Foody G M, Stehman S V and Woodcock C E
2013 Making better use of accuracy data in land change
studies: Estimating accuracy and area and quantifying
uncertainty using stratified estimation Remote Sens. Environ.
129 122-31

Poulter B, Hattermann F, Hawkins E D, Zaehle S, Sitch S,
Restrepo-Coupe N, Heyder U and Cramer W 2010 Robust
dynamics of Amazon dieback to climate change with
perturbed ecosystem model parameters Glob. Change Biol.
16 2476-95

Core Team R 2012 R: A language and environment for
statistical computing R Foundation for Statistical
Computing (Vienna, Austria) (www.R-project.org/)

Malhi Y et al 2009 Comprehensive assessment of carbon
productivity, allocation and storage in three Amazonian
forests Glob. Change Biol. 15 1255-74

Quesada C A, Lloyd J, Anderson L O, Fyllas N M,

Schwarz M and Czimczik C I 2011 Soils of Amazonia with
particular reference to the RAINFOR sites Biogeosciences 8
1415-40

Anderson A B 1981 White-sand vegetation of Brazilian
Amazonia Biotropica 13 199-210

Fine P V A, Garcia-Villacorta R, Pitman N C A, Mesones I and
Kembel S W 2010 A floristic study of the white-sand forests
of Peru Ann. Mo. Bot. Gard. 97 283-305

Anderson J.A.R 1983 Mires: Swamp, Bog, Fen and Moor. B
Ecosystem of the World ed A J P Gore (Amsterdam:
Elsevier) pp 181-99

Bernal C, Christophoul F, Darrozes J, Soula J-C, Baby P and
Burgos J 2011 Late glacial and holocene avulsions of the
Rio Pastaza Megafan (Ecuador—Peru): frequency and
controlling factors Int. J. Earth Sci. 100 1759-82

Hughes P D M and Barber K E 2004 Contrasting pathways to
ombrotrophy in three raised bogs from Ireland and Cumbria,
England Holocene 14 65-77

Page S E, Siegert F, Rieley J O, Boehm H-V, Jaya A and
Limin S 2002 The amount of carbon released from peat and
forest fires in Indonesia during 1997 Nature 420 61-5

Hooijer A, Page S, Canadell J G, Silvius M, Kwadijk J,
Wosten H and Jauhiainen J 2010 Current and future CO,
emissions from drained peatlands in Southeast Asia
Biogeosciences 7 1505-14

Finer M and Orta-Martinez M 2010 A second hydrocarbon
boom threatens the Peruvian Amazon: trends, projections,
and policy implications Environ. Res. Lett. 5 014012

Finer M, Jenkins C N, Sky M A B and Pine J 2014 Logging
concessions enable illegal logging crisis in the Peruvian
Amazon Sci. Rep. 4 4719

Gutiérrez-Vélez V H, Ruth D, Miguel P-V, Maria U,
Christine P, Walter B, Katia F and Yili L 2011 High-yield
oil palm expansion spares land at the expense of forests in
the Peruvian Amazon Environ. Res. Lett. 6 044029

Gibbs H K, Brown S, Niles J O and Foley J A 2007 Monitoring
and estimating tropical forest carbon stocks: Making REDD
a reality Environ. Res. Lett. 2 045023

Murdiyarso D, Kauffman J B and Verchot L V 2013 Climate
change mitigation strategies should include tropical wetlands
Carbon Manage. 4 491-9

Jaenicke J, Rieley J O, Mott C, Kimman P and Siegert F 2008
Determination of the amount of carbon stored in Indonesian
peatlands Geoderma 147 151-8


http://dx.doi.org/10.1080/01431169008955095
http://dx.doi.org/10.1080/01431169008955095
http://dx.doi.org/10.1080/01431169008955095
http://dx.doi.org/10.1111/j.1365-2699.2011.02585.x
http://dx.doi.org/10.1111/j.1365-2699.2011.02585.x
http://dx.doi.org/10.1111/j.1365-2699.2011.02585.x
http://dx.doi.org/10.3390/rs4082401
http://dx.doi.org/10.3390/rs4082401
http://dx.doi.org/10.3390/rs4082401
http://dx.doi.org/10.1109/JSTARS.2010.2076398
http://dx.doi.org/10.1109/JSTARS.2010.2076398
http://dx.doi.org/10.1109/JSTARS.2010.2076398
http://dx.doi.org/10.5194/bg-9-179-2012
http://dx.doi.org/10.5194/bg-9-179-2012
http://dx.doi.org/10.5194/bg-9-179-2012
http://dx.doi.org/10.1109/TGRS.2011.2171495
http://dx.doi.org/10.1109/TGRS.2011.2171495
http://dx.doi.org/10.1109/TGRS.2011.2171495
http://dx.doi.org/10.1109/JSTARS.2013.2245101
http://dx.doi.org/10.1109/JSTARS.2013.2245101
http://dx.doi.org/10.1109/JSTARS.2013.2245101
http://dx.doi.org/10.1098/rstb.1999.0529
http://dx.doi.org/10.1098/rstb.1999.0529
http://dx.doi.org/10.1098/rstb.1999.0529
http://dx.doi.org/10.1016/S0031-0182(97)81129-7
http://dx.doi.org/10.1016/S0031-0182(97)81129-7
http://dx.doi.org/10.1016/S0031-0182(97)81129-7
http://dx.doi.org/10.1007/s13157-014-0574-6
http://dx.doi.org/10.1007/s13157-014-0574-6
http://dx.doi.org/10.1007/s13157-014-0574-6
http://dx.doi.org/10.1016/j.foreco.2013.09.045
http://dx.doi.org/10.1016/j.foreco.2013.09.045
http://dx.doi.org/10.1016/j.foreco.2013.09.045
http://dx.doi.org/10.1016/j.foreco.2013.09.045
http://srtm.csi.cgiar.org.
http://dx.doi.org/10.1016/j.isprsjprs.2010.11.001
http://dx.doi.org/10.1016/j.isprsjprs.2010.11.001
http://dx.doi.org/10.1016/j.isprsjprs.2010.11.001
http://www.geog.leeds.ac.uk/projects/rainfor/
http://dx.doi.org/10.1111/gcb.12629
http://dx.doi.org/10.1111/gcb.12629
http://dx.doi.org/10.1111/gcb.12629
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
http://dx.doi.org/10.5061/dryad.234
http://dx.doi.org/10.5061/dryad.234
http://dx.doi.org/10.1111/j.1365-2486.2004.00751.x
http://dx.doi.org/10.1111/j.1365-2486.2004.00751.x
http://dx.doi.org/10.1111/j.1365-2486.2004.00751.x
http://dx.doi.org/10.1111/j.1469-8137.1966.tb06356.x
http://dx.doi.org/10.1111/j.1469-8137.1966.tb06356.x
http://dx.doi.org/10.1111/j.1469-8137.1966.tb06356.x
http://dx.doi.org/10.1111/j.1469-8137.1966.tb06356.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02279.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02279.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02279.x
http://dx.doi.org/10.1016/j.rse.2012.10.031
http://dx.doi.org/10.1016/j.rse.2012.10.031
http://dx.doi.org/10.1016/j.rse.2012.10.031
http://dx.doi.org/10.1111/j.1365-2486.2009.02157.x
http://dx.doi.org/10.1111/j.1365-2486.2009.02157.x
http://dx.doi.org/10.1111/j.1365-2486.2009.02157.x
http://www.R-project.org/
http://dx.doi.org/10.1111/j.1365-2486.2008.01780.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01780.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01780.x
http://dx.doi.org/10.5194/bg-8-1415-2011
http://dx.doi.org/10.5194/bg-8-1415-2011
http://dx.doi.org/10.5194/bg-8-1415-2011
http://dx.doi.org/10.5194/bg-8-1415-2011
http://dx.doi.org/10.2307/2388125
http://dx.doi.org/10.2307/2388125
http://dx.doi.org/10.2307/2388125
http://dx.doi.org/10.3417/2008068
http://dx.doi.org/10.3417/2008068
http://dx.doi.org/10.3417/2008068
http://dx.doi.org/10.1007/s00531-010-0555-9
http://dx.doi.org/10.1007/s00531-010-0555-9
http://dx.doi.org/10.1007/s00531-010-0555-9
http://dx.doi.org/10.1191/0959683604hl690rp
http://dx.doi.org/10.1191/0959683604hl690rp
http://dx.doi.org/10.1191/0959683604hl690rp
http://dx.doi.org/10.1038/nature01131
http://dx.doi.org/10.1038/nature01131
http://dx.doi.org/10.1038/nature01131
http://dx.doi.org/10.5194/bg-7-1505-2010
http://dx.doi.org/10.5194/bg-7-1505-2010
http://dx.doi.org/10.5194/bg-7-1505-2010
http://dx.doi.org/10.1088/1748-9326/5/1/014012
http://dx.doi.org/10.1038/srep04719
http://dx.doi.org/10.1088/1748-9326/2/4/045023
http://dx.doi.org/10.4155/cmt.13.46
http://dx.doi.org/10.4155/cmt.13.46
http://dx.doi.org/10.4155/cmt.13.46
http://dx.doi.org/10.1016/j.geoderma.2008.08.008
http://dx.doi.org/10.1016/j.geoderma.2008.08.008
http://dx.doi.org/10.1016/j.geoderma.2008.08.008

Environ. Res. Lett. 9 (2014) 124017

F C Draper et al

[73] Bord na Mona 1984 Fuel Peats in Developing Countries
World Bank technical paper No. 41 (Washington, DC: The
World Bank)

[74] Brown S, Iverson L R, Prasad A and Dawning L 1993
Geographical distributions of carbon in biomass and soils of
tropical Asian forests Geocarto Int. 8 45-59

[75] Ballhorn U, Jubanski J, Kronseder K and Siegert F 2012
Airborne LiDAR measurements to estimate tropical peat
swamp forest above ground biomass Int. Geoscience and
Remote Sensing Symp. 1660-3

[76] Ballhorn U, Jubanski J and Siegert F 2011 ICESat/GLAS data
as a measurement tool for peatland topography and peat

12

swamp forest biomass in Kalimantan, Indonesia Remote
Sens. 3 1957-82

[77] Kronseder K, Ballhorn U, Bohm V and Siegert F 2012 Above
ground biomass estimation across forest types at different
degradation levels in Central Kalimantan using LiDAR data
Int. J. Appl. Earth Obs. Geoinf. 18 37-48

[78] Roucoux K H, Lawson I T, Jones T D, Baker T R,
Coronado E N H, Gosling W D and Lihteenoja O
2013 Vegetation development in an Amazonian
peatland Palaeogeogr. Palaeoclimatol. Palaeoecol. 374
242-55


http://dx.doi.org/10.1080/10106049309354429
http://dx.doi.org/10.1080/10106049309354429
http://dx.doi.org/10.1080/10106049309354429
http://dx.doi.org/10.3390/rs3091957
http://dx.doi.org/10.3390/rs3091957
http://dx.doi.org/10.3390/rs3091957
http://dx.doi.org/10.1016/j.jag.2012.01.010
http://dx.doi.org/10.1016/j.jag.2012.01.010
http://dx.doi.org/10.1016/j.jag.2012.01.010
http://dx.doi.org/10.1016/j.palaeo.2013.01.023
http://dx.doi.org/10.1016/j.palaeo.2013.01.023
http://dx.doi.org/10.1016/j.palaeo.2013.01.023
http://dx.doi.org/10.1016/j.palaeo.2013.01.023

	1. Introduction
	2. Methods
	2.1. Study area and field data
	2.2. Satellite imagery
	2.3. Image classifications
	2.4. Above-ground carbon measurements
	2.5. Below-ground carbon measurements
	2.6. Carbon stock calculations
	2.7. Sensitivity analysis

	3. Results
	3.1. Carbon stock of the PMFB
	3.2. Distribution of peatland ecosystem types
	3.3. Performance of remote sensing classification

	4. Discussion
	4.1. Carbon stock of the peatlands of the PMFB
	4.2. Sources of uncertainty
	4.3. The role of multiple remote sensing products
	4.4. Distribution of peatland ecosystem types
	4.5. Contribution of PMFB to the tropical peatland carbon pool

	5. Conclusions
	Acknowledgments
	References



