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Abstract

2011. This report discusses the available options for measuring, reporting and verifying carbon
stocks and greenhouse gas emissions in oil palm plantations and their surroundings in tropical
peatlands.

This report was commissioned by the Peatland Working Group of the RSPO and provides an
independent review of available scientific information on measuring, reporting and verifying
carbon stocks in tropical peatlands. It describes methodologies currently used for the measuring
fluxes and for analysis of the data gathered. The report also presents gaps in knowledge,
uncertainties and recommendations.

Keywords: sampling design, carbon stock, system boundaries, biomass, peat soil.



Chapter 1. Introduction

1.1. Background and outline of the document

The objective of the Roundtable on Sustainable Palm QOil (RSPO) is to promote the growth and
use of sustainable oil palm products through credible global standards and engagement of
stakeholders. Part of the RSPO is the Peatland Working Group (PLWG), which is envisaged as a
short-term, multi-stakeholder expert panel established to conduct specific tasks on issues related
to the use of tropical peat for palm oil production. One of the objectives of the PLWG is to
summarize options for measuring, reporting and verifying greenhouse gas emissions and carbon
stocks related to the conversion of tropical forest into plantations and also from the oil palm

plantations themselves and their surroundings.

This document describes the currently used methodologies for measuring and analysis. The
document is intended to be a user friendly tool to support stakeholders in tracking their carbon
gains and GHG emission reductions. This can be through either avoidance of emissions by not
draining peat for cultivation and no clearance of forest, or through more sustainable practices on
existing plantations on peat such as improved water management to decrease drainage depth
and also fire control. Measures that can be taken to decrease carbon and greenhouse gas losses
have been described in more detail in the RSPO Best Management Practices Guide and in the

RSPO Scientific Review on the Impacts of Development of Oil Palm Plantations on Peat.

The first chapter of this document comprises background information on the greenhouse gases of
concern and the carbon pools that are important in tropical peat swamp forests. The second
chapter deals with the methodologies that are currently available for measuring and estimating
fluxes and changes in fluxes of greenhouse gases. Chapter three comprises methods for
determining carbon stocks and carbon stock changes and Chapter four is the reference list. The
Annexes in the back of the document are practical tools for measuring variables that are needed
to calculate carbon stocks and/or greenhouse gas emission (changes).

1.2. Importance of Peatlands

Peatland ecosystems contain a large amount of carbon. They cover approximately 3% of the

global land mass, but contain 550 Gt of carbon in their soils. Tropical peat soils are estimated to



contain around 90 Gt of carbon, more than 20% of global peat carbon, with 70 Gt of that located
in Southeast Asia (Page et al, 2011; Jauhiainen et al., 2011). The peat soils in Southeast Asia
contribute considerably to the global terrestrial carbon stock through their underlying thick peat
soil, but also through the above ground biomass, the peat swamp forests. Indonesian peat
currently stores 50-60 Gt of carbon (132 Gt of CO, equivalent) below ground (Page et al., 2011;
Jeanicke et al., 2008). In addition, peat forests store 4.2 Gt of carbon (15 Gt CO,e) above ground.
As a comparison, the world’s largest rainforest, the Amazon, stores 46 Gt of carbon (168 Gt of

CO.equivalents).

The main carbon stocks in tropical forest ecosystems are conceptually divided into:
Above ground living biomass (AGB)

Below ground living biomass (BGB)

Necromass or wood debris

Litter

Soil organic matter (SOM)

o & 0N =

Global awareness of the important role of tropical peatlands in terms of carbon storage has
increased, but much uncertainty still exists on the magnitude of this role (Malhi, 2010). As a result
of economic development over the past decades, peat swamp forests have been subject to
intensive logging, drainage, fires and conversion to plantation estates (Rieley et al., 1996, Rieley
and Page, 2002). Half of the peat swamp forests in Southeast Asia have been cleared and
drained for agricultural use (Hooijer et al., 2010). The remaining half of the peat swamp forests
are for a large part degraded through timber extraction and drainage (Joosten, 2009). These
activities cause loss of carbon due to drainage and subsequent fires (Wosten et al., 2006).
Drainage of peatlands (as the peatlands are opened for cultivation) leads to oxidation of the peat
material and a resulting release of CO, into the atmosphere (as 50% to 60% of the peat dry
matter is carbon). Fires in degraded peatland result in further CO, emissions; fire is extremely

rare in non-degraded and non-drained peatlands because of their naturally high moisture content.

1.3. Greenhouse gas emissions

The enormous growth of the human population and industrialization have led to rapid increases in
biomass burning, agricultural activities and land use change, resulting in enhanced emissions of
aerosols and greenhouse gases into the atmosphere. Changes in the biogeochemical cycles of
terrestrial ecosystems, such as the carbon and nitrogen cycles and their influence on the

dynamics of the atmosphere, influence the climate in terms of temperature and precipitation,



resulting in an increased number of droughts, an increase in extreme rainfall events and shifting

seasons.

Greenhouse gasses act to reduce heat from escaping from the Earth’s surface and thus, changes
in greenhouse gas concentrations in the atmosphere will have a strong impact on climate.
Without greenhouse gases, scientists estimate that the average temperature on Earth would be
approximately 30 degrees Celsius cooler. But as their concentrations increase, so does
absorption of thermal radiation, followed by rising tropospheric and soil surface temperatures.
The key greenhouse gases of concern are carbon dioxide (CO;), methane (CH4) and nitrous
oxide (N,O) (IPCC, 2007). The global warming potentials (GWP) of CO, and CH, over a 100-year
time frame relative to CO, are 25 for CH4 and 298 for N,O, respectively (IPCC 2006, 2007).

Carbon dioxide

Carbon dioxide (CO,) fluxes between the atmosphere and ecosystems are primarily controlled by
the photosynthesis and respiration of vegetation, animals and soil and by decomposition
processes. The balance between the production and decomposition of organic compounds
determines whether a system is a sink (resulting in uptake) or a source (resulting in release) of
CO, (Valentini et al., 2000). Ecosystems generally act as sources of CO, during the night
(respiration only) and as sinks for CO, during the daytime (when photosynthesis exceeds
respiration). In wetland soils, the decomposition of organic material is slow because shallow
water tables prevent O, from penetrating deeply into the soil. Consequently, the degradation of
the peat is slow and net peat formation can take place (Alm, 1997). Areas of peat are commonly
seen worldwide to act as sinks for CO,, in temperate, boreal and tropical zones. When the peat
areas are drained, however, the situation is different. The peat will oxidize and carbon will be

released to the atmosphere.

Previous research

For tropical peat soils data on CO, emissions is still sparse and estimates of emissions are
contradictory. Changes in CO, emission result from land use (change), drainage (and therefore
the oxidation of peat) and from peat and forest fires. CO, emissions following drainage of peat
soils are the main CO, source and are dependent on water level and on temperature, despite the
small temperature range of the tropics (e.g. Hirano et al., 2007; Melling et al., 2005; Couwenberg
et al., 2010; Furukawa et al., 2005; Hooijer et al., 2011). Fires cause significant peak CO,

emissions over relatively short periods of time (Page et al., 2002; Couwenberg et al., 2010).



In temperate peat soils, CO, net ecosystem exchange (NEE) usually correlates positively with
temperature and negatively with depth of the water table. Managed, drained sites are usually CO,
sources, while unmanaged, natural sites are CO, sinks (e.g. Hendriks et al., 2007; Veenendaal et
al., 2007).

In boreal zones, organic agricultural soils emit CO, (Nykanen et al., 2002; Maljanen et al., 2004)
while pristine water-saturated peat soils serve as sinks for CO, (Gorham et al., 2003; Alm et al.,
1997). Photosynthesis is strongly dependent on the leaf area index (LAI) and irradiation (/) during
the growing season (e.g. Maljanen et al., 2004). It is highest in summer and decreases in autumn
with the changes in the phenology of the vegetation and temperature. Total CO, emitted in winter
averages 22% of the annual NEE (Maljanen et al., 2004).

Methane

Methane (CH,) is emitted to the atmosphere as a net result of it's production, consumption and
transport through soil or water. It is produced under anaerobic conditions in soil and water bodies.
Methane production is a microbiological process, which can occur when organic matter is
degraded anaerobically and when other terminal electron acceptors (O,, NO3, FE;*, SO,) are
depleted by the microbial community (Zehnder & Sturm, 1988). The factors that affect how much
of the CH,4 produced is consumed by oxidation on its way through an oxygen rich medium before
it reaches the atmosphere include the residence time of CH,4 within an environment, the oxygen
status of the transport route and the biological activity of that environment. Wetlands, including
peatlands, are considered the largest single source of atmospheric CH, and water bodies are
large emitters (Bastviken et al., 2004; Walter et al., 2006; St. Louis et al., 2000; Schrier-Uijl et al.,
2010c). Methane emissions from wetlands show large spatial and temporal variability. The main
factors in temperate regions determining this variability are management, land use history,
moisture conditions and environmental conditions such as temperature (Moore and Knowles,
1989; Bridgeham and Richardson, 1992; Roulet, 1993; Dise, 1993; Segers, 1998; Schrier-Uijl et
al., 2010abc).

Previous research

A few studies have focused on CH, fluxes in tropical peat soils (e.g. Ueda et al., 2000; Hadi et al.,
2005; Couwenberg et al., 2010; Melling et al., 2005; Furukawa et al., 2005). In tropical peat soils
usually CH4 emissions show a clear positive relationship with water level. However, spatial and
temporal variability of the published data is large (Smemo and Yavitt, 2006; Melling et al., 2006).
Lowering the water table from a depth of 20 cm to a depth of 30 cm led to the CH, emissions

decreasing by 25% (Furukawa, 2005). The combination of high temperature, wet conditions,



sufficiently available organic substrates and an active microbial community creates optimum

conditions for CH, production.

In temperate regions, peat soils were initially considered to be a substantial CH4 source.
However, it was discovered that CH, emissions from drained peat soils in Europe (with the water
table 30 cm below field level) are low or even negative (Mosier et al., 1991; van den Pol-van
Dasselaar et al., 1998; Martikainen et al., 1992; 1993; Roulet et al., 1993; Glenn et al., 1993). In
more natural fens, not used for agriculture, however, CH, emissions may be in the order of 1.7
mg CH, m yr'1. The effects of fertilizer inputs on CH, emissions from peat lands are not yet well
known. In situ studies have shown that the incorporation of organic matter markedly increases
CH,4 emissions (Le Mer, 2001). In water bodies, the transport and magnitude of CH, fluxes are
dependent on the trophic status of the water, it's depth and the turbulence (Schrier-Uijl et al.,
2010c).

Nitrous dioxide

Nitrous oxide (N,O) is primarily emitted from agricultural and natural ecosystems as a by-product
of nitrification and denitrification (e.g. Hansen et al., 1993). Nitrous oxide is a natural gas in the
Earth’s atmosphere. However, the atmospheric concentration has increased in recent decades.
The increase in N,O is of concern because N,O is a long-lived greenhouse gas with a large
global warming potential (298 times that of CO,, IPCC, 2007). N,O is emitted by natural,
anthropogenic, and interrelated sources. Natural wetlands with high water tables do not
necessarily produce N,O (Nykanen et al., 2002) but may consume small amounts of N,O in
denitrifation, a process through which atmospheric N,O is reduced to N, (e.g. Regina et al.,
1996). However, agricultural soils are significant sources of N,O (Mosier, 1991; Kroeze et al.,
1999), and direct N,O emissions from agricultural soils contribute considerably to the greenhouse
gas balance (Kroon et al., 2010) and account for up to one third of the global emissions (Mosier
et al, 1991). N,O fluxes also have a high spatial temporal variability, and are therefore difficult to
predict (Denmead, 1979; Groffmann et al., 2000; Velthof et al., 1996).

Previous research

A few studies on N,O fluxes on tropical peat soils under different management are available (e.g.
Melling et al., 2007; Furukawa et al., 2005; Hadi et al., 2005). In tropical peat soils, application of
nitrogen fertilizers in cultivated systems could accelerate the release of N,O. Fungi may also play
an important role in N,O production from tropical peat soils (Yanai et al., 2007). The extent of N,O
release from the system and the processes that cause N,O emissions in tropical peatland

ecosystems are poorly understood.



In temperate regions research on N,O suggests that 90% of all N;O emitted originates from
biological processes in soils (e.g. Bouwman, 1990). The factors controlling N,O emission are soil
conditions such as soil moisture, soil temperature and the availability of ammonium and nitrate.
Natural wetlands do not usually produce emissions. Drained agricultural wetlands are, however,
known to be N,O emitters when fields are fertilized (Schothorst, 1977; Langeveld et al., 1997;
Oenema et al., 1997). Pennock et al (2004) observed three basic annual patterns for N,O
emissions from Canadian peatlands: background emissions, seasonal emissions (dependent on
soil temperature and moisture conditions) and event emissions (after application of fertilizer).
Kroon et al (2010) found similar patterns for a managed temperate peatland in Europe. Event
emissions (or peak emissions) were caused by the combination of application of fertilizer and
rainfall (Melling et al., 2007; Melling et al., 2005b). In the study of Kroon et al (2010), N,O
emissions accounted for 45% of the total greenhouse gas balance.

1.4. Above ground biomass

According to the IPCC definition, above ground biomass (AGB) comprises all the living above
ground vegetation, including stems, branches, twigs and leaves (Verwer and van der Meer,
2010). AGB in tropical forests and in oil palm plantations may vary considerably depending on, for
example, climate, soil parameters, forest age, forest type, type of undergrowth, etc. Undisturbed
primary forests that generally have the highest biomass are rare, while the AGB in remaining
forests varies with disturbance history and natural variation. For example, in peat domes six
different forest types have been distinguished (Anderson, 1961). These depend on differences in
the hydrology, chemistry and organic matter content in the dome (Page et al., 1999). Studies
show that in general AGB estimates range from 111-432 t C ha” in natural or primary peat
swamp forest, 73-245 t C ha™ in logged forest and 25-84.6 t C ha™ in oil palm plantation (Waldes
and Page, 2002; Agus et al., 2009; Lasco 2002; Gibbs et al 2008; Morel, 2009; Verwer and van
der Meer, 2010).

1.5. Below ground biomass

Below ground biomass (BGB) comprises all living biomass of roots (Verwer and van der Meer,
2010) and varies from 26.5 t ha” for mixed swamp forest to 14.4 t ha” for low pole forest
(Sulistiyanto, 2004). In peat swamp forests roots may be the most important contributors to peat
formation (Chimner and Ewel, 2005; Joosten, 2008). Data on root biomass in tropical peat swamp
forests is very limited due to difficulties in directly measuring the BGB (Cairns et al., 1997;
Jackson et al., 1996). For other ecosystems root-shoot ratios have often been used to calculate
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the BGB. For tropical peat swamp forests the only studies that publish root-shoot ratios are those
of Jackson et al (1996), Cairns et al (1997) and Sulistiyanto (2004). The latter study suggests a
ratio of 1:12 (root:shoot) for mixed peat swamp forest and 1:18 for low pole forest.

1.6. Necromass or wood debris

Necromass or dead wood debris (WD) includes all non-living woody biomass not contained in the
litter, either standing, lying on the ground, or in the soil. Dead wood includes wood lying on the
surface, dead roots, and stumps larger than or equal to 10 cm in diameter or any other diameter
used by the country and can be a large contributor to the total C balance in a tropical peat swamp
(Verwer and van der Meer, 2010; UNFCCC 2010). Research has shown that in tropical moist
forests the contribution to the C-balance can range between 17 and 58 t C ha-1 (e.g. Clark et al.,
2002; Chambers et al., 2004; Pyle et al., 2008; Palace et al., 2008 in Verwer and van der Meer,
2010), equalling 9.5% - 33.5% of the live AGB (Verwer and van der Meer, 2010). In these studies
the carbon content of the WD varied between 46.4% in fully decomposed material to 48.3% in
sound material. A study in Borneo (Dipterocarp forests) revealed a total average mass of 12.4 t
ha™ standing dead biomass and 27.2 t C fallen dead trees (Gale, 2000). Values of 61 t C ha™
have been recorded in Borneo for coarse wood debris (Bruenig, 1996). To measure the biomass
and carbon content of the necromass is not easy, especially in mixed stands. It requires
considerable labour and it is difficult to obtain an accurate measurement. Destructive sampling is
often used to estimate the biomass of individual trees and relate it to easily measured variables

such as stem diameter.

1.7. Litter

Litter includes all non-living biomass with a diameter less than a minimum diameter chosen by the
country (usually diameter < 100 mm). It is the biomass pool that comprises lying dead organic
matter, in various states of decomposition above the mineral or organic soil, such as leaves,
small branches, flowers, fruits and seeds (Verwer and van der Meer, 2010; Sayer et al., 2007;
UNFCCC 2010). Quantitative data tropical peat litter is scarce. However, because the rate of
decomposition in tropical peat soils is slow, the litter biomass pool may be relatively larger
compared to other forest types in the tropics, but often not significantly contributing to the total
balance. Estimates of the litter carbon pools range from 2.4 t C ha” (Denlaney et al., 1997) to 15 t
C ha” (Chiti et al., 2010). In carbon accounting methodologies the litter pool is often not taken

into account because of the minor contribution to the total carbon stock.
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1.8. Soil organic matter

Accumulation of organic matter originates from remains of plants or dead leaves, twigs, branches,
flowers and fruits. Accumulation occurs because the rate of decomposition of organic matter in
wet or water-logged conditions is lower than the rate of build-up of dead vegetation. Vast tropical
peat deposits containing wood are the result of long-term ecosystem carbon sequestration from
the atmosphere. In Indonesia alone, the estimated current peat carbon (C) store is 50 — 60 Gt
(Page et al., 2011; Jeanicke et al., 2008), and carbon density values between 1500 and 2000 t C
ha™ (Anshari et al., 2010). Some peatlands, even in natural conditions, are in a steady-state and
are no longer accumulating peat. Others, especially drained peatlands, are undergoing
degradation as in the form of gaseous carbon loss and peat subsidence. The balance between
the rates of net C sequestration by photosynthesis and C-release by organic matter decay
determines whether the C-reservoir decreases, is in equilibrium, or increases. It has been shown
that a high leaf area index (LAIl) and high water levels are essential for net C sequestration in

peat swamp forest ecosystem (Suzuki et al., 1999; Hirano et al., 2007).

1.9. Total balances

Integrated carbon balance

Estimates of above and below ground carbon stocks can be used to estimate the carbon balance
and carbon balance changes if, for example, land use changes. To determine biomass carbon
stocks it is necessary to determine the average carbon stock density based on permanent
sampling plots on forest classes of land and non-permanent sampling plots on non-forest land
use classes. The number of plots and their location must be best determined in a stratified
sampling design (VCS, VM0004, 2010), taking into account the following steps:

» Identify the land use classes and (forest) strata for which carbon stocks are to be quantified;

» Review existing biomass and biomass increment data for comparison with field
measurements;

» Determine the sample size per land use class or forest stratum;

» Calculate fluxes from each land use transition category.

The total carbon stock in tropical peat consists of C stored in above and below ground biomass

plus C stored in the peat. The C inputs comprise the C sequestered from the atmosphere by

12



photosynthesis (Net Primary Production) resulting in biomass increment and accumulated peat.
The C outputs are the C emissions to the atmosphere as a result of autotrophic and heterotrophic
respiration (decomposition), vegetation/crop removal, fire and C released (as dissolved organic
carbon) in water. Destructive sampling, that involves felling, drying and weighing all components
of the living biomass, is the most direct and accurate method for quantifying biomass within a
small unit area, but is labour intensive, expensive and damaging to the environment when applied
at larger scales. Currently, biomass monitoring more and more depends primarily on in situ
inventory information supported by remote sensing data. In the field, allometric (regression)
equations are commonly used to estimate AGB and are usually based on tree diameter at breast
height. It may be necessary to gather additional field data in order to validate biomass estimates

at larger spatial scales.

Integrated greenhouse gas balance

The total greenhouse gas balance of an ecosystem consists of 1) natural, terrestrial sinks and
sources (including fluxes from fields, waterlogged land and water bodies) and 2) sinks and
sources related to land use (change) and management practices. The total greenhouse gas

balance is quantified by using the global warming potential of each gas of concern:
NEEghs = NEEcoz + 25NEEcHs + 298NEEN0.

Where NEE is the net ecosystem exchange and 25 and 298 are the GWP’s of CH, and N,O for a

100-year time horizon.

Changes in balances

If biomass is removed and peat is drained, the carbon and greenhouse gas balances will change
directly and carbon will be lost. Drainage allows O, to penetrate deeper into the soil, causing
respiration rates to increase, with release of carbon as CO,. Inversely, if drainage depth is
shallower, less carbon will be lost as CO,. Because methanogenenis is a product of anaerobic
respiration, the emission of CH4 will decrease when water tables fall. Nitrous oxide emissions,
which are mainly dependent on the application of nitrogen in the system, will decrease if
management becomes less intensive. Land use changes or activities, for example, restoration of
drained peatlands, decreases in water table depth, reduction of fires, deforestation or oil palm
plantation development, will cause a change in the total carbon and greenhouse gas balance. To

investigate the total GHG balance and the underlying processes of ecosystems, different
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measurements are needed. The carbon stocks and greenhouse gas emissions before and after
change have to be investigated for each area of interest and each source or sink. The most
obvious and most commonly used method is to directly measure all carbon and greenhouse gas
fluxes in the proposed ecosystem. Examples of direct measurement methods for greenhouse gas
emissions are 1) the often used small scale enclosure or chamber method and 2) continuous
measurements at a landscape scale, using eddy covariance methodology. For carbon flux
estimates allometric equations are often used based on inputs such as tree height and stem
diameter. Examples of indirect measures to estimate emissions and/or carbon losses from peat

are measuring soil subsidence and/or water level.

1.10. System boundaries and sampling designs

Monitoring carbon and greenhouse gas fluxes from an ecosystem involves taking measurements
over time and over space. To be effective in the monitoring strategy it is important to:

o Define the ‘project-area’ or ‘research-area’ in terms of latitude, longitude and record
changes if they exist during the monitoring period.

e Describe land use before plantation development, land use changes, management
activities etc. during the monitoring period. Changes in the surroundings should also be
included.

e Include all possible sources and sinks within the proposed ecosystem and include a
range of relevant situations (e.g. management activities, meteorological differences, etc.)
of soil-C changes, CO,, CH,; and N,O emissions.

e Stratify the area in strata that differ significantly in source/sinks strength or pool size (see
Fig. 1 for an example). This can be based on hydrology, land use, management,
vegetation type, etc. or a combination of factors that control emissions and carbon fluxes
in a certain area. Be sure that the sample plots within a certain strata do not all fall in the
area with the densest or least vegetation or potentially highest or lowest emissions. For
oil palm plantations these strata should be based on the ages of oil palm tree blocks.
A suggestion would be to classify 5 yr., 10 yr., 15 yr., 20 yr. and 25 yr. old palms.

e For estimating above ground biomass often a ‘nested’ sampling approach is followed,
assessing large diameter trees (with a stem diameter > 30 cm) in rectangular plots of
20x2000 m, smaller trees (stem diameter 5-30 c¢m) in subplots of 5m x 40m = 200 m?
within these, and understorey vegetation and litter in smaller sub-subplots. Plot location is
randomized if there are marked discontinuities in the vegetation (International Center for

Research in Agroforestry).
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¢ Include monitoring of possible explanatory variables (hydrological and others) such as
water table, soil moisture conditions, soil and air temperature, inputs of fertilizer, stem
diameter, age of tree, peat depth.

e Insert a subsidence pole in each strata to monitor soil subsidence and to estimated
carbon losses and greenhouse gas emissions from these measurements (see Annex B).

¢ Include, if needed, additional measurements in the surrounding area of factors that could

increase or decrease carbon and greenhouse gas emissions within that area.

The key principle underlying the definition of the area and the duration of the study is that the
spatial extent (or area) of the study and the temporal extent (or duration) of the sampling must
match the scale of the process under study (Pennock et al., 2004). There will always be an
interaction between the costs of sampling and the resources available.

The spatial sampling design should specify the procedures to be used to summarize data, the
number of samples to be taken and the specific sampling design to be used. The choice of the
appropriate spatial sampling design involves two major decisions: the number of sites to be
sampled and the sampling design to be used at each site. Ideally, a number of land
use/management combinations should be defined in each situation. Then several replicates of
each combination should be selected for sampling and, if appropriate, stratified into wetness
classes (Pennock et al., 2004). In this document the focus will be on the monitoring of land based

fluxes.

Stratum 3

Stratum 2

Stratum 1

Fig 1. An example of stratification of an area based on forest type.

In the temporal sampling design the spacing and effective data interpolation requires an
understanding of temporal patterns of emissions and carbon fluxes. This temporal behaviour is
different for different peat land uses and is dependent on, for example, climatic conditions,
fertilizer inputs and soil moisture. For N,O and CH, high emission peaks have been observed
(e.g. Denmead, 1979; Groffmann et al., 2000; Dobbie et al., 2003; Kroon et al., 2010) and the

ability to capture these patterns depends on the temporal spacing of measurements and on the
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estimator selected to describe the central tendency of the sample distribution. The inclusion or
exclusion of major flux events (e.g. after fertilizer application, after rainfall, etc.) can lead to over
or underestimation of the annual mean depending on whether or not the events are captured

during sampling.
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Chapter 2. Estimation of Greenhouse gas emissions

2.1. Greenhouse gas emission measurements

Continuous field scale measurements are preferred for deriving direct and indirect site emission
values such as from oil palm plantations. On the other hand, the main drivers behind the fluxes
can be better investigated by measurements at the plot scale. Because of the large spatial and
temporal variability of the emission of the three greenhouse gases of concern it is difficult to
predict emissions at a larger scale (e.g. site scale, landscape scale or regional scale) from up-
scaled point measurements. If driving processes are not fully known, model-based predictions are
still uncertain. In order to obtain full greenhouse gas balances over larger areas, multiple year
measurements of all three gases are needed to cover the variability. There are three major
challenges when upscaling fluxes from small-scale measurements to larger scales: 1) selecting
the correct ecosystem variables, 2) developing robust predictive relationships (Grofmann et al.,

2000), and 3) using long-term datasets.

Various measurement techniques and flux estimation methodologies have been developed in
recent decades to provide accurate long-term datasets. Strengths and weaknesses are given in
table 1. Combining methods and also coupling the measured emissions with driving variables is
useful for upscaling emissions to large scales and for gaining insights into the details of the
processes. A sufficiently dense network of observations is necessary to cover fine scaled spatial
patterns that are typical for (managed) peatlands and degraded peatlands. On the scale of an oil
palm plantation, the number of chamber based samples would, depending on the homogeneity of
the area and the number of strata, range between 10 and 20 sample plots and at least four
samples per strata. If the sampling performed is representative, it can be used to upscale data to

larger areas.

Table 1. General comparative characteristics of greenhouse gas measurement techniques given by Drosler et al., 2008.
Capacity/properties ranges from large/positive (++) to small/negative (--).

Characteristics Methods
Eddy covariance Automatic chamber Manual chamber
Undisturbed gas exchange ++ +/- +/-
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Integration over spatial variability ++ - -

Direct measurements of small-scale spatial -- + ++

variability and management

Tracking temporal variability ++ ++ _
Costs - - ++
Workload ++ +

Performance under all climatic conditions +/- +/- ++

In the last two decades numerous papers have been published on greenhouse gas emission
estimates covering a broad range of ecosystems. In addition, detailed studies have been
performed on methodological aspects related to missing data or gap-filing and energy balance
closure. However, there are large uncertainties in emissions estimates, while CH, and N,O eddy
covariance data are sparse because this method is still being developed. Instrumentation that
meets the requirements to measure CH, and N,O fluxes continuously is just becoming available
(Kroon et al., 2007; 2009; 2010). These methods use lead salt tuneable diode laser (TDL)
spectrometers (e.g. Smith et al., 1994; Wienhold et al., 1994; Laville et al., 1999; Kroon et al.,
2010). CH,; and N,O estimates in tropical regions are currently based on chamber
measurements. These estimates have large uncertainties due to the temporal and spatial
variation of emissions. Both chamber-methods and eddy covariance methods are expensive for
standard monitoring. Chamber-based methods cannot be performed remotely, while eddy
covariance equipment is expensive. For both methods, the data processing takes a considerable
amount of time. The methods are feasible for selected sites, for a certain period, depending on
the available budget. Long term datasets are needed to develop, calibrate and verify allometric
models to arrive at reliable annual emission estimates. Estimates from other sites can then be
obtained based on existing regression or allometric models. Also indirect methods are used to
estimate emissions, like for example, the use of soil subsidence and the oxidation component or

the use of water level as a proxy.

Input parameters for models that predict emissions have to be easy to measure in the field (such
as water table, soil temperature, soil subsidence). Parameters that drive emissions (proxies) will
be different for the three greenhouse gases and will differ for each stratum in the area (strata can
be based on hydrology, land use, management, vegetation type, topography, soil type, etc.).
Methodologies used for emission estimates can in general be classified as 1) direct
measurements of greenhouse gases and 2) estimates based on variables such as soil

subsidence, the indirect approach.
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2.2. Estimating emissions, the direct approach
If properly used, and upscaling is performed in a reliable way, direct greenhouse gas

measurements are the best option to determine fluxes from an ecosystem and to understand the
processes that underlie greenhouse gas emissions. All possible sources and sinks of CO,, CH,
and N,O must be captured, including photosynthesis, plant- and root respiration, soil respiration,
management related fluxes, emission from open water, land etc.

The static chamber method (automatic or manual, see Fig. 2 for pictures of possible applications
of the chamber- or enclosure method) (e.g. Melling et al., 2005; Schrier-Uijl et al., 2010ab) and
the Eddy covariance method (e.g. Veenendaal et al., 2007; Kroon et al., 2010; Hirano et al.,
2007) have been used successfully for CO, for many years. The physical structure of an
ecosystem restricts the methods available for studies on ecosystems-atmosphere gas exchange.
A low or missing vegetation layer, as in the case of degraded peat soils or open agricultural lands
(Saarnio et al., 2007; Maljanen et al., 2007), allows for the use of portable chambers. Chambers
can also be used to determine respiration at the soil surface below canopies, however, then the
‘tree canopy exchange’ part is excluded from the balance. The eddy covariance method, with
towers reaching above the highest canopy, is useful to capture the total greenhouse gas balance
in sites with trees (Lohila et al., 2007), but is burdened with high costs, low portability and low

spatial resolution.

Fig 2. Example of a portable enclosure, connected to a gas analyser and a computer (a). The enclosure is equipped with
a water lock to avoid pressure differences and a filter for water vapour to avoid cross-interferences (b). The system can be

used to measure CO,, CH, and N,O on land or on water (a and c) (Images A. Schrier-Uiji)

Chamber based methods
Chamber methods are often used to determine source and sink distributions in non-uniform

landscapes and are used to quantify small-scale spatial differences in CO,, N,O and CH, fluxes
(e.g. Christensen et al., 1995; Hutchinson and Livingston, 2002; Hendriks et al., 2007; Schrier-Uijl
et al., 2010b).

System set up

In the case of a static chamber method, a closed chamber is placed on the surface to investigate

emissions for a certain time (t) (see Fig. 3 for an example of an enclosure). The enclosures
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function by restricting the volume of available air for exchange across the covered surface, so
that any net emissions or uptake of the enclosed gases can be measured as a concentration
change. Closed chambers may be transparent of dark (opaque). The use transparent chambers
includes the photosynthesis component of the plants that are captured by the enclosure, and thus
measured the net ecosystem exchange of CO, with the atmosphere. Dark chambers exclude
photosynthesis and account for respiration only. Almost all CO, measurements from peat in SE
Asia have been determined by using dark chamber, and most studies do not differentiate
between autotrophic (root respiration) and heterotrophic (decomposition of peat and litter)
respiration. One way to differentiate between autotrophic and heterotrophic respiration is the use
of so called ‘ trenching approaches’ (e.g. Melling et al., 2007). The principle is that measures are
taken including and excluding roots. The trenching approach is not well established yet, and the
most recent literature in this is from Jauhiainen et al., 2012. They combined the trenching
approach with measurements made along transect within and beyond the tree rooting zone on oil

palm plantations.

e
-I:I.

Fig. 3. An example of a chamber set-up as used in field experiments. The enclosure for flux chamber measurements,

place air tight on a basis that is inserted in the soil, is connected to a gas analyser. The enclosure is equipped with a
temperature sensor to correct for temperature, a pressure lock to maintain air pressure inside the chamber and a moisture

filter to prevent for interference with water.

The flux dC/dt is not constant over the enclosure time if long measurement times are used (Kroon
et al., 2010; Kutzbach et al., 2007). However, when short measurement times are used (4 — 6
minutes) linear regression can be used to estimate the slope dC/dt at time t = 0 s (Schrier-Uijl et
al., 2010ab). The possible underestimation of fluxes using long closure times has been discussed

in several studies (e.g. Hutchinson and Mosier, 1981; Pederson et al., 2001).

Constraints
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Usually, multiple gas concentration measurements are performed at fixed time intervals of, for
example, one or two minutes, using a linear regression. Flux determinations might be seriously
biased by inappropriate use of linear regression (e.g. Kutzbach et al., 2007). Chamber-based
methods are highly accurate when used properly (Alm et al., 2007; Denmead, 2008; Schrier-Uijl
et al., 2010ab) and are the most widely used approach for measuring fluxes of CO,, CH, and N,O
from bare soil surfaces and surfaces with short vegetation. Because the spatial integration of
measurements is complicated, the chamber-based method is not often used for large-scale
estimates of greenhouse gas emission (Flechard et al., 2007). Linear interpolation between
directly measured emissions is commonly used for temporal upscaling of fluxes, however,
because of the restricted temporal scale of chamber measurements and the risk of missing
emission peaks, this method can over or underestimate annual fluxes considerably. Uncertainties
are lower when a regression based approach is used together with explanatory variables or
proxies to upscale emissions temporally. The method is sometimes criticized because of the
uncertainties caused by pressure artefacts, temperature effects (e.g. Hutchinson and Livingston,
2002; Rochette and Eriksen-Hamel, 2008), and temporal discontinuity of measurements.
Measurements have to be performed manually and therefore day-time measurements have
usually been made, and the possibility of diurnal variability has been neglected. Although most of
the chamber effects have been eliminated from recent set-ups, the problem of neglecting the
influence of wind remains (Denmead, 2008). The drawback of taking only day-time

measurements also remains, unless automatic logging instruments are used during the night.

Eddy Covariance Methodology

Eddy covariance (EC) techniques are used to continuously quantify landscape-scale temporal
variability of CO, and, to a lesser extent, of CH, and N,O (e.g. Baldocchi et al., 2003; Aubinet et
al., 2000; Veenendaal et al., 2007; Hendriks et al., 2007; Kroon et al., 2007, 2010). The EC
method is based on measuring turbulent ascending and descending wind fields, temperature, and
gas concentrations at high frequency at a certain measurement point (e.g. Baldocchi, 2003). The
advantage of this method is that it does not disturb the soil/air environment, integrates over larger
areas and has a continuous time coverage. An EC output flux represents the integrated net flux
from the landscape upwind from the measurement point. The footprint of the mast, the area
where the signal is coming from is dependent on wind velocity and wind direction and is oval
shaped (Fig. 4). The extent of the upwind area from which the flux originates, depends on
atmospheric stability and surface roughness (e.g. Grelle and Lindroth, 1996; Kormann and
Meixner, 2001; Neftel et al., 2007). EC measurements are based on assumptions such as
horizontal homogeneity, flat terrain and negligible mean vertical wind velocities over the
averaging period. Uncertainties arise for reasons that include one-point sampling and the lack of

low and high frequency responses (e.g. Moore, 1986; Aubinet et al., 2000; Kroon et al., 2007).
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EC mast

Fig. 4. Representation of the footprint area of a measurement mast by Kormann and Meixner (2001). The length of the
ellipse (KMb — Kma) and half width of the ellipse (KMc) are drawn.

Net ecosystem exchange of CO, (NEE) is determined directly from the EC flux measurements
and is considered to be the sum of the gross ecosystem production (GEP) and ecosystem
respiration (Reco). The respiration is determined using nightly NEE values, when photosynthetic
active radiation (PAR) = 0, and CO, flux is due solely to respiration. In temperate regions, the soil
respiration is described as a function of the half hourly soil temperatures and parameters (R10
and EO) are estimated. The missing night and day time CO, respiration data (PAR>0) are
estimated with this model (e.g. Veenendaal et al., 2007; Hendriks et al., 2007; Reichstein et al.,
2005). Data gaps in CH,4 flux datasets are usually filled using linear interpolation or a regression
model.
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Fig. 5. An eddy covariance system, equipped with sensors for irradiation, wind, temperature, CO, and water vapour

(Image E. Veenendaal).

After checks for diurnal cycling, dependency on friction velocity (u*) at low and high turbulence
and statistical distributions, daily averages are estimated from half hourly data. From these,
annual balances are estimated. A regression model can be used to fill data gaps in the CO, flux

dataset. In temperate regions these models are usually based on temperature (Fig. 6).
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Fig. 6. An example of temperature dependency of respiration in temperate regions, adapted from Veenendaal et al., 2007.

This model can be used to fill data gaps.
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With the currently used instruments, gaps can make up more than 50% of the data set. Gap filling
is usually performed by using a regression model based on explanatory variables. Eddy
covariance measurements cannot be used to separate autotrophic and heterotrophic respiration
(e.g. Couwenberg et al., 2010; Wetland international, 2009).

2.3. Remote sensing approach

Remote sensing provides information on land surface properties over large areas. It can be used
e.g. to estimate, areas of forest, pasture, open water, croplands such as e.g. rice paddies (that
are hotspots for CH,) and land use changes. It is also an effective method to assess fire and
logging, which do not always lead to detectable changes in forest cover. Deforestation refers to
the conversion of forest land to agricultural cropland, grassland, and settlements. Degradation
refers to a decrease in tree biomass, carbon stock or biodiversity of an ecosystem, however, the
definition of degradation changes depending on the scientific discipline (Putz et al., 2010).
Afforestation is the conversion of other land categories to forest. In general, the transformation of
peat forest to cropland leads to emissions of CO, to the atmosphere. After clearing, de-forested
peat land can remain an annual net source of CO, when drainage is permanent. In areas of
afforestation a small long term CO, sink can develop. Degradation due to selective logging is
more difficult to detect by remote sensing. In tropical forests, selective logging may leave a forest
canopy that fills in within a year and does not appear to have been thinned. Anthropogenic fires in
tropical peatlands contribute substantially to inter-annual variation in the rate of atmospheric CO,
and CH,, so fire monitoring is crucial to separate natural trends in atmospheric concentrations
from the effects of human induced fires. In addition, fire is used in some parts of the world to clear
forest for pasture or agriculture, and is an important source of atmospheric CH, (14-88 Tg CH4
yr‘1; Mikaloff Fletcher et al., 2004ab; van der Werf et al., 2006; Denman et al., 2007). A variety of
remote sensing methods are being used to identify the location, area, and intensity of fire (e.g.
Siegert et al., 2011; Souza et al., 2005; Matricardi et al., 2010; Cochrane 2003). Table 2
describes remote sensing methods that are able to estimate the events responsible for emissions

caused by land use change (e.g., deforestation) and for greenhouse gas uptake by sinks.

Table 2. Current Land Remote Sensing Instruments in the Public Domain.

Instrument Measurement Resolution and Data Availability
Coverage
Land Remote Sensing Satellite Provides the longest continuous 30-60 m, global Landsat 7: 1999-present
(Landsat) record of the Earth’s continental Landsat 5: 1984-present
surfaces
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Advanced Spaceborne Thermal Provides high-resolution images of 15-90 m, global 1999-present
Emission and Reflection the land surface, water, ice, and
Radiometer (ASTER) clouds
Moderate Resolution Imaging Measures biological and physical 250 m-1 km, 1999-present
Spectrometer (MODIS) processes occurring on the surface  global

of the Earth, in the oceans, and in

the lower atmosphere
Airborne Visible/Infrared Imaging Measures constituents of the 5-20 m, aircraft 1998-present

Spectrometer (AVIRIS) Earth’s surface and atmosphere is tasked

At the national scale, the most effective method for detecting areas of selective logging is to apply
high spatial and temporal resolution remote sensing approaches to areas suspected of thinning,
such as those determined by detection of logging companies along roads. Asner et al. (2005)
applied an automated image analysis approach to annual Landsat data and pattern recognition
techniques for detecting selective logging in the Brazilian Amazon. The analysis required initial
ground-based spectroscopic characterization of surface features and tree species canopy spectra
from a spaceborne hyperspectral sensor (Hyperion). The authors found an overall uncertainty of
up to 14 percent in total logged area, based on seasonal Landsat data, atmospheric modeling,
and detection of forest canopy openings, surface debris, and bare soil exposed by forest
disturbances. A combination of seasonal Landsat-type remote sensing and LiDAR (Light
Detection and Ranging) or P-band radar may be required to reduce uncertainty (Treuhaft et al.,
2004).

2.4. Estimating emissions, the indirect approach

If direct measurements of greenhouse gases are logistically and practically impossible, simple
and reliable approaches can be used to determine net greenhouse gas losses from an
ecosystem. This can be achieved by determining the change in carbon stock directly, from
measurements of e.g. surface subsidence (Hooijer et al., 2011) or water level (Couwenberg et al.,
2010) and peat characteristics that are relatively straight forward to measure in the field and to
interpret. The use of this approach has long been hampered by a scarcity of long term data that
couples greenhouse gas emissions to variables that control the emissions. However, the study
reported by Hooijer et al (2011) and Jauhiainen et al. (2011) was designed to overcome this
limitation. The study has shown that CO, emissions measured using the subsidence method and
using the direct measurement method to be very similar at long time scales. This study was
modelled after the long-term Everglades study reported by Stephets et al. (1984), that reported

the same close agreement in results of the two methods for subtropical conditions. It appears
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that, on this basis, monitoring of carbon emissions using subsidence as a proxy may be applied

more widely than has been the case to date.

Soil subsidence as a proxy for CO, emissions
Peat subsidence is influenced by three main factors:

1. Mechanical compression
2. Shrinkage of peat after drying

3. Decomposition/oxidation of organic matter

Soil subsidence can be a very useful proxy for CO, emission if the decomposition/oxidation
component of the total soil subsidence is known. Using soil subsidence as a proxy integrates all
changes in the soil carbon store over a long time period, does not depend on instantaneous
measurements and takes account of the total peat soil carbon budget, including losses with water
discharge. However, uncertainties still exist mainly because of a scarcity of reliable subsidence
data, in combination with scarce bulk density profile data at the same locations and scarce
knowledge on the oxidation component. Because the soil subsidence data provide a time-
integrated measurement of the net carbon balance of the peat, this approach might be a good
alternative for the often used ‘direct’ chamber method. The method requires long monitoring
periods and large-scale experiments across reference areas (Page et al., 2011; Hooijer et al.,
2012). Monitoring periods for estimating the emission balance are dependent on the time after
drainage. In a stable situation, e.g. 15 years after drainage, fewer measurements are needed

compared to the situation just after drainage.

The key question is to what extent soil subsidence can be attributed to oxidation versus
mechanical compaction and consolidation due to evacuation of water layers following drainage.
Driessen and Soepraptohardjo (1974) and Stephens and Speir (1969) separated oxidation,
compaction, accounting for changes in bulk density of the remaining peat to isolate the
compaction component. Hooijer ef al (2012) used their methods to calculate the oxidation
component of soil subsidence and came up with an oxidation contribution of 90% after the first
five years of drainage, in Acacia and oil palm plantations . This is at the high end of published
values, but corresponded with the 85-90% range reported by Stephen et al (1984) on the basis of
76 years of measurements of subsidence rates, soil characteristics and CO, flux measurements.
Wosten et al (1997) suggested that the rate of land subsidence due to decomposition is about
60%, while Couwenberg et al. (2010) conservatively suggested that it is at least 40%. However
the 60% number is based on very limited data, while the 40% estimate is derived from a limited
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number of studies in temperate climates and should be considered too low for tropical climates.
Even in the Netherlands, where compaction will bemore important than in the tropics as
temperature is far lower, Schothorst (1977) reports a oxidation percentage of 72%; this number is
widely accepted although recent studies in the Netherlands suggest that the historical oxidation
component there may be around 85% (Erkens et al., in prep.). It therefore appears that estimates
of the contribution of oxidation to subsidence in peatlands are being revised upwards
internationally, as more data have become available in recent years and process understanding
has increased. Lower estimates of oxidation contribution as discussed in Couwenberg et al. 2010
may be explained by 1) the use of data that apply to the entire period after drainage, including the
initial years when compaction is indeed dominant, and by 2) a reliance on sources describing
temperate conditions, where oxidation makes a lower relative contribution to subsidence as the
biological processes involved are highly temperature dependent (Hooijer et al., 2012). Partitioning
of net peat emissions will require additional use of closed chambers and/or detailed accounting of

the different carbon stocks (Couwenberg et al., 2010; Wetlands International 2009).

Kuikman et al (2003) calculated the CO, emissions from temperate peatlands based on soil

subsidence with

COsem = Sy * Pso * frox * fros * fre * (44/12) * 10

Where:

COsem = CO, emission (kg CO, ha™ yr')

Smv = soil subsidence rate (m yr™)

Pso = Bulk density of the peat (kg m™)

frox = Oxidation fraction of the peat (-).

fros = Fraction organic matter in peat (-) on weight base.
frc = Carbon fraction in organic matter (-).

They found a clear relationship between soil subsidence and water level. Also Hooiier et al (2012)
coupled water level depth to soil subsidence (in an Acacia plantations after 5 years of drainage)
as follows:

S$=1.5-4.98 x WD (R*=0.21)

Where S = annual subsidence of the peat surface (cm yr'1)

And WD = average water table depth below the peat surface (-m; negative).

27



The relation for drained forest, 5 years after drainage at water table depths of 0-0.7 m, was:

S =-7.06 x WD (R?=0.34)

Water level and soil temperature as a proxy for CO, emissions

Several studies in tropical regions in Southeast Asia have estimated emissions based on water
level or drainage depth. For example, Couwenberg et al (2009) coupled soil subsidence and
water level to emissions and calculated emissions of at least 9 t CO, ha™ yr'1 for each 10 cm of
additional drainage depth. Going from a peat swamp forest with the water table at the soil surface
to a drained peat area with a drainage depth of 60-80 cm would thus increase the emissions by
54-72 1 CO, ha yr (Fig. 7).

Emission CO, (t CO, ha™ yr') = 0.9 x drainage depth (cm).
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Fig. 7. The rate of subsidence and the assumed CO, emission in relation to mean annual water level below
surface. Horizontal bars indicate standard deviation in water table. Open circles denote unused, drained
forested sites. These were not taken into account in the regression that applies to water levels < 50 cm
below surface only. Most of the sites used for analyses are drained for over 10 years. Squares are
agricultural sites and black dots are oil palm plantations, grey dots are degraded open land and open dots

are drained, forested plots (Couwenberg et al., 2010). The regression of water level — assumed CO,
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emission has a slope -0.086 and r* = 0.75; the regression of water level — soil subsidence has a slope -0.09

and > = 0.95.

A summary of the results of various studies that studied the relation between carbon loss (in

CO2-eq ha-1 yr-1) and the average water table depth is shown in Fig 8.
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Fig 8. Comparison of the relation between carbon loss (in CO,-eq ha” yr') and water table depth in
tropical peatlands, more than 5 years after drainage, as determined in the studies of Hooijer et al. (2012,
2010 and 2006), Stephens and Speir (1969), Wosten and Ritzema (2001), Jauhiainen et al. (2012),
Couwenberg et al. (2010). The relations by Hooijer (2006, 2010) and Couwenberg et al. (2010) were based
on partly different sets of literature sources. The relation by Jauhiainen et al. (2012) is based on daytime
CO2 flux measurements in the same Acacia plantation as Hooijer et al. (2012), excluding root respiration

and corrected for diurnal temperature fluctuations. The figure is taken from Hooijer et al. (2012).

We zoom in on a study that addresses the relation between water level and CO, emissions in an
Acacia plantation on fibric peat of over 4 meters depths is that of Jauhiainen et al (2012) (Fig. 8).
They also studied the effect of temperature differences and concluded that each 1°C soil
temperature difference yields a 10% difference in CO, emission. With a 5°C temperature
difference after deforestation and drainage for clearing land, this would make temperature the
main driver of emissions. This likely dominance of temperature as a cause of oxidation in tropical
peatland plantations has not been given much attention. The relation between water table depth
(in meters) and day time CO, emission (in mg m h'1) is described by the following linear
regressions (95% confidence limits) where autotrophic and heterotrophic respiration have been

separated using a ‘trenching’ approach:
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Allometric equations for daytime oxidation emission at “furthest from trees” locations (excluding

root respiration as much as possible):

CO, emission (mg m? hr'') = 953.35 x drainage depth +309.07 (R? =0.47,SE=197)
For daytime total emission at “nearest to trees” locations (including root respiration):

CO, emission (mg m? hr") = 989.46 x drainage depth + 391.79 (R? =0.34,SE=317)
With drainage depth in meters.

Guidelines for measuring the water table depth are given in Annex A. Guidelines on measuring
soil subsidence are given in Annex B.

The CH, emissions from tropical wetlands show a clear relationship with water level (Jungkunst
and Fiedler, 2007; Huttunen et al., 2003; in Gobal Change Couwenberg). Emissions in fields were
the water level is below 20 cm below surface level are negligible. An exponential relationship

exists for water levels above -20 cm (Couwenberg et al., 2009).

For N,O a constant fraction of N fertilizer is lost as N,O to the atmosphere. IPCC (2006) suggests
that 1% of N fertilizer is lost as N,O from agricultural systems. In the literature also values of 4%
are suggested. The N,O is then converted to CO,-equivalents based on their global warming
potential (GWP), which is 296.

Knowledge on CH,4 and N,O from tropical peat ecosystems is sparse, and underlying processes
are very uncertain. Measurements of CH, and N,O fluxes are until now performed by the so

called chamber measurements. Soil subsidence cannot (yet) been coupled to emissions and also

water level as a proxy is to uncertain to can be widely used.

Chapter 3. Estimation of Carbon Stocks
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3.1. Estimation of carbon stocks in above ground biomass

Different steps need to be taken to estimate the total above ground biomass (AGB) in a forest, a
plantation or other area. Estimates are usually based on different variables: diameter of the trees
at breast height (DBH) and/or tree height and crown area of individual trees of varying diameters.
Tree species can differ within a project area, and on peat often a stratified pattern can be found
(Fig. 9). The sample size should be large enough to capture the spatial variability in DBH and
crown areas of trees within the project boundary.

Fig. 9. Schematic cross section through a peat dome.

Allometric equations for estimating above ground biomass
Allometric models that are available are based on destructive sampling in non-peat swamp

forests. In these models a relationship is constructed between, for example, a combination of the
height and/or crown area and the biomass of each tree observed. Options include:
Models developed by Verwer and van der Meer (2010); Basuki et al (2009), i.e.:

Ln (AGB) = -0.744 + 2.188 x In(DBH) + 0.832 x In (WD)

In which WD (g cm™) is wood density and DBH (cm) is the stem diameter at breast height and

above ground biomass (AGB) is given in g cm™.

Allometric relationships between tree diameter and AGB have also been developed by Hashimoto

et al (2004), see table 3 for the coefficients a and b:

Ln (AGB)=axIn (DBH) + b
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DBH is the stem diameter at breast height, and a and b are coefficients which vary between

species.

Table 3. Statistical details of allometric equations for estimating above ground biomass of some tree species (Hashimoto
et al., 2004).

Species a b N samples Adjusted r* Adjusted means of In (Wt)
“Min Max

Ficus sp. 2.60 -2.59 26 35 9.1 0.95 1.55

Geunsia pentandra 2.62 -2.89 20 3.4 16.2 0.91 1.31

Piper aduncum 2.39 -2.42 37 3.2 8.3 0.92 1.38

Other species 2.40 -2.49 108 3.2 20.3 0.81 1.36

All species combined 2.44 -2.51 191 3.2 20.3 0.85

Danielsen et al., (2009) estimated above ground biomass to range from 254-390 t C ha” in

natural peat swamp forest to 148-254 t C ha™ in logged forest.

Chave et al (2005) tested different models and concluded that the overall best model for ABG,

was for wet forest if the tree height is known:
ABG = 0.0776 x (p D* H) ***
And if the tree height is not known:
ABG = p x exp (-1.239 + 1.980 In (D) + 0.207 (In (D))*- 0.0281 (In D))°)

With ABG in (kg), D = diameter (cm), p = oven dry wood volume over green volume (g/cm®) and
H = total tree height in (m).

Guidelines for estimating above ground biomass are given in Annex E. Guidelines for estimating
the tree height are given in Annex G. Guidelines for destructive sampling for under-storey and the
litter layer are given in Annex F. Carbon stock estimations for the non-tree vegetation
components are usually based on destructive harvesting, drying and weighting. These methods

are also described in the Sourcebook for LULUCF projects (Pearson et al., 2005).

Validation of existing allometric models
It is necessary to validate the applicability of existing allometric equations (VCS, IFM

methodology, 2011). Source data from which equations were derived should be reviewed and

confirmed to be representative of the forest type/species and conditions in the research area and
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should cover the range of potential independent variable values. Allometric equations as

mentioned above can be validated either by:

1. Limited Measurements (VCS, IFM methodology, 2011)

selecting at least 30 trees (if validating forest type-specific equation, selection should be
representative of the species composition in the project area, i.e. with species being
represented roughly in proportion to their relative basal area). The minimum diameter of
measured trees should be 20cm and the maximum diameter should reflect the largest trees
present or potentially present in the project area;

measuring DBH, and height to a 10 cm diameter top or to the first branch;

calculating stem volume from measurements and multiplying by species-specific density to
obtain biomass of the bole;

applying a biomass expansion factor to estimate total above ground biomass from stem
biomass.

plotting the estimated biomass of all the measured trees along with the curve of biomass

against diameter as predicted by the allometric equation.

If the estimated volume of the measured trees are distributed both above and below the curve (as

predicted by the allometric equation) the equation may be used. The equation may also be used if

the measured individuals have a biomass consistently higher than predicted by the equation. If

>75% of the measured trees have a biomass lower than the predicted curve, destructive

sampling must be undertaken or another equation must be selected.

2. Destructive Sampling (VCS, IFM methodology, 2011)

selecting at least five trees, again being representative of the species composition in the
project area, but at the upper end of the range of independent variable values existing in the
project area;

measuring DBH and height and calculate volume;

felling and weighing the above ground biomass to determine the total (wet) mass of the stem,
branch, twig, leaves, etc. This may be done by extracting and immediately weigh sub
samples of each of the wet stem and branch components, followed by oven drying at 70
degrees C to determine dry biomass;

determining the total dry weight of each tree from the wet weights and the averaged ratios of

wet and dry weights of the stem and branch components; and
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e plotting the estimated biomass of all the measured trees along with the curve of biomass

against diameter as predicted by the allometric equation.

If the estimated volume of the measured trees are distributed both above and below the curve (as
predicted by the allometric equation) the equation may be used. The equation may also be used if
the measured individuals have a biomass consistently higher than predicted by the equation. If
>75% of the measured trees have a biomass lower than the predicted curve another equation
must be selected.

Details of destructive sampling measurements are given in Brown (1997).

3.2. Estimation of carbon stocks in oil palm plantations on peat

For the estimation of carbon stocks in oil palm plantations, historical data or scientific data can be
used. The above ground biomass of oil palms and the related carbon stock is depended on the
age of the tree. Oil palms usually have a life span of 20 — 30 years. After this period trees will be
replaced by new plantings. Currently no allometric models are available for the assessment of
carbon stocks of oil palms on tropical peat soil. Destructive sampling could be used to estimate
the carbon stock in the trees. Melling et al (2008) reported values of 19t C ha” stored in the
stems, canopy and roots of a five years old oil palm agro-ecosystem and an additional 7 t C ha™
in the palm’s by-products. After the palm’s life time of 20-30 years, the carbon that is stored in the
palm biomass will be lost by decomposition and/or burning or will be used for biomass energy.
Sometimes old palms that are replaced by new plantings are pulverized and used as fertilizer or

soil protection.
Once the biomass is estimated, C stocks of each pool within an oil palm plantation can be
calculated by multiplying the biomass by the carbon content of each component of biomass (table

4).

Table 4. Average carbon content of the different components of living and dead biomass in oil palm plantations.

Component C content
Living biomass

e Palm biomass 0.47

e Understorey 0.47

e Root 0.47
Dead organic matter

e Litter 0.4
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e Dead wood 0.5

3.3. Estimation of carbon stocks in below ground biomass

The below ground biomass pool is smaller than the above ground biomass pool (see table 5 for
an idea of the order of magnitude). Roots as carbon stock or organic inputs in tropical agriculture
have often been neglected due to difficulties in measurements and have often been included in
the peat carbon pool.

Table 5. Estimated biomass and carbon content of relatively undisturbed peat swamp forest based on plots measured by
Anderson between 1954-1960 in Sarawak, Malaysia (Anderson 1961). Note the order of magnitude difference in carbon
stock between the different biomass compartments.

E!'{'dm_aa_s (1 dry nmt?_gr‘;iﬁi ;:'_nrhnn content (t E'f’hk'.l_jl
_Biomass compariment Range average=SD Range Average=SD
Aboveground biomass 264.0-397.4 338.8x32.5 132.0-198.7 169.4x26.4
Belowground biomass 57.2-89.8 74.0+15.8 28.6-44.0 37.0£79
Coarse woody debris  32.2-113.8 62,9498 16.1-56.9 31.4=4.9
Litter 4.5-11.9 7.9£1.2 13-59 3.9x£0.6

Currently, allometric models are available for estimating the below ground root biomass in peat

swamp forest (Niilyama et al., 2005; Sierra et al., 2007; Kenzo et al., 2009; Niiyama et al., 2010).
It has to be noted that estimates should be considered as approximations.
An example is the equation of Niiyama et al (2010):

BGB = 0.02186 x DBH ***’
In which BGB is below ground biomass and DBH = stem diameter at breast height, 1.3m).
Another method is to estimate BGB from the root:shoot ratio as described in the literature.
Sulistiyanto (2007) estimated that the BGB varies from 26.5 t ha™" for mixed swamp forest to 14.4

t ha” for low pole forest, suggesting a trend of decreasing root biomass with increasing peat

thickness and with a root:shoot ratio of 1:12 for mixed swamp forest and 1:18 for low pole forest.
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IPCC uses root:shoot ratios as shown in table 6. Brady et al (1997) indicated a trend in the
opposite direction. In his study, marginal mixed swamp forest had the lowest root biomass (2.8 t
ha™) and low pole forest vegetation on the thickest peat had the highest root biomass (9 t ha™).
Usually a C content of 50 — 60 % of the biomass dry weight for the below-ground living biomass

carbon stock should be used for tropical forest in Central Kalimantan.

Table 6. Root:shoot ratio’s used by IPCC 2006 for the calculation of BGB.

Domain Ecological Zone Ab%}:j;ﬁfsuud Roor;;?i;mont Range
=125 tha" 020 0.00-0.05
Tropical rainforest  ——15a 024 0.22-0.33
Tropical 30 tha 056 0.28-0.68
Tropical dry forest =t 028 027-08
S5t 020 0.00-0.35
Subtropical humid forest ~175 tha” 04 077033
Subtropical 30 tha” 056 028-0.68
Subtropical dry forest 55y 028 027-0.28

When there is no sufficient data available, below ground biomass is included in the peat
component in most accounts of tropical peatland C stocks. For oil palm root biomass a root:shoot
ratio of 1:4 has been used.

3.4. Estimation of carbon stocks in necromass

The range of wood debris (WD) biomass or necromass in peat swamp forest can be estimated
roughly using the ratio between wood debris and AGB found in non-peat tropical forests and
apply this ratio to the AGB calculated for peat swamp forests. Verwer and van der Meer (2010)
published a table on biomass carbon stock of coarse wood debris based on different studies in
tropical moist and wet forests. On average these studies revealed that the WD biomass pool may
comprise 9.5 — 33.6 % of the live AGB pool. Verwer and van der Meer (2010) then calculated the
average minimal and maximal WD mass and carbon content of peat swamp forest communities,
based on historical inventories and the AGB:WD ratio, however, their estimates are based on

studies carried out in non-peat swamp forest.

For lying dead wood the VCS approved methodology for assessing carbon gains through avoided

planned deforestation of undrained peat swamp forests uses the line intersect method (Harmon
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and Sexton, 1996) using the equation by Warren and Olsen (1964) as modified by Van Wagener
(1968).

3.5. Estimation of carbon stocks in peat

The carbon storage capacity of peat (Cpeat) depends on it's bulk density, carbon content and
depth. Thus:

Cpeat (t C-org) = A (ha) x D (m) x BD (t m-3) x C (%)

Where A is the total area of peatland in hectares, D is the average peat depth in meters, BD is
bulk density in tones per m® and C is the carbon content in tonnes. Changes in carbon stock are
determined by the differences in these parameters over time. Tropical peat is very heterogeneous
and therefore the procedure of estimating BD is not straightforward. Surface BD can range from
0.05 t/m® to 0.25 t/m® for a very well compacted peat. Some of the peatlands are just floating in a
peat basin. A procedure that is commonly used to estimate BD in peat soils is given in Annex C.

Guidelines for estimating the peat depth and carbon content of the peat are given in Annex D.

Losses through peat fires should be calculated in the same way: determine the area of the fire
scar, determine the peat depth decrease because of the fire and calculate with the bulk density
and carbon content of the peat the amount of carbon that has been lost. Most of the carbon is lost
as CO, to the atmosphere..
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Annex A Sampling of water level in water bodies and in the field

To determine groundwater elevation above mean sea level, use the following equation:

EW=E-D
where:
EW = Elevation of water above mean sea level (m) or local datum
E = Elevation above sea level or local datum at point of measurement (m)
D = Depth to water (m)

The water level in canals, drains, rivers, stream and other open water bodies can be determined

with a simple ruler (Fig. a).

o9

Fig. a. Fig. b Fig. c. Fig. d.

For measuring the groundwater, a piezometer can be installed. Different techniques could be

used to measure the groundwater level in the field within the piezometer or well, including:

- ‘Plopper’, where a concave metal casting attached to the graduated tape makes a plopping
noise when it hits the groundwater surface (Fig. c).

- Electrical sounder, where the insulated wires for a pair of electrodes are incorporated into a
graduated flat tape. A circuit is completed when the electrodes come into contact with the
groundwater surface, which activates a light and/or buzzer (Fig. b)

- Automatic water level recorders, similar to those used in surface water bodies such as
pressure transducers, or capacitance probes. An example of a very accurate device that
accurately and continuously records the groundwater levels in the field and the temperature
of the water is the e+ WATER L. The measurements automatically compensate for air

pressure differences. The sensor can be programmed by the user to set, for example,. the
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measurement intervals. The instrument can be used to determine water level variations up to
2 m (Fig. d).

The Groundwater rule Source Water Monitoring Guidance Manual of United States
Environmental Protection Agency (U.S. EPA) contains information about groundwater monitoring,
how to determine the appropriate faecal indicator for monitoring and how the different analytical

analyses and methods work.
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Annex B Soil Subsidence

Soil subsidence can be measured by installing a (steel) pole into the peat (Fig. €). The pole has
to be anchored in the mineral soil (minimum up to 50 cm) beneath the peat layer to obtain a fixed
base. Every year the subsidence of the peat has to be marked on the subsidence pole or has to

be recorded elsewhere.

e e
ERE
[ t

Fig. e. Left: Example of subsidence pole installed in late 2007, 10 years after initial drainage, in PT TH
Indo Plantations, Riau, Indonesia and Right: A subsidence pole inserted in deep peat at Woodman
Plantations. At the time of this photograph (2011), the pole was installed 8 years prior to the photograph
and about 50 cm of subsidence had occurred (Image: Marcel Silvius).
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Annex C Bulk density

(the weight of undisturbed soil for a given volume of peat, expressed in g/cm3)

The bulk density measurement should be performed at the soil surface (10-60 cm) above the

water table depth. To avoid compaction during sample collection, it is best to dig a hole in the soll,

and collect a series of bulk density samples at a 10 cm peat layer interval in depth. So, the

samples are not collected vertical, but from the horizontal side of a dug peat profile. To get a

more representative bulk density measurement of the area, additional samples may be taken.

Materials needed to measure bulk density.

3-inch or 7.6 cm diameter ring
hand sledge

wood block

garden trowel

flat-bladed knife

sealable bags and marker pen
scale (0.1 g precision)

1/8 cup (or 30 ml) measuring scoop
paper (or ceramic) cups

18-inch or 46 cm metal rod

access to a microwave oven

Drive Ring into Soil:

Using the hand sledge and block of wood, drive the 3-inch or 7.6 cm diameter ring, sharp
edge down, to a depth of 3 inches or 7.6 cm (Fig. f).

The exact depth of the ring must be determined for
accurate measurement of soil volume. To do this, the
height of the ring above the soil should be measured. Take
four measurements (evenly spaced) of the height from the
soil surface to the top of the ring and calculate the

average.

Record the average.
Fig. f. Driving ring into soil.

NOTE: Use the metal rod to probe the soil for depth to a compacted zone. If one is found, dig

down to the top of this zone and make a level surface.
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Remove 3-inch or 7.6 cm Ring:
Dig around the ring and with the trowel underneath it, carefully lift it out to prevent any loss of soil.

Remove Excess Soil

- Remove excess soil from the sample with a flat bladed knife. The bottom of the sample
should be flat and even with the edges of the ring (see
Fig. g).

- Place Sample in Bag and Label; Touch the sample as
little as possible.

- Using the flat bladed knife, push out the sample into a

plastic sealable bag. Make sure the entire sample is

placed in the plastic bag.
- Seal and label the bag.

Fig. g. Remove soil with a sharp

knife.

Weigh and Record Sample (either in a lab or in the field):

- Weigh the soil sample in its bag. If the sample is too heavy for the scale, transfer about half
of the sample to another plastic bag. The weights of the two sample bags will need to be
added together.

- Weigh an empty plastic bag to account for the weight of the bag, subtract this from the
sample+bag weight.

- Extract a sub sample to determine water content and dry soil weight.

- Mix the sample thoroughly in the bag by kneading it with your fingers.

- Take a 1/8-cup level scoop sub-sample of loose soil (not packed down) from the plastic bag
and place it in a paper cup (a glass or ceramic cup may be used).

- Weigh the soil subsample in its paper or ceramic cup and record the weight

- Weigh an empty cup to account for its weight, subtract its weight from the weight of the cup +

soil subsample.
Dry Sub sample:
Place samples in an oven set to 100° C for about 72 hours. After drying, record the weight of the

cup + dry soil.

or
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Place the paper cup containing the sub-sample in a microwave and dry for two or more four
minute cycles at full power. Open the microwave door for one minute between cycles to allow

venting. Weigh the dry sub sample in its paper cup and record the weight.

NOTE: To determine if the soil is dry, weigh the sample and record its weight after each 4-

minute cycle. When its weight does not change after a drying cycle, then it is dry.

Calculations:

Soil water content (g/g) = (weight of moist soil - weight of oven dry soil) / weight of oven dry soil.
Soil bulk density (g/cme) = oven dry weight of soil / volume of soil.

Volumetric water content (g/cm?®) = soil water content (g/g) x bulk density (g/cm®).
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Annex D Carbon content and peat depth

To determine the carbon content of the peat, samples have to be taken. Samples can be

obtained by using a peat sampler auger (Fig. e) which can also be used to determine the peat

depth.

Fig. e. Peat sampler set. Source; www.eijkelkamp.com

The carbon content of the peat depends on the peat type. Generally in tropical peat three peat
types can be distinguished: (A) Sapric, low fiber content and high BD; (B) Hemic, and (C) Fibric,
high fiber content and low BD.

Samples usually are taken with 50 cm increments, to get an average C content for the whole peat

profile, over the total depth.

Samples have to be transported in, for example, half-round PVC pipes and have to be carefully
wrapped to avoid damage and loss of moisture and brought into the lab (Anshari, 2010; Anshari
et al. 2010). To measure the total amount of carbon (TOC) the samples have to be homogenized
and dried in the oven for 24 hours at 40° C and then completely oxidized at 1000-1200°C and
converted into CO,. Then the concentrations of CO, can be measured following Schumacher

(2002).
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To measure the carbon that is available, carbon content can also be accurately measured by
burning the dry matter and determining the weight of ash left after burning.

Average peat depth in tropical Southeast Asia can vary between 0.5 and 15 meters. Average
peat depth can be determined by drilling with the Dutch auger until the mineral subsoil is reached.
The number of samples should be such that it gives a representative overview for the area of

interest.

Carbon density (t/ha) = (BD (g/cm®) x peat depth (cm) x %C x 100
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Annex E Living tree biomass

(Int. Centre for Research in Agroforestry)

Equipment:

- Line for center of transect, 40 m long for standard plot and 100 m for large-tree plot

- Sticks to measure width, 2.5 m long for standard plot

- Wooden sticks of 1.3 m length

- Measurement tape (linear or special ones for tree diameter, which include the factor p)
- Knife

- Tree height measurement device

1,3 m
0,5m

13m| —5— 1,3m

L

Fig. f. Measurement of tree diameter at 1.3 m (“breast height’), or the equivalent on odd-shaped trees

Procedure:

Set out two 200 m? quadrats (5m x 40 m), by running a 40 m line through the area and then
sampling the trees 5 cm < diameter < 30 cm that are within 2.5 meter of each side of the tape, by
checking their distance to the central line. For each tree the diameter is measured at 1.3 m above
the soil surface, except where trunk irregularities at that height occur (plank woods, tapping or
other wounds; Fig. f) and necessitate measurement at a greater height. Further tree information,
e.g. from the literature, or from destructive sampling can help in getting improved estimates of

wood density.

If trees > 30 cm diameter are present in the sampling plot, whether or not they are included in the
transect, an additional larger sample of 20 * 100 m? is needed, including all trees with a diameter
> 30 cm. Knowing the tree height is optional, but can be helpful in establishing parameters for a

allometric relationship.

Calculation: http.//www.edb.ups-tise.fr/equipe 1/chave/chave-jte08.pdfs:
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Calculate the tree biomass in kg/tree for each tree using an appropriate allometric equation.

Cave et al (2005) advices to use the following allometric equations for ABG for wet forest if the

tree height is known:
ABG = 0.0776 x (p D* H) ***°
And if the tree height is not known:
ABG = p x exp(-1.239 + 1.980 In (D) + 0.207 (In (D))*- 0.0281 (In (D))*)

With ABG in (kg), D = diameter ate breast height (cm), p = oven dry wood volume over green
volume (g/cm®) and H = total tree height in (m).

Palms need a separately established equation, however, for peat soils no allometric equation is

established yet.

Sum the tree biomass for each quadrat and divide by the sampling area in m?.
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Annex F Destructive sampling for non-tree biomass and litter layer

(Int. Centre for Research in Agroforestry; VCS, VM0015))

Equipment:

- Quadratof1x1mand 0.5x0.5m

- Knives and/or scissors

- Scales: one allowing weights up to 10 kg (with a precision of 10 g) for fresh samples and one
with a 0.1 g precision for subsamples

- Marker pens, plastic & paper bags

- Sieves with a 2 mm mesh size

- Trays

Sampling: Understorey, litter and Su:ui]|

i
.

0.5m 40 m

—_———

C content ef understorev = Cone.C ¥ DW biomass
Cone. €, % (g C/100gzbiomass)

Biomas:z Drv Waight, g'm?

Fig. h. Position of non-tree biomass sampling within a 40 * 5 m vegetation transect

a. Place the sampling frame at the sample site within the 40 * 5 m2 transect, as indicated in Fig.

h, placing it once (randomly) in each quarter of the length of the central rope.
b. Collect all the litter inside the frame. Pieces of twigs or wood that cross the border of the frame

should be cut using a knife or pruning scissors. Place all the litter on a tarpaulin beside the frame

or inside a weighting bag. Weigh the sample on-site, then oven-dry to a constant weight.
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c. Where sample bulk is excessive, the fresh weight of the total sample should be recorded in the
field and a sub-sample of manageable size (approximately 80-100 g) taken for moisture content
determination, from which the total dry mass can be calculated.

d. Calculate the dry mass of the sample.
e. The carbon stock per hectare in the litter carbon pool is calculated by multiplying the dry mass

by an expansion factor calculated from the sample-frame or plot size and then by multiplying by

the carbon fraction and CO,/C ratio.
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Annex G Tree height measurement

(Weyerhauser and Tennigkeit, 2000)

The best method to measure tree height is
based on the geometric relationship
between triangles as long as there is
enough space. The operator holds a stick
in his stretched arm the same length as
the distance between his hand and his
eye. Then he moves forwards and
backwards until the tip of the tree and the
top of the stick are in one line. The
distance Ab and Ac is the same as the AB
and AC. Accordingly, the tree height is the
sum of the distance between AB and the
measured DB.

0J
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