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Abstract

Agroforestry can help in the battle to control global warming by sequestering atmospheric CO,. Most attention
so far has been on the carbon sequestered in trees, but soils can also contain considerable amounts of carbon,
some of which isreleased upon harvest. There has been little quantification of theimpact of different land-uses
on soil carbon levels due to the high costs and Iengthy time periods required to accurately measure soil carbon
fluctuations, within and across sites, and over an entire project lifespan. This study attempts to quantify soil
carbon changes under agroforestry systems using a modeling approach. The net effects on carbon storage of
implementing agroforestry depend on the carbon content of the land-use practices that are replaced. Also,
agroforestry projects will impact upon soil carbon levels by preventing land clearing and by maintaining carbon
aready in the soils. These issues are evaluated from the standpoint of individual landholders, and implications
for management of agroforestry systems are discussed.

Keywords: Agroforestry, bioeconomics, soil carbon, global warming.

Introduction

The Greenhouse effect is anaturdly occurring process whereby gases, with the ability of
preventing infrared radiation from escaping the earth’ s amosphere, cause globa temperatures
to rise. This processis essentid to the creetion and continuing existence of life on earth.
However, over the last one and a half centuries, this process has been exacerbated by
increasing quantities of greenhouse gasses (GHG) emitted into the atmosphere. It is believed
that enhancing the Greenhouse effect will result in globd dimate change, which in turn, will
lead to many socio-economic and environmental consequences (IPCC, 2001a).

The higher levels of amospheric GHGs experienced over the last 150 years are primarily due
to anthropogenic activities, including fossil fuel burning and land use change and forestry
activities (LUCF), such as deforestation. These activities have either increased emissons from
global carbon stocks and/or decreased the capacity of globa carbon sinks to absorb these
gases.

There are severd greenhouse gases, including Methane (CHjz), Nitrous oxide (NOy) and
Carbon dioxide (COy). CO- isthefocus of this sudy, Snceit isthe man gas emitted by
burning of fossl fues and is the gas captured by growing forests.

CO,, isemitted from and absorbed by three main globd carbon stocks: the oceans, foss| fuels,
and terrestrial biomass and soils. Hence, any legidation or policy framework designed to
dabilize the level of GHGs in the atmosphere should focus on both reducing emissions from
sources and enhancing absorption by sinks.

1 Working paper CC02. ACIAR project ASEM 1999/093, http://www.une.edu.au/febl/Econ/carbon/
We are indebted to Ms Beta Lusiana (ICRAF) for her valuabl e assistance calibrating the WaNuL CASmodd.




Although the bulk of policies and legidation on greenhouse gasses will focus on carbon
emissons, carbon snks can contribute considerably in reducing net emissons. According to
IPCC (2001b) terrestrial ecosystems have the potentia to offset between 10% and 20% of the
CO, emissions expected between now and 2050.

Exchanges between the atmosphere and terrestria biomass and soils occur during the
biochemica processes of photosynthesis and respiration. In photosynthesis, plants and trees
use carbon dioxide, water and minerals to produce biomass. It is during this process that
carbon is captured (sequestered) from the atmosphere and ‘fixed' in biomess. Respiration is
the chemicd reaction that occurs during the decomposition or burning of biomass, where
oxygen is used to break down biomass and carbon dioxide is released into the atmosphere as a
wadte product. The net flow of carbon from terrestria biomass into the atmosphere becomes
negative when biomass production (carbon sequestration) exceeds biomass destruction

(carbon emissions).

Thusfar, most sudies of carbon exchanges between the atmosphere and terrestria carbon
stocks have focused on exchanges between terrestrial biomass and the atmosphere (e.g. Grigt
et al.,1999a; Ley and Sedjo, 1997; Kirschbaum, 1995). Little attention has been given to
carbon fluxes between soils and the atmosphere.

The paucity of research on the impact of land-uses on soil carbon levelsis partly dueto the
high costs and long time periods required to accurately measure soil carbon fluctuations
within and across Stes, and over an entire project lifespan. The difficulty of detecting small
changes in soil carbon because of the generaly high background levels and natura soil
vaiability isdso afector.

The purpose of this study isto assess the economic consegquences of accounting for soil
carbon in climate mitigation policy. The paper Sarts by presenting a brief overview of the
globd carbon cycle, followed by a glance at the carbon cycle within soils. An economic
moded is then presented, which accounts for marketable outputs (firewood) and as well as
carbon sequestration services by soil and biomass. A numerical modd is presented and
cdibrated for aGliricidia sepium plantation in the uplands of Sumatra, Indonesia. An
agroforestry smulation model (WaNuLCAYS) is used to obtain biophysical results, under 27
different scenarios, for aperiod of 25 years. These results are then subjected to economic
andysis under four different carbon-payment mechanisms, and the best management
drategies are identified within the set of results available. The paper ends with adiscusson of
implications for management of agroforestry systems under carbon-sequestration payments.



The Global Carbon Cycle

Atmospheric carbon levels are determined by fluxes between the atmosphere and three main
carbon pools: oceans, terrestria ecosystems and fossi| fuel stocks. The contribution of each
carbon pool to the globa carbon cycle has been quantified by IPCC (2000, pp. 30). Over the
period 1989 — 1998, activitiesin the energy and building sectors of the globa econom}/
increased atmospheric carbon levels by 6.3 Gigatonnes of carbon per year? (Gt Cyr™). LUCF
activities released 1.6 Gt C yr'* into the aimosphere and absorbed 2.3 Gt C yr ! with anet
effect of decreasing amospheric carbon levels by 0.7 Gt C yrt. Oceans removed about 2.3 Gt
C yr'! from the amosphere. The net result of these fluxes over the last 10 — 15 years, is that
atmospheric carbon levels have increased by about 3.3 Gt Cyr™.
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Figure 1. Global carbon stocks, number s show the sizes of carbon pools (Gt C) and fluxes (Gt C yr ™),
source: |PCC (2000, pp. 30)

The Soil carbon cycle

‘Soil carbon’ is defined as*dl nortliving, below-ground carbon, including roots and charcod’
(Polglase et al., 2000). It isthe sum of dl the organic and inorganic (carbonates and charcod)
fractions of carbon found in the soil. Litter (resdue input), however, is defined as a discrete
entity and is counted separately from soil carbon.

For modeling purposes, soil organic matter (SOM) is divided into different fractions or pools
based on the rate of decompasition or turnover time. The CENTURY modd (Parton et al.,
1987) for example, divides SOM into three different pools— active, dow, and passve. The
‘Active pool’ has arapid turnover rate of oneto five years and it consists of live microbes and
microbid products dong with SOM. The *Sow poal’ isthe fraction with an intermediate
turnover time (20-40 years), where the SOM is physically and/or chemicaly protected and
therefore more biologicaly resstant to decompostion. The lignin fraction of the litter goes
directly into this pool. The third pool isthe ‘Passive pool’. This pool has the longest turnover
time (200 — 1500 years) and represents the stabilised, recdcitrant organic matter.

The leve of carbonin soilsis determined by the net balance between SOC aggrading and
degrading processes. The processes that enhance soil carbon include plant biomass production
(litter and roots), humification, aggregatior” and sediment deposition. The processes that

2 A gigatonneis 10° tonnes.
3 Aggregation is the formation of stable aggregates which provide physical protection of SOC against microbial
decomposition and thus prevent carbon from being broken down Lal et al. (1998, p6).



degrade SOC include soil erosion, leaching, and soil organic matter decompaosition (due to
respiration in the turnover process). Turner and Lambert (2000, p232) state that “at any time,
the quantity of organic matter in the soil will be abalance of losses due to decomposition and
inputs from roots and litter”.

Figure 2 describes the dynamics of soil carbon fluxes between, and within, the two carbon
pools of the resdue layer and the three soil organic carbon pools as defined in the CENTURY
mode. Asthe litter is broken down, carbon is transferred into the active and Sow soil carbon
pools, and someis emitted as CO,. Fuxes of carbon aso occur between each of the three il
carbon pools during decompaosition (the sizes of these fluxes are shown in the diagram), with
CO,, emitted as awaste product.
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Figure 2: Flows between soil carbon pools (Sitompul, 1999).

The rate at which carbon is accumulated or lost from soils depends upon many factors, as
outlined in Table 1. The most relevant factorsin this study are previous land use, residue

management, species type and soil type.

To alarge degree, previous land use determines soil fertility and soil carbon leve, whichin
turn affects the potentid of different land- use types to accumulate carbon. The effect of
different initid soil carbon levels on carbon accumulation isinvestigated in this study.

The effects of harvest and pruning regimes on tota carbon stocks are o investigated in this
study. Turner and Lambert (2000, p. 242) date that “input of carbon from litter gppears to be
relaivey low and that the observed accumulation of carbon in the soil is predominantly
through an aternative source, presumably root production and loss’.

Species type determines net primary productivity (NPP) and hence carbon accumulation; it
aso determines residue quantity and quaity. The productivity of a given speciesisnot only a
function of genotype but it isadso “afunction of soil type and Ste management factors such as
fertiliser gpplication, weed control and dash management” (Polglase et d, 2000). A single,
tree speciesis Smulated in this sudy.



Table 1. Factorsand processesthat impact upon soil carbon levels.

Factor Reason (Process) Effect on Soil Source
Carbon
PreviousLandUse  Improved Pasture: high carbon content, susceptible - a
to losses.
Cropping: lower carbon content, stable humus + a
resistant to breakdown.
Residue Depends on the frequency and quantity of pruning -or+ b
Management and harvesting of pruned material.
Quality of residue (lignin content and -or+ c
carbon/nitrogen ratio).
Relative contribution of roots and litterfall to total + b
residue.
Site preparation Tilling, ripping and mounding increase aeration - a
(establishment) and alter soil microclimate, accelerate
decomposition.
Clearing of original vegetation &/or burning of - a
vegetation.
Grasses and weeds, if left, provide inputs and + a
buffer against soil carbon loss.
Speciestype Affectsthe temporal pattern of inputs of litter and -or+ a
(growth rate) root residues.
Affectsthe quality of residue inputs through its -or+ a
allocation of nutrients to different components of
the plant.
Final harvest Depends on the techniques used, frequency -or+ a
(rotation length) and clearing.
Soil type Texture, particle size, clay/silt/sand content, -or+ a

nutrient status— all affect the aggrading and
degrading processes described above.

Sources: a: Polglase et al. (2000); b: Turner & Lambert (2000, pp. 242); c: Ghidey & aberts (1993) in Potter et

al. (1997, pp. 146);

ECONOMIC MODEL

Congder alandholder who is assessing the possibility of planting treesin the presence of
payments for carbon sequestration. The profit function faced by the landholder over a

planning horizon of T yearsis:

Vi = éT_ (DS, +DB )R +HRy - CM, ] (1+1)" - CE
t=0

@

Where S is soil carbon content and B is above-ground biomass in year t, both measured in
tonnes of carbon per hectare (t C/ha), and Drepresents annua changes. H; is the amount of
products harvested during year t. Pc isthe price of carbon and Py is the price of harvested
products. CM; are annua maintenance costs and CE are etablishment costs.

Theunits of H; depend on the type of output. In this paper we assume only firewood is

harvested, but H; can be expanded to represent a vector of outputs, including products such as



fruits, oils or latex. Annua costs may include any soil tests and other carbon-monitoring
expenses required to receive carbon payments. It isimportant to note that both O and DB,
can be negative. Thisis particularly important in the last year of the planning horizon (T),
when total harvest may occur, thereby reducing standing biomass and requiring the landhol der
to pay back some of the carbon credits previoudy received.

The changesin soil and biomass carbon depend on biophysical processes and management
regimes. These changes are defined as.

DS =Sa - S, )
DB, =Ba, - Br, ©)

Where Sa and Ba represent additions to the soil and biomass carbon pools, and S and Br
represent removas from the soil and biomass carbon poals, respectively.

Ba; results from photosynthesis, which in turn depends on solar radiation, lesf areaindex,
temperature, soil type and tree species among others. Br; represents any biomass removed by
pruning, harvest and fire. Sa; isthe result of additions of organic matter to the soil. This may
happen naturaly through faling leaves and branches, but it can be managed by pruning and
mulching. Hence, high vaues of Br; may be associated with high values of Sa; if prunings are
added to the soil rather than taken away as harvest. Findly, St may be caused by disturbances
that increase the rate of oxidation of organic matter and release as CO, by the sail (i.e tilling)
and by soil eroson.

For agiven set of environmenta variables, the rates of carbon additions and removas can be
represented as functions of management variables (X) and the state of the system, as
represented by soil and biomass carbon. So we have:

S, = fa(X, §) (4)
S, = fr(X,S) (5)
Ba, = ga(X,B,) (6)
Br, = ar(X,B) ()

This mode assumesthat S does not directly affect the net rate of biomass accumulation

(CBy), and B does not directly affect the net rate of soil carbon accumulation (CF). However,
these variables are indirectly related through the effect of the management variables,
represented by the vector X:

X =[u] €)

where u isthe pruning rate and v is the harvest rate, both expressed as percentages. The
decision variables dso affect biomass harvest rates, hence we can write:

H, =h(X,B) ©)

For any given set of prices, costs and management variables, the mode can be solved by
substituting equations (4) and (5) into (2), and (6) and (7) into (3), and then subgtituting (2),



(3) and (9) into the objective function (1). The trgectories of the state variables S and B, and
hence profit, depend partly on the initid state (S, Bo).

The processes represented in equations (4) to (7) are quite complex and subject to all sorts of
interactions. Rether than explaining them in detail, we implement a numerica solution based
on an exiging Imulation modd. The modd can later be extended to maximise (1) by setting
the optimal levels of X for given prices and environmenta conditions.

NUMERICAL MODEL

As dtated previoudy, the processes of biomass and soil carbon accumulation were represented
by a smulation model: WaNuLCAS (Water Nutrient and Light Capture in Agro-forestry
Systems).

WaNuL CAS isbased on the CENTURY modd but has a spatia demension and other
features. The model concentrates on bel owground interactions where competition for water
and nutrients (Nitrogen and Phosphorous) is based on the effective root length densities of
crops and trees, the current demand factors of crops and trees, and the supply of nutrients and
soil water content (van Noordwijk and Lusiana, 2000). The model doesthis by dividing the
s0il verticdly into four user-defined layers and horizontaly into four user-defined spatid
zones. Each layer and spatia zone (i.e. 16 blocks) can be characterized according to initial
water and nitrogen contents; clay and sit content; bulk density of the soil and soil type.
Above-ground interactions such as competition for sunlight, and management effects such as
planting density, species salection, pruning regime and fertiliser gpplication, are dso
smulated by WaNuL CAS. The outputs most relevant to this study include total aboveground
biomass and carbon, soil carbon levels, and harvested biomass and carbon.

Model Calibration

WaNuL CAS has parameter values and input data for Gliricidia sepium and it has been
cdibrated to different soils typesin Indonesia. For the purposes of this study the moddl was
cdlibrated to the dimatic and environmental conditionstypical of the Jambi* province of south
Sumatra.

Jambi is stuated in the middle of Sumatra— one of the largest idands of the Indonesian
Archipelago. A large part of Jambi is covered by Sumatra' s broad * peneplain’ agro-ecologicd
zone. Thisregion isdivided into alowlands area (10%), which isless than 200m above sea
leve, and is made up of river levees and flood-plains with fertile dluvid soils, and an uplands
area (90%) with atitudes greater than 200m above sea level, dopes of 5-17% and mostly red-
ydlow podzolic soils, which fal under the soil order ‘Ultisols (Tomich et al., 2001). The
ranfal in the region exceeds 1500mm per year with up to four dry months. The shifting
cultivation practice that typifies the upland areasis upland rice with |mper ata falow.
Medium-textured, free draining soils with clay and silt contents of 25%, pH vaues of between
4.5 and 5.5, and topsoil bulk density values of between 1.2 and 1.4 goi® were used in this

study.

WaNuL CAS uses amodified verson of the CENTURY modd to smulate soil carbon fluxes.
Instead of the SOM and the residue inputs being fractionated into three and two carbon pools

4 Compiled from arange of sources which include: Menz and Grist (1999, pp15), Hardiyantoet al. (1999),
Kirschbaum (1999) and WaNuLCAS V2.1 (van Noordwijk and Lusiana, 2001)



repectively, asin the CENTURY mode, they are divided into five pools each: structurd,
metabolic, active, dow and passive. The same processes of litter and SOM decomposition and
carbon flow modelled in the CENTURY mode are used in WaNuL CAS, but the latter
smulates these processes on a daily scale and therefore requires more detailed fractionation.

In this study, soil carbon isthe sum of the five SOM pools used in the WaNuLCAS modd,
down to a depth of one meter.

In order for the modd to smulate carbon accumulation and decompostion, the initid litter
and soil carbon and nitrogen vaues for each of the ten pools are required. Such data are not
reedily available in the literature so default vaues determined within WaNuL CAS were used.
The climatic data used are from Muller (1982, pp. 136) and include average monthly
temperature, average monthly rainfal and average monthly evapo-transporation.

Agroforestry System

Gliricidia sepiumisasngle or multi-stemmed tree with a medium crown and a deep root
sygem. Itisafast growing, smdl tree and can grow to amaximum height of about 15m.
Gliricidia s natura habitat isin early and middle successiond vegetation types, on disturbed
stes such as coastd sand dunes, river-banks, floodplains and falow land.

The characterigics of Gliricidia sepium which make it suitable for use as a productive,
sugtainable agroforestry system in Indonesiainclude:

It growswdl on disturbed sites under awide variety of conditions. It is suited to the
climate and acidic soilstypica of SE. Adaand, more specificaly the Jambi province
(Grigt et al., 1999Db).

It has been cultivated in Indonesia since the early 1900’ s therefore the know-how and
infrastructure are present and being practiced.

It has many commercia and subs stence outputs such as fuelwood, cabinet timber and
panding, fencing, mulch, fodder, shade and shdlter, honey, and medicine.

It provides environmenta services such as shading and suppressing | mper ata grasses
(dueto its ahility to grow fast), and cycling nitrogen through the system (by producing
mulch with a high nutrient value).

The system smulated in this Sudy is a 25-year rotation of a Gliricidia sepium plantation,
adapted from the Gliricidia sysems smulated by Grigt et al. (1999b) and Nelson et al. (1998).
Preparing the land for Gliricidiainvolves removing exigting vegetation (usudly by burning)

and then ploughing the site. Cuttings are then collected and planted. A planting density of
10000 trees per hectare was used. Gliricidia cuttings are quick to establish, and once
established require little maintenance; hence no weeding is required. Fertiliser is gpplied a a
rate of 60 kg/halyr for the firgt four years. To maximize nutrient recycling, pruning is done
frequently. In WaNuL CAS, pruning events are based on canopy dengty, where pruning only
occurs when the total tree leaf areaindex (LAI) exceeds a user-defined critica vaue. The
critical vauefor LAl (T_PrunLimit), for afrequently pruned tree species such as Gliricidia,
suggested by van Noordwijk and Lusiana (2000, pp. 98) is 0.1°. When harvesting this pruned
meaterid the wood, twigs and leaves are removed from the system.

® Tree prune limit (T_PrunLimit) is expressed as ‘ tree biomass per unit field area’ (van Noordwijk and Lusiana,
2000, pp. 98).



WaNuL CAS was used to smulate the effects of different pruning and harvesting regimes at
three different levels of initid soil organic matter (carbon). A tota of 27 experimenta
scenarios were smulated. The different combinations of harvesting and pruning regimes are
detailed in Table 2.

Table2. Scenariossimulated in the numerical model, figuresidentify scenariosby their ‘treatment

Harvesting (%)
Pruning (%) 100 50 25
75 1 2 3
50 4 5 6
25 7 8 9

The scenarios are referred to by their number followed by the letter H, M or L to represent
high medium or low initid soil carbon. For example 5H represents the scenario where 50% of
the tree canopy is pruned and of this pruned materid 50% is harvested, starting the smulation
with a high soil carbon leve.

Table 3. Base parameter values

Parameter Vdue Units Description Source

Prw 75000 Rpft fuelwood price b

Pc 100000 Rp/t price of carbon f

Ps 150 Rp/seedling or price of seedlings a
cutting

r 15 % discount rate csae

Cr 400 Rp/kg price of fertiliser a

CL 6000 Rp/day price of labour e

Ce St * Ps Rp establishment costs

Cwm CL+Cr Rp annua maintenance codts

Lest 80 dayslyr labour for establishment d

Lann 1 daysit labour requirements d
DM/halyr

Fa 60 kg/halyr fertilizer gpplication rate a

St 10000  seedlings planting density d

phw 70 % % harvest sold as fuelwood

d 0.42 - carbon content of wood e

Sources: a: Grist et al. (1999c, pp.171), b: CESERF (1999), c: midway between the 10% used by Menz and Magcale-
Macandog (1999, pp10) and the 20% used by Tomich et al. (1998, pp63), d: adapted from Grist et al. (1999, pp. 135), &
van Noordwijk and Lusiana (2001), f: Gristet al. (1999a, pp. 257) use $US 5, $US 10 and $US 20 per tonne of carbon
sequestered.

Thethreeinitia soil carbon levels were determined using the second of the three options for
initidlizing soil organic matter pools provided within WaNULCAS. The size of dl pools (Corg)
are dated relative to aforest soil (Cref) thet is calculated from soil texture data, eevation and
pH (van Noordwijk et al., 2000, pp. 156; and van Noordwijk and Lusiana 2001). The
equation used to caculate Crer Will vary depending on the soil type and forest type. The



example given by van Noordwijk et al. (2000, pp. 156) isfor an Andisol soil and a swamp
forest.

The gze of the high, medium and low initiad soil carbon pools given by this method were:
58.37t C/ha, 32.43t C/haand 16.21 t C/harespectively. These values represent arbitrarily
chosen Cor/Cret rétio values of 1.8, 1, and 0.5 respectively. Although the high soil carbon
level may not occur naturdly in the region, we were interested in exploring the behaviour of
the model under extreme conditions.

The soil carbon (S) and biomass carbon (B) results obtained from each 25-year amulation
were subgtituted into equation (1) and net present values were calculated under the base
parameter values presented in Table 3. Labour requirements, and therefore annual costs,
depend on the leve of pruning and harvesting.

The labour requirements were calculated in terms of days required to prune and harvest one
tonne of biomass. Grigt et al. (1999b, pp. 135) state that 20 days per hectare per year are
required to prune and harvest a Gliricidia plantation and that the average quantity of materid
pruned per hectare per year is 21 tonnes. Hence the labour requirements are 20 (d/halyr) /
21(t/nalyr) which equals 0.95 d/t. Thiswas rounded up to 1.0 d/t.

BIOPHYSICAL RESULTS

Average Carbon Stocks

The results of the 27 trestments are presented in Table 4. Figures represent the average
amount of carbon in soil and standing biomass (t C/ha) and the average amount of biomass
harvested as firewood (kg DM/ha) per year. These figures were estimated as.

25
a Y
Y, =12
25

| —

Where the Yij: represents annua output i under trestment j, where i= soil carbon (S), biomass

carbon (B), or firewood harvested. Hence these results measure average annua stocks over
the planning horizon and do not reflect any differences in the time paths of biomass
accumulation. Selected trestments are studied in more detall later by examining time paths.

The advantage of the summary resultsin Table 4 isthat overdl differences between
treatments can be identified and cases for further analysis selected.

Harvest has sgnificant effects on soil carbon and harvested biomass, with very small effects
on standing biomass; in contradt, pruning has small effects on soil carbon and harvested
biomass, and a more pronounced effect on standing biomass (Table 4). These patterns
generdly hold for dl initid soil carbon (&) levels, except for the case of low initid soil
carbon and high harvest, where the system is obvioudy not sustainable. These results are
explained in more detall below.

The effects of pruning regime on carbon stocks can be andysed by comparing the rowsin
Table 4. For any given vaue of S and harvest regime, an increase in pruning leve, hasa
smdl| effect on soil carbon, effects range between 1% and 3% as pruning increases from 25%
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to 75%. Aswould be expected, pruning affects standing biomass. Depending on initid soil
carbon, an increase in pruning (from 25% to 75%) causes average standing biomass to

decrease by between 27% (from 33.9 to 24.4 tC/hawith high &) and 28% (from 29.1t0 21.1t
Clhawith low &).

Table4. Average carbon stocksin soil and biomass, and aver age annual harvest of firewood

Highinitial soil carbon Medium initial soil carbon Low initia soil carbon

Harvest Harvest Harvest
Pruning 100% 50% 25% Mean 10000 50% 25% Mean 1000 50% 25% Mean

Sail carbon (t C/ha)

% 3479 4378 4824 | 4227 2121 3019 34.66 | 2869 1208 2098 2547 | 1951
0% 3480 4355 4791 | 4209 2119 3111 3433 | 2888 1208 2072 2508 | 19.29
2% 348l 4320 4737 | 41.79 2123 2962 3379 | 2821 1209 2034 2455| 1899
Mean 3480 4351 4784 | 4205 2121 3031 3426 | 2859 1208 2068 2503 | 19.26

Standing biomass carbon (t C/ha)

% 2368 2468 2468 | 2435 2336 2468 2468 | 2424 1425 2453 2463 | 2114
0% 2614 2751 2751 | 2705 2835 2068 2751 | 2851 1507 2724 2735 2322
2% 3291 3441 3441 ) 3391 3240 3440 3441 [ 33.74 1915 3405 3418 | 2012
Mean 27158 2887 2887 | 2844 2804 2959 2887 | 2883 1616 2861 28.72| 2449

Harvested biomass (t DM/halyr)

3% 2542 1325 662 | 1510 2502 1325 662 | 1497 1579 1316 6.60 | 11.85
0% 2513 1308 654 | 1492 2488 1308 654 | 1484 1573 1296 651 | 1173
2% 2444 1271 636 | 1450 2406 1271 636 | 1437 1557 1254 631 | 1148
Mean 2500 1301 651 | 1484 2466 1301 651 | 1473 1570 1289 647 | 1169

The effects of harvest regime on carbon stocks can be andysed by comparing the columnsin
Table 6. As harvest increases from 25% to 100%, average soil carbon decreases by 27% (from
47.8 10 34.8 tC/ha) with high &, and by 51% (from 25.0 to 12.1 tC/ha) with low &. The same
increase in harvest causes average standing biomass to decrease by only 4% (from 28.9 to
27.6t/ha) a high &, but by 44% (from 28.7 to 16.2 tC/ha) at low S. These results clearly
illudtrate that harvest regime has more pronounced effects on carbon stocks in poor soils than
inrich sals

Harvest isinversaly related to soil carbon, because biomass thet is pruned but not harvested is
added to the soil, whereby it is decompaosed and contributes carbon and nutrients (mainly N
and P) to the soil. Biomass harvested per year ranges between 6.5 t/ha and 25 t/ha depending
on harvest regime (see last row of Table 4).

Figure 3 represents the time trgjectory of carbon stocks over 25 years for selected scenarios.
The darker-shaded areain each figure represents the soil carbon stock (S) and the lighter-
shaded area represents standing biomass (B). The scenarios presented in this figure range
from high-pruning, high-harvest (1) to low pruning, low harvest (9), as defined in Table 2.
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Figure 3. Time-trajectory of above ground (biomass) (light) and soil car bon (dark) stocksunder high
(C,F,1), medium (B,E,H) and low (A,D,G) initial soil carbon levels.

Each row represents a different combination of pruning and harvesting regimes and each
column represents a different initid soil carbon level. Oninitid ingpection, for any given
combination of pruning and harvesting levd, the higher the initid soil carbon leve the larger
the total carbon stock. Thisis most clearly evident when comparing the three figuresin
column three (Figure 3 C, F and I) with the three figures in column one (Figure 3 A,D and G).
This pattern gives the impression that in order to have higher tota carbon stocksit is better to
have high initid carbon levels. This may be true if we are concerned only with total stocks,
with no regard for the basdine. From a policy perspective, however, basdineis critica. What
matters is how much carbon is sequestered relative to what would have occurred in the
absence of the project.

Carbon Stocks Relative to the Baseline
When ore congiders the change in carbon stock over the 25 years, relative to the initial carbon

stock (the baseline), a very different picture emerges. Thisis best shown using the average
carbon stock relative to initial carbon values (Cj) summarized in Table 5.

Table5. Average biomass and soil carbon stock above basdine (t C/ha).

Pruning Harvest
S % 50% @ 25% 100% 50% 25%
H 83 108 17.3 40 140 183
M 205 250 295 16.8 275 30.7
L 244 26.3 3.9 120 3B31 375

12



Thevauesin Table 5 were caculated as

Where: C; represents the average carbon stock above the initia value (basdine) for treatment
j, and § and B; represent soil carbon and biomass carbon for scenario |, respectively.

The entriesin Table 5 show alarger net increase in carbon stock with low initid soil carbon
compared with high initid soil carbon, and this occursfor dl pruning and harvesting
drategies.

For any given pruning regime a decrease in initid soil carbon has a subgtartia positive effect
on average carbon stock of the project. A decreasein initid soil carbon from ahigh leve (H)
toalow leve (L) increases average carbon stock between 294% (from 8.3 to 24.4 t C/ha)
when the pruning regimeis high, and 184% (from 17.3 to 31.9 t C/ha) when the pruning
regimeislow.

For any given harvesting regime a decrease in initid soil carbon aso has a subgstantia postive
effect on average carbon stock. Changes in average carbon stock when theinitia soil carbon

level decreasesfrom H to L, are always positive and range between 300% (from 4.0t0 12.0t

C/ha) when harvesting regimeis high, and 205% (from 18.3 to 37.5 t C/ha) when harvesting
regimeislow.

In summary, average carbon stocks, relative to the basdine, are very senstiveto changesin
initid soil carbon level. Increasesin Cj range between 184% and 300% depending on
harvesting and pruning regime. The effect is dightly grester under higher pruning or
harvesting regimes than with low pruning or harvest regimes.

Figure 4 shows the trgectory of tota carbon stock (including soil and standing biomass
carbon) relative to basdline a varying levels of pruning and harvest. The trgectoriesin this
Figure support the generd findings from the datain Table 5 but contribute more detailed
information on the effects of initid carbon stock on total carbon stock fluctuations over the
entire rotation.

At both low and medium initial soil carbon levels, the total carbon stock increases rapidly for
the first seven or S0 years, reaches a maximum, and then levels out for the rest of the rotation.
Thisisthe casefor dl the scenarios depicted in Figure 4 except when the harvest regime is
high. With ahigh harvest regime the total carbon stock increases rapidly in the first saven
years or S0 and then decreases over the remaining 18 years. Thisindicates that the system is
unsustainable.
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Figure 4: Theeffect of different initial soil carbon levelson carbon stock (includes soil and standing
biomass) relativeto basdling, at varying pruning and harvesting levels.

When theinitid carbon stock is high, the total carbon stock increases rapidly for the first few
years, reaches a maximum, and then gradualy decreases over the remaining years of the
rotation. This occurs irrespective of the harvest and pruning regimes, but is most pronounced
when the harvest regime is high.

Harvested Biomass

Table 6 shows the average carbon harvested annually for firewood from the Gliricidia
plantation over the 25-year rotation. It is clear that the harvest regime has asgnificant effect
on the quantity of carbon harvested, whereas pruning level has a small impact upon annua
harvested carbon. For example, as pruning increases from 25% to 75%, average annual
harvested carbon increases by 3% (from 6.1 to 6.3 t C/halyr) with high initid soil carbon, and
by 4% (from 4.8 to 5.0 t C/halyr) with low initia soil carbon.

Table6. Average carbon harvested for firewood annually (t C/halyr).

Pruning Harvest
S 5%  50% 25% 100% 50% 25%
H 6.3 6.2 6.1 105 55 28
M 6.3 6.2 6.1 16.8 54 2.7
L 5.0 49 48 6.6 54 2.8

In contragt, as harvest increases from 25% to 100%, average annua harvested carbon
increases by 73% (from 2.8 to 10.5 t C/halyr) for high initia soil carbon, and by 58% (from
2.810 6.6 t C/ha) for low initid soil carbon. These results confirm that high harvest regimes
and low initid soil carbon are an unsustainable combination. Under these conditions the sol
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becomes exhausted, since no nutrients are being returned to the system, and biomass
production decreases with time.

Figure 5 shows the trgjectories associated with sdected results from Table 6. The two graphs
show the effect of increasing harvest on harvested carbon. As harvest level increases the
amount of harvested carbon aso increases, except when harvest is 100% and initid soil

carbon islow. The decrease in harvested biomass beyond year 5 (Figure 5B, line L) presentsa
clearer picture of the unsugtainability argument above.

(A) Low Harvest () HighHarvest

15 15
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Figure5: Theeffect of different initial soil carbon levelson harvested carbon at two harvesting levelsand
a50% pruning regime.

ECONOMIC ANALYSIS

The economic performance of the management scenarios discussed in the previous section
depends on the prices of firewood and carbon, establishment costs and discount rate.
Economic performance will dso be affected by the carbon-credit regime; in particular, the
carbon pools that are digible for payment will influence the financid attractiveness of the
project. Three pools may be digible: standing biomass, soil carbon and harvested biomass.
Standing biomassis fairly easy to measure and any carbon-credit regime would include this
pool. Soil carbon is more difficult to measure and there may be arguments againgt including
this pool based on monitoring costs. Harvested biomass would be included only if it can be
shown that the biomass burned is replacing fossl fuels as a source of energy, thereby
decreasing net emissons. Four accounting methods are considered in the economic andysis
thet follows

No carbon credits
Carbon credits on standing biomass only
Carbon credits on standing biomass and soil carbon

d W DN P

Carbon credits on standing biomass, soil carbon and harvested biomass.

Only the nine scenarios with low initia soil carbon are considered in this section, asit is
unlikely that dearing land containing high carbon stocks to establish an agroforestry
operation would be acceptable in a carbon-credit scheme.
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Base-Case Results

The net present values (NPV) of the nine scenarios with alow initid soil carbon and usng
four different accounting procedures are presented in Table 7. NPV is grestest when harvest
regimeis 100% and decreases as the harvest regime decreases. This pattern occurs for all
pruning regimes and accounting procedures. A smilar pattern gppliesto the different pruning
regimes. NPV islargest at high (75%) pruning and decreases as the pruning level decreases.
NPV becomes negative a low (25%) harvest regimes when no carbon payments occur.
Results indicate thet the land-use system smulated in this sudy might be worth investing in,
provided harvesting is undertaken a 50% or more of biomass prunned.

Table 7: Net Present Values (Rp ‘000/ha) for each of the nine scenarios, for base parameter values, using
different accounting systems.

Accounting System\2

Scenario™ 1 2 3 4

1(75/100) 2,595 3877 3,633 6,557
2(75/50) 1,152 2,929 3,144 5128
3(75/25) -399 1,402 1,852 2,855
4(50/100) 2516 3,887 3643 6,515
5(50/50) 1,049 2967 3,165 5,077
6(50/25)  -444 1500 1923 2891
7(25/100) 2,266 3911 3,668 6,377
8(25/50) 854 3,147 3,313 5,087
9(25/25) 535 1788 2166 3,063

! numbersin brackets indicate pruning/harvest levels (%)

2 Accounting systems: 1, no carbon credits; 2, credits on standing biomass only; 3, credits on standing biomass

and soil carbon; 4, credits on standing biomass, soil carbon and harvested biomass.

For each of the four accounting systems, the largest NPV is dways attained with a high
harvest / high pruning regime (Scenario 1). When carbon payments are introduced
(accounting systems 2, 3 and 4), the NPV s are higher and the relative rankings of
management scenarios remain the same (Table 7).

It isinteresting to note that when soil carbon payments are introduced (accounting system 3),
the NPV s increase relative to the biomass-only payments (accounting system 2) except when
the harvest regime is 100%. In these cases (scenarios 1, 4 and 7) NPV actualy decreases. This
occurs because soil carbon stock decreases when no pruned biomass is returned to the system.

Larger NPV's occur when dl poals, including harvested carbon, are eigible for payment
(accounting system 4), and the largest NPV (Rp 6,557,000/ha) occurs with the high
pruning/high harvest regime. It is debatable whether harvested carbon should be included
when accounting for carbon stocks. Harvested wood is sold as firewood and this carbon will
be released back into the atmosphere when burned. Thisissueis discussed in more detail later.

Investing in agroforestry or plantation forestry projects will only occur if the expected returns
exceed the opportunity cost of the fundsiif they were invested e sewhere. The opportunity cost
of capitd in the base caseis 15%, but this may not be enough for smallholders facing high
interest rates. Table 8 ligs the internd rates of return (IRR) corresponding to the scenarios
and accounting systems of Table 7.
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IRRs are above 15% for dl cases except when no carbon payments occur and harvest levd is
low (scenarios 3, 6 and 9). The general pattern isthat, as more carbon poolsareincluded in
the accounting systems, the rate of return increases, except at high harvest when soil carbon is
included (accounting system 3).

Table8: Internal ratesof return (%) for nine scenariosand four accounting systems, using base
parameter values and low initial soil carbon.

Accounting S\/stem\2

Scenario" 1 2 3 4

1(75/100) 29.2 419 40.0 514
2(75/50) 210 365 374 452
3(7525) 127 286 318 371
4(50/100) 284 219 401 50.7
5(50/50) 20.3 36.6 373 445
6(50/25) 124 204 22 371
7(25/100) 26.7 419 40.1 497
8(25/50) 192 377 31 444
9(25/25) 121 317 39 380

! numbersin brackets indicate pruning/harvest levels (%)

2 Accounting systems: 1, no carbon credits; 2, credits on standing biomass only; 3, credits on standing biomass

and soil carbon; 4, credits on standing biomass, soil carbon and harvested biomass.

When biomass carbon is included the IRRs increase by between 13% ( from 29.2% to 41.9%
at high harvest / high pruning) and 20% (from 12.1% to 31.7% for low harvest / low pruning).
The increasesin IRR when biomass carbon isincluded are greater as the harvest regime
decreases, for each of the three pruning regimes. When soil carbon isincluded (accounting
method 3) the IRRs do not increase sgnificantly (the greatest increase being 3.2% for

scenario 3). In fact, at the high harvest regime (100%), the IRRS decrease dightly when soil
carbon isincluded.

Effects of Establishment Cost

The base-case assumption for the establishment cost is that the price of seedlingsis Rp150.
For 10000 seedlings, this makes the establishment cost Rp 1,500,000/ha. Thereis uncertainty
regarding this seedling price, which was based on the cost of collecting jungle rubber
seedlings, but may be too high for Gliricidia seedlings. Therefore the effect of lower
establishment cods are investigated in this section. The effects of halving establishment costs
are presented in Table 9.

Comparing the IRR between Table 9 and Table 8, it is clear that an agroforestry system such
as thisis more profitable and more atractive to investors for al the different scenarios and
under every accounting System, when establishment cogts are halved. In fact, comparing the
accounting systems (moving from left to right) in Table 9, increasesin IRR of between 5%
(for scenario 1 using the accounting system 2) and 19% (for every scenario using the
accounting method 4) are seen. The effect of harvest regime and pruning regimeon IRR’s
follow the same patterns as those highlighted in Table 8.
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Table9: Internal rates of return (%) for nine scenariosand four accounting systems, with low seedling

price.
Accounting System?

Scenario" 1 2 3 4
1(75/100) 400 600 573 704
2(75/50) 287 545 55.2 639
3(75/25) 179 467 502 558
4(50/100) 38.6 60.0 574 69.3
5(50/50) 2717 544 549 62.8
6(50/25) 175 476 504 555
7(25/100) 36.2 60.0 574 68.0
8(25/50) 259 55.8 558 62.6
9(25/25) 167 50.2 521 56.4

! numbers in bracketsindicate pruning/harvest levels (%)
© Accounting systems: 1, no carbon credits; 2, credits on standing biomass only; 3, credits on standing biomass
and soil carbon; 4, credits on standing biomass, soil carbon and harvested biomass.

Effects of Firewood Price

The pre-crigis price for firewood in South Sumatrawas Rp 27,000 (CESERF,1999). The base
case price for firewood in this study has been set at gpproximately three timesthis price.
Firewood is the main output of the plantation Smulated in this study, therefore the sengtivity

of this system to changesin the price of firewood needsto be investigated. The IRR for each

of the nine scenarios and the four accounting systems under alow firewood price arelisted in
Table 10.

When only firewood is accounted for, alow firewood price leads to decreasesin IRR of
between 13% and 6% (for scenarios one and nine, respectively) as compared with the base
case. Thelargest decreases in IRR occur when the harvest regimeis 100%. Thisis expected
sncein these cases there is more firewood being sold.

Table10: Internal ratesof return (%) for nine scenarios and four accounting systems, with low firewood

prices.
Accounting System?

Scenario" 1 2 3 4
1(75/100) 160 287 264 422
2(75/50) 11.6 273 28.7 388
3(75/25) 6.1 218 26.2 28
4(50/100) 15.7 294 27.1 421
5(50/50) 114 281 20.3 36
6 (50/25) 6.1 233 271 3.1
7(25/100) 149 08 285 419
8(25/50) 109 3206 313 203
9(25/25) 6.2 26.9 29.7 34.6

! numbersin brackets indicate pruning/harvest levels (%)
2 Accounting systems: 1, no carbon credits; 2, credits on standing biomass only; 3, credits on standing biomass
and soil carbon; 4, credits on standing biomass, soil carbon and harvested biomass.

The only scenarios in column two of Table 10 that have IRR’ s greater than the socid interest
rate of 15% are scenarios 1, 4 and 7. The rest of the scenarios have IRR’ s ranging between
13% and 6%. These scenarios have gone from being profitable at a high firewood price to
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being unprofitable a alow firewood price. Thisindicates that the profitability of such
plantation systems is sengitive to decreases in firewood price.

When carbon credits are included in the accounting procedures, the IRR for al scenarios,
athough lower than for the base case by between 5% and 13%, Htill exceed the socid rate of
interest and are therefore attractive for investment. The main difference between these results
and those in the base case is that the relative rankings of scenarios under accounting system 3
change. In this casg, it becomes more profitable to undertake moderate harvest (50%) rather
than high harvest (100%) and thisis true for dl three pruning levels (see bold figuresin table
10). Thisis because soil carbon becomes more vauable relative to firewood than in the base
case.

Effects of Carbon Price

If the price of carbon were to have from the A$20 assumed in the base case, the profitability
of the system (as measured by the IRR), would obvioudy only be affected if carbon
sequestration payments were included (accounting systems 2, 3 and 4).

Table 11 summarisesthe IRR’ sfor each of the nine scenarios under the four accounting
systems for alow carbon price, with dl other parameters at their base values. The IRR’ s for
al nine scenarios using accounting systems 2, 3 and 4 al remain greater than the socid rate of
interest indicating thet the attractiveness in investing in such aproject is not overly sengtive

to dropsin the price of carbon.

Although decreases in the IRR of between 7% and 12% under accounting system 2, 6% and
13% under accounting system 3, and 11% and 14% under accounting system 4, are evident,
these are not large enough to make the project unprofitable. The effect of harvest and pruning
regime on IRR’ s follow the same patterns as those highlighted in Table 8.

Table1l: Internal ratesof return (%) for nine scenarios and four accounting systems, using low carbon

price.
Accounting S\/stem\2

Scenario" 1 2 3 4
1(75/100) 29.2 3H1 342 405
2(75/50) 210 278 283 328
3(75/25) 127 189 205 237
4(50/100) 284 346 338 39.7
5 (50/50) 203 274 279 21
6 (50/25) 124 19.1 206 236
7(25/100) 26.7 337 328 383
8(25/50) 192 273 276 315
9(25/25) 121 19.8 211 237

! numbersin brackets indicate pruning/harvest levels (%)
2 Accounting systems: 1, no carbon credits; 2, credits on standing biomass only; 3, credits on standing biomass
and soil carbon; 4, credits on standing biomass, soil carbon and harvested biomass.

DISCUSSION

Overdl, results show that the Gliricidia system is profitable under most circumstances, except
when harvest regime islow and no carbon-credit payments occur. In generd, the most
atractive management srategy, from the landholder perspective, isto follow a high-pruning,
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high-harvest regime. Unfortunatdly, this strategy is unsustainable as shown by the drop in
biomass production after year 5. This decrease in productivity does not offset the extra profit
obtained by sdlling firewood, partly because of the high discount rate (15%).

The use of harvested biomass (firewood) and/or wood residues at processing plants to produce
energy may have pogitive effects on rura poor populations of many developing nations. Some
of these benefits may include value-added to the raw materias, a more stable wood-

processing industry, and a chegper source of rurd dectrification (Gowen et al., 1994, pp. 27).
Other benefits might be derived from the dleviation of environmenta problems caused by

using foss| fuels at the processing plants and by preventing wood residues at processing

plants from being dumped in landfills or burned in the open air (Gowen et al., 1994, pp. 27).

With relevance to this sudly, if it can be shown that the harvested biomass sold as firewood
subgtitutes for fossl fudl use— and therefore permanently decreases net carbon emissons—
then the carbon in the firewood would be digible for inclusion in a carbont credit scheme and
should therefore be accounted for when calculating the total amount of carbon sequestered by
such asystem. In this sudy we used a amplified procedure, by assuming that a unit of carbon
from firewood is equivaent to one unit of carbon from foss| fud. However, if the energy
released by burning one unit of fossl-fuel carbon is higher than the energy released by
burning one unit of firewood carbon, then alarger amount of firewood carbon would be
required to subgtitute for a given level of energy production. In other words, the caorific
vaues of both firewood and the foss| fudl need to be taken into account. Thisis an important
topic for future research.

Under the assumptions of this paper, and given the smulation results obtained from an
exiging mode, we found that a profit-maximising landholder would prune and harvest as
much firewood as possible— at least in the short term. Pruned biomass, however, has an
important role to play when consdering longer-term sustainability, productivity and
profitability. By not harvesting dl of the pruned biomass, but returning some to the system as
mulch, carbon and nutrient levels can be maintained. This maintains, if not increases, the
qudity and productivity of the soil and ensures a more sustainable land-use practice. Doing
this, however, will involve trade offs between short-term profitability and long-term
sustainability, and raises the question of whether a carbon-credit scheme that alows for
biomass energy production should include sustainability congtraints.

SUMMARY AND CONCLUSIONS

This paper attempts to address the issue of the lack of investigation into the impact of
different land-uses on soil carbon leves. In doing this, the paper presents an andysis of the
economic consequences of accounting for soil carbon in climate mitigation policy. The
andysisis based on the growth of aGliricidia plantation under different pruning and
harvesting management regimes and different initid soil carbon levels

The profitability of the system is evauated under four accounting methods, including no
carbon payments, payments for accumulation of carbon in biomass and soils, and payments
for carbon stocks and flows under a scheme where firewood subgtitutes for fossl fuels. It is
shown, for each of the four accounting procedures used, that the system is profitable under
most pruning and harvesting regimes, except when no firewood harvest occursin the absence
of carbon credits. Under the assumptions used in this study, it isdso shown that in order to
maximise profit over asingle 25-year rotation, alandholder will always prune and harvest as

20



much biomass as possible. In other words, the benefits from harvesting biomass exceed the
benefits foregone if some of the biomass had been returned to the system as mulch to increase
or maintain soil carbon levels - at least in the short-term. In the longer-term, however,
productivity and profitability will not be sustained under such management practices.
Therefore, in order to ensure that sustainability is achieved landholders would need to
decrease their harvest and return some of the pruned biomass to the system.

In summary, the trade offs involved between short-term profitability and long-term
sugtainahility are clearly illustrated by our results. The question of whether carbon schemes
for biomass energy production should be subject to sustainability condraintsis raised by this
study and remains an important area for future research and debate.

BIBLIOGRAPHY

CESERF. 1999. The Pressure of Firewood Consumption in Several High Density Population Villagesto the
Environment and Reduction Possibility. Unpublished internal report.

Gowen, M.M., Bentley, W.R., and Stijfhoorn, E. 1994. Tropical forest management and wood-based biomass
energy as development assets. In: Forest Resources and Wood-based Biomass Energy as Rural
Development Assets. Eds. Bentley, W.R. and Gowen, M.M. Science Publishers, Inc, Winrock
International, USA.

Grigt, P., Menz K. and Amarasinghe, A, K. 1999a. Private and Social Benefits from the Use of Clonal Rubber.
In: Improving Smallholder Farming Systemsin Imperata Areas of Southeast Asia: Alternatives to
Shifting Cultivation. Eds: K, Menz, D. Magcale-Macandog, and |. Wayan Rusastra, Ch21. 251-258.

Grist, P., Menz, K. and Nelson, R. 1999b. Gliricidiaas Improved Fallow. In: Improving Smallholder Farming
Systemsin Imperata Areas of Southeast Asia: Alternativesto Shifting Cultivation. Eds. K, Menz, D.
Magcale-Macandog, and |. Wayan Rusastra, Ch12. 133-146.

Grist, P., Menz, K. and Thomas. 1999c. Rubber: Indonesia. In: Improving Smallholder Farming Systemsin
Imperata Areas of Southeast Asia: Alternativesto Shifting Cultivation. Eds: K, Menz, D. Magcale-
Macandog, and |. Wayan Rusastra, Ch12. 161-171.

Hardiyanto, E.B. Ryantoko, A. and Anshori, S. 1999. Effects of site management in Acacia mangium plantations
at PT. Musi Hutan Persada, South Sumatra, Indonesia. In: Site Management and Productivity in
Tropical Plantation forests. Workshop Proceedings7-11 December, 1999, Kerala, India. Eds:
Nambiar, E.K.S,, Tiarks, A., Cossdlter, C. and Ranger, J. Ch 6. 41-49.

IPCC. 2000. Land use, Land-use Change, and Forestry. Eds: Watson, R.T., Noble, I.R., Balin, B., Ravindranath,
N.H., Verardo, D.J. and Dokken, D.J. A Special Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, NY.

IPCC. 2001a. Climate Change 2001: Impacts, adaptation and vulnerability. Eds. McCarthy, J.J., Canziani, O.F,,
Leary, N.A., Dokken, D.J. and White, K.S. A Special Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, NY. http://www.ipcc.ch/pub/tar/wg3/index.htm

IPCC. 2001b. Climate Change 2001: Mitigation. Eds: McCarthy, J.J., Canziani, O.F., Leary, N.A., Dokken, D.J.
and White, K.S. A Special Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, NY. http://www.ipcc.ch/pub/tar/wg2/index.htm

Kirschbaum, M.U.F. 1995. The Carbon Sequestration Potential of Tree Plantationsin Austraia. In:
Environmental Management: the Role of Eucalypts and Other Fast Growing Species. Eds:
Eldridge, K.G., Crowe, M.P. and Old, K.M ., CSIRO Forestry and Forest Products, Canberra.

21



La, R., Kimble, J. and Follett, R.F. 1998. Pedospheric processes and the Carbon Cycle. In: Soil Processes and
the Carbon Cycle. Eds. R. Lad., R.F. Follett, and B.A. Stewart. Boca Raton Publishers, Fla.,, CRC
Press, pp. 1-7.

Ley, E. and Sedjo, R.A. 1997. Carbon Sequestration and tree plantations: A case study in Argentina. Critical
Reviews in Environmental Science and Technology, 27 (Specia): S185-S192.

Menz, K., and Magcale-Macandog, D. 1999. Introduction. In: Improving Smallholder Farming Systemsin
Imperata Areas of Southeast Asia: Alternativesto Shifting Cultivation. Eds: K, Menz, D. Magcale-
Macandog, and |. Wayan Rusastra, Ch1l. 1-10.

Muller, M.J. 1982. Selected climatic datafor aglobal set of standard stations for vegetation science. Dr. W.
Junk. Publishers, The Hague.

Nelson, R.A., Cramb, R.A., Menz, K.M. and Mamicpic, M.A. 1998. Cost-Benefit analysis of alternative forms
of hedgerow intercropping in the Philippine uplands. Agroforestry systems, 39, pp. 241-262.

Parton, W.J., Stewart, JW.B. and Cole, C.V. 1987. Dynamicsof C, N, S, and P in Grassland soils: amodel.
Biogeochemistry, 5:109-131.

Polglase P.J., Paul, K.1., Khanna, P.K., Nyakuengama, J.G., O’ Connell, A.M., Grove, T.S. and Battaglia, M.
2000. Change in soil carbon following Afforestation or Reforestation. National Carbon Accounting
System Technical Report No. 20. Australian Greenhouse Office.

Potter, K.N., Jones, O.R., Torbert, H.A. and Unger, P.W. 1997. Crop Rotation and Tillage Effects on Organic
Carbon Sequestration in the Semiarid Southern Great Plains. Soil Science, 162 (2): 140-147.

Sitompul, S.M. 1999. Modeling Global Change Impacts on the Soil Environment. Section 3.3. CENTURY . Eds:
Murdiyarso, D., van Noordwijk, M. and Ariyadhi Suyamto. SEAMEO BIOTROP-GCTE/IC-SEA
IMPACTS CENTRE FOR SEE. ASIA. GCTE Working document No. 28. IC-SEA Report No. 6.

Tomich, T.P., van Noordwijk, M., Vosti, S.A. and Witcover, J. 1998. Agricultural development with rainforest
conservation: methods for seeking best bet alternatives to slash-and-burn, with applications to
Brazil and Indonesia. Agricultural Economics, 19: 159-174.

Tomich, T.P., van Noordwijk, M., Budidarsono, S., Gillison, A., Kusumanto, T., Murdiyarso, D., Stalle, F., and
Fagi, A.M. 2001. Agricultural Intensification, Deforestation and the Environment: Assessing
Tradeoffsin Sumatra, Indonesia. In: Tradeoffs or Synergies? Agricultural Intensification,
Economic Development and the Environment. Eds: D.R. Lee and C.B. Barrett. Ch12. 221-244.

Turner, J. and Lambert, M. 2000. Change in organic carbon in forest plantation soilsin eastern Australia. Forest
Ecology and Management 133, 231-247.

van Noordwijk, M. and Lusiana, B. 2000. WaNuL CAS V2.0. Background on amodel of Water, Nutrient and
Light Capture in Agroforestry Systems. International Centre for Research in Agroforestry
(ICRAF), Bogor, Indonesia.

van Noordwijk, M. and Lusiana, B. 2001. WaNuLCAS V2.1. Background on amodel of Water, Nutrient and
Light Capturein Agroforestry Systems. International Centre for Research in Agroforestry
(ICRAF), Bogor, Indonesia.

van Noordwijk M., Hairiah, K., and Sitompul, S.M. 2000. Reducing uncertainties in the assessment at national
scale of Carbon stock impacts of land use change. In: Proceedings of the IGES/NIES Workshop on
GHG Inventoriesfor Asia-Pacific Region, Hayama, Japan, 9-10 March, 2000, pp. 150 — 163.
http://www.iges.or.jp/cc/napiid/proceedings.htm

22



