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Abstract In a false-time series, the temporal devel-

opment of cocoa–gliricidia carbon (C) stocks and soil

organic carbon (SOC) were investigated in Napu and

Palolo Valleys of Central Sulawesi, Indonesia. As a

first step, the Functional Branch Analysis (FBA)

method was used to develop allometric equations for

the above- and below-ground growth of cocoa and

gliricidia. FBA resulted in shoot–root ratios of 2.54

and 2.05 for cocoa and gliricidia, respectively. In

Napu and Palolo, the trunk diameter and carbon levels

per gliricidia tree were always much greater than

that of cocoa. The highest aerial carbon levels were

attained at year four in Napu (aerial cocoa–glirici-

dia = 20,745.2 kg C ha-1) and at year five in Palolo

(aerial cocoa–gliricidia = 38,857.0 kg C ha-1). After

years four or five, however, the reduced stocking

density of gliricidia attributed to a loss of aerial C.

During the time spans in question, SOC remained

fairly stable though slightly decreasing in Napu and

slightly increasing in Palolo. The SOC harbored a

vastly greater amount of system C (one-half and one-

third of SOC in the 0–15 cm stratum in Napu and

Palolo, respectively) relative to tree components.

Eight years (Napu) or 15 years (Palolo) after conver-

sion of a rainforest to cocoa–gliricidia agroforestry

caused an 88% and 87% reduction of aerial C-stocks

in Napu and Palolo, respectively.
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Carbon sequestration � Global climate change

Introduction

Tropical rainforests are among the foremost in eco-

logical productivity and one of the main sources of

terrestrial carbon storage. Ameasure of photosynthetic

productivity is generally considered in g of carbon (C)

fixed m2 year-1 and calculated from tree growth rates

and biomass density (kg biomass ha-1) (Smith 1996).

Above-ground, undisturbed tropical rainforests may

produce an estimated 219.6 t C kg ha-1with a system

total, including below-ground C, of 305 t C ha-1

(Woomer et al. 2000). In a moist zone of Sarawak,

Malaysia, the above-ground biomass of dipterocarps

ranged from 280 to 385 t ha-1 (Government of

Malaysia 1987; cited in Brown 1997).

In the upper one m of global soils, the soil organic

carbon (SOC) was estimated at 1,220 Gt C or one

and a half times more than the aerial biomass. Below

one meter, tropical soils may contribute an extra

50 Gt C, excluding root, charcoal and soil fauna C
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(Soembroek et al. 1993). High precipitation and

temperature of tropical rainforests continually allow

the replenishment of SOC by litter and root turnover

along with high decomposition rates of microbes and

fungal oxidation (Kürsten and Burschel 1993). The

emission of CO2 during the decomposition of organic

matter is a main pathway of C loss (Trumbore 1997)

though estimates of CO2 emissions from soils are

highly variable (Veldkamp 1994). The activities of

clear cutting, burning and cultivation displace CO2 to

the atmosphere which has been suggested as a

driver of global warming (Smith 1996). In Asia, an

estimated 4.7 million ha or 1.4% per annum was

deforested from 1980 to 1990 (Lal et al. 1997). Once

the cycle is disturbed by deforestation and cultiva-

tion, there is normally a rapid mineralization of SOC

and nutrients, which become available for plant

growth (Robert 2001). With less detritus produced,

the reduced soil cover not only enables higher rates

of erosion but also accelerates the oxidation rates of

soil organic matter (Soembroek et al. 1993). By

wind and water erosion, some 500 Mt C ha-1 are lost

yearly from agricultural soils (Lal 2000). In the first

10 years of cultivation, up to 50% of the original

SOC pool may leave the agroecosystem (Lal 1996).

An estimated 12% of the world’s terrestrial soil C is

found in agroecosystems (Dixon 1995).

Soil C has been referred to as a total, organic C

pool (Sommer et al. 2000; Szott and Palm 1996)

though the term total C may be of limited use as an

indicator of soil fertility (Szott et al. 1991). Other

studies divide the soil C pool into different fractions

according to the length of time that it takes for C to

decompose (Robert 2001; Szott et al. 1991) though

there is no standardized method for the separation of

C into pools of different turnover times (Trumbore

1997). One conceptualization of soil organic matter

(OM) and soil C is of a pool with different turnover

rates or the active, intermediate and passive fractions.

The rate of decomposition of organic matter depends

on the biogeochemical composition, for example,

the physical protection through the encapsulation of

organic matter with clay particles. Chemical protec-

tion refers to the bonds of organic matter with

colloids or clays (Robert 2001). In terms of size, the

active or labile fraction is small (roughly 5%), a

source of microbial decomposition and nutrient

availability, and turns over in less than a year or

several years. The intermediate fraction is relatively

large (60–85%) and has a turnover rate of 10–

100 years. The passive fraction is 10–40% of the total

pool size, composed of humified, inert intra-micro-

aggregate material and decomposes at rates spanning

thousands of years (Robert 2001; Townsend et al.

1997; Trumbore 1997; Veldkamp 1994; Szott et al.

1991; Parton et al. 1987).

Most of the C entering soils as decomposed

biomass becomes part of the active fraction, with

only a fraction becoming part of the less dynamic,

inorganic carbonate carbon pool (Robert 2001; Powell

and Delaney 1998; Soembroek et al. 1993). However,

the active fraction is not necessarily limited to the

topsoil as tree roots can drive C cycling to greater

depths (Trumbore 1997). One feature of tropical

rainforests is the low level of carbonate carbon due

to the high rates of solubilization and leaching of

carbonates from the weathered parent material

(Soembroek et al. 1993). Changes in land use, how-

ever, mostly affect the organic matter layer and not the

inorganic carbonate (Powell and Delaney 1998).

In order to attain the initial carbon values of a

natural forest, decades may be needed for natural

regeneration or afforestation. For example, while the

mean above-ground biomass of three remnant-sec-

ondary (age unspecified) forests was 175.5 t C ha-1

or 390 t C ha-1 in Lampung, Indonesia, a 20-year-

old fallow had 76.5 t C ha-1. In contrast, a one-year-

old fallow had only 4.1 t C ha-1 (van Noordwijk

et al. 2002). In Katu, an enclave in Lore Lindu

National Park, Central Sulawesi, the fallow biomass

started with 2.3 t C ha-1 at year one and reached

5.9 t C ha-1 (excluding trees[5 m height) at year

six. Including trees [5 m height, a total of

24.23 t C ha-1 was attained (Schmohl 2002).

Agroforestry systems such as silviculture, agro-

silviculture, tree fences or plantation crops possess an

above-ground C sequestration potential of 3–25 and

up to 60 t C ha-1 (Kürsten and Burschel 1993). One

study showed the above-ground biomass of a generic,

simple five-year-old agroforest at 18.2 t C ha-1

(equivalent to 65 t biomass ha-1). At 23.1 years,

the agroforest amassed 75 t C ha-1 (equivalent to

130 t ha-1) (Woomer et al. 2000).

The biomass levels of agroforestry systems have

been estimated by destructive and non-destructive

methods. To circumvent large-scale destructive
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sampling, models using allometry have been devel-

oped for a number of tropical agroforestry tree

species. In Costa Rica, models of leafy and woody

components accurately estimated (r = 0.90–0.96) the

biomass of cocoa (Theobroma cacao L.) trees five

and 10-years old. The basal area of all branches

([5 cm diameter at one m intervals) was converted to

mass and summed per tree (Beer et al. 1990). Alpı́zar

et al. (1986) measured the height and diameter of

cocoa trunks and branches, specific weight of wood

as well as the number of leaves and related these to

biomass.

In Kenya, grevillea (Grevillea robusta A. Cunn.)

biomass was accurately estimated by allometry which

required measuring the diameters of all branches. An

alternative method based on the trunk’s cross-sec-

tional area (csa) substantially reduced time and highly

correlated (r = 0.99) to actual total canopy mass (Lott

et al. 2000). A linear equation for gliricidia (Gliricidia

sepium (Jacq.) Steud.) biomass was developed by

Stewart et al. (1992) in which tree height and summed

total diameter2 of all branches were highly correlated

to biomass (r = 0.82–0.99). Below-ground, gliricidia

and coffee (Coffea spp.) roots followed fractal

branching rules in Guadeloupe (Ozier-Lafontaine

et al. 1999) and Indonesia (van Noordwijk et al.

2002). Another approach for the estimation of

biomass is known as Functional Branch Analysis

(FBA). The premise of FBA is that trees follow fractal

(self-repeating) branching rules (van Noordwijk 2002;

van Noordwijk and Mulia 2002; Mulia 2001; Spek

and van Noordwijk 1994; van Noordwijk et al. 1994).

An advantage of FBA over other models is that once

parameterized, the biomass of subsequent trees can

easily be estimated by the measurement of the trunk

diameter at a specified height.

Along the forest margin of Lore Lindu National

Park, Central Sulawesi, Indonesia, large forested areas

continue to be illegally clear cut and planted to cocoa

and the shade tree gliricidia. The expansion of cocoa

cultivation into protected areas of Central Sulawesi

has been supported by a favorable world market

price and lax law enforcement. It is imperative to

understand, given the current circumstances, the con-

tribution of cocoa–gliricidia agroforestry systems

within local, regional or global carbon cycles.

Where carbon losses, especially SOC, are great the

question of the system’s sustainability increases in

relevance.

In a false-time series (a comparison of sites of

similar agroecological conditions though varying in

age) conducted in Napu and Palolo Valleys of Central

Sulawesi, the investigation set out to quantify the

temporal changes in tree carbon density and SOC in

cocoa–gliricidia agroforests. In this study, FBA was

the method by which tree growth was estimated. The

overall hypothesis maintains that cocoa–gliricidia

agroforestry, compared to the benchmark C-stock of

a natural forest, is a sustainable land use system.

Materials and methods

Site location and climate

During November–December 2002, agroforests aged

1–15 years after forest conversion were located near

the perimeter of Lore Lindu National Park, Central

Sulawesi. In Napu Valley, six agroforests were used

in the survey and aged one, one and a half, three,

four, five and eight-years old. The agroforests were

located near the villages of Wuasa and Kaduwaa at an

elevation of 1,139–1,166 m a.s.l. In Palolo Valley,

eight agroforests were surveyed in the villages of

Makmur, Nopu and Pangana. The elevation of the

agroforests in Palolo Valley ranged from 592 to

651 m a.s.l. The age of the agroforests in Palolo

Valley was two, two and a half, three, four, five, nine,

12 and 15-years old.

Rainfall was collected by STORMA-managed

climatic stations in Wuasa (Napu Valley) and Nopu

(Palolo Valley) from 1 January 2002 to 31 December

2002. During 2002, 1,543 mm year-1 rainfall and a

mean temperature of 21.1�C were recorded in Wuasa.

During the same time span, Nopu received more

rainfall (1,811 mm year-1) and had a slightly higher

mean temperature of 24.5�C.

Biomass and carbon

Trees were randomly selected by throwing a marked

stick into the agroforest. From this point, the first tree

was chosen and its trunk diameter was measured

twice (to account for non-cylindrical trunks) at 50 cm

height. The next tree was selected along the same

row until the row ended or an obstacle impeded

further measurements. If a tree branched below

50 cm height, the next tree in the row was measured
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instead. In total, 45 cocoa and 45 gliricidia species

were measured per agroforest.

Tree diameter was averaged (two diameter

measurements per tree) and related to an allometric

equation in the form of y = aDb as derived by FBA

(Smiley 2006). The allometric formulae were calcu-

lated for the cocoa shoot and for the proximal cocoa

root (Table 1). The root equation was applied to the

diameters of 17 proximal roots. The relationship

between above- and below-ground dry weight (DW)

of the three-year-old cocoa tree resulted in a shoot–root

(S–R) ratio of 2.54. Therefore, in every agroforest in

the false-time series, the below-ground cocoa biomass

was determined using this ratio. Allometric formu-

lae were calculated for gliricidia, also measured at

50 cm height. In the three-year-old agroforest, the

gliricidia tree had 13 proximal roots which, after

summation of root values, resulted in a shoot–root ratio

of 2.05.

For the conversion of above- and below-ground

tree biomass to C, the factor 0.45 was used.

Conversion factors vary from 0.40 to 0.50 C (Snow-

don et al. 2000; Brown 1997). The conversion factor

of 0.45 C was used for coffee in Indonesia (van

Noordwijk et al. 2002).

Soil organic carbon

With a Pürckhauer soil corer (two cm diameter) and

6–8 replications per site, soil samples were collected

at 0–15, 15–30, 30–60 and 60–100 cm depths. Per

stratum, soil was homogenized and air dried. To

relate soil C to a kg ha-1 basis, bulk density results

from 30 to 45 cm were related to the soil C results of

30–60 cm; bulk density results from 45 to 60 cm

were assumed to be valid for 60–100 cm. Carbon (C)

was analyzed at the Institute of Agricultural Chem-

istry, University of Hohenheim. In this article, only

soil C is discussed and treated as a total C pool.

Bulk density was determined at 0–15, 15–30, 30–

45 and 45–60 cm depths using an Eijkelkamp root

corer of eight cm diameter as the proper bulk density

instrument was not available. The height and fresh

weight of samples were measured immediately in the

field, oven-dried at 105�C for[3 days and weighed

again. Bulk density was calculated based on the

volume of each sample divided by its DW. To

determine the weight of soil per stratum, the equation

of Arias Sánchez et al. (2001) was applied:

DW t ha�1
� �

¼ area of one ha 10; 000m2
� �

� depth of stratum mð Þ

� bulk density gm�3
� �

:

SOC was estimated by multiplying the weight of

each stratum by percentage C.

Statistical analysis

Using SigmaStat ver. 3.0, data were subjected to the

Analysis of Variance (ANOVA). If data did not

adhere to normal distribution or equal variance tests,

the Kruskal–Wallis ANOVA on Ranks was used

instead. Significant means (P\ 0.05) were separated

with the Tukey-Test. In comparisons where gliricidia

was removed from the agroforest and thus its diameter

equaled zero, these cases were excluded from statis-

tical analysis. However, these cases were considered

statistically different subsets in order to fulfill

the requirements of the standard ANOVA procedure.

Figures were produced with SigmaPlot ver. 8.0.

Results

Tree density

In both valleys, the surveyed cocoa agroforests had a

spacing of 3 9 3 m (1,111 trees ha-1). While the

spacing of cocoa remained constant over time,

gliricidia was reduced from 3 9 3 m to 3 9 6 m

(555 trees ha-1) and 3 9 9 m (370 trees ha-1) dur-

ing years five and eight (Table 2). In the eight-year-

old agroforest sampled in Napu Valley, gliricidia was

still present. In contrast, gliricidia was removed after

year five in Palolo Valley. However, the present study

does not rule out the possibility of remnant gliricidia

in older cocoa agroforests although this would be an

exception to the rule.

Table 1 Allometric formula for cocoa and gliricidia compo-

nents (DW)

Component Formula

Cocoa shoot 0.202 kg 9 Dia2.112

Cocoa root 0.142 kg 9 Diaprox
2.064

Gliricidia shoot 0.294 kg 9 Dia2.269

Gliricidia root 0.064 kg 9 Diaprox
2.152
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Formation of trunk diameter

Napu

In Napu, trunk diameter was measured on 270 cocoa

and 270 gliricidia trees (n = 45 per species and site).

Starting at one cm diameter, the trunk diameter of

cocoa increased 1.20 cm annually until year eight

(based on 9.57 cm at year eight divided by number of

years). At year eight, the trunk diameter of cocoa

exceeded that of gliricidia (Table 3). At year three,

the diameter of the sampled cocoa trees returned a

large value of 8.31 cm. This high value may have

been due to a farmer misstating the tree’s actual age

and/or the site having more favorable soil properties.

In contrast, gliricidia was propagated from stakes

and therefore started with a large girth of 6.04 cm

diameter at year one. Its trunk diameter increased

to 10.42 cm at year four or a yearly increment of

1.10 cm diameter over 4 years. However, as gliric-

idia was propagated from stakes of varying diameter,

there was no clear connection between age of

agroforest and trunk diameter of gliricidia. When

deemed too competitive to the growth of cocoa, a

gliricidia tree may also be removed and replaced by a

new gliricidia tree.

Palolo

In Palolo Valley, 360 cocoa trees and 225 gliricidia

trees were measured in eight agroforests (n = 45 per

species and site). The exceptions were years nine, 12

and 15 where no gliricidia was present. At year two,

the diameter of cocoa was a relatively large 3.88 cm

(Table 4). At year 15, the diameter of cocoa reached

12.88 cm or an annual increment of 0.86 cm. Con-

versely, gliricidia started at 5.50 cm and reached

14.89 cm at year five or an annual increment of

1.88 cm. While initially lower than gliricidia, the

trunk diameter of cocoa did not surpass that of

gliricidia until year nine. The removal of gliricidia

after year five simplified the structure of agroforests.

Due to the removal of gliricidia after year five, and

assuming a trunk diameter of zero, the regression

equation becomes negative.

Table 2 Age of agroforest and gliricidia density in Napu and

Palolo

Age Density in Napu Age Density in Palolo

1 1,111 2 1,111

1.5 1,111 2.5 1,111

3 555 3 555

4 555 4 555

5 555 5 370

8 370 9 0

12 0

15 0

Table 3 Cocoa–gliricidia trunk diameters at 50 cm height,

Napu.

Age Cocoa diameter (cm) Gliricidia diameter (cm)

1 1.00 a (0.04a) 6.04 a (0.14a)

1.5 1.58 a (0.08) 7.76 b (0.19)

3 8.31 c (0.22) 7.27 b (0.23)

4 5.80 b (0.17) 10.42 c (0.42)

5 5.29 b (0.20) 9.81 c (0.29)

8 9.57 c (0.20) 7.27 b (0.32)

y = 1.101x + 1.129,

r = 0.82*

y = 0.190x + 7.383,

r = 0.29 ns

a Means and standard error. Different letters represent

statistically significant subsets

* Significant at P\ 0.05

Table 4 Cocoa–gliricidia trunk diameters at 50 cm height,

Palolo

Age Cocoa diameter (cm) Gliricidia diameter (cm)

2 3.88 a (0.22a) 5.50 b (0.74a)

2.5 7.75 b (0.25) 11.64 c (0.34)

3 6.92 b (0.27) 12.10 c (0.40)

4 5.84 ab (0.22) 11.02 c (0.33)

5 10.33 c (0.30) 14.89 d (0.54)

9 12.27 cd (0.35) 0 ab (0)

12 11.81 cd (0.26) 0 a (0)

15 12.88 d (0.19) 0 a (0)

y = 0.590x + 5.085,

r = 0.86**

y = -1.008x + 13.507,

r = 0.78*

a Means and standard error. Different letters represent

statistically significant subsets. *,** Significant at P\ 0.05,

0.01
b As no gliricidia was present in years 9–15 these age groups

were not included in ANOVA (as they result in abnormal

distribution) but considered a statistically significant subset
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Carbon stocks

Napu

As the relationship of trunk diameter to aerial C was

based on constants, the statistically significant subsets

were the same as in the case of the trunk diameter of

cocoa. However, this did not pertain to gliricidia due to

its lower stockingdensity after year three (Smiley2006).

For example, on a per tree basis (kg tree-1), gliricidia

weighed much more than cocoa. Even the root biomass

of gliricidia exceeded that of the aerial cocoa biomass.

At year eight, the aerial cocoa biomass (or carbon)

reached a level similar to that found in gliricidia.

On a per hectare basis, the statistical subsets were the

same for cocoa, yet changed for gliricidia due to its

reduced stocking density. The much lower stocking

density and the smaller trunk diameter of gliricidia at

year eight led to its C value being much lower than that

of its five-year-old counterpart. At year eight, the C

value of gliricidia was even lower than its year one

value. Still, the C value of aerial gliricidia was greater

than that of aerial cocoa on a per kg tree-1 and per

kg ha-1 basis, except during the latter stage (with the

exception of year three).

At year one, the aerial contribution of cocoa was

111.7 kg C ha-1 (Fig. 1). At year eight, it reached

12,185.8 kg C ha-1 or 1,523.2 kg C ha-1 year-1

fixed annually. Also at year one, the aerial contribu-

tion of gliricidia was 8,942.4 kg C ha-1 and reached

its highest value of 16,423.6 kg C ha-1 at year four.

At year eight, however, it was reduced to

4,903.6 kg C ha-1. From years 1–4, there was an

increase of 4,105.9 kg C ha-1 year-1. After year four,

due to its reduced stocking density, a loss of

2,880.0 kg C ha-1 year-1 occurred (based on years

5–8). By only considering the aerial components

of cocoa–gliricidia, year four was the highest at

20,745.2 kg C ha-1. At year eight, this decreased

to 17,089.4 kg C ha-1 or a decrease of 914.0

kg C ha-1 year-1 over 4 years. The percentage of

gliricidia’s contribution to the total C-stock was

highest (98%) during years 1–1.5 but fell to 45% at

year three, to 80% at years 4–5 and finally to 30% at

year eight.

While the total shoot–root system increased during

years 1–8, or 7,616.2 kg C ha-1 year-1, there was a

loss of 6,166.9 kg C ha-1 (or 1,541.7 kg C ha-1 -

year-1 based on years 4–8) after year four. Year four

had the highest system C due to the presence of

gliricidia. However, at year eight the total shoot–root

system of both species was 80% of the year four

value. Therefore, in the relatively short (1–8 year)

time span under consideration, the system remained

stable as gliricidia was not completely removed and

cocoa continued to grow.

Fig. 1 Carbon density of

the cocoa–gliricidia shoot

and root, Napu. ns = not

significant
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Palolo

As in Napu, the biomass (kg tree-1) of gliricidia in

Palolo was much greater than that of cocoa. For

example, at year five, the magnitude was about 18

times more than that of cocoa. In all age classes (until

its removal at year nine), the shoot–root biomass of

gliricidia exceeded that of the shoot–root biomass of

cocoa. However, the removal of gliricidia at or

around year five led to a negative regression curve.

While the subsets of cocoa remained the same on a

per hectare basis, the lower stocking density of

gliricidia formed new subsets. On a kg ha-1 basis, the

highest DW was attained at year two and a half and

decreased at year five. At year two, gliricidia biomass

was 5.1 times greater than cocoa biomass. At year

five, this was reduced to only 1.7 times greater than

cocoa biomass.

In Palolo, the aerial C-stocks of cocoa rose

fairly steadily from years 2 to 15. An annual

1,502.7 kg C ha-1 year-1 was added by aerial com-

ponents of cocoa (Fig. 2). Of all age classes, year two

and a half had the highest gliricidia density which

either meant that it was planted well in advance of

cocoa and/or it was propagated from stakes of large

girth. With such uncertainty, year five was considered

the end stage of gliricidia’s development. Therefore,

until year five, gliricidia fixed 4,853.4 kg C ha-1 -

year-1. While gliricidia contributed 80–82% of the

total C stocks from years 2 to 2.5, its contribution

declined to 64% at year five.

The total, cocoa–gliricidia shoot C had its highest

value of 38,857.0 kg C ha-1 at year five, or a yearly

increment of 7,771.4 kg C ha-1 year-1. The removal

of gliricidia meant a loss of 16,316.2 kg C ha-1 over

10 years, ending at 22,540.8 kg C ha-1 at year 15.

Including roots, the highest C-stock was

56,461.3 kg C ha-1 at year five or an annual fixation

of 11,292.3 kg C ha-1 year-1. In terms of C-stocks,

an older, monocropped cocoa plantation had a

reduced level of C. At year 15, it was determined

that 56% of year five’s C-stock remained.

In comparing the results of Napu and Palolo, the

annual fixation of C was similar for the cocoa shoot

(1,523.2 and 1,502.7 kg C ha-1 year-1 for Napu and

Palolo, respectively) and for the gliricidia shoot

(4,105.9 and 4,853.4 kg C ha-1 year-1 for Napu and

Palolo, respectively). However, the total shoot and

shoot–root values were much higher in Palolo.

Vertical-temporal development of SOC

Napu

In Napu, more than half of the SOC was stored in

the 0–15 cm stratum (Table 5). Temporally, there

was no great change in SOC (based on a mean of

0–100 cm).

Fig. 2 Carbon density of

the cocoa–gliricidia shoot

and root, Palolo.

*,** Significant at

P\ 0.05, 0.01
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Per hectare in Napu, the SOC increased during

years 1–4 (Table 6). After year four, SOC values

dropped. This reduction was likely due to site-

specific heterogeneity rather than land use. In Napu,

as there were no older agroforests in the false-time

series, it was not possible to assess long-term changes

in SOC.

Palolo

Compared to Napu, in Palolo the SOC was more

equally distributed amongst strata with about a third

of SOC found in the 0–15 stratum (Table 7). This

may have been due to the higher annual rainfall and

temperature in Palolo that led to greater root activity

Table 5 The vertical-temporal distribution of SOC (%), Napu

Age 0–15 cm 15–30 cm 30–60 cm 60–100 cm Mean 0–100 cm % 0–15 cm

1 2.95 0.94 0.44 0.21 1.14 a (0.62a) 65

1.5 3.01 2.11 0.38 0.38 1.47 a (0.88) 51

3 4.63 1.39 1.40 0.69 2.03 a (0.66) 57

4 3.37 1.34 1.50 0.12 1.58 a (0.67) 53

5 2.17 1.07 0.50 0.20 0.99 a (0.43) 55

8 2.27 1.13 0.44 0.19 1.01 a (0.47) 56

a Means and standard error. Different letters represent statistically significant subsets

Table 6 The vertical-temporal distribution of SOC (kg C ha-1), Napu

Age 0–15 cm 15–30 cm 30–60 cm 60–100 cm 0–100 cm

1 61,950 [1.4a] 22,560 [1.6] 21,120 [1.6] 13,440 [1.6] 119,070 a (10,912.64b)

1.5 63,210 [c] 37,980 [c] 13,680 [c] 19,760 [c] 134,630 a (11,121.58)

3 76,395 [1.1] 25,020 [1.2] 54,600 [1.3] 41,400 [1.5] 197,415 a (10,855.67)

4 70,770 [1.4] 24,120 [1.2] 54,000 [1.2] 6,240 [1.3] 155,130 a (14,516.59)

5 45,570 [1.4] 24,075 [1.5] 25,500 [1.7] 13,600 [1.7] 108,745 a (6,677.52)

8 40,860 [1.2] 22,035 [1.3] 19,800 [1.5] 12,920 [1.7] 95,615 a (5,975.58)

a Soil bulk density or g cm-3 was sampled at increments of 0–15, 15–30, 30–45 and 45–60 cm and is given within brackets
b Sum and standard error. Different letters represent statistically significant subsets
c No data available

Table 7 The vertical-temporal distribution of SOC (%), Palolo

Age 0–15 cm 15–30 cm 30–60 cm 60–100 cm Mean 0–100 cm % 0–15 cm

2 1.63 1.36 1.04 0.46 1.12 a (0.25a) 36

2.5 1.50 1.16 1.16 0.37 1.05 a (0.19) 36

3 1.94 1.53 1.14 0.41 1.26 a (0.33) 39

4 1.35 1.15 0.86 0.47 0.96 a (0.28) 35

5 1.93 1.23 1.11 0.56 1.21 a (0.36) 40

9 1.26 1.10 1.07 0.48 0.98 a (0.24) 32

12 1.91 1.80 1.14 0.35 1.30 a (0.17) 37

15 2.76 1.41 1.26 0.58 1.50 a (0.46) 46

a Means and standard error. Different letters represent statistically significant subsets
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and rates of weathering, forcing more C turnover,

decomposition and leaching to the lower strata.

Temporally, there was no large difference in SOC

(based on a mean of 0–100 cm) although years 12 or

15 indicated a slight increase.

Per hectare, the SOC remained relatively stable

and even increased during years 12–15 (Table 8).

Total system carbon

Napu

In Napu, the bulk of the total system C was in the soil

(Table 9). The highest system C levels were during

years 1.5–4 but these values were due to the higher

SOC rather than to the shoot–root C. The decrease in

system C following year four appeared to be caused

by heterogeneous soil conditions rather than the soil

bulk density.

Palolo

As in Napu Valley, the above- and below-ground tree

biomass in Palolo usually contributed a smaller

proportion to the total system C. Thus, a large

amount of a system’s C was located in the soil.

Temporally, it appeared that the total system C

remained fairly stable (Table 10).

Discussion

In the assessment of the carbon sequestration

potential of cocoa-based agroforestry, a main prob-

lem in comparing results is the wide variation in tree

spacing, the growing of gliricidia for shade or other

uses such as providing fuelwood, or the type of shade

tree used. For instance, Beer et al. (1990) found

significant differences in cocoa growth depending on

species of shade tree, either Cordia alliodora (R + P)

Table 8 The vertical-temporal distribution of SOC (kg C ha-1), Palolo

Age 0–15 cm 15–30 cm 30–60 cm 60–100 cm 0–100 cm

2 34,230 [1.4a] 28,560 [1.4] 46,800 [1.5] 27,600 [1.5] 137,190 a (4,416.75b)

2.5 33,750 [1.5] 24,360 [1.4] 48,720 [1.4] 22,200 [1.5] 129,030 a (6,033.00)

3 34,920 [1.2] 27,540 [1.2] 47,880 [1.4] 22,960 [1.4] 133,300 a (5,441.29)

4 28,350 [1.4] 24,150 [1.4] 36,120 [1.4] 28,200 [1.5] 116,820 a (2,501.85)

5 40,530 [1.4] 20,295 [1.1] 39,960 [1.2] 26,880 [1.2] 127,665 a (4,994.30)

9 28,350 [1.5] 23,100 [1.4] 44,940 [1.4] 32,640 [1.7] 129,030 a (4,655.83)

12 40,110 [1.4] 37,800 [1.4] 47,880 [1.4] 18,200 [1.3] 143,990 a (6,312.07)

15 45,540 [1.1] 27,495 [1.3] 52,920 [1.4] 34,800 [1.5] 160,755 a (5,633.90)

a Soil bulk density or g cm-3 was sampled at increments of 0–15, 15–30, 30–45 and 45–60 cm and is given within brackets
b Sum and standard error. Different letters represent statistically significant subsets

Table 9 The temporal development of cocoa–gliricidia

biomass and soil to system carbon (kg C ha-1), Napu

Age Shoot–root C SOC [0–100 cm] System total C

1 13,460.3a 119,070 132,530.3

1.5 24,058.5 134,630 158,688.5

3 23,191.7 197,415 220,606.7

4 30,464.9 155,130 185,594.9

5 25,597.4 108,745 134,342.4

8 24,298.0 95,615 119,913.0

a Summation of cocoa–gliricidia shoot–root biomass

Table 10 The temporal development of cocoa–gliricidia bio-

mass and soil to system carbon (kg C ha-1), Palolo

Age Shoot–root C SOC [0–100 cm] System total C

2 15,551.5 137,190 152,741.5

2.5 71,453.8 129,030 200,483.8

3 42,329.9 133,300 175,629.9

4 32,944.9 116,820 149,764.9

5 56,461.3 127,665 184,126.3

9 29,258.2 129,030 158,288.2

12 26,557.6 143,990 170,547.6

15 31,450.1 160,755 192,205.1
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Oken or Erythrina poeppigiana (Walper) O.F. Cook.

While cocoa biomass at year five was similar under

both shade trees (9.8 and 8.3 t ha-1 with C. alliodora

or E. poeppigiana, respectively), at year 10 cocoa

grown with C. alliodora had much higher biomass.

At year five, a large proportion (31–34%) of biomass

was tied up in leafy material. However, at year 10 the

proportion fell to 10% and 13% with C. alliodora or

E. poeppigiana, respectively, as the proportion of

wood increased.

Beer et al. (1990) reviewed data of Aranguren

et al. (1982) for 30-year-old cocoa (950 trees ha-1)

grown under shade. The total above- and below-

ground biomass of cocoa was 17.1 t ha-1. Fine root

(FR) biomass (B2 mm) of the five-year-old cocoa

was 4.2 and 1.8 t ha-1 with C. alliodora and E. poe-

ppigiana, respectively (Beer et al. 1990). At year 10,

the values increased to 9.8 and 5.7 t ha-1, respec-

tively. For 30-year-old cocoa under shade, Aranguren

et al. (1982) estimated root biomass of 7.3 t ha-1.

To date, however, no comparable study of cocoa–

gliricidia agroforestry has been undertaken. Various

studies have looked at the potential of gliricidia for its

biomass production. In the tropical, premontane wet

forest of Central America, for example, a 30-year-old

stand of gliricidia at 330 trees ha-1 resulted in

312.7 kg tree-1 or 51.6 t C ha-1 (Salazar 1984; cited

in Kürsten and Burschel 1993, p. 535). However, no

below-ground data on gliricidia were found in the

literature. Dixon (1995) estimated the potential C

storage (above- and below-ground C) for agrosilvicul-

tural and silvopastoral agroforestry systems in the

humid tropical lowlands and highlands. For the humid

tropical lowlands, the range was 39–102 t C ha-1 in

Brazil and 92–228 t C ha-1 in India. For the humid

tropical highlands, agrosilvicultural systems ranged

from 29 t C ha-1 in Congo, 53 t C ha-1 in Zaire, to

133–154 t C ha-1 in a silvopastoral system inMexico.

Agrosilvicultural systems in the dry lowlands of Brazil

yielded between 88 and 195 t C ha-1; in India the

range was 68–81 t C ha-1 (Dixon 1995). Schroeder

(1994) found that the above-ground biomass of a sub-

humid forest contained 21 t C ha-1 while a humid

forest stored 50 t C ha-1. In Guatemala, the combined

above-ground woody biomass of coffee and shade

trees (e.g. Inga spp.,Grevillea robusta,Alnus spp.) was

determined to be 27.3 t C ha-1 (Powell and Delaney

1998). In coffee grown with shade in Indonesia, van

Noordwijk et al. (2002) recorded an average, above-

ground biomass of coffee at 18.4 t C ha-1. During the

establishment phase, the magnitude was one, almost

two or 3.5 t C ha-1 year-1 for sun coffee, shade

coffee and fallow growth, respectively.

In Zambia, at 2,500 gliricidia ha-1, Kwesiga

(1994; cited in Stewart 1996, p. 34) reported a total

(wood only) weight of 2.5–10.8 kg tree-1 for gliric-

idia at 2.25 years and 2.9–11.5 kg tree-1 for 3.25-

year-old gliricidia. Per hectare, this amounted to 2.9–

12.6 and 3.3–12.9 t C ha-1 for years 2.25 and 3.25,

respectively. In Napu, the present study found that the

aerial biomass of gliricidia ranged from 8.9 to

16.4 t C ha-1 for years one and four, respectively.

At year eight, the aerial biomass of gliricidia fell to

4.9 t C ha-1. In Palolo, the aerial values of gliricidia

ranged from 8.5 to 24.3 t C ha-1 for years one and

five, respectively.

In the present study, the figure of 12.2 t C ha-1 for

the aerial biomass of cocoa grown with gliricidia

(year eight in Napu Valley) coincided with the

12.2 t C ha-1 for cocoa grown with E. poeppigiana

in Costa Rica. With C. alliodora, however, the 10-

year-old cocoa in Costa Rica generated more carbon

(16.2 t C ha-1) (Beer et al. 1990). In comparison, the

aerial biomass of cocoa (year nine in Palolo Valley)

in the present study produced 21.0 t C ha-1. In 30-

year-old cocoa at 950 trees ha-1 grown under shade,

Beer et al. (1990), citing research by Aranguren et al.

(1982), calculated a total of 7.7 t C ha-1

(17.1 t ha-1). A study in Ghana by Isaac et al.

(2005) estimated the above-ground C stocks of cocoa

at 2.4, 16.8 and 15.9 t C ha-1 for 2, 15 and 30-year-

old cocoa, respectively. A direct comparison of the

Ghanaian study with the present study is difficult as

their stocking densities ranged from 3,125, 1,362 and

900 trees ha-1 for the 2, 15 and 30-year-old cocoa,

respectively.

Using the initial, above-ground biomass of a

natural forest as a reference value, the impact of

forest conversion and the establishment of cocoa–

gliricidia agroforestry was inferred. Before forest

conversion, an average of 173.2 t C ha-1 was esti-

mated from four values referenced in the literature:

219.6 t C ha-1 for tropical rainforests (Woomer

et al. 2000); an aerial biomass of 126–173.3 t C ha-1

in Sarawak, Malaysia, derived by multiplying the

original figures of 280–385 t ha-1 (Government of

Malaysia 1987; cited in Brown 1997) by the conver-

sion factor of 0.45; and a remnant-secondary forest at
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175.5 t C ha-1 in Lampung, Indonesia (van Noo-

rdwijk et al. 2002). In Napu, the combined above-

ground output of cocoa–gliricidia C-stocks reached a

maximum 12% (year four) and ended at 10% (year

eight) of the initial forest C-stock. In Palolo, the

distinct role of gliricidia to overall system produc-

tivity was evident. Above-ground C-stocks first

peaked at 28% of the natural forest value at year

two and a half and again at 22% at year five. This was

due to the temporary storage of C in gliricidia but the

compensation was later lost by the removal of

gliricidia. At year 15, the system productivity fell to

13% of the natural forest value. Due to the slower

growth rates of mature trees, it is probable that at

later stages the proportion remains around 13%. After

forest conversion and the establishment of agrofor-

estry, C was degraded by 88% in Napu (year eight)

and 87% in Palolo (year 15). In any particular year,

the higher biomass values of Palolo were likely due

to the lower elevation and higher rainfall.

The present study found SOC to be relatively

stable considering the time spans in question. In the

cocoa-based trial conducted in Costa Rica, after

10 years the SOM reserves of the 0–45 cm stratum

increased from 198 to 240 t ha-1 (with E. poeppigi-

ana) and 168 to 184 t ha-1 (with C. alliodora). As

the SOM increased compared to the initial SOM, the

system was deemed sustainable for at least 10 years

or even longer in the case of E. poeppigiana (Beer

et al. 1990). In comparison, a 25 year chronose-

quence of cocoa in Ghana reported that 22% of the

soil C (from the 0 to 15 cm stratum) was lost in the

first 2–15 years. However, by 25 years, 3.3% of the

soil C was replenished in the agroecosystem (Isaac

et al. 2005). When assessing the impact of forest

conversion to agroforestry, a drawback of the false-

time series is that young agroforests may have higher

remnant SOC values from the previous tropical

rainforest vegetation and thus give an initially high

SOC value. Further studies that include agroforests

older than eight or 15 years may elicit when changes

in SOC occur and provide a better prognosis of long-

term sustainability.

The present study found that aerial C gains due to

increased tree productivity were nullified by the

removal of gliricidia ca. 5–8 years after establish-

ment. Without this additional source of litterfall or

root turnover, and assuming that cocoa does not

greatly surpass the size attained at year 15 due to its

growth habit, the typical monocropped cocoa agro-

forest could be a stable form of SOC storage. The

inclusion of a shade or fruit tree with cocoa could

increase the SOC. By allowing a companion tree to

remain with cocoa, the farmer would benefit from the

additive properties of tree growth rather than the

economic loss incurred in the planting, controlling

and removal of gliricidia. Alternatively, a perma-

nently associated tree species such as a high-value

timber or fruit species could enhance the C-stock as

well as increase a farmer’s income. But where the

nutrient export or crop damage associated with

timber production is large, such as in the case of

C. alliodora, this may not lead to an economic

advantage (Beer et al. 1990). In Sumatra, coffee

integrated into forests without the cutting of the shade

tree was more profitable than coffee grown without

shade. Moreover, the total, time-averaged C-stocks

were 30 t C ha-1 higher for shade than sun coffee

(van Noordwijk et al. 2002).

Conclusion

In the initial years after the establishment of a cocoa-

based agroforest, the system biomass and C-fixation

were dominated by gliricidia as it was planted from

stakes of large girth. In the interim, gliricidia was

gradually controlled as it was deemed too competi-

tive for the growth resources designated for cocoa.

Furthermore, with the elapse of time, cocoa was no

longer as dependent on the benefits of shade. Thus,

the system experienced a loss of C when gliricidia

was ultimately removed around years 5–8. Fifteen

years after the clear cutting of a tropical rainforest, it

is estimated that the aerial monocropped cocoa

agroforestry attained about 13% of the original aerial

C-stock. This low value would probably not greatly

increase after 25–30 years given the growth habit of

cocoa. In addition, SOC appeared to be relatively

stable over time but the false-time series could have

been influenced by remnant SOC, giving the younger

agroforests relatively high SOC values. In terms of C-

stocks, it therefore appeared that the cocoa–gliricidia

system is sustainable but also harbors the potential to

sequester more C, as well as being a better economic

investment, if high-value companion trees are inte-

grated into the system on a long-term basis.
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