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ABSTRACT
To help overcome the challenge faced in re-establishing cocoa in degraded lands, some agroforestry
trials were established with exotic leguminous tree species to determine their suitability for cocoa
cultivation. However, our understanding of biomass accumulation and carbon sequestration in such
specific agroforestry practices is still limited. In this study the above-ground biomass and carbon
storage and partitioning in a gliricidia-cocoa agroforestry system was investigated. Above-ground
biomass accumulation and carbon stock varied significantly between the components of the system,
with the gliricidia shade trees having the highest values and the cocoa trees having the lowest. The
inclusion of the gliricidia shade trees in the system increased above-ground biomass and carbon cap-
ture of the system by some 60%, a greater proportion of which was contained in the branches of the
shade trees. This pattern of dry matter distribution makes the species appropriate for use as a biomass
producing species in agroforestry systems and demonstrates the potential of cocoa agroforestry sys-

tems for capturing and storing more atmospheric carbon than sole cocoa systems.

Original scientific paper. Received 2 Mar 2015; revised 19 Apr 2016

Introduction

Cocoa (Theobroma cacao L.) agroforests are a
common farming system in the humid zone of
West and Central Africa, in which forest trees
provide shade and other environmental services
as well as marketable products (Oke & Odebiyi,
2007). Traditionally, small holder cocoa farm-
ers establish their farms by removing the forest
under-storey and thinning the forest canopy so
that cocoa seedlings can grow into productive
trees (Duguma et al., 2001).

However, in Africa cocoa cultivation is
generally considered to be a major cause of
deforestation since the cocoa trees are often

planted on newly cleared forest land (Dixon
et al., 2001). In Ghana, for instance, it is es-
timated that 80 % of the forest area has dis-
appeared since cocoa trees were introduced
(Cleaver, 1992). Presently, the traditional co-
coa-growing areas in many places are degrad-
ed and have been abandoned. Re-establishing
cocoa in these areas has proven difficult due to
low soil fertility, bush fires, diseases and pest,
and inappropriate vegetation cover to provide
shade for young cocoa (Adams, 1962; Ayan-
jala, 1983). Depletion of soil carbon has been
documented to result in decreased productivi-
ty, poor soil physical and chemical properties,
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and negative secondary environmental impacts
(Jose & Bardhan, 2012). To help overcome
the challenge faced in re-establishing cocoa in
these degraded lands, some agroforestry trials
were established with exotic leguminous tree
species, including Gliricidia sepium (Jacq.)
Walp, to determine their suitability for cocoa
cultivation in Ghana. These species are sup-
posed to replenish the soils through nitrogen
fixation and nutrient cycling, while providing
some other benefits such as fuel wood and fod-
der, among others, for the farmers. It has been
well established that conversion of degraded
agricultural soils into agroforestry systems can
regenerate soil productivity (Jose & Bardhan,
2012).

It has been pointed out that agroforestry
systems have the potential to combine agricul-
tural production, the supply of woody biomass
and the provision of numerous environmental
services, such as carbon storage, conservation
of biodiversity and soil protection (Jose, 2009).
Aboveground woody biomass plays a decisive
role considering the economic value of the
agroforestry systems as well as the carbon stor-
age. Production systems like agroforestry have
to meet ecological and socio-economic sustain-
ability as a condition for acceptance and im-
plementation by producers and society (Abra-
hamson et al., 1998). As has been highlighted,
aboveground woody biomass of agroforestry
systems plays a decisive role for the assess-
ments of the economic viability and several
ecosystems studies on carbon sequestration,
energy and nutrients flows, forest and green-
house gas inventories (Afas et al., 2008). Bio-
mass studies in agroforestry systems in Ghana
are still quite limited. However, a number of
biomass studies have been carried out for var-
ious tree-crop combinations elsewhere that
demonstrate and highlight the importance of
these studies for ecosystem management. For
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instance, Tandon et al., (1991), estimated bole
biomass and aboveground biomass of Populus
deltoides trees planted in agroforestry with a
spacing of 5 m % 5 m (400 trees/ha). Bole bi-
omass was 17.42, 37.47 and 47.80 Mg ha! at
the age of 3, 5 and 7 years respectively. The
total aboveground biomass (boles, branches
and foliage) was estimated to be 26.91, 52.43
and 65.76 Mg ha'for 3, 5 and 7-yr-old plan-
tations respectively. Negi & Tandon, (1997),
studied the biomass production of P. deltoides
plantations having 917, 500, 489 and 783 trees
ha'for 3, 5, 7 and 9-yr-old tree respectively.
The standing bole biomass was in the order
of 7.1, 15.3, 44.4 and 83.2 Mg ha 'respective-
ly. According to Lodhiyal et al., (1992), total
aboveground biomass of P. deltoides varied
from 67.6 to 149.3 t ha!, of which bole bio-
mass range was 41.3—-101.8 Mg ha 'for 5— 9-yr-
old plantations having a density of 400 trees/
ha. Lodhiyal et al, (1995) again studied the
dry-matter production in poplar and found that
in an agrisilviculture system, the estimated car-
bon stock in stem wood and aboveground bio-
mass was 42.36 and 65.62 Mg ha'respectively,
for 8 — year old plantations. Total carbon stock
as tree biomass in agrisilviculture systems was
estimated to be 83.07 Mg ha™! at a rotation pe-
riod of 7 years.

Utilization of trees and shrubs has long
been recognized to be one of the most effective
means of improving both the supply and the
quality of forage in tropical smallholder live-
stock systems, especially during the dry season
(Gutteridge & Shelton, 1994; Robinson, 1985).
Green fodder from nitrogen-fixing leguminous
trees, in particular, contains much higher lev-
els of protein than the poor quality basal feeds
(grasses and crop residues such as stover)
available during the dry season, and persists
for longer owing to the trees’ deep roots (Rizvi,
2011).



Aboveground Biomass and Carbon content of a Cocoa—Gliricida sepium... 47

As pointed out by Dhyani et al., (2009),
agroforestry is an ideal option to increase pro-
ductivity of wastelands, increase tree cover
outside the forest and reduce human pressure
on forests under different agro-ecological re-
gions, and is then a viable option to prevent and
mitigate climate-change effects. Cocoa based
agroforestry systems are credited for stocking
significant amounts of carbon and hence have
the potential to mitigate climate change. Global
climate change and energy security are two key
issues that are at the forefront of environmen-
tal discussions the world over. Although they
bring up unique challenges, global warming
and energy security are inextricably interlinked
(Jose & Bardhan, 2012). Studies have revealed
that deforestation and conversion of forest to
agricultural lands contribute 17.4% of global
greenhouse gas emissions (IPCC, 2007). Many
observers see agroforestry systems as present-
ing a promising alternative to common-prac-
tice agriculture in the tropics because they can
serve as carbon sinks and biodiversity pools
and may play a significant role in mitigating
or adapting to climate change (Tscharntke et
al., 2011; Soto-Pinto et al., 2010; Nair et al.,
2009). A number of studies have estimated
C stocks of different agroforestry systems in
other settings outside Ghana. Carbon stocks
in shaded agroforestry systems with perennial
crops, such as coffee (Coffea arabica L.), rub-
ber (Hevea brasiliensis Muell.-Arg.), and co-
coa may vary between 12 and 228 Mg ha™!, de-
pending on system complexity and age, a could
help to mitigate climate change (Schroeder,
1994; Dixon, 1995; Albrecht & Kandji, 2003;
Montagnini & Nair, 2004; Nair et al., 2009).
In a study conducted to assess carbon accumu-
lation in agroforestry systems in India, Singh
& Lodhiyal, (2009), have estimated carbon
stock in 8-yrold P. deltoides (poplar) agrofor-
estry plantations to be 47.86 Mg ha'in bole

wood alone and 96.23 Mg ha! in total biomass
of trees. Fang et al., (2007), comparing carbon
storage in P. deltoides plantations with differ-
ent stocking densities, found that total carbon
storage in the poplar plantation of 1,111 stems
ha™ was the highest and about 72.0 Mg ha™',
which was 5.4%, 11.9% and 24.8% higher than
that in plantations of 833, 625 and 500 stems
ha™! respectively, clearly indicating the influ-
ence of tree stocking density on C stock. In a
study by Rizvi et al., (2011) they recorded a
standing/total carbon stock of 3.78-11.62 Mg
C ha'! under poplar-based agroforestry in the
upper Gangetic region, where 70 million pop-
lar trees are standing with agricultural crops.

Woody biomass constitutes the major
source of energy in the developing countries
of the world. In Ghana, fuelwood shortage has
been identified as a pressing domestic problem
affecting many households (Otsyina, 1989).
The need to establish energy plantations has
been recognized. Several multipurpose tree
species, including G. sepium, have been recom-
mended in Ghana for use in different land use
systems to reduce or solve the pressing fuel-
wood problems which face many households
in the country (Quashie-Sam et al., 1990), as
well as mitigate soil fertility problems and pro-
vide valuable fodder for livestock. One of the
commodities agroforestry is well suited to pro-
ducing is biomass for bio power and biofuels
(Jose et al., 2012). Heavy reliance on foreign
based fossil fuels has sparked an interest in
domestic renewable energy sources in many
countries, including Ghana.

It has been noted that the relative amount
of biomass present in the various organs, i.e.
biomass allocation, is not fixed but may vary
over time, across environments and among
species (Poorter, et al., 2012). A quantitative
understanding of such patterns is of fundamen-
tal importance to plant ecology and evolution,
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and has many uses in agricultural practice and
implementation, as these patterns, and the
extent to which they vary among species, set
limits on biomass production and utilization
(Niklas, 1994; Reich, 2002). Scientific stud-
ies and information on the growth, dry matter
production and carbon accumulation of agro-
forestry systems in Ghana is very limited. In
2006, the Ghana Cocoa Growers Association,
in association with Cadbury Ghana Ltd, es-
tablished a cocoa agroforestry plot in Bonto-
muruso in the then Atwima District of Ghana,
using Gliricidia sepium (Jacq.) Walp as the
main shade tree with the cocoa. In the system
as exists in Bontomuruso, it is expected that
the G. sepium shade trees will be cut back at
one stage to manage the shade level and the
wood used for fuelwood energy. While growth
data will help in evaluating the economic rate
of development of such multi-strata systems,
estimates of tree biomass and distribution are
useful in studies of biological productivity and
nutrient requirement and bioenergy production
potential of such ecosystems. Information on
the amount of dry matter and carbon, and their
partitioning at stand level, is therefore essential
for developing models of system structure and
function in such agroforestry plantations. It is
important to understand, given the current cir-
cumstances, the contribution of Gliricidia-co-
coa agroforestry systems within local, regional
or global carbon cycles (Smiley & Kroschel,
2008).

The general objective of this study, there-
fore, was to assess the potential contribution
of a planted cocoa agroforestry system to the
biomass and carbon budget. The specific objec-
tives were to:

(1) determine the above-ground dry mat-
ter of the system components in a Gli-
ricidia-cocoa agroforestry system and
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(i1) determine carbon content of the Gliri-
cidia and cocoa trees within the agro-
forestry system.

Materials and methods

The study area

The study was carried out in Bontomuruso
in the Atwima Mponua District of the Ashanti
Region of Ghana. Bontomuruso is about 80 km
from Kumasi, the Ashanti Regional capital. The
District lies approximately on latitude 6° 75°N
and between longitudes 1° 45” and 2°00° West,
and is one of the largest Districts in the Ashanti
Region. Bontomuruso is located on latitude 6°
33’07 N and longitude 1° 0333’ 60 W. It is a
predominantly farming community with cocoa
as the major cash crop. The study was carried
out in November 2012 on a research farm es-
tablished by the Ghana Cocoa Growers and Re-
searchers Association (GCGRA). It consists of
cocoa planted at a regular spacing of 3m x 3m
(giving an initial stocking of 1,111 trees ha'),
with Gliricidia sepium as the shade tree planted
at a spacing of 6 m x 6 m (i.e. an initial stock-
ing of 277 trees ha'). Since establishment, the
Gliricidia has not been cut back and now forms
an almost closed canopy above the cocoa trees.
Mean stand height was estimated to be approx-
imately 9.26 + 0.42 m.

Bontomuruso lies within the wet semi-equa-
torial climatic zone and is marked by a double
maxima rainfall. Mean annual rainfall ranges
between 1700 mm and 1850 mm. The main
rainfall season occurs from March to July with
a minor season starting from September and
lasting until November. The main dry season
lasts from December to mid-March, during
which period the harmattan winds blow over
the area. Temperatures are uniformly high
throughout the year, with mean monthly min-
imum and maximum temperatures of 27°C
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and 31°C occurring in August and March re-
spectively. The relative humidity is generally
high (72% - 90%) throughout the year (Hall &
Swaine, 1981).

Climate and ecology of the study site

Bontomuruso is located within the moist
semi-deciduous ecological zone which is char-
acterized predominantly by the Celtis—Triplo-
chiton Floristic Association as described by
Taylor, (1960). This is the most extensive of
all the forest types in Ghana, and trees here be-
come taller than in any other (Hall & Swaine,
1981). The vegetation in this zone is further
divided into a slightly drier North-West sub-
type (MSNW), within which Bontomuruso is
located. Fig. 1 shows the forest types in Ghana,
and the location of the study area relative to
Kumasi, the Ashanti regional capital.
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Fig. 1. Forest zones of Ghana — showing
location of study site.

DSFZ = Dry Semi-deciduous Fire Zone; DSIZ = Dry
Semi-deciduous Inner Zone; MSNW = Moist Semi-de-
ciduous South West; MSSE = Moist Semi-deciduous
South East; MS = Moist Semi-deciduous; ME = Moist
Evergreen; WE = Wet Evergreen; UE = Upland Ever-
green; SM = Southern Marginal; SO = Southern Outli-
er. (Adapted from Hall and Swaine, 1981).

The moderate rainfall within the moist semi-de-
ciduous forest zone leads to more depletion of
soil nutrients than in types of lower rainfall.
Base saturation is generally high, however, (60
to 80%) providing a pH of about 5 — 6. Total
exchangeable bases (TEB) are generally below
10 m — equiv/100 g soil, but this appears ad-
equate for the considerable tree growth char-
acteristic of the MSNW. The type as a whole
has only a moderate elevation of 150 — 600 m,
with higher elevations within the area carrying
a forest of distinct type — Upland Evergreen
(Hall & Swaine, 1981).

The moist semi-deciduous forest zone
is the most productive in the forest zone. The
soil here is ideal for most of the forest zone
crops, including cocoa. Cocoa and other farms
are very much in evidence all over the moist
semi-deciduous forest type, and there is a great
demand for more farmland. Although the type
is well supplied with forest reserves, most
have been heavily exploited for timber (Hall
& Swaine, 1981). Pressure on these reserves
from both timber contractors and farmers is
increasing.

Experimental procedure
Biomass estimation

To estimate the biomass for the cocoa
and the Gliricidia trees a plot of 60 m x 60 m
was demarcated in a well-stocked portion of
the farm. Diameter at breast height (Dbh at 1.3
m) of all Gliricidia and cocoa trees within the
plot were measured with a digital caliper. The
Dbh values for the Gliricidia and the cocoa
trees in the plot were grouped into ten diame-
ter classes, using one-tenth ('/, th) of the stand
diameter range as the class interval. The stand
diameter range for each species was calculated
by subtracting the smallest diameter from the
biggest diameter for each species. To obtain
the class interval for the ten diameter classes,
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the diameter range for each species was then
divided by ten. Mean diameter for each of the
ten Dbh classes was further calculated by sum-
ming the Dbh values for all the trees in each of
the Dbh classes and dividing by the number of
trees in each class. Subsequently, ten trees of
each species in the plot, selected to represent as
closely as possible the mean diameter of each
of the ten diameter classes for each species,
were cut as close to ground level as possible
(generally at 5 cm from the ground), using a
chainsaw machine. Each felled tree was sorted
into the three main components; bole, branches
and foliage and each component was cut into
small pieces for easy weight measurement.
Samples were taken to the laboratory of the
Forestry Research Institute of Ghana (FORIG)
for the determination of dry weight and car-
bon content. In the laboratory, samples of the
boles, branches and leaves of each sample tree
were immediately put into envelops and dried
in an oven to constant weight at 70°C and re-
weighed.

Carbon estimation

The carbon concentration of different tree
parts is rarely measured directly, but generally
assumed to be 50% of dry weight (Stephens,
2006). Hence in this study, the aboveground
carbon content of the Gliricidia and cocoa
trees was calculated by assuming that the car-
bon content is 50% of the dry weight of the to-
tal aboveground biomass (Ravindranath et al.,
1997; Brown & Lugo, 1982; Schroeder, 1992)
of each tree component.

Dry weight determination
The dry weight : fresh weight ratios of the var-
ious component samples (i.e. stem, branches

and leaves) were determined using the formula:

Dry weight ratio (DwR) = Sample oven dry weight ......... (Eqn. 1)
Sample fresh weight
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These ratios were then used to determine the
dry weight of the component parts (stem,
branches and leaves) of each of the felled
sample trees, using the formula:
Cdw=CfwxDwR .......... (Eqn. 2)

Where: Cdw = Total component dry weight
(e.g. Total Stem, or Branches or Leaves dry
weight) of sample tree

Cfw = Total component fresh weight
DwR = Dry weight ratio, determined in Eqn 1 above

Total tree biomass was calculated as the sum
of the dry weights of the various component
parts of each tree. The total stand biomass was
then calculated as the sum of products of the
mean tree values and the number of stems in
each of the Dbh classes, and expressed on per
hectare basis as described by Nwoboshi (1985)
and Nolte, et al., (2003).

Data analysis
Basal area (BA) per mean tree for each species
was calculated as

BA (m?) = n(dbh)? (cm?) / 40000.

This was then multiplied by the number of
trees in each Dbh class and summed to get BA
per plot, and further extrapolated to obtain Ba-
sal/ha for each species. Total aboveground bi-
omass and carbon content per hectare for the
cocoa and Gliricidia trees, as well as biomass
and carbon partitioning within the various tree
components were calculated. Biomass and car-
bon content of the various tree components for
the two species were compared with each other
using an analysis of variance followed by Tuk-
ey’s test at a. = 0.05 (Martins & Santos 1999).
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Results

Growth parameters of the system components
The initial planting density for cocoa and G.
sepium was 1111 and 277 trees/ha respective-
ly. However, the density of the cocoa trees at
the time of the study, eight (8) years on, was
61.48%, or 683 trees/ha of the initial stocking,
while that of the G. sepium trees was 73.65%,
or 204 trees/ha, on this site. Mean tree height
for the G. Sepium trees was 9.26 + 0.42 m and
this was significantly higher than that for co-
coa which was 4.03 £ 0.3 m (P=0.041). While
mean Dbh was 28.33 £ 2.47 cm and 16.85 +
1.35 cm respectively for G. sepium and co-
coa, and this was also significant (P = 0.0408).
Stand diameter range for the cocoa trees was
13.74 cm while that for G. sepium was 25.93
cm. Mean basal area/tree for G. sepium trees
was 0.0509 + 0.019 m? and was found to be
significantly higher than that for cocoa which
was 0.0237 + 0.004 m?. However, stand basal
area/ha for cocoa was 16.21£1.25 m? and was
not significantly different from the stand basal
area for G. sepium which was 10.38 + 1.16 m?
(Table 1).

TABLE 1
Growth parameters of cocoa and G. sepium trees in an
agroforestry system in Bontomuruso, Ghana.

Parameter G. sepium T. cacao
M height
eanheight (m) 56 1 .42 4.03+0.3°

Mean Dbh (cm)

28.33 £2.47* 16.85 +1.35>
No. of trees/ha

204 683

Z

Basalarea/ha (%) 1 301 | 160 1621 +1.25

Aboveground biomass accumulation and
partitioning

The partitioning of biomass in the cocoa and
G. sepium trees is presented in Table 2. G. se-

pium produced significantly higher dry weight
per tree (48.24 £ 11.05 kg) than the cocoa
(12.11 £2.61 kg) (P =0.005). In terms of bio-
mass distribution per tree, it was observed that
as much as 46.54% (or 22.45 + 6.89 kg) of the
total mean tree dry weight for G. sepium was
allocated to the branches and 44.34% (21.39 +
3.79 kg) to boles, with only 9.12% (4.40 + 0.66
kg) of the total biomass allocated to the foliage
(Table 2). On the other hand, a comparatively
higher proportion of the biomass produced per
cocoa tree was allocated to the foliage (38.23%
or 4.63 = 1.19 kg) compared to G. sepium. Un-
like in the G. sepium, bole dry matter per cocoa
tree (4.93 = 0.96 kg/tree or 40.71%) was high-
er than branch dry matter (2.95 + 0.47 kg/tree
or 24.36%) (Table 2). However, for the larg-
er diameter cocoa trees, the foliage dry mat-
ter was higher than the bole and branches dry
matter (Fig. 1), unlike in the G. sepium where
the branches had a higher dry matter per tree
than the other tree components (Fig. 2). It was
observed that G. sepium produced significantly
higher bole and branch biomass per tree than
the cocoa. However, there was no significant
difference between foliage biomass per tree for
both species.

The distribution of total aboveground
stand biomass for the G. sepium and cocoa
trees is shown in Table 3 and Fig. 3. A total
above ground biomass of 10.26 + 0.57 Mg ha’!
was obtained for the G. sepium trees in the
agroforest. Stem biomass accounted for an av-
erage of 31.10% (3.19 = 0.18 Mg ha!) while
branch and foliage biomasses accounted for an
average of 61.59% (6.32 + 0.36 Mg ha') and
7.31% (0.75 £ 0.06 Mg ha'') respectively. The
cocoa trees on the other hand, at a stocking of
683 trees/ha yielded a total biomass of 6.83 +
0.19 Mg ha'!, which was still significantly low-
er than that for the G. sepium (P=0.011). Stem
biomass was found to be 39.09% (2.67 + 0.72
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Mg ha') while branch and foliage biomasses
were 30.60% (2.09+0.07 Mg ha') and 30.31%
(2.07 £0.05 Mg ha'') respectively.

Whereas the G. sepium produced signif-
icantly higher branches biomass per hectare
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than the cocoa (P = 0.006), the cocoa had a
significantly higher leaves biomass per hectare
than the G. sepium (P = 0.021). There was no
significant difference between the stem bio-
mass per hectare for both cocoa and G. sepium
(P=10.578).

TABLE 2
Aboveground biomass partitioning per tree in cocoa and Gliricidia trees in an

eight-year-old cocoa agroforest in Bontomuruso, Ghana.

Dry weight of tree components (kg/tree)

Tree component G. sepium I cacao
Biomass (Kg/tree) Proportion Biomass (Kg Proportion

(%) tree) (%)
Stem 21.39+£3.79¢ 44.34 493 +0.96° 40.71
Branches 22.45 + 6.89° 46.54 2.95+0.47° 24.36
Leaves 4.40 + 0.66* 9.12 4.63+£1.19° 38.23
Total Aboveground 4824+ 11.05° 100 12.11 2.61° 100
Biomass Kg/tree

TABLE 3

Distribution of aboveground biomass in cocoa and G. sepium trees of an eight
year old cocoa agroforest in Bontomuruso, in the Atwima Mponua district of

Ghana.

Stand dry weight values (t/ha)

G. sepium T. cacao

Tree component Biomass Proportion Biomass Proportion

(Mg ha') (%) (Mg ha) (%)
Stocking (trees/ha) 204 683°
Stem 3.12+40.18° 31.10 2.67+0.72¢ 39.09
Branches 6.32+0.36° 61.59 2.09+0.07° 30.60
Leaves 0.75+0.54° 7.31 2.07+0.05° 30.31
Total Aboveground ——, 754 572 100 6.830.19° 100

Biomass (t/ha)
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Fig. 1. Biomass distribution in various size classes and
tree components of cocoa trees in a cocoa agroforestry
system in Ghana.

1800

1600 x Stem

1400 < Branches

1200 1 Leaves
1000
800

600

400 |

Total biomass per stand (Kg/ha)y

Tree size classes

Fig. 2. Distribution of biomass in different size class-
es and tree components of Gliricidia trees in a cocoa
agroforestry system in Ghana.

Carbon storage in the cocoa agroforestry sys-
tem

The total Carbon content per tree and for a 1
ha stand in both species are shown in Tables 4
and 5. The total carbon content increased with
increasing biomass. Thus eight years after
planting, the G. sepium shade trees accumulat-
ed more carbon in the branches per tree (11.22

» Gliricidia

# Cocoa

3

Branches Leaves

Tree components

Fig. 3. Biomass distribution within tree components
in a cocoa-gliricidia agroforestry system in Ghana.

+ 3.45 Kg C/tree) followed by the stems (10.69
+ 1.89 Kg C/tree), while the leaves recorded
the least carbon content of 2.20 + 0.33 Kg C/
tree. For the cocoa trees on the other hand, the
stem contained the highest carbon content of
2.47 £ 0.45 Kg C/tree with the branches con-
taining the least carbon (1.48 + 0.24 Kg C/
tree) and the leaves showing an intermediate
carbon content of 2.32 + 0.59 Kg C/tree (Table
4). All the differences between the component
dry weights of the G. sepium and cocoa trees
were significant except the leaves where there
was no significant difference between the dry
weight/tree of the G. sepium leaves and the co-
coa leaves.

For the whole stand, the G. sepium shade
trees accumulated a significantly higher total C
content (P = 0.041) of 5.13 £ 0.09 Mg C ha'l
than the cocoa trees which accumulated a to-
tal of 3.42 + 0.09 Mg C ha'! in the 8 years.
In terms of carbon distribution among stand
components, branches contributed the high-
est carbon content per ha (3.16 + 0.06Mg C
ha'! or 61.59%) for the G. sepium shade trees,
with the leaves contributing the lowest (0.38 £
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0.01 Mg C ha! or 7.41%) and the stems having
intermediate carbon content (1.59 + 0.03 Mg
C ha' or 30.99%). Unlike in the G. sepium,
the highest carbon content per ha for the co-
coa was contributed by the stems (1.34 + 0.04
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Mg C ha'! or 39.18%), with the branches and
leaves containing virtually the same amount of
carbon per ha (1.04 + 0.04 Mg C ha! and 1.04
+0.03Mg C ha'! or 30.41% each, respectively)
(Table 5 and Fig. 1).

TABLE 4
Aboveground carbon partitioning per tree in an eight-year-old
cocoa Gliricidia agroforest in Bontomuruso, Ghana.

Carbon content of tree components (kg C/tree)

G. sepium T. cacao
Tree component
Carbon (Kg/ Proportion Carbon Proportion

tree) (%) (Kg/ tree) (%)
Stem 10.69 + 1.89* 44.35 2.47 +0.45° 39.46
Branches 11.22 +3.45° 46.52 1.48 +0.24° 23.54
Leaves 2.20+0.33° 9.13 2.32+0.59* 37.00
Total Aboveground 24.12+£5.53 100 6.26+1.27° 100
Biomass Kg/tree

TABLE 5

Distribution of aboveground carbon in an eight-year old cocoa agroforest in
Bontomuruso, in the Atwima Mponua district of Ghana.

Stand aboveground carbon values (Mg C ha™)

G. sepium T cacao
Tree component Carbon Proportion Carbon Proportion
(Mg C ha'') (73) (Mg C ha'') (%)

Stocking (trees/ha) 2042 683°

Stem 1.59+0.032 30.99 1.34+0.04° 39.18
Branches 3.16+0.06° 61.60 1.04:+0.04° 30.41
Leaves 0.38+0.01* 7.41 1.04+0.03° 30.41
Total Aboveground Carbon 5.13£0.09° 100 3.42+0.09° 100

(Mg Cha)
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Fig. 4.. Aboveground carbon content and distribution
within tree components in a cocoa-gliricidia agrofor-
estry system in Ghana.

Discussion

Growth parameters of the system

The initial planting density for cocoa and G. se-
pium was 1111 and 277 trees ha! respectively.
However, the density of the cocoa at the time
of the study, eight (8) years on, was 61.48%, or
683 trees ha'! of the initial stocking, while that
of the G. sepium trees was 73.65%, or 204 trees
ha’!, on this site. Compared to a cocoa- G. se-
pium agroforestry plot of comparable age (i.e.
6 years) in Central Sulawesi, Indonesia, with
final stocking of 1030 cocoa trees and 325 G.
sepium trees ha' (Leuschner et al., 2013), the
stocking in our study plot was rather low. The
mean height of the cocoa and G. sepium of 4.03
+0.30 m and 9.26 + 0.42 m respectively, were
comparatively lower than the mean tree heights
0of 4.5+ 0.01 m and 10.1 £ 0.10 m obtained for
cocoa and G. sepium respectively by Leuschner
et al. (2013), even though our plot is relatively
older by 2 years. This may be due to the higher
stocking densities of both cocoa and G. sepium
in the later study, which would have resulted in
competition between the trees for light result-
ing increased height growth compared to our
stand. In these two studies, however, the mean
Dbh of'the cocoa and G. sepium trees in our plot

were much higher (16.85 + 1.35 cm and 28.33
+ 2.47 cm respectively) than those obtained for
the 6-year old plot (9.5 + 0.9 cm and 12.6 +
1.4 cm respectively) in the Central Sulawesi
study. The higher Dbh growth attained in our
plots may be attributed to the lower densities of
both cocoa (683 trees/ha) and G. sepium (204
trees ha') which gave the trees more growing
space for more lateral growth compared to the
much higher plant densities of 1030 cocoa trees
ha'! and 325 G. sepium trees ha' in a plot by
Leuschner et al., (2013). The higher height and
Dbh values in our plot to lower densities is also
supported by Aref et al., (1999) who reported
in a study with Leucaena leucocephala (Lam.)
de Wit. trees that, increasing stem diameter
and height of trees with increasing distance
between trees (i.e. lower densities) is simply a
result of exploiting the same available below-
ground resources (water and nutrient) by less
number of trees. As pointed out by Clutter et
al., (1983) cited by Krieger, (1998), spacing
and thinning experiments have consistently
shown that stands with wider spacing or stands
previously thinned have larger average diame-
ters than similar stands with closer spacing or
comparable unthinned stands over time. For
the same reason of higher stocking, the basal
areas of the cocoa and G. sepium trees in the
six year old cocoa agroforest in Central Sulaw-
esi were higher (29.7 £ 1.6 m? and 13.8 £ 1.4
m?, respectively) than those in our study (16.21
+ 1.25 m? and 10.38 = 1.16 m? for the cocoa
and G. sepium respectively).

Biomass production

Wood and leaf biomass production is
of more significance in the G. sepium shade
trees than in the cocoa since they are grown
primarily for wood fuel and for animal fodder,
as well as for soil improvement through litter
fall in addition to biological nitrogen fixation.
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On an individual tree basis, the larger sized
G. sepium trees produced more wood and leaf
biomass per tree (48.24 Kg, Table 2) than the
cocoa (12.11 Kg). However, on a hectare ba-
sis, leaf biomass production was higher in the
cocoa than in the G. sepium (2.07 Mg ha! and
0.75 Mg ha'! respectively) because of the high-
er density of the cocoa trees per hectare.

In the G. sepium about half (46.54%)
of the total biomass per tree was allocated
to the branches, and this was significantly
higher (P = 0.006) than branches biomass in
the cocoa trees, with 44.34% going into the
stem and only 9.12% going into leaf forma-
tion. Thus about 90% of the growth was put
into woody biomass. The greater allocation of
aboveground biomass into branches formation
is of great importance, since this species is
grown mainly for fuelwood production. This
phenomenon will give a higher fuelwood yield
when the shade trees are lopped, pruned or the
branches cut back, to control shade levels on
the farm. The higher branch biomass in this
species is similar to what Nwoboshi, (1996),
observed in Eucalyptus alba planted for fuel-
wood and charcoal production in the Accra
plains in Ghana, in which a greater proportion
of their biomass was channeled into branches.
Adu-Anning & Anglaaere, (1995), had earlier
observed that species with many small stems
and branches constituting a greater proportion
of the dry matter are more preferred for fuel-
wood production than those which have great-
er portions of the biomass being channeled
into single stems.

The total aboveground biomass of 6.83
+ 0.19 Mg ha! obtained for the cocoa trees
in this study is slightly higher than the 6.44
Mg ha! and higher than the 5.51 Mg ha’! to-
tal aboveground biomass obtained for cocoa
trees in ten years old sparse and dense cocoa
agroforests, respectively, in Nigeria by Oke &
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Olatiilu, (2011).This difference may, however,
be explained by the difference in the densities
of the cocoa trees in the three systems. Where-
as the density of cocoa trees in our study was
as high as 683 cocoa trees ha™! that of the sparse
cocoa agroforest was 296 cocoa trees/ha while
the dense cocoa agroforest contained only 232
cocoa trees ha!, and could have accounted for
our higher total stand aboveground biomass.
However, there was a big difference in the
partitioning of the biomass among the stand
components whereas stem biomass accounted
for as much as 83.98% and 87.11% of the to-
tal aboveground cocoa biomass in the sparse
and dense cocoa agroforest, respectively, in
Nigeria (Oke & Olatiilu, 2011), it accounted
for only 39.1% total aboveground biomass of
the cocoa trees in our study. And whereas the
branches and foliage biomass was equally par-
titioned (30.6% and 30.3% respectively) in our
study, the ten years old cocoa trees in Nigeria
had 12.60% and 3.42% of total stand biomass
allocated to branches and foliage respectively
in the sparse cocoa agroforest, and 10.53% and
2.40% allocated to branches and foliage re-
spectively in the dense cocoa agroforest (Oke
& Olatiilu, 2011). This difference in biomass
partitioning may be due to difference in the
age of the cocoa stands (8 years in our study
and 10 years in the Nigeria study). The older
cocoa trees would have developed bigger and
more lignified boles and branches than those in
our younger stand. Nevertheless, the biomass
partitioning still followed the same pattern as
that obtained by Oke & Olatiilu (2011), i.e.
stems>branches>foliage. The total stand bio-
mass of 17.09 Mg ha! (G. sepium and cocoa
trees together) at this site is, however, lower
than the 40.92 Mg ha'and 39.30 Mg ha'! bi-
omass reported by Mainoo & Ulzen-Appiah,
(1996), for G. sepium and L. leucocephala,
respectively, though this will be more due to
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the much higher stand density of 8333 trees/ha
for these species, established at the Institute of
Renewable Natural Resources farm, KNUST,
Kumasi.

Carbon content

In terms of carbon storage of the system,
the inclusion of G. sepium also increased car-
bon content by 5.13 Mg C ha’!, over the sole
cocoa carbon content of 3.41 Mg C ha', to a
total of 8.54 Mg C ha'!. This compares very
well with figures reported for 8 year old pure
plantations of Azadirachta indica (8.0 Mg C
ha') by Evans, (1982) and Pandey, (1983), and
demonstrates that multi-strata cocoa agrofor-
estry systems present substantial potential for
capturing and storing atmospheric carbon. The
carbon estimate values obtained in this study
compared favourably with estimates reported
for other pure tropical forest plantations of var-
ying and comparable ages. For example, the
total woody carbon content (stem and branch-
es) of 7.13 Mg C ha'! (i.e. 4.75 Mg C ha'! for
G. sepium and 2.38 Mg C ha'! for cocoa) ac-
cumulated by this 8 year old agroforest com-
pares well to estimates of 8 Mg C ha! reported
by Evans, (1982) and Pandey, (1983) for an 8
year old pure plantation of A. indica. Our re-
sults are also comparable with results obtained
in a study by Rizvi ez al., (2011), who recorded
a standing/total carbon stock of 3.78—1.62 Mg
C ha'! under poplar-based agroforestry systems
in the upper Gangetic region, where 70 million
poplar trees planted with agricultural crops. In
a study conducted to assess carbon accumu-
lation in agroforestry systems in India, Singh
& Lodhiyal, (2009), estimated carbon stock in
Populus deltoids agroforestry plantations of
the same age as our stand (8-year-old) to be
47.86 Mg C ha™'in bole wood alone and 96.23
Mg C ha'! in total biomass of trees, but this
higher carbon may be due to the fact that P.

deltoids is inherently a much larger tree than
G. sepium, apart from possible higher stocking
densities in their plantations.

A number of studies have demonstrated
that cocoa agroforestry systems have a great-
er potential for accumulating and storing more
biomass and carbon than sole cocoa systems.
In tropical Central America, Somarriba et al.,
(2013), assessed carbon stocks in various agro-
forestry systems. In 24-years old cocoa farms,
they obtained a total aboveground biomass
carbon stock for a mixed shade cocoa system
to be 49.2 Mg C ha'!, and for a cocoa-Eryth-
rina fusca agroforestry system to be 32 Mg C
ha! . The carbon stock of a sole cocoa system
of the same age was found to be only 9.0 Mg
C ha’'. In Cameroon, Gockowski & Sonwa,
(2011), evaluated aboveground carbon stocks
of'a 40 year-old cocoa-timber agroforestry and
a pure cocoa system of the same age. The co-
coa-timber system accumulated 89 Mg C ha’!
while the sole cocoa system accumulated only
49 Mg C ha'!. Back here in Ghana, Wada et al.,
(2010), obtained values of 131 Mg C ha! for a
50 year-old traditional cocoa system ( > 25%
shade) 10 Mg C ha'! for a shadeless cocoa farm
of the same age. In this study, the 8 year-old
cocoa- Gliricidia agroforestry system accumu-
lated a total of 8.54 Mg C ha'!, while without
the shade trees the pure stand of cocoa alone
would have accumulated only 3.41 Mg C ha'’.
Thus all these studies have demonstrated that
the inclusion of shade trees in cocoa greatly
enhances the biomass and carbon storage po-
tential of the system.

Conclusion
Results of the accumulation of above-ground
biomass in the cocoa-Gliricidia agroforestry
system indicated that the inclusion of the G.
sepium shade trees increased the above-ground
biomass of the system by 60.04%, and a great-
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er proportion of this biomass was contained in
the branches of the shade trees. This pattern of
dry matter distribution makes the species ap-
propriate for growing as a biomass producing
species in agroforestry systems. The inclusion
of G. sepium also increased carbon capture
compared with the sole cocoa system, and
demonstrates that cocoa agroforestry systems
have the potential for capturing and storing
more atmospheric carbon than sole crop (co-
coa) systems.
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