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Abstract
This study was conducted to assess the effectsestfconversion to shaded-cocoa system
on plant biomass, nutrient fluxes and soil physibemical properties along a
chronosequence (forest, 3, 15 and 30-year-old ctaroas) in the Moist Semi-deciduous
Forest Zone of the Ashanti Region, Ghana. It alqgoged farmer indigenous knowledge
and perceptions of soils and soil fertility dynanpiocesses. Plant biomass and above-
ground organic carbon and nutrient pools signifiyatieclined following changes in land-
use compared to soil pools. Tree biomass condlittite largest pool ranging from 12.7
+1.6 Mg ha for the 3-year-old cocoa system to 209.3+33.3 Mg im the forest. Soil
Organic Carbon (SOC) in 0-60 cm soil depth did ctzinge significantly over a 30-year
period and ranged from 49.0+2.3 to 67.4+1.1 Mg Ciha8 year-old shaded cocoa system
and forest respectively. SOC significantly declimedly in the top (0-10 cm) soil at 3 years
after conversion but recovered at 15 years. Thiegr-old shaded-cocoa systems yielded
up to 151 Mg C ha primarily stored in established trees (both comod shade trees) and
soil pools. Total N declined only in the 10-20 caoil slepth in 3 and 15 year-old treatments
but remained stable in all other soil depths acthsschronosequence while available P
stocks declined significantly. Soil exchangeable Kand Mg stocks remained relatively
stable with a tendency to improve, and cation emghacapacity (CEC) and base saturation
increased more or less along the chronosequé&uikbulk density (gm cff) increased
significantly with increasing age of plantation wriibr the top 0-10 cm soil layer but did
not differ among sites for similar depths. Desglite apparent stability of soil C stocks and
nutrients (0-60 cm) along the chronosequence,gaility declined under cocoa land-use
at 3 years. Microbial biomass demonstrated a streegsonal variation. However,

conversion of forest did not result in a signifitdecline in microbial biomass.



Mean annual litterfall and stand litterstocks di@ significantly among land-uses.
Litterfall ranged from 5.0 Mg hain 3-year-old cocoa to 10.4 Mg fhéorest systems while
stand litterstocks were from 3.6 to 5.9 Mg'ha 3 and 15-year-old farms respectively.
Annual decomposition coefficient& ( were similar in cocoa systems (0.221-0.28i)
greater under forests (0.354). Estimated nutrieptiis from litterfall was 4 to 165 kg ha
yr! of P and Ca respectively in 15-year-old and fopésts respectively. Turnover of fine
roots was 3,591, 1,427, 2,466 and 4,066 K&yhafor forest, 3, 15 and 30-year-old plots
respectively. Nutrient inputs through turnover ioiefroots were estimated to be 16-31 kg
N ha'year?, 2 -5 kg P hayear’, 9-36 kg K ha' year', 18-47 kg Ca hayear” and 3-25
kg Mg ha'year* across the chronosequence.

There were significant differences in incident fail) throughfall and stemflow chemistry.
Mean annual inputs of nutrients fluxes in incideibfall were 5.7 kg N, 0.14 kg P, 13.6
kg K, 9.43 kg Ca and 5.6 kg Mg hgr. Rainfall loading or net canopy exchange was
negative for total N at all sites while concentyas of P and the basic cations increased in
throughfall relative to incident rainfall. Througtlf on average constituted about 95% of
the total solute inputs of rainfall origin to fotefoor. The mean N and P input-output
balances were negative showing the system’s ‘nereat input’ character.

Farmers in the study had a well-developed knowlesigg#gem of their soils and related
fertility processes. They derived their knowledgérom observable plant and soil
characteristics namely; soil color, crop yield, tevaretention capacity, difficulty to work
soil, type and abundance of indicator weeds, le&droor deficiency symptoms observed
on crops and presence and abundance of soil macraf The qualitative perceptions of
farmers matched scientific assessment of fertilenfartile soils. The results suggest the

integration of local and scientific knowledge taifdate the processes for formulating



policies and development plans for agricultureytrparticipatory, gender sensitive and
collaborative approaches. Enhancement farmers’ bilitgato adopt improved farm
management and land preparation methods is reqtorenserve the soil and sustain

long-term productivity.

Key words:  Litterfall, stand litterstocks, foreginversion, litter quality, nutrient fluxes,
indigenous soil knowledge
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CHAPTER 1

INTRODUCTION



1.1  The Agricultural Sector in Ghana

Ghana lies on the south-central coast of West Aframd covers a land area of
approximately 239 million square kilometers of whiggricultural land forms about 57
percent. Ghana is mainly an agricultural countrgt agriculture is the major occupation
of about 47 percent of the economically active ggmup (Seini, 2002). The country’s
economy is therefore dominated by the agricultseator in terms of its share of Gross
Domestic Product (GDP), employment and foreign arge earnings. The sector is
often categorized into 5 sub-sectors namely: catper than cocoa (61% of agricultural
GDP), cocoa (14%), livestock (7%), fisheries (5%l dorestry (11%) (MoFA, 1997). In
2006, the sector contributed about 35.8 per ce@D® and employed 55 per cent of the
working population (UNDP, 2007). Although food csomre the most important
contributor to agricultural output, cocoa produati@ontinues to dominate as an
individual export crop, with cocoa exports congtitg 27.2 per cent of total exports and
earning the country over a billion dollars in 2Q@8orld Bank, 2007; FAOSTAT, 2008).
Smallholder farmers with an average holding of léss one hectare account for about
80% of the agricultural production. Therefore, aghiure is a major economic driving

force.

In recent times, changing trends can be observadrioultural land-use systems in terms
of technologies employed, crop emphasis, scale pérations and commercial
orientation. Some of these trends include:

. Changing of crop emphasis in the case of the re-ganee of cocoa as a cash and

export crop due to very attractive producer prieesl assistance from central



government mainly in the form of free spraying afrhs and the provision of
improved planting materials and,

. Increasing emphasis on the adoption of agro-praslugbractices that promote
climate change mitigation and environmental sustality through the
conservation of land resources to achieve sust@nabral and economic

development goals.

In Ghana agricultural productivity is generally lofMoFA, 2003) and soil fertility
degradation has been identified as the major cinstto sustainable agricultural
production. Recent studies have indicated the jpraga of nutrient mining leading to
negative nutrient balances in both annual and pékwrropping systems (Rogt al.,
2003; Stoorvogel and Smaling 1990). Most farmersialoapply chemical fertilizers due
to high costs and farmers’ principal means of naanihg soil fertility in both annual and
perennial cropping systems is through nutrient ckiey (MoFA, 1998). To design
management systems with enhanced nutrient recychiig for a good understanding of
soil dynamic processes under prevailing land-ustesys. This study uses the shaded
cocoa as a typical farming system that captureamym fertility processes that prevail in

cropping systems established after forest conversio

1.2  Traditional soil fertility regeneration strategies

In the traditional farming system, land preparatiovolves slash and burning. There is
nutrient release during slash burning: ash froomédrbiomass is incorporated into the
soil resulting in an increase in soil fertility. @an (C) and nitrogen (N) are largely

volatilized but phosphorus (P) and cations aresfeaned from the biomass to ash and



then into the soil (Nye and Greenland, 1960; Graaét al., 2000). After cultivating the
field for 1-3 years when yields begin to declirfeg fields are abandoned and left under
undisturbed fallow for several years to restordilfigr to levels that prevailed initially
before forest clearing. The longer the rest peribe, higher the fertility regenerated.
However, population pressure and the need to ieerga&oduction have led to a
shortening of the fallow periods (Ahn, 1993) reisgtin reduced fertility and lower crop

yields where nutrients are not applied.

1.3  Soil fertility dynamics under shaded-cocoa sysis

In the perennial cash/tree cropping systems, edilify is maintained through the closed
nutrient recycling system practiced. Cocoa cultorathas generally been dependent on
cultivation of partly cleared forestland utilizinbe ‘forest rent’ of newly cleared areas
that is soil fertility built up in the forest soilor cocoa established from virgin forests on
relatively fertile soils, fertilizers may not begugred for many years and farms have been
shown to remain productive and environmentally aunsble for up to between 30-50
years, at a level comparable to long-term fallowspomary forests (MoFA, 1998;
Dugumahet. al., 2001). However, in recent years the prospectshisf practice have
diminished drastically in most areas due to dwiddlerest areas. In the Ashanti Region
for instance, the most common land-use prior tapaaestablishment is secondary forest

fallow as there are no new virgin forests left lieac.

The fertility of soils under cocoa plantations witbmplete canopy formation can be
sustained for a long time due to the ability of@@do recycle nutrients back into the soll

through litterfall and litter decomposition. Nutniecontent of this biomass helps sustain



productivity through efficient recycling with onlgmall amounts of nutrients leaking
from the system (Brinkmann 1983; Herrexiaal., 1978). However, the continuous crop
removal through harvested beans would result indse of nutrients from the soils over

a period of time (Ahenkoraét al.,1987;Appiahet al.,1997).

1.4 Research problems, rationale and justificatioffior the study.

1.4.1 Low inherent soil fertility

There has been an increasing interest in the sftdatonversion of forest ecosystem into
agro-ecosystems on nutrient cycling from perspestinf sustainability and in evaluating
long-term agricultural and forest land-uses. Moktttee soils of Ghana are old and
generally of low inherent fertility (MoFA, 1998)n Ithe Moist Semi-deciduous Forest
Zone, the principal soils for agricultural develaggmh are the forest Ochrosols (Acrisols,
Lixisols). These are strongly weathered and aadits which have been leached over a
long period of time (Bennelet al., 1990) and are dominated by low activity clays
characterized by low organic matter content (ado&% in the A horizon), low cation
exchange capacity (CEC) and low base saturatiortriedti reserves are therefore
generally low with total N concentrations and aablié P, K, Ca and Mg found in low
amounts (MoFA, 1998). Soil fertility degradationdalow soil fertility continue to be
major causes of decline in yields, and the mostomamt constraints to food and cash
crop production on smallholder farms (Appiahal., 1997). Replenishment from other
sources is crucial for proper plant growth. Thelleinge is to fully understand the long-
term system-level nutrient sustainability and theiynamics as well as develop
management strategies that minimize nutrient lissance nutrient recycling and sustain

productivity.



1.4.2 Limited information on nutrient flows andxés in cocoa systems.

Nutrient fluxes in agricultural systems comprisediidns through wet and dry
deposition, throughfall and stemflow, recyclingaiagh litterfall and fine roots turnover
and losses through harvest exports and leachingudrhthese are important nutrient
flow pathways and their fluxes have repeatedly beemasured in forests of the humid
tropics (Brinkmann, 1983; Holscheat al., 1998), they have rarely been studied in
agricultural and agroforestry systems (Leite andleyd990; Opakunle, 1991). Indeed
very few studies have comprehensively examinedianitrcycling through litterfall,
throughfall, stemflow and fine roots turnover ahdit fluxes to provide insights to their
functioning in cocoa systems at plot or farm lesgbecially in humid lowlands of Ghana,
and the patterns are still insufficiently understo@Vhile nutrient accumulation in both
soil and vegetation was seldom studied, resear@ist lacking on long-term system-
level nutrient sustainability specifically in shadeocoa systems. Moreover, of the
limited number of studies focusing on ecosystenil,(8tier and plant) nutrient stocks
(Jaiyebo and Moore, 1964), few assessed changadrnent stocks with time, via either
chronosequences (Scott, 1977; Toky and Ramakrisiii®83) or the monitoring of long-
term plots (Bebwa and Lejoly, 1993; Szott and Pdl&96).Understanding the dynamics
of nutrient cycling, the magnitudes of the fluxesléhow balances can be improved is
crucial for developing management recommendationsnprove productivity of these

tree-based farming systems (Schretfal.,2001; Gichurwet al.,2003).

1.4.3 The need for environmentally viable agro picithn to mitigate climate change
In recent decades, the increase in atmosphericeotnation of carbon dioxide has

necessitated the identification of strategies fdigating the threat of the attendant global
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warming under the framework of the Clean Developmiechanism of the Kyoto
protocol including the possibility of land-use ches that lead to higher net carbon
stocks. The net environmental consequences ofuaad:hange will depend on the prior
land-use, the type of land conversion process hadharacteristics of the new land-use
(Gockowskiet al., 2003). Farms created at the expense of forestsstilil result in
significant emissions. Conversion of either shattofiv or savannah lands, which have
much lower stocks of carbon to tree-based croppystems like shaded-cocoa will likely
result in a net sequestration of carbon and theretmtribute to climate change
mitigation. Despite its significance, C sequestrais a poorly assessed potential value of
tree-based agro-ecosystems and few studies hagssassthe C sink capacity of cocoa
agroforestry systems in Ghana. The potential otlstiacocoa agroforests to sequester
carbon and thereby contribute to climate mitigatibough widely acknowledged has

been hardly studied in cocoa systems in Ghana.

1.4.4 Exlusion of farmer perspectivas agricultural research and planning

Studies have shown that though farmers' perceptkmsvledge and perspectives are
essential elements for the development and adoifiarew technologies, farmers are
commonly left out of the formal agricultural resgaand development process as sources
of information and innovation (Muraget al., 2000; Desbiezet al., 2004). Their
knowledge of sails, soil fertility and soil managemh practices plays an important role in
developing more sustainable farming systems (Talawma Rhoades, 1998; Chambers,
1983). In Ghana, over 60% of all cocoa producetlyismallholder farmers as a low
external input venture with farmers using tradiibrtechnology with very little

purchased inputs (Asenso-Okyere, 2001). To susiatnents in these systems calls for

7



the introduction of efficient resource managemembacfices. Designing diverse
agroforestry systems that are adaptable and flexibl ecological as well as social
conditions requires a full appreciation of farmergpectives (Holling, 1986). While
various current policies and research on agricaltsustainability depart from a top-
down approach, local social conditions, particyldoical knowledge, have entered into
the development paradigm (Ingold, 2000). Sever#h@as, amongst them Pretty and
Chambers (1994) and Rdling (1994) have advocatednferactive and collaborative
approaches which consider farmers as equal palitmeesearch and development, with a
new role for researchers and extension agentscésafi@rs and catalysts. Integration of
local and formal scientific knowledge is recurrgntentified as an important component
in sustainable development (Oudwater and MartirQ320and provides an important
foundation for resource management (Becker and &&irB003 Moller et al., 2004).
Consequently, studies on local soil knowledge nrayige a basis for integrative holistic
methodologies (Mclintosét al.,2000) for managing fertility especially in thesavlinput

farms and may facilitate a scaling up results ftbmfarm to the landscape level.

1.5 Goal, specific objectives and research quest®n

1.5.1 Goal

Working on smallholder production systems and usingthno-ecological approach, the
overall goal of the study was to provide quanttinformation on the effects of forest
conversion to shaded-cocoa system on vegetatiomadsi® and soil physico-chemical
properties and to use this information to promgtesn sustainability. Insight from this
study may contribute to developing principles andnagement strategies to enhance

nutrient cycling in shaded-cocoa systems.
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1.5. 2 Specific objectives

(i)

(ii)

(iii)

(iv)

153

The specific objectives of the study were to:

Investigate the effect of forest conversion to gltadocoa on above-ground plant
biomass and above and below-ground carbon andentisiocks.
Estimate nutrient recycling through litterfall predlion and fine roots turnover in

forest and shaded-cocoa land-use systems.

Estimate the magnitudes of nutrient fluxes in ieadrainfall, throughfall and
stemflow, and outputs through harvest exports aadHing in forest and shaded-

cocoa land-use systems.

Assess farmers’ local knowledge of soils and assedi fertility processes in

shaded-cocoa land-use systems.

Research questions

The questions that guided the study were:
Do soil organic carbon and nutrient stocks increasedecrease with time
following forest conversion to shaded-cocoa land-@d which pools are most

affected?
Can shaded-cocoa systems be used as tools inghessetion of carbon?

How much carbon is stored in the above-ground corapts (trees, leaf litter, pod

husks, etc) of different aged shaded-cocoa systems?

Are nutrient outputs through crop harvests andhiegcadequately compensated
for by inputs through incident rainfall, throughfaind stemflow, and recycling

through litterfall and fine roots turnover?

What are farmers’ perceptions and understandingitatheir soils and fertility

processes?
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b)

d)

1.6

How do these perceptions and understanding infliémeir fertility management

strategies?

Hypotheses
The study hypothesized that:

Carbon and nutrient pools as well as microbial I@Essn would decline
significantly along the chronosequence followingeki conversion to shaded-

cocoa land-use.

Litter pools (stand litterstocks) and litterfall goluction in recently converted
cocoa plantations will be low compared to forestsnature cocoa systems, and

decomposition rates will correlate to litter qualih cocoa ecosystems.

Forest litter decomposition rates will be more damue to specific litter

dominance of higher quality.

Nutrient outputs through crop harvests and leachivmuld be adequately
compensated for by inputs from incident rainfdtlroughfall and stemflow, and

recycling through litterfall and fine roots turneve

Collaboration among local farmers, scientiptdicy makers and extension staff
can result in a more complete understanding of lecgironments and the design
of appropriate management strategies and more ssfatemplementation of

alternative management strategies.

Justification for choice of study district

In order to answer the research questions as welhbdate the hypothesis or otherwise

invalidate them, one administrative district wags#n. The Atwima Nwabiagya District

was selected because of the convergence of s¢kenaktical, conceptual and contextual

factors.
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First, districts are the basic development unitg thave planning and implementation
powers on all issues related to the developmenthef country. This enables data
collection and analysis to be focused and doneimvith meaningful framework, and
ensures that recommendations can be implementedustainable way (Inkoom, 1999).
Secondly, the Atwima Nwabiagya District is one leé tistricts with a high proportion of
old cocoa farms in Ghana faced with serious yielduction and fertility degradation
problems. The implementation of the Ashanti Cocogjeet in the area between 1976
and 1979 resulted in the rehabilitation of cocoantaand the training of farmers in
improved methods of cocoa production (Amoah, 1998 district therefore provides
opportunities for understanding the nature of cqumaluction from various perspectives;
historical factors and contact with research amathgrs. Thirdly, resource issues of this
nature demand micro-level study to capture allrtbeessary factors that account for the
phenomenon under investigation (Inkoom, 1999). &hallow for an in-depth and
holistic approach to finding appropriate strategies enhanced nutrient cycling and

fertility management with the possibility of scajhup to other areas.
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CHAPTER 2

GENERAL METHODOLOGY
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2.1 Description of study area
The study described in this thesis was conductesiriall-holder farms in the Atwima

Nwabiagya district of the Ashanti Region of Ghafégy(re 2.1). Atwima Nwabiagya
District is one of the 21 political districts inghAshanti Region. It is situated in the
western part of the region and lies approximatelylatitude 8 75 N and between
longitudes 240" and 223" W. It covers an area of about 26,462 hecta2é4.62 krf),
and has Nkawie as the district capital (Atwima Niaglga District Assembly, 2006). The
population of the district stood at 139,174 basadtiee 2000 housing and population
census with an annual growth rate of 3%. About Z&,people (or 40.6% of the
population) live in the rural settlements whilst@® people (representing 59.4% of the
population) live in the urban/peri-urban areas had tistrict. Major settlements in the
district include Abuakwa, Nkawie-Toase, Asuofua @alekese (Atwima Nwabiagya

District Assembly, 2006).

2.2  Climate and vegetation

The district falls within the wet semi-equatoriainforest climate zone. Mean annual
rainfall is from 1,300-1,850 mm per annum with baahal distribution, with May - June

and September - November as peaks (Figure 2.2)dhseason lasts from December to
March, a period during which the desiccating hatamatwinds blow over the area.

Temperatures are uniformly high throughout the ydarerage monthly temperatures
range between 2C and 31C. The relative humidity is generally high throughdhe

year (Atwima Nwabiagya District Assembly, 2006).
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The predominant vegetation in the district is theid¥l Semi-deciduous Forest Type and
consists of the&eltis triplochitonFloristic Association (Taylor 1960), where sonfi¢he
trees in the upper and middle layers shed theireleasually in the dry season. The type
is characterized by several species includinglochiton scleroxylonCeltis milbraedij
Baphia nitidaand Groffornia simplicifolia Two species oSterculia S. rhinipelataand

S. Oblongatamight be considered as somewhat characteristibeoforest type. Heights
often exceed 50 m and sometime 60 m. The upperpyanonsists of a mixture of
deciduous and evergreen species in varying prapwtibut over the whole type, the two
occur in about equal proportions — hence the té8emni-deciduous’. The understorey
trees are sometimes gregarious (Hall and Swain]l)19Bhe district has one forest
reserve, the Jimira Reserve covering 6,285 hectafe®orests. (Atwima Nwabiagya

District Assembly, 2006).

2.3  Soil Types

The soils of the study area are from weatheredlipdg/lof the Lower Birimian geology

(Adu, 1992). They consist mainly of Nzema soil sgrclassified as Ferric Lixisols, and
Kobeda series classified as Leptosols/Regosols (BANBSCO, 1990). Ferric Lixisols

which are most extensive in the landscape, are ratalg good agricultural soils. They
are deep and moderately well-drained with a sultegilire ranging from silty-clay loam

to silty-clay, which gives it a high moisture retien capacity. Rainfall within the moist

semi-deciduous firest zone leads to leaching ofienis than in types of lower rainfall.

Base saturation is generally high (about 60 to 8@¥gviding a pH of about 5 - 6. Total
exchangeable bases (TEB) are generally below 10188ty soil. The type as a whole
has only a moderate elevation of 150 — 600 m, wWwigher elevations within the area
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carrying a forest of distinct type — Upland Evergre(Hall and Swaine, 1981). The
fertility status of soils on the site is thus geallgrlow to medium with near-neutral to
acid conditions. Most of the nutrients are conaett in the topsoil. The soils of the
Moist Semi-deciduous Forest Type are ideal for nodshe forest zone crops, including
cocoa. Tree crops e.g. cocoa, coffee, citrus,ahpavocado and mango, as well as food
crops like cocoyam, yam, plantains, cassava andaraie best suited for these soils

(MOFA, 1998).

2.4 Approach to the Study

Two approaches are often used in studying ecosysdtgmamics. These are ‘temporal
monitoring’ (where the dynamics of ecosystem congpds are examined over time at a
single site) and the spatial analogue/chronoseguemiaich involves spatial sampling on
sites that are subject to different land-uses petating within a similar environment and
on similar soil types) methods ( Bhojvaid and Timn998; Lemenitet al., 2005) In
this thesis, the chronosequence approach was adofste adjacent secondary forest
(hereafter referred to as forest land-use) refereand fields of cocoa farms aged 3, 15
and 30 years after forest conversion were selediedassess nutrient stocks and litter
dynamic processes along the chronosequence,asnples (0-10, 10-20 and 20-60 cm
soil depths) and plant tissue samples (leaves,sstemgs and branches and fine roots)
were collected from 35 m x 40 m plots establishetbrest and cocoa sites for chemical
analysis using standard procedures. The trend ahgd#s in plant biomass and soll
properties are described and values in cocoa sgstmpared to forest values as
standard reference. Details of the analytical n#thased are described in the materials
and methods sections of chapters 3, 4 and 5 dhdwes.
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2.5  Outline of the thesis

This thesis is presented in eight chapt€tsapter 1 introduces the study and presents the
reader with general background information on tipécaltural and cocoa sector, fertility
management as a whole in Ghana and the justifitdtio the study, whileChapter 2
describes the general methodology adopted fortthadysin Chapter 3, the literature is
reviewed comprehensively. It covers the theoriekirak the concepts applied in the
study, methodologies employed and major trendsrgarac carbon/nutrient dynamics
and farmer perceptions to locate my research duions within the ethno-ecological
and cocoa agroforestry literatuf@hapter 4 reports on the effects of forest conversion on
changes in above and below-ground nutrient stoeksle Chapter 5 looks at the
dynamics of litterfall and nutrient return througitter decomposition and fine roots
turnover to the forest flooChapter 6 gives a quantitative assessment of nutrient flows
through the various input and output pathwayChapter 7, farmers’ local knowledge
of their soils and fertility processes as well bsit fertility management strategies are
explored. Chapter 8 summarizes and synthesizes results of the entirgy.slt puts
together the major findings, draws conclusions thase the findings and makes
recommendations for enhancing nutrient cycling iamatoving balances in shaded-cocoa
farming systems in the semi-deciduous forest zdn@hana. Finally, recommendations

and perspectives for future research are made.
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CHAPTER 3

LITERATURE REVIEW
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3.1 Nutrient cycling in forests and tree-based agrecosystems

The continual movement of nutrients between compamts within an ecosystem is
referred to as nutrient cycling (Nat al.,1999; Kimmins, 1997). Since the seminal work
Nye and Greenland (1960) on nutrient flows and paolshifting cultivation systems,
ecological research in nutrient cycling has madesicierable progress. Young (1989)
and Attiwill and Leeper (1987) provide details bétmajor pathways of nutrient cycling
which consists of stores and flows as well as gaimslosses within the system. Pools of
nutrients are located both above-ground, in tree@op biomass, and below-ground in
plant residues, soil fauna, soil organic matterti{blabile and stable fractions) and
available nutrients in soil solution. Flows withthe system (uptake and return or
recycling) include the decomposition of plant regisl and soil organic matter, and plant
uptake. Gains and losses are external to the sy§iamns into the system consist mainly
of nitrogen fixation and fertilizer additions, réafl and dry deposition while losses are
attributed to leaching, erosion and product rem@v¥aling, 1997). Nutrients in litterfall,
fine roots turnover and prunings (unless added fobiasite) represent recycled and not

additions to the system.

3.2 Nutrient flux pathways

3.2.1 Litterfall and nutrient inputs

In tropical forest ecosystems where soils are Kigigathered and nutrient-poor, litter
production is a major process by which carbon anttients are transferred from
vegetation to soil. Litter is a central nutriensearce and litterfall is an important
pathway for the return and recycling of dead organatter and nutrients from plants to
soils (Lian and Zhang, 1998; Martiagsal.,2004).
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The amount of nutrients annually transferred depemdthe amount of litterfall and the
nutrient concentration in the litterfall. Under oac agroforestry, Isaaet al. (2005)
recorded litterfall rates of 2.9, 6.9 and 10.4 May lyr* respectively for 2, 15, and 25
year-old shaded-cocoa agroforests in a moist segiddous forest in the Western
Region of Ghana. Owusu-Sekyerteal. (2006) found that mean annual litter produced by
primary and secondary semi-deciduous forests wiashe Mg ha while that for cocoa
plantations was 6.9 Mg Ha Opakunle (1989) reported an annual litterfaleraf 11.7
Mg ha' in a 22-year-old cocoa plantation in a lowlandfaiest area in Ibadan, Nigeria.
Hartemink (2005) reviewed the results of research rmtrient cycling in cocoa
ecosystems and concluded that average annuafdikter shaded-cocoa systems across

all ages was 10 Mg Hgr™.

3.2.2. Litter decomposition

Decomposition is a complex process regulated byirteractions between organisms
(fauna and micro-organisms), physical environmefdators (particularly temperature
and moisture), and resource quality usually defibgdignin, nitrogen and condensed

and soluble polyphenol concentrations (Switftl.,1979).

Traditionally, mesh bags (litterbags) have beenaliable tool for measuring litter
decomposition rates. Enclosing litter in mesh bagskes it possible to recover the
experimental materials and defines the conditiomdeu which the organism operates.
However, the use of litterbags does have its probleThe litterbags and compaction of
litter can create microclimate conditions differéram conditions in unconfined litter

under natural environment. The microclimate withiterbags tends to be moister than
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that of unbagged litter, and thus more favorabteniecrobial activity (Vossbrinclet al.,
1979). Litterbags with fine mesh sizes (1-2 mm) exclude most macro-fauna and thus
underestimate decomposition rates. Larger mesls sittew larger fragments to escape
the bags thus overestimating decomposition. In nueses, litter bags probably
underestimate actual breakdown rates. Neverthethss, usefulness for comparative
studies and for nutrient measurements makes theportant tools (Colemart al.,

2004).

Alternatives to litterbags and modifications to #taendard approach have been reported.
Quantitative decomposition rates can also be etedusvith the litter turnover rate
method for unconfined litter (Nye, 1961; Olson, 3R6The rate of annual stand litter
turnover (K) can be estimated as ®¥LF/LS where LF is the annual litterfall and LS the
stand litter crop. The method’s limitation is thiatloes not provide detailed information
on the pattern of weight loss through time or theslof nutrients in the litter. It also
assumes a steady state of stand litter biomassshwhiobably changes over time.
However when stand litter and litterfall measuretador the entire year are available,
turnover/decomposition coefficient may be estimateglaxing the steady state

assumption (Martiust al.,2004).

Isaacet al. (2005) using the mesh-bag method measured |éaf tiecomposition under
cocoa in the Sefwi Wiawso District of Ghana andniduthat decomposition rates ranged
from 0.484-0.784month’. It would be interesting to know what decompositiaites

would be using the litter turnover method for urfooed litter.
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3.2.3 Nutrient inputs through dry deposition, iremd rainfall, throughfall and stemflow

Dry Deposition

Dry deposition may be broadly defined as the trartspf particulate and gaseous

contaminants from the atmosphere onto surfaceshe absence of precipitation

(Davidson and Wu, 1989). While it is an intermegligansport process responsible for
the removal of pollutants from the atmospheres & imajor pathway for the mobilization

and transfer of elements in ecosystems. Traditipnahe atmosphere has been
considered the main source of elements with gasgloases such as N, and rock derived
elements such as P and Ca for terrestrial and iage@isystems (Morales-Bacquesb

al., 2006), as well as shaded-cocoa systems.

Dry deposition from the atmosphere may be an ingmbradditional nutrient source for
plants. This is particularly true, when the soite autrient-poor as it is the case in the
Semi-deciduous forest belt in Ghana. In this regtba deposition of nutrients from the
atmosphere is enhanced by the frequent biomassnguitmat releases a large part of the
nutrients stored in aboveground biomass to the spimere (Pivello and Coutinho, 1992;

Kauffmanet al.,1994).

Currently, it is well established that the atmosphean mobilize amazing quantities of
dust from the arid areas of the world (Schlesing@87), and the role of the atmosphere
as a vehicle for rock-derived elements has beeenthcre-vindicated (Chadwikt al,
1999). These authors found that the tropical etesys of Hawaii depend critically on
phosphorus supplied by the atmosphere coming fimenQentral Asian Desert. At a

global scale, the Sahara Desert is the largestaeia in the world and, consequently, it is
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the origin of the largest loads of dust to the api@re (D’Almeida, 1986). This dust is
transported towards the Atlantic by the predominaesterly winds and towards the
Mediterranean basin influenced by the presenceyofones (Moulinet al, 1997).

Saharan dust contains high quantities of partieutaatter, soluble minerals and organic

carbon (Talbott al, 1986).

Wet deposition/incident rainfall inputs

In tropical forest ecosystems, important interawiaccur between hydrological and
nutrient cycles. Estimation of fluxes of elememsimcident rainfall, throughfall and
stemflow is a routine part of nutrient budget séigdin forest and tree-based ecosystems.
In Bahia Brazil, Liete and Valle (1990) found natrt inputs in rainwater to the soil were
greatest for N and Ca, with an annual means o324 kg ha respectively. Rainwater
contribution of Mg and K were small both approxigit9 kg hdyear' and those of P
about 1 kg hdyear'. In cocoa systems in Ecuador and Ivory Coast sy, rainfall
nutrient fluxes were 8.1 and 7.2 kg™iya® for Ca, and 6.1 and 2.1 respectively for P
(Gerold, 2005). In the Central African rainforeShuyonget al., (2004) recorded mean
annual inputs of N, P, K, Mg and Ca in incidennfall to be 1.50, 1.07, 7.77, 5.25 and
9.27 kg hd, and total rain-based inputs to the forest floeravs.0, 3.2, 123.4, 14.4 and

37.7 kg hadyr™ respectively.

Throughfall and stemflow
Independent of the amounts of nutrients in thedieci rainfall, significant amounts are
added and transferred from above-ground plant partse forest floor as the rainwater

passes through the canopy. The two routes are kmughfall (rain-wash) and by
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stemflow. Throughfall is that part of the incideainfall, which passes through the forest
canopy, either directly in gaps or in interactinghwthe vegetation (Hartemink, 2005;

Bruijnzeel, 1989; Lloyd and Marques, 1988).

According to Hartemink (2005), large amounts ofriemts are transferred by throughfall
in cocoa ecosystems. Though throughfall may beidered a transfer of nutrients (when
certain nutrients notably the cations are leachiedhfleaves), it can also become an
addition if the leaves were covered with dust thas been transported from elsewhere
(Asneret al.,2001; Parker, 1983). The amount of nutrients feansd by throughfall is
generally less than 8 kg hiéor N and P and for K varies from 38 to more tha0 kg ha
year!, which demonstrates the importance of througlialK nutrition of the cocoa. In

a Brazilian cocoa ecosystem, Leite and Valle (1980nd that throughfall represented
an important source of nutrients with recycling<giCa, Mg and P to the soil being in the
order of 141, 28.4, 21, and 13 kglyaar’ respectively in unshaded plots, and 47, 21,

12.2 and 8 kg hayear' respectively for the same nutrients in shaded cotuia.

Stemflow is the part of precipitation channeledlégves and branches and eventually
funneled down the trunks of the trees (Herwitz, @98ordan, 1978). Stemflow is of
hydro-ecological and biogeochemical importanceoire$ted and agricultural ecosystems
because it is a spatially localized point inputwadter and nutrients at the plant stem
(Chang and Matzner, 2000; Levia and Herwitz, 20083cording to Johnson and
Lehmann (2006), stemflow in general has higherienitrconcentrations than throughfall
by up to an order of magnitude (Parker, 1983), Wwhgcin turn more greatly enriched

than the incident precipitation. A longer canopgidence time for stemflow water than
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for throughfall, combined with greater leachabildy bark tissue (Levia and Herwitz,
2000), contribute to a chemical concentration gradiof water fluxes in the order:

stemflow > throughfall > precipitation (Johnson drehmann, 2006).

In a 22-year-old cocoa agro-ecosystem in SoutheadiBgeria, Opakunle (1989)
reported that the contribution of stemflow to tlmat nutrients in rainfall (throughfall
plus stemflow) on the plantation ranged from 1.9%M to 11.4% for K. The quantities
of nutrients returned to the soil annually throwgjamflow were 0.38, 0.12, 8.50, 1.64
and 0.36 kg hayear” for N, P, K, Ca and Mg respectively. Levia andEr®003) assert
that there is no standard protocol as to the nunabber type of gauges necessary to
adequately sample stemflow volume or chemistry. [Blok of a standard protocol is, in
part, likely the result of the diverse vegetatimver from which stemflow is collected
and the differing objectives among stemflow studi&emflow drainage, however, is
typically collected from forest trees using flexdbiubing that is cut longitudinally and
wrapped in an upward spiral around a tree trunki@.and Herwitz, 2000; Nakanisht
al., 2001). The tubing is nailed or stapled to the traek, and silicone sealant is applied
to seal the collar to the trunk and to plug nadde (Herwitz and Levia, 1997). The uncut
section of each stemflow collar is connected tmlection bin. Levia and Frost (2003)
have observed that, year-long studies are necesémtter understand the dynamics of
stemflow generation for total nutrient inputs thgbustemflow to be expressed on a kg
ha'yr? basis. According to them total stemflow nutriempiits based on extrapolations
from a few months could be erroneous. The diffeeebetween the sum of these two
fluxes and the incident rainfall gives the canopteiception (Carlyle-Moses and Price,
1999; Muoghalu and Oakhumen, 2000).
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3.2.4 Nutrient inputs through fine roots turnover

Fine roots are constantly in flux, with death aeglacement occurring simultaneously
(Persson, 1983). Though root turnover plays a fogmt role in carbon budget and
nutrient cycling of forest ecosystems (Eissengtatal., 2000), root production and
nutrient cycling are difficult to study in forestétree-based agro-ecosystems (Vitousek
and Sanford, 1986). According to Fogel (1983), mawhover may have 4 to 5 times
higher C returns than above-ground litter, thisagehe source of 30-60% of the organic

soil pool (Heakt al.,1997).

Apart from the pioneering works of Kummerost al., (1981, 1982), Alpizart al,
(1986) and later Munoz and Beer (2001) very liitilormation exists on fine root
dynamics in cocoa systems. The earlier studies mawstly been limited to static
inventory data; that is biomass at a given momertinne (Alpizaret al., 1986; Beetet
al., 1990). On 16-year-old plantations, Munoz andrB@€01) showed that fine root
turnover was close to 1.0 in cocoa shaded \Etlthrina poeppigianaor Cordia
alliodora in Costa Rica and nutrient inputs from fine ragnhbver were estimated at 23-
24 kg N, 2 kg P, and 14-16 kg K hgear'. These amounts equaled about 6-13% of the
total nutrient input in the cocoa shaded withalliodoraand 3-6% in the cocoa shaded
with E. poeppigiangdMunoz and Beer, 2001). Kummerat al. (1982) also found that
fine roots biomass in an 11-year-old cocoa plamtain Bahia Brazil was 400 kg fha
Given the generally high turnover of fine rootstive tropics, their role in carbon and

nutrient cycling under cocoa systems could be waportant.
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3.2.5 Methods for studying root growth and disttibo

Although the importance of roots in net primary guotion and forest biogeochemical
cycling is acknowledged, a lack of reliable infotmaa on root production and turnover
has limited nutrient cycling studies (Aber and Me)i1991). There are several methods
for sampling and studying roots, many of which haeen reviewed by Bohm (1979).
They are generally classified into two principalpegaches: destructive or non-
destructive. The method adopted depends on therenaand complexity of the

information required.

By far the most popular destructive method for samgpand studying roots is extraction
using cylindrical corers or augurs (Munoz and B&f0Q1) of specified core diameter
(usually between 50-80 mm) to predetermined depths. 0-5, 5-10 cm soil depth),

retrieving the roots by the wet sieving method ascdbed by Bohm (1979), and
separating the retrieved roots into required diameiasses for dry weight determination.
A variation in the augur or core sampling methodhs collection of soil monoliths

(Visalakashi, 1994), from a specified area (e.gx5B@m area) to required depths and
extracting the roots as described. Fine root privdtic has been estimated using field
incubated in-growth core method (Cuevas and Medi883; Munoz and Beer, 2001)

where in-growth bags made from plastic sacking veitminimum of 4 mm mesh are

placed in augur-prepared holes and filled (in-swith root-free soil roughly to the bulk

density of the surrounding soil. Roots are allowede-grow into the bags, which are
harvested at various time intervals for total freet biomass determination. The mini-
rhizotron technique for the in sittbservation and quantification of root growth inxes

installing a large glass plate in an observatidifegaand then measuring the growth of
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roots against the glass over time (Anderson andamg 1998). More sophisticated
versions use a fiber optic system with a cameraflasth light or miniaturized video

system (Schroth, 2003; Gb. al.,2005).

Despite these advances, several of the methodalogionstraints require due
consideration during root growth studies as theas&ercomparisons at times difficult.

Some important considerations include:

i) Different sampling and processing methods (ideig variations in coring depths, root
isolation and washing techniques) to measure theesaoot parameter yielding
significantly different result§Fogel, 1983; Hertel and Leuschner, 2002), and

i) The lack of a standard definition for fine rgotvhich has led to different studies

classifying roots of different diameter classeiras roots.

Fine roots biomass have been based on diametseslasl mm, e.g. Burtaet al. (2000)
and Castellanost al. (2001); < 2 mm, e.g. Voget al. (1986); < 3 mm, e.g. Melillo
(1982); < 5 mm, e.g. Gower (1987); < 6 mm Klingé{3) and <10 mm e.g. Deaesal.
(1996). The fact that different diameter classes @mnsidered as fine roots affects the
estimation of fine roots biomass significantly aodmparisons between studies are

difficult (Millikin and Bledsoe, 1999).

3.3 Nutrient depletion and balances in agro-ecosysns
3.3.1 Nutrient budgets and balances
The distribution and cycling of elements in tropiéarests and agro-ecosystems takes

place within the context of inputs by means of jp#ation, mineral weathering and gas
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absorption (including biological nitrogen fixatiorgnd of outputs by means of solution
losses (leaching), volatilization and the harvest export of plant parts. In the short run,
nutrient availability is regulated by processegasing nutrients into available forms and
those removing them; in the longer run, the nutrgatus of the forest or agro-ecosystem
is dependent on the balance between inputs anditsug nutrients (Stoorvogel and
Smaling, 1990; Vitousek and Sanford, 1986). A mumfribudget is a procedure that
accounts for inputs and outputs of nutrients ireingd system, and the nutrient balance
refers to the difference between the sum of inpats outputs (Janssen, 1999). A nutrient
balance is thus a land quality indicator that dbser the rate at which soil fertility
changes under actual management. The nutrient dealé calculated through the
assessment of the major inputs and outputs ofemitrifor the land-use systems. It can be
calculated for different scales such as countrgjore district, farm or plot and soil
solution levels. By simply subtracting the nutriemputs from the nutrient outputs one

obtains a balance.

3.3.2 Nutrient Monitoring (NUTMON): Quantifying mignt input and output
pathways.

Since the pioneering works of Stoorvogel and Smgal{h990), nutrient flows and
balances are increasingly being used as powerfols tdor estimating nutrient
depletion/accumulation. Several studies (e.g. vanRbl,1992; Krogh, 1997; van den
Boschet al., 1998; Amareet al., 2005; Kanmegnet al., 2006) have used the nutrient
monitoring (NUTMON) approach to assess nutrientutnand output fluxes and their

balances and to quantify subsoil nutrient depletion
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The NUTMON methodology involves the identificati@amd quantification of relevant
key nutrient input and output determinants. At flaem level which distinguishes
between three types of units: crop activities,dteek activities and the homestead, the
model identifies six inflows (IN1: mineral fertikz, IN2: manure/organic fertilizer, IN3:
atmospheric deposition (wet/dry deposition), IN4oldgical nitrogen fixation, INS:
sedimentation and IN6: subsoil exploitation), ana eutflows (OUT1: harvested
products, OUT2: removal of crop residues, OUT3clheag, OUT4: gaseous losses,
OUTS5: erosion and OUT 6: human faeces). Thus theiemi depletion of an agro-
ecosystem of spatial scale (S) at any given tijmenéy be characterized by a balance,
made up of a number of nutrient inputs that mayegd in - £ out > 0), equalX in -

out = 0), or be lowerXin - £ out < 0) than the sum of outputs (Gichetual.,2003). A
negative balance implies that soil stocks of aaterelement are decreasing. If the
nutrient balance is negative, this does not nedbsseonstitute a constraint on
production, although such a situation will not hestainable in the long run. Nutrient
balances should, therefore be assessed in retatitre stocks of available, or active soll

nutrients (Defoeet al.,2000).

Though questions have been raised as to whethgemubudgets and balances give us
the required information to understand the statu$ dynamics of soil fertility across

farming systems, and whether such analysis mayigeaeliable directions and support
to policy formulation on soil fertility managemef@coones and Toulmin, 1998), they are
still widely used as they provide quick findinggsied on a short time-frame exercise

(Stoorvogel and Smaling, 1990).
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3.3.3 Nutrient balances in cocoa systems

Hartemink (2005) reviewed research results on enircycling in cocoa systems and
calculated nutrient balances from experimental deden Malaysia, Venezuela, Costa
Rica, Brazil and Cameroon. In the absence of indogtertilizers, he found the nutrient
balance to be negative for all the essential misieFor instance the input and output
balances of N, P and K respectively were -25nd 45 kg hdyear for Malaysia, and
-15.5, -2.8 and -44.0 kg Hgear' for Cameroon. With fertilizer application the bates

in Venezuela and Costa Rica were -14.0, 24.7 ar®l Kpha'year* and 100.7, 14.4 and
7.1 kg h&year" respectively. It was found that in all cocoa syseN removed by cocoa
beans (yield) is lower than in the litterfall. FGameroon, N in the litter is about twice
the amount removed by the yield, whereas for Madaythis ratio is nearly 5. He
concluded that if about 6000 kg N*his present in the topsoil, N removed by the yield
is, on average, less than 0.5%. Addition of N by ared dry deposition was found to be
fairly high and ranged from one sixth to almosff lndithe yearly N removal (Hartemink,

2005).

3.4  Soil organic matter (SOM) dynamics

3.4.1 What is soil organic matter?

Baldock and Skjemstad (1999) defined SOM as “afjanic materials found in soils
irrespective of origin or state of decompositiodéchet al. (1997) defined SOM in a
broad sense to include above and below ground rmaorphologically identifiable plant
residues (primary resources), residues of soil alsimand microorganisms (secondary

resources), dissolved organic matter, root exudates morphologically unstructured,
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macromolecular humic compounds. They stress thasethpools are not stable but

characterized by transformations because SOMasdynamic state.

Soil organic matter plays a number of essentiabsah cropping systems and its
dynamics merit special interest (Sanclkeal., 1989). In low input tropical agriculture,
soil productivity depends on the quantity, quaétyd dynamics of SOM (Sanchetal.,
1989; Woomeet al, 1994). SOM contributes significantly to soil nent resilience and
renders the physical environment of soil suitabbe plant growth (Baldock and
Skjemstad, 2000), increases water holding capasitsion resistance, cation exchange
capacity, reduces leaching of plant nutrients (pub997) and is a large reserve of
geochemical carbon. SOM is a reservoir of variossesrtial elements serving as an
important source of inorganic nutrients for plambguction in natural and managed
ecosystems (Solomaet al., 2002). SOM is one of the most important indicatirsoil
guality and its management is envisaged to mairs@iirfertility and promote sustainable

agriculture (Martiret al.,1990; Katyalet al.,2001).

3.4.2 Soil organic carbon (SOC) and nutrient chageder cocoa land-use

Several studies focusing on the effects of cocossah organic carbon (SOC) have
demonstrated that maintenance of SOC is the kesustainable crop production (e.g.
Guo and Gifford, 2002; Woomet. al.,1994). Beeet al. (1990) measured SOC in cocoa
ecosystems shaded withrythrina poeppigianaand Cordia alliodora on a Typic
Humitropept in Turrialba, Costa Rica. They did fiotl any significant differences over

9 years in the 0-15 and 15-30 cm soil depths. @nctintrary, after an initial decline in
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soil carbon stocks, percent organic matter in #ib @m depth tended to increase with

age in shaded-cocoa systems in Ghana (lsailc,2005).

Conflicting results exist in the case of basal ieats and phosphorus. A number of
trends can however be noted. Ahenkoeghl. (1987) reported increased soil phosphorus
(P) status under shaded-cocoa on a Ghanaian Alfswiilarly, Ekanade (1987) found
higher available P (9.4 mg Ry under shaded-cocoa systems in comparison to mono-
culture cocoa (5.2 mg Ky on Alfisols in Nigeria. In general, low accumudat of P in
biomass has been noted in cocoa ecosystems andrisally dependent on the
availability of soil P stocks (Hartemink, 2005). ihtotal N stocks varied greatly in the
topsoil (4.8 to 18.8 Mg N h8, high levels of N transfer through cycling anitieli inputs
are documented (Alpizaat al.,1986). In mature cocoa ecosystems, K is a majtyremt
and stocks of exchangeable K in the topsoil vaoynfrL00 to 550 kg hha(Hartemink,
2005). Again, Ekanade (1987) noted a significardlide in soil exchangeable K status
from cocoa under shade to cocoa in monoculturea@9 61 mg kg respectively).
Generally, cocoa ecosystem demonstrates high lesfelsutrient transfer, providing

evidence for nutrient use efficiency and nutrigygling (Hartemink, 2005).

These studies provide insights into the differenaed changes that may be expected
when the natural forests are converted to peremmmggping systems like shade-cocoa.
Thus although there is a large body of literatuneegological components of shaded-
cocoa ecosystems, discrepancies in the literatteepgesent, particularly indicating a

need for more in-depth research into the mechaniBmsimproving soil fertility,
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increasing ecosystem services, and farm managestetégies for enhanced nutrient

cycling in these systems.

3.4.3 Carbon stocks in forest and agricultural ggisms

Various carbon pools can be identified within foresd tree-based systems. These
include the soil pool, the live wood pool in tredee underground wood in roots, and the
dead litter pool on the forest floor (Polzot, 200%he quantity of carbon contained in
each pool is referred to as the carbon-stock, hedatal carbon-stock in an ecosystem is
simply the sum of the carbon-stocks of the differpnols. Carbon-stock is usually
expressed in tonnes (t) or mega-grams (Mg) of canber hectare (C Ha Tropical
forests, accounting for about half of the worldsdst area, store 46% of the world’s
living terrestrial carbon pool. No other biome s®ras much carbon in the biota.
However, tropical forests store only 11% of the isrsoil carbon pool, whereas boreal
forests, tundra, grasslands and peatlands stostasuially larger amounts (Browet al,

1982).

Forests store between 20 and 100 times more cg&ohectare than agricultural lands
(Cairns and Meganck, 1994). Carbon is sequesterédt@red in aboveground biomass,
roots, litter and soil. Most of this carbon is legten forests are removed and replaced by
other land-uses. Browet al., (1984) report that stocks of carbon tropical méisests
average between 155 and 187 MgC' Haboveground), whereas tropical dry forests
average between 27 and 63 Mg C'hdepending on location. Table 2.1 presents the
carbon storage potential of various ecosystemsilastrates the significant impact that

tropical forests have on the global carbon cycle.
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Table 2.1  Mean carbon storage of various ecosystem

Ecosystem Carbon Storage (Mg C Ha
Tropical forest 220
Temperate forest 150

Boreal forest 90
Grassland/savanna 15

Agriculture 5

(Source: Cairnst al, 1994)

The amount of biomass accumulated through forestgrowth gradually decreases as
forest age increases; it follows that the carbogusstration potential of forests also
decreases over time. Nonetheless, Kyrlund (1998)rte that undisturbed tropical moist
forests show net growth, and thus net carbon sa@ties, for 100 years after
establishment. Therefore, although other foresethaystems, such as young plantations,
can sequester carbon at a higher rate than mattest$, primary forests conserve much
more carbon per hectare, thereby conserving thiesteial carbon pool and preventing
carbon release into the atmosphere (Kyrlund, 198®reover, although fire and
oxidation contribute to C&emission, forest gaps created by these events alillitional

carbon to be sequestered, if natural regenerakastplace.

3.5  Approaches of studying ecosystem dynamics

Two approaches are often used in studying ecosydygramics. The first and ideal type
of approach is ‘temporal monitoring’, where the dymncs of ecosystem components (for
example solil, plant, etc.) are examined over titna single site. This is feasible where
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long term data are available and changes in e@®mysbmponents over time can be
directly measured. Unfortunately, such long-terrtadae rarely available in the tropical
countries (Sancheet al, 1985; McDonaghet al, 2001) like Ghana. According to
McDonaghet al. (2001), even where available, such data usuallgecfrom on-station
experiments that do not reflect the environment immachagement conditions of farmers’
fields. Therefore, it is rarely possible to follals approach especially under on-farm

situations (Bhojvaid and Timmer, 1998).

The alternative approach is to use the spatialognal and chronosequence methods
(Young, 1991; Bhojvaid and Timmer, 1998). The sgatinalogue method involves
spatial sampling on sites that are subject to wiffeland uses but operating within a
similar environment and on similar soil types. Theronosequence method is a
synchronized spatial sampling from neighboring ssité different ages managed on
similar soils, under similar climatic conditionscamanagement practices (Young, 1991;
Hartemink, 1998). These approaches have been witelg in several studies such as to
(a) assess long-term effects of global climate gbhafTate, 1992); (b) assess long-term
changes in soil productivity (Martiet al, 1990); (c) evaluate effects of deforestation and
subsequent cultivation (Sanchet al, 1985; McDonaglet al, 2001); (d) assess soil
carbon dynamics due to long-term land uses (Doratrgl, 2002) and (e) study nutrient
dynamics and carbon storage changes (Garten, 2@pnosequence and spatial
analogue methods have the danger of confounding with possible spatial variability
and assume that all measured differences refleceffects of time or management and
not inherent spatial variability. These have berd still are widely used in studying

different aspects of ecosystem dynamics (Marques Ranger, 1997; Bhojvaid and
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Timmer, 1998; McDonaglet al, 2001) A major advantage of these techniques is that
they provide data on long-term changes in soilptplar other ecosystem components
within a reasonable time. In situations such as n@havhere data on long-term
experiments are very rare, the chronosequence patils sampling approaches are

valuable alternatives to study ecosystem dynamiestemporal perspective.

A necessary assumption in using the chronosequamamach to studying soil nutrient
dynamics is that soil conditions or other paransetdrinterest for all the sites studied
should be similar before changes in the land-use lb@en introduced. This is because
observed differences in present soil conditionstber parameters can be interpreted as
being caused by the present land-use practices ibrihe conditions were assumed
comparable prior to the introduction of the newdananagement. Similarity in particle
size distributions in the sub-surface (those pairtthe soils that are little affected by the
changing land management) particularly the claytioa at all depths supports the
assumption that soil conditions prior to the shiftéand management were more or less

similar (Sancheet al.,1985; Lilienfeinet al.,2000).

3.6  Shaded-cocoa systems and C sequestration

Carbon sequestration is a poorly assessed poterdiak of shade trees in cocoa
agroforests (Newmark, 1998). Some work (Gockoveskal., 1998) found mature (40-
year-old) cocoa agroforestry systems in Camerodyetéixing carbon at around 154 Mg
C ha', while cocoa systems in place for 15 and 25 yslosv average carbon amounts of

111 and 132 Mg C Rarespectively. Although these recorded valuesess than that for
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primary forest (308 Mg C h3 in Camerouns (Koto-Samet al., 1997), they are

generally greater than for annual crops.

In Turrialba, Costa Rica, Kosketd al. (2000) compared labile and perennial C stocks in
cocoa systems shaded witrythrina poeppigianaa nitrogen-fixing tree an€ordia
alliodora, non-nitrogen-fixing tree as shade trees. In botktesys, soil C stocks
increased through time. Carbon sequestration ianmeal plant biomass was similar for
both systems: an average of 4.28 Mg Cyma for the cocoaCordia system, and 3.08

Mg C ha'yr in the cocoaerythrina system (Beeet al., 1990).

Whether agroforestry systems can be a sink or acecaf C depends on the land-use
systems that they replace (Montagnini and Nair,4200f they replace primary or

secondary forests, they will accumulate comparbtile@ver biomass and C, but if they
are established on degraded or otherwise treedesis,| their C sequestration value is

considerably increased.

3.7  Cocoa Theobroma cacao) in Ghana

3.7.1 Cocoa ecology and production systems

The cocoa industry in Ghana is dominated by a lamg®ber of peasant farmers who
cultivate small farms of about 0.5 to 5.0 hectamed who lack the resources to expand or
improve their farms. About 66% of farms are withine size range of 0.5 - 8 hectares
owned by 332,244 peasant farmers, with only 18.9%he farms larger than 20 ha
(Cocoa Services Division, unpublished data). Algiiogocoa is native to South America,

it is now grown pan-tropically, between latitudes10°N and 10°S. Optimal climatic
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conditions for cocoa growth are in temperature eanigom 18 - 23°C with detrimental
effects on growth under long periods below 10 °Cabove 30°C. Cocoa is a drought
intolerant species, showing most favorable growtheigions with rainfall ranging from
1,150 mm to 2,500 mm (Willson, 1999). Ideal soil mgthge for cocoa growth is 5.0-7.5
in the topsoil. Soil pH below 4 may invoke alumintoxicity. However, a relatively low
percent base saturation of 35% is ideal (Wills®99). Coarser soils with a mix of sand
and clay are optimal for cocoa root growth as lapgeticle size allows for root
penetration. Although the cocoa tree root zone istsef a thick tap root, a mat of lateral
roots (80-85%) are found predominantly in the ®p30 cm of the soil, functioning as
the major channel for moisture and nutrients (Waod Lass, 1985Leite and Valle,

1990).

Land preparation for cocoa cultivation involvesniars selectively clearing and burning
small parts of the primary/secondary forest to opgmew land for planting cocoa. After
clearing, cocoa is planted normally as seedlings iatercropped with maize, yams,
plantains and cassava to provide initial shade @md995). Typically, the shaded-
cocoa systems are mostly mixed stands of cocoavaiiable proportions of shade trees.
At a spacing of 2.4 x 2.4 m to 3.6 x 3.6 m, cote density ranges from 900-1,300
trees ha with about 10-15 medium sized shade trees pelatectUpper canopy/shade
trees found on farms includéerminalia superbaEngl. & Diels, Newbouldia laevis
(Beauv.) Seem. Ex Bureau afigtiba pentandrd..). Fruit trees such as oranggitfus
sinensis(L.) Osbeck), avocadoPgérsea americarjaand mango Nlangifera indical.)

may also be planted for shade, food and other paipPadi and Owusu, 1998).
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Mature cocoa trees can reach between 4 and 8 mwidll lateral upright shoots
originating at a height of 1-1.5 m (Willson, 199%od production is dependent on
pollinations of cauliflorous flowers by midges gteds, with fruiting normally occurring
after 3 to 5 years after planting. During earlywgtte weed control, typically through
manual labor, is highly important for successfut@ growth. It has been shown that
weed suppression usually enhances plant vigour tlessilting in greater tree
performance as the tree matures (Jones and Matiph@s8 Willson, 1999). However,
tree performance may decline with common fungal blgck pod disease (Danquah,
1995). Most farmers do not apply fertilizers. Awggacocoa yields in Ghana are about
300 kg hd, compared with the potential yield of 1.0 to 1.5 Ma' (MoFA, 2003).
Without fertilization, yields decrease after ab@Qtyears, but production is possible for

up to 50 years (Amoah, 199Bugumaet al.,2001).

3.7.2 Eco-physiology of cocoa
Solar radiation and shade

Cocoa is one of the most important perennial ciopgke world with an estimated output
of 3.5 million tons in 2006 (ICCO, 2007} is commercially exploited for seed output
mainly destined for chocolate manufacturing. Thesnimportant determinant parameters
of cocoa yield are related to (i) light interceptiophotosynthesis and capacity of
distributing photoassimilate, (i) maintenance regpn and (iii) pod morphology

(Zuidemaet al., 2005). Comprehensibly, these three parametersracgal to seed yield

and have been examined by Yapp and Hadley, (1984)showed that seed production
is light limited. Heavy shade not only reduces sgiett, because of low photosynthate

production (Ng, 1982), but also increases the erie of diseases (Alvim, 1977). On the
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other hand, cocoa is a shade tolerant species ichveippropriate shading could lead to

adequate photosynthetic rates, growth and seedl (gdelAimeida and Valle, 2007).

2 -1
Cocoa has a low light saturation point (LSP) of 4 m s and a low maximum

1 -1
photosynthetic rate (7 mg dmh ) at light saturation (Hutcheon 1981). The

photosynthetic rate of the crop decreases if th@qaynthetic apparatus is exposed to

2 -1
light intensities exceeding 60% of full sunlightaitis 1800umol m s (Galyuonet al.,
1996), while prolonged exposure to high light irsiies damages the photosynthetic

mechanism of the leaves (Raja Harun and Hardwi@88L Low light intensities

-1
however suppress flower production with light levidss than 1800 hours yeahaving

a considerable depressing effect on production rffsonget al.,1971).

It is well established that, in general, where sailrients, water and temperature are not
limiting and losses from pests and diseases caavbiled, crop growth and yield are
dependent on the total solar radiation intercepli@ihg the growing season (Monteith,
1978). Consequentlyhere is a positive correlation between cacao giald light, as has
been shown by Bonaparte (1975) &itenkorahet al.,(1987). Vernon (1967) concluded
that the relationship between cocoa yield and abel light was approximately linear
from 30 to 60% full sunlight. However, when modefeaim zero to 100 %, a quadratic
model showed better adjustment than the simpleadimeodel, suggesting that some

degree of shading is desirable.

Trials in West Africa have shown that potentiallg&e of cocoa can be doubled by

removing permanent shading (intercepting 30-50 %idant radiation) provided
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fertilizers are appliedde Almeida and Valle, 2007 citingechenaud and Mossu, 1985).
The comprehensive work of Ahenkorahal., (1987) sheds light on the importance of
appropriate fertilization in unshaded cocoa plaotst Cunningham and Burridge
(1960), by submitting cocoa seedlings to full sginliand heavy shading (85%) showed
that water and mineral nutrients were the mostiatdactors for growth promotion at
full sun exposure. The higher production of nondgtha cocoa implies in a smaller
productive lifespan, a larger demand for fertilzéOwusu, 1978), a decrease in the
incidence of cherelle wilt (Asomanireg al.,1971) and larger investments (Ahenkoeth

al., 1987).

Temperature

Closely related to radiation is temperature. Coesaa tropical crop can only be
(o]
profitably grown under temperatures varying betwdéf82C mean maximum and 18-
[0} o
21 C mean minimum and absolute minimum of @0(Wood and Lass 1985).

[0}
Temperature has been related to light use effigienth temperatures below 22

having a decreasing effect on the light saturatestgsynthesis rate (Hutcheon, 1977).

Temperatures below i(D caused severe inhibition of the photosynthesis. r&he
stomata of chilled leaves never opened as widetasasa of non-chilled plants. Leaf
temperature affects stomatal resistance, decreasiagresistance upon increasing
temperatures. However, since the increases in t&mye may often go together with
higher vapour pressure deficits (VPD), the effectv®D may override the effect of

temperature (Raja-Harun and Hardwick, 1986). Inr@h#he period of high temperatures
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when the widest range in the maximum and minimumpgrature occurs have been

noted to coincide with flushing (Hurd and Cunninghd961; Asomaningt al.,1971).

3.8  Hi-Tech Cocoa Production in Ghana

In a bid to replenish soil fertility and to improea the productivity of the cocoa tree, the
Government through COCOBOD initiated the Cocoa Tidech’ Programme. The
programme involves the application of fertilizethe provision of improved planting
materials and the application of insecticides amtjicides on cocoa farms. The scheme
enables the farmers to receive inputs as credhenform of fertilizers, agro-chemicals
and farm equipment and tools and farm provisiofaoh services like weeding, pruning,
and the application of the chemicals and fertiizdn its first year, 50,000 farmers
benefited from this programme, a number that irgwdato 100,000 one year later. The
adoption of the Hi Tech Programme has helped tease the productivity of most cocoa

farms (Dormoret al.,2004)

Following the successes of the Hi-tech programnpj\ate fertilizer company, Wienco
(Gh) Limited, convinced about the agronomic packageler the programme has
established a scheme for cocoa farmers c&lecba AbrabopaCocoa Abrabopais an
association of cocoa farmers who desire to raisgthductivity of their farms and have
signed on as members to receive a package of lietamoa inputs sufficient to cover two
acres of mature cocoa farm on credit with the psemo repay the total amount of the
credit facility after harvest. ThAbrabopapackage consists of 6 bags of 590Agpase
Wura Special Cocoa Fertilizer, agrochemicals (16 botte30 ml Confidor 200 SL, 48
sachets of Nordox and 48 sachets of Ridomil) antatabi Pneumatic Sprayer,
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supported by extension education all valued at GBU® and equivalence of $ 212.00

(Quartey, 2007)

3.9 Indigenous Knowledge

3.9.1 The meaning and status of indigenous knowledggriculture

There is no standard definition of indigenous kremge (IK). However, there is a

general, understanding as to what constitutes kcofding to Haverkort and de Zeeuw
(1992), IK is the actual knowledge of a given papioin that reflects their experiences
based on traditions and includes more recent expegs with modern technologies. IK
has evolved through “unintended experimentatiomtituitous mistakes and natural

selection by farmers, and arises from the pracjicijment and skill needed to survive in
a fragile soil system (Aina, 1998) by a number n¥inmental challenges (Adedipe,

1983; Adedipe, 1984). Though based on experienssegafrom one generation to the
next, it nevertheless, changes, adapts and as@mitew ideas. It can be quite specific to
location and may vary between individuals from eliéint social groups according to the
differentiating factors such as age, gender, wealtnicity and occupation. It includes
cultural, as well as technical knowledge and i®riimiked with social and political

knowledge and skills (Oudwater and Martin, 2003).

3.9.2 Ethnopedology: Farmers’ local knowledge alssand soil fertility processes.

Ethnopedology is a part of ethno-ecology, the stadyindigenous environmental
knowledge (Toledo, 1992; 2000). It is a hybrid @oe structured from the
combination of natural and social sciences, suclsadsscience and geo-pedological

survey, social anthropology, rural geography, agnoyn and agro-ecology (Barrera-
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Bassols and Zinck, 1998). Often, terms such asitimadl, folk, local, indigenous,
farmers’ and peoples’ soil knowledge systems ared usiterchangeably to refer to
ethnopedology, although they are not strictly symoous (WinklerPrins, 1999; Talawar
and Rhoades, 1998). Ideally, ethnopedology encosegaall empirical soil and land

knowledge systems of rural populations, from thesthi@ditional to the modern ones.

Farmers’ conception of soil fertility

The ethnographic record shows that farmers’ idesoffertility in most instances differs
from that of scientists (Talawar and Rhoades, 1998)entists generally consider the
nutrient status of soil apart from its physical dibion in evaluating soil fertility levels.
Typically, solil fertility tests are carried out tdentify the deficiency of soil nutrients so

that they could be rectified by applying fertiligeand soil amendments in general.

In Benin Adja farmers for example, identify soil depletion aseault of cultivation of
soils over a number of years, and regard soillitgrias a “limited good” that is, if it is
taken away, it must be put back again before useufBers, 1993). In other settings,
farmers correlate soil fertility to “soil moisturéAmanor, 1991). Amanor (1991) found
that among the farmers of Uppdianya KroboDistrict of southeast Ghana the word for
“blessed” and “soft” are one and the same, a bikssdertile soil being soft and moist.
Based on the symbolic analysis of crop productienisions by the farmers dfdus
basin, Kurin (1983) indicated that farmers preféri@ plant wheat crops in light textured
soil (perceived to be cool and dry), which theyifieed with manure, or Di-Ammonium

phosphate as a second choice, instead of ureahwdais perceived to be hot and dry.
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Talawar and Rhoads (1998) indicated that farmesemi-arid regions of southern India
considered comparatively less fertile sandy soil‘rach” (fertile) soil because of its
quality of high water permeability not because dtnonutrients or minerals. Factors
considered for rating certain soils as “fertile’clide: sustainable productivity, high
permeability, and water holding capacity, few g#aoperations, ease of operation and

low requirement of composted manure (Talawar anobids, 1998).

Tamang (1993) identified that the predominant idkegoil fertility among farmers in the
hills of Nepal was the overall improvement of “ssifucture.” As soil structure is highly
influenced by the textural properties of the sbikiclearly one of the main criteria for
classifying soils as fertile or infertile among mafarming communities. Colour, crop
suitability, geographical location, and consisteacg some of the other criteria farmers
in Burkina Faso, Benin and Zambia use (Brouwerg3i®ialla, 1993). Soil texture
influences crop production through other propersash as water permeability, water

holding capacity, drainage, and other physico-chahgroperties of soil.

3.9.3 Methodological approaches to studying ethdofmgy

A review of ethno-pedological information sourcesveals three main research
approaches: ethnographic, comparative and intefj(8arrera-Bassols and Zinck, 1998;
WinklerPrins, 1999).

Ethnographic approach:In the ethnographic approach, field data analysisl a
ethnopedological knowledge acquisition are the nedjectives in recognizing farmers’

environmental rationality from a cultural perspeet{Malinowski, 1935; Conklin, 1957).
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In this type of study, the ethno-pedological infatman is not compared with scientific

soil information.

Comparative approachThe comparative approach aims to establish sitdarand

differences between local knowledge and scieniifilormation. This type of study
intends to identify possible correlations betwedifeent soil and land classifications
and management systems. The analysis does nahtakeonsideration the socio-cultural
contexts from which perception, beliefs, cognitiand practices are derived (Thrupp,

1989; Sillitoe, 1998).

Integrated approachThe integrated approach identifies and mobilizes reédationship
between cultural and scientific information in arde elaborate natural resource
management schemes according to local social, rallt@conomic and ecological
contexts. Its main goal is to link soil and lande#om and knowledge in order to promote
feasible and sustained local endogenous developiment interdisciplinary perspective

(Barrera-Bassols and Zinck, 2003).
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CHAPTER 4

IMPACT OF FOREST CONVERSION TO
SHADED-COCOA SYSTEM ON PLANT
BIOMASS AND NUTRIENT STOCKS IN
A HUMID SEMI-DECIDUOUS FOREST IN
GHANA
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Abstract

Changes in vegetation biomass, carbon (C) andemitstocks, and responses of soil
physico-chemical property to land-use change fronedt to shade-cocoa agroforestry
was investigated along a chronosequence of farasfien a ferric lixisol in the Ashanti
Region of Ghana. Total standing tree biomass detlsignificantly (B 13 =11.22, P
=0.0031) from 209 to 13 Mg Hain forest and 3-year-old plots respectively. Therre
significant differences in stand litterstocks (r=4.62, P=0.047), under-storey vegetation
(Fs, 35=61.4, P=0.000) and biomass of fine roots; (6= 9.58, P=0.0001) Soil bulk
density increased significantly {Fss = 18.5, P= 0.0006) only in the top 0-10 cm soil
layer. Total stocks of soil organic C decreasedifimantly (3 35=4.46; P=0.0404) in the
top 0-10 cm soil depth but were similars (ks =1.05, P=0.4224) for the 0-60 cm soil
depths in both forest and cocoa systems. By 30syatier forest conversion, cocoa
system had re-accumulated up to 151 Mg C hmrate of 3.6 Mg C hgr™. Total soil
quality declined 3 years after conversion to belm®-conversion levels. Available P
stocks declined @1,=3.12, P=0.038) while soil exchangeable Ca, K argidtbcks as
well as cation exchange capacity (CEC) and baseatain remained more or less stable
with a tendency to improve. The inclusion of treiesthe cropping system and
enhancement of farmer capability in improved farenagement is required to maintain
high C and nutrient base minimize soil quality detation during plantation

development phase and sustain long-term produgtivit

Key words:  Carbon and nutrient stocks, carbon esimation, biomass accumulation,

forest conversion, soil degradation.
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4.1 Introduction

Conversion of forests to agricultural land-usersgig impact soil nutrients and microbial
biomass depending on the new land-use and thecpastrsion management practices
(Sharmaet al., 2004). Forest clearing for annual crops (e.g. B)aiemoves the major
source of litter and therefore reduces the supplyrganic material to the soil while soll
organic matter stock continues to decompose pgsattd higher rate, as the removal of
forest cover leads to higher soil temperatures {@mn and Ackermar993; Guo and
Gifford, 2002). Declining soil organic C may leaxld reduced effective cation exchange
capacity (ECEC) and reduced N stocks while redde€&C may make cations more

vulnerable to leaching (Dechert, 2003).

In contrast, forest conversion to land-use systemasacterized by perennial crops, which
provide litter and shading to the soil especiallying the maturity phase may improve
stocks of nutrients and other soil fertility parders to levels capable of sustaining crop
productivity (Beeret al.,1998). In the Cameroon for instance, shaded-cegstems are

reputed to remain productive and environmentalbtanable for up to 50 years at levels
comparable to long-term fallows or primary forg&sigumaet al.,2001), most probably

because the continuous vegetation cover which gesvshading, litter, organic matter

and plant nutrients to the soil (Dechert and Vaidg, 2003).

The effects of land-use change on soil carbon ademt storage are of great interest in
the context of international policy on greenhousegssion mitigations (Kanmegret al.,
2006). For instance cocoa farms created at thensepef natural forests will still result in

significant emissions, while the conversion of eitbhort fallow or savannah land, which
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have much lower stocks of carbon to perennialdrep systems will likely result in a net

sequestration of carbon and thereby contributditmate change mitigation.

While nutrient accumulation in both soil and vegletawas seldom studied, research is
also lacking on long-term system level nutrientausbility specifically in shaded cocoa
systems (Szotet al., 1999; Isaact al., 2005). Few studies have assessed changes in
carbon and nutrient stocks with time, either viarodoesequences (Toky and
Ramakrishnan, 1983) or the monitoring of long-tgrlots (Bebwa and Lejoly, 1993;
Szott and Palm, 1996). Soil organic carbon reptsseeRey indicator for soil quality. It is
the main determinant of biological activity and laasajor influence on the physical and
chemical properties of soils (Robert, 2001). Itsayics are still not well understood
under perennial cropping systems like cocoa. W4ulee studies (e.g. Koto-Sareeal.,
1997; Kauffmanet al., 1998) did not find significant declines in soilrican following
forest conversion to perennial cropping systemsers¢é others (e.g. Houghtogt al.,
1991; van Noorwijket al.,1997; Schrottet al., 2002; Isaaet al., 2005) have reported
significant declines after conversion. Therefotadges are needed for understanding the
trends, magnitudes, and rates of soil quality ckangspecially-for designing
management options for sustainable agriculturaldgetivity in perennial cropping

systems.

Specific objectives of the study are to:

0] Quantify the effects of forest conversion on plédmmass accumulation in

shaded-cocoa systems.
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(i) Quantify total C and macro-nutrient stocks in vagjeh and soil compartments

in shaded-cocoa systems.

(iii) Quantify the degree to which shaded-cocoa systemgsant as C sinks in the

semi-deciduous humid lowlands in Ghana, West Africa

(iv) Quantify the magnitude of soil quality degradati@ong the chronosequence
following forest conversion to shaded-cocoa systems

The chosen durations after forest conversion reptadistinct phases of the development
in a cocoa farm, specifically the planting and depig phase (3 years), the productive
phase (15 years) and the mature phase (30 yesasioél al,. 2005). It was expected that
carbon and nutrient pools as well as microbial l@sswould decline significantly along

the chronosequence following forest conversiorneded-cocoa land-use.
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4.2  Materials and methods

4.2.1 Description of study sites

A general description of the study sites includatighate, vegetation and dominant soll
types and the approach adopted for the study asedtions 2.1, 2.2, 2.3 and 2.4 of the

general methodology in Chapter 2.

4.2.2 Selection of sites and establishment ofrimeat plots

A reconnaissance survey of 16 farming communitieshe district was conducted in
October 2005. Following the survey, five commumitijmamely Seidi, Kobeng,

Apaahkrom, Nkonteng and Amankyia were selected dhase the availability of the

required plot ages of cocoa fields. Sites of tHéent land-uses, i.e., natural forest, 3,
15 and 30-year old cocoa farms replicated threeediwere selected. Owners were
interviewed on site about the age of the site sianod was brought under cultivation,
land preparation methods, management practicecr@apgping history. Subsequently 12
experimental plots with sizes ranging from 35 nmbxni3to 35 m x 40 m depending on the
farm size were established. None of the sites leadived any fertilizer amendments

since they were brought under cultivation.

4.2.3 Parameters measured
Biomass of standing trees

In each of 12 experimental plots, a subplot of % 80 m (Koto-Samet al., 1997) was
randomly established. The diameter at breast h€@BH in cm) was recorded for all
trees with diameter > 2.5 c¢m falling within the 100 subplots, using a diameter tape.

Species-specific biomass equations were not availalihe literature, so the biomass (Y
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in kg treé") was estimated from the following generalized ti#emass allometric
equation involving the tree diameter at breast Hte(d®BH) developed for specific
precipitation zone, the moist tropical forest withinfall between 1500 - 4000 mm
(Brown, 1997):
Y = exp [-2.134+2.530 In (DBH)]; (R 0.97) (4.1)

where y = dry above-ground biomass (kg) and DBHiameter at breast height (cm).
This equation is considered suitable for estimatotgl above-ground tree biomass of
individuals with <150 cm DBH in relatively denseastls (Brown, 1997). It is
recommended for above-ground biomass estimatiorremiestructive sampling cannot
be conducted (Anderson and Ingram, 1998), as ifaon-situations like in the present
study due to farmer set restrictions. Necromas$eldd but unburned logs were not

measured as it was considered to be beyond the s¢abjectives of this study.

Estimation of biomass of under-storey vegetation

Biomass of under-storey vegetation that is tregs WBH < 2.5 cm were determined
from three 1m x 1m sub-plots assigned at randorhinviéach sampling plot by cutting
all under-storey vegetation at ground level (Woormed Palm, 1998). These were air
dried (to halt biological transformations while wag for access to oven), weighed, sub-
sampled, oven-dried for 24 hrs at°65 corrected for moisture content and analyzed for

total carbon and major nutrients N, P, K, Ca andiMduplicates.

Estimation of standing litterstocks
Surface litter was collected by randomly throwir® @& x 20 cm (400 cf wooden

guadrat, manually cutting through and collectiniglitier inside the wooden frame. Ten
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such samples were collected per site every momgpsSvere taken to ensure that no area
of the forest/cocoa floor was sampled twice by tag@ll previously sampled points with
colored polythene strip3he collected surface litter was oven-dried at 68524 hours

for dry weight determinationlhe material from one sampling event every 4 memths
manually cleaned from adhering soil particles amdlywed for major nutrient in

duplicates.

Estimation of pod husks biomass under productiee@systems

Biomass of cocoa pod husks produced per hectapramtuctive farms was determined
by establishing a pod husk: seed weight ratio (gnvekight basis) using 50 randomly
harvested cocoa pods from 15 different farms indikg&ict. This ratio was multiplied by
cocoa beans seed yield for the project districedbmate the weight of pod husks that

housed beans harvested from a hectare of farmland.

Estimation of fine root biomass production

The standing stock of fine roots & mm diameter) was sampled every month for 12
months to determine biomass production of fine godn each occasion, fifteen
randomly located soil cores or five cores (height; 5.6 cm diameter; internal volume
739 cr) per plot were collected from each 35 m x 35 rB h8x 40 m plot at O - 30 cm
soil depth. Fine roots were separated from the wsiilg the wet sieving (0.5 mm grid)
method within 48 hours of sampling (Bohm, 1979), samples were stored in a
refrigerator (4C) until they could be processed, usually withire eveek. All roots were
washed to ensure the removal of all sand partiblesi-root organic material and roots

with diameter > 5 mm were removed manually wittcéms and the separated fine roots
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were then dried (6&; 48 h). Results were expressed as values fdrfine@roots (FR)
biomass per treatment (sum of live plus dead fah lpper and cocoa canopy trees). A
correction factor for the soil adhering to the FRswletermined for each sampling date
by incinerating (458C; 8 h) three sub-samples (0.3 g) from the bulledme of all FR
recovered from each treatment. Weights of all sahples were taken using an (Ogawa

Seiki Fx-300, d=0.001) electronic balance.

Stem-wood sampling

Stem-wood samples were taken at 1.3 m height (fvoth upper and lower storey trees
on cocoa farms, and from trees in the natural fpresng increment borers inserted into
the centre of each selected trunk to ensure thatetitire bole including bark was
represented by each sample. Three samples wera fak@ each of 15 randomly

selected trees from each plot. Samples from sinplats were pooled together, oven-

dried at 65C for 48hrs.

Chemical analysis of plant tissues

Oven-dried (68C to a constant weight for 48 hrs) plant tissue@am(fine roots, leaf
and stem-wood tissues, leaf litter and under-stoegetation) were separately ground in
a stainless steel mill to pass through a 0.5 mnmhreeye and analyzed for total C, N, P,

K, Ca and Mg concentrations in duplicates.

Organic carbon content was determined using theowielation by acidified potassium
dichromate (Walkley and Black, 1934) method by addi0 ml concentrated 80, 10
ml 0.5N KCr,O7and 10 ml orthophosphoric acid and back titrathng $olution with 1.0

M FeSQ solution with diphenylamine indicator.
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Total N concentration was determined using the dstah micro-Kjeldahl method by
digesting 0.5 g samples in 10 ml concentrated suiphacid using a catalyst mixture of
(CusQ, K,;SO, and selenium powder) and distillation with coloeimc determination by

spectrophotometer.

Basic cations and Phosphorus: Calcium (Ca), Mgkamgere analyzed by atomic absorption
spectrophotometry. Total P in digested plant tissaraple was determined using ammonium
molybdate method. Analytic procedures followed thas Anderson and Ingram (1998).
Carbon and nutrient stocks in the different frawsiaof plant biomass was calculated by
multiplying the dry biomass per hectare of each poment by its respective C and nutrient
concentration. All analyses were carried out at3b# Research Institute in Kumasi, Ashanti

Region.

Soil sampling

From each of the 12 plots, soil samples were tdkam twelve spots (along an S-shaped
transect starting from one of the diagonals) omed@0 m x 40 m plots by auguring at three
depths; 0-10, 10-20, and 20-60 cm (i. e. 12 sampl@sreplicates x 1 treatment or 36
samples for each soil depth for each treatment4quie). Soil samples were air-dried for 2
days, roots removed, hand-milled with a roller dmiogenized to pass through a 2-mm
sieve. For each treatment, soil samples from theesaepth were thoroughly mixed and 2

subsamples per soil depth taken for chemical arsalysluplicates.

Chemical analysis of soil samples
Total N: Samples were analyzed for total N using standard micro-Kjeldahl method by

wet-digesting 0.5 g samples in 5.0 ml cotreged HSO, using a catalyst mixture
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(KoSOy and selenium powder) and distillation with colosimic determination by

spectrophotometer.

Soil organic carbon: Soil organic carbon was aeteed using a modified Walkley and
Black wet oxidation method as described by Nelswh ommers (1982). The procedure
involves wet combustion of the organic matter wathmixture of acidified potassium
dichromate and titrating excess dichromate aftactren against 1.0 M ferrous sulphate

using diphenylamine as indicator.

Available P and cations: Available P was extrastéth an HCI: NH, mixture using the
Bray’s No. 1 method as described by Bray and K(&845). Phosphorus in the extract
was subsequently determined on a spectronic 21Erspdotometer by blue ammonium

molybdate method with ascorbic acid as reducingtage

Exchangeable bases: Potassium (K), Ca and Mg vetezndined by extraction with 250
ml of buffered 1M ammonium acetate at pH 7 followbkg flame photometric
determination. Effective cation exchange capacitgswcalculated as the sum of

exchangeable bases (Gavig?*, K" and Nd) and exchangeable acidity (A H').

Soil pH: Soil pH was determined in a 1:2.5 suspansif soil and water using an HI 9017
Micro-processor pH meter after calibrating the pEten with buffer solutions at pH 4.0
and 7.0. The pH was read by immersing the electiotie the upper part of the

suspension.

Bulk density:Soil bulk density at (0-10, 10-20 and 20-60 ¢ mswlatermined for each

treatment block in duplicates by driving a thin-ledl metal cylinder of known volume
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(V=100cn?) and weight W into the vertical face in each plot with a woodeallet. Soil
samples were dried at 1@ for 48 hours and weighed again {Wrhe bulk density (D)

was calculated as: D (gm &@n= W,-Wa/V.

Texture and particle size distribution: Soil pddisize distribution was determined for
each land-use by the pipette method. Soil samplese vdispersed using chemical
dispersant (sodium pyrophosphate solution), poutiegsoil suspension on to a 0.05 mm
fine sieve for separating out the sand fractiow, washing the clay and silt fractions into
a sedimentation cylinder. The clay content was egisntly determined by drying a
constant volume suspension extracted with a pipetie textural categories established

from the USDA soil triangle.

Carbon stocks
Total soil organic C stocks in (kg hain the soil of each land-use type were calculated
from % SOC contents of samples, soil layer thickn@smetery and bulk densityp(

kg/nr), of the samples by the following equation fromidBwonet al., (2002):
Total SOC (kg hd) = SOC/100 X § kgm® X z meters X 10,000  (4.2)

Forest clearing and cultivation usually causes amtipn and consequently the bulk
density of the cultivated soils increases with tilBmce the bulk density has an important
effect on C-balance calculations, such differencesil bulk density between the natural
forest and other sites (the cocoa fields/planta)iameeds to be accounted for. In the

present study, the thickness (z meters) of the Isg#r under cocoa land-use was

corrected(Z correcteq following the methods of Solomaat al., (2002) assuming that the
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bulk density and depth of the cultivated soils weriginally the same as those of the

corresponding forest soils:

Zcorrected: (p forest/ P cocoa field} XZ (4-3)
wherep = bulk density (kg i) and z = thickness of the soil depth (m)

The stocks of carbon in each layer (0-10, 10-20 20x@0cm depths) were summed up

to give an overall soil stock in the 0-60 cm layer.

Nutrient stocks

Stocks of extractable P, K, Ca, Mg, and total Neath soil depth were calculated by
multiplying the concentrations of the respectivensénts by bulk density and the
thickness of each soil horizon, then summing thantjties in each layer to give an
overall soil nutrient stock in the 0-60 cm soiléayNutrient accumulation in the different
fractions of plant biomass was calculated by mbying the dry mass per hectare with

the nutrient content of the samples.

Soil Degradation index

Following Lemenih (2004), soil degradation indicé8ls) were calculated as the
difference between mean values of individual sodperties from the cocoa land-use
chronosequences and the baseline values of sisailgproperties under the natural forest
land-use expressed as a percentage of the valdes il natural forest (Islam and Well,
2000). These percentage changes were summed atlrgsd properties to compute an
index of soil degradation or improvement. ValuepHf C/N ratio and exchangeable Na

were not included in this calculation because tiitereon of ‘more is better’ (i.e. higher
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value means higher fertility level) is uncertaineo¥he range of values in this study for

these soil properties (Islam and Weil, 2000).

Soil microbial biomass carbon, nitrogen and phospko

Soil samples were randomly taken from 12 spotsgabonS-shaped transect from each of
30 x 40m plots by auguring at 0-10 cm depth. Sasfstem each plot were thoroughly
mixed and three composite samples taken for arsaiydriplicates at the laboratories of
the Soil Research Institute (SRI) of Ghana, Kum&ke microbial biomass C, N and P
for each land-use was estimated by chloroform fatmg-extraction method (Vanet

al., 1987; Brookest al., 1985). Microbial biomass carbon (MBC) was calcediags:
MBC = KAC, whereAC is the difference between organic C extractedhffamigated
soils and organic C extracted from non-fumigatets smdk = 2.64 (Vanceet al.,1987).
Microbial biomass nitrogen (MBN) was calculated B8N = kAN, whereAN is the
difference between total N extracted from fumigaseils and total N extracted from
non-fumigated soils, an# = 1.46, and microbial biomass phosphorus (MBP) was
calculated as: MBH&AP, whereAP is the difference between total P extracted from
fumigated soils and total P extracted from non-fyated soils ané#=2.5 (Anderson and
Ingram, 1998). Samples were collected every threaths over a period of 2 years

(2005-2006 and 2006-2007) and marked as dry oseagon samples.

4.2.4 Data processing and statistical analysis
A completely randomized design with four treatmeisrest land-use (pre-conversion
period), and cocoa farms established 3, 15, ange@6s after conversion of forest. Each

treatment had three replicates. Biomass and nutdgencentrations in the different

61



above-ground, and below-ground fractions (fine sp@nd nutrient concentrations and
stocks at different soil depths were used as theem#ent variables. For each variable
normal distribution was tested using the Shapirdk8Viw-test for homogeneity of
variances. Variables that conformed to normal ithgtion were analyzed using one-way
analysis of variance (ANOVA) using the software kgage Statistix 7.0 (Analytical
Software, 2000). Separation of means was done uBukgy's Honestly Significant
Difference (HSD) test to test for significant effecat 5% probability level.
Concentrations of soil nutrients at the varioustideplid not meet the assumptions for an
ANOVA even when transformed so Kruskal-Wallis Testsre used and differences in
nutrient concentrations between sites were assegtiedn ANOVA on the mean ranks.
Regressions and correlations were also employetbas for statistical tests and to
establish trends and relationships between parasnefearson’s product moment
correlation coefficients were calculated to invgste the degree of association between

selected variables.

62



4.3 Results

4.3.1 Soil physical parameters

Mean values (+ SEM) of particle size distributiondasoil bulk density, along the
chronosequence for respective depths (0-10, 103d®28-60 cm) and the entire studied
depth (0-60 cm) are in Table 4.1. For the 0-60 orhdepth, there were no differences in
percentage silt @35= 2.28, P=0.0985) and in percentage clay {&=3.04. P=0.0432)
contents, though there was significant differeno@mg land-uses in percentage sangl (F
35 =8.63, P=0.0009). Across the different land-usemtigle sizes were similar for
corresponding depths except for the 20-60 cm sptldwhere % sand was significantly
higher in the 3 and 30-year-old plots comparedot@st and 15-year-old cocoa plots.
Using the USDA Soil Textural Triangle for assignirepil texture classification
(Anderson and Ingram, 1998), overall soil texturethe 0-60 cm soil profile was similar

across the different land-uses and soils coulddssitied as silty loam.

Bulk density (0-60 cm depth) did not differ sigodintly between land-usess(ks = 2.41;
P=0.0848). Differences between land-uses werefigignt (R 35= 18.5, P= 0.0006) only
for the top 0-10 cm. For 10-20 {R; = 0.23; P=0.8717) and 20-603(k1 = 5.57;
P=0.0233) soil depths, bulk densities did not diienong land-uses for similar depths

(Table 4.1).

4.3.2 Soil carbon, nitrogen and nutrient conceritnas
Concentrations of soil C, N and elemental nutriealtsng the chronosequence for the
three soil depths 0-10, 10-20 and 20-60 cm areainiel4.2. Total C concentration in the

top 0-10 cm soil depth was significantly differéRrt 1, = 0.53; P=0.0296) among land-
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Table 4.1 Mean values (xSEM) for particle sizetrthsition (%) and bulk density
(gm/cn?) of 0-10, 10-20 and 20-60 cm soil depths forest @coa systems

Land-use
Soil physical Depth
parameters (cm)
Forest Cocoa 3 years Cocoa 15years Cocoa 30 years
Sand (%) 0-10  20.8(¥2.4 24.0(x1.3} 19.7 (¥2.7f  21.8 (¥1.90)
10-20 203 (#1.F) 28.6(¢¥2.4) 195(x2.6) 227 (¥1.3)
20-60  19.5(+0.6) 32.9(+4.5) 19.7 (+2.8)  27.7 (x0.4}"
Mean 0-60 20.2 (+0.8) 285 (+1.9Y 19.6 (+1.4] 24.1 (+1.1%°
Silt (%) 0-10 68.2 (x2.8) 64.5(x0.3) 68.6 (¥2.1  63.9 (+3.6)
10-20 622 (#2.f) 59.8(x1.8) 60.2(x2.1) 54.8 (0.4
20-60  55.3(x3.0) 48.2(¢¥8.4) 55.2(x4.0)  48.0 (x1.1)
Mean 0-60 61.9 (+2.3) 57.5(+4.1) 61.4(x2.4) 55.6 (x2.54)
Clay (%) 0-10 11.0 (#1.8) 11.6 (#1.4)  11.6 (x0.7) 14.4 (+3.6)
10-20  17.5(*1.3) 11.6(x0.73 20.3(*1.0§  22.5(+1.3)
20-60 252 (x2.8) 18.9(¥4.7) 25.1(x1.5) 24.3(35.7)
Mean 0-60 17.9 (#2.3) 14.0(x1.95  19.0 (¥2.0§ 20.4 (¥1.9%)
Bulk 0-10  1.01(*x0.03j 1.19 (+0.03) 1.26 (+0.04) 1.31 (+0.02)
density 10-20  1.40(x0.04 1.45 (+0.05) 1.40 (¥0.09)  1.45 (x0.02)
(gm/cnt) 20-60  1.34(x.08) 1.63(x0.04) 1.59 (+0.06) 1 .63(x0.05)
Mean 0-60  1.25(x0.03) 1.42(x0.14) 1.42(x0.14) 1.46 (x0.15)
Texture Silty Silty Loam Silty Loam Silty Loam Silty Loam
Loam

Figures in the same column followed by the samesgpipt for different land-uses are

not significantly different at P < 0.05 level usiigkey’s HSD range test.
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Table 4.2

land-use systems in the Ashanti Region, Ghana.

Soil chemical properties (xSEM) at digfetr depths for forest and cocoa

Land-use
Soil Chemical Depth
properties (cm) Cocoa 3 Cocoa 15 Cocoa 30
Forest years years years
C (%) 0-10  2.95(+0.7f 2.12 (¥0.50° 2.50 (+0.7/°®  2.55 (+0.5)*
10-20 1.11(x0.3)® 0.7((x0.01)° 0.80(x0.01)°  0.7¢(+0.08°
20-60 0.4 (x0.01)° 0.3((x0.05° 0.40(x0.001)% 0.44(x0.01)°
N (%) 0-10  0.3((¢0.01)° 0.1£(+0.C3)° 0.2C(+0.01)° 0.1€(+0.01)°
10-20  0.07(*#0.01)° 0.07(x0.01)® 0.07(x0.01)° 0.07(x0.01)°
20-60  0.12(x0.C3)° 0.0 (+0.01)° 0.0%(+0.01)®  0.05(+0.01)°
Available Bray's P 0-10  2.07(x0.53)° 2.32(+0.33)° 2.1€(+0.29° 1.2¢(+0.21)°
(mg/kg) 10-20  2.0C(#0.13)° 1.2€(+0.14)® 0.8€(+0.03)° 0.5z (+0.05)*
20-60  1.1€(x0.11)° 0.92(x0.04)® 0.5C(+0.05)° 0.1 (+0.01)°
Exchangeable | 0-10  0.4((x0.04)° 0.6z (*0.05)% 0.46 (0.03)° 0.67(*0.04)°
(cmol k¢?) 10-20  0.3C(*0.04)° 0.2€(x0.01)° 0.26(x0.01)°  0.29(0.01)°
20-60  0.2¢(x0.02)° 0.22(x0.02)° 0.18(+0.01)°®  0.3((x0.04) °
Exchangeable C 0-1C 9.04(+2.2)°  7.8%*1.53° 10.£(¢¥2.31°  10.7 (+2.31°
(cmol k¢™) 10-20 508(+1.1)° 5.2(x1.1)°  4.3€(x1.1)° 5.0¢(x1.1)°
20-60 3.39+09)°  4.1¢(+*1.3)"  3.3¢(x0.7)° 3.87(+1.1) °
Exchangeable NV 0-1C 3.48(x1.1)%  4.2¢(+1.1)°  6.0((x1.4)° 7.52(+2.1)°
(cmol k¢h) 10-20 1.11(x0.7)°  2.73(x1.1) ®° 2.67(x1.0)° 1.91(+0.7)°
20-60 1.0520.7)°  1.2¢(x0.7)°  2.56(x09)°  1.72(x0.7)°
CEC 0-10 13.5*1.0°  13.((*1.0°  17.5*2.7.0°  19.1(+3.0)°
(cmol k¢™) 10-20 6.85+1.0)°  8.7¢x1.00°  7.72(x1.0° 7.84(2.1) °
20-60 5.26(+1.00°  5.9¢x1.0)°  6.6((+1.0) ° 7.54(%0.9) °
Base 0-10 98.5(x1.00°  99.2(+1.00°  98.£(x1.1)°  98.((x1.5)°
Saturation (%) 10-20  97.4 (1.0  94.7(x1.0*  68.8 (¢5.08  93.4 (2.2
20-60 92.9(¥3.2)° 97.2(x1.0° 94.£(x18)°  92.6(x4.0°

Values for a particular chemical property followleg the same letter for different land-
uses are not different at the same depth (Kruskai$VANOVA mean on the ranks,

p=0.05).
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use systems. In both 10-20 and 20-60 cm deptHgyelifices between land-uses were not

significant.

Largest total concentrations of N were observetthénforest land-use at all depths. In the
top 0-10cm soil depth, concentration of N was am(F;, 1; = 0.82, P=0.5165) for all
land-uses. Concentrations of N for the 10-20 cntldeyas greater @11 = 19.4, P=

0.0072) in forest but similar in all cocoa plots.

The different land-uses had similar or smaller emi@tions of available P compared to
forest soil at all corresponding depths. In the @0 cm depth, available P was similar
among land-uses {F1;=0.12, P=0.948). In the 10-20 and 20-60 cm soiltligp
concentrations of P differed {R:=3.12, P=0.038) between land-uses with the greater
level occurring in the forest. Concentrations ofleangeable K in the 0-10 and 10-20 cm
soil layers were similar among the land-uses. Deffiees were however significang (k

= 20.5, P= 0.0044) in the 20-60 cm soil depth (€abl2). Concentration of Mg was
similar (k3 11=1.88, P = 0.211) in the 0-10 cm and (= 0.67, P=0.593) in the 10-20
cm soil depths. Cation exchange capacity (CEC)as# saturation was similars(f =

0.22, P = 0.438) in topsoil of converted sitesditfered in the subsoil.

Pearson’s product moment correlation coefficiemalsidated to relate selected mean soill
parameters to one another are in Table 4.3. Whetagsontent of soils was positively
correlated with organic C stocks and bulk densitwas negatively correlated with sand
%. Bulk density was negatively correlated with arigacarbon and total N stocks, and

soil depth was negatively correlated with soil paélailable P and total nitrogen
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concentration. Cation exchange capacity (CEC) wgsfeantly (P < 0.05) positively
correlated with concentration of organic carbon soillpH, and concentration of organic

carbon was positively correlated with concentratbnitrogen.

Table 4.3 Pearson’s correlation coefficientswieein selected soil physical and
chemical parameters in the 0-60 cm soil depth.

X Y R P
CEC Organic C % 0.87* <0.001
Clay % Organic C (Mg h3 0.06 0.728
Clay % Sand % -0.03 0.859
Clay % Bulk density 0.56* <0.001
Bulk Density Organic C (Mg h3) -0.26 0.133
Bulk Density Total N (%) -0.03 0.862
Depth Total N (%) -0.54* 0.001
Total N % Organic C (%) 0.45 0.638
CEC pH 0.30 0.079
Depth pH -0.34 0.400
Depth Available P -0.45* 0.006

*Correlation Significant (P<0.05); P = Probabilltgvel

4.3.3 Standing trees and above-ground biomassidrast

Standing trees and under-storey vegetation
Stand density, above-ground tree biomass, undesysteegetation biomass, standing

litterstocks, pod husk and fine roots biomass changlong the chronosequence are
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shown in Table 4.4. Total standing tree biomass @ocoa plus upper-storey canopy
strata) declined significantly §F3;=11.22, P =0.0031) after forest conversion to cocoa
system (Table 4.4). For the upper-storey treederéifices were significant (#7.99,
P=0.002) between land-uses. Under-storey vegetdiiomass differed @ 35=61.4,
P=0.000) between the forest land-use on the oné &ad all the cocoa land-uses on the

other (Table 4.4).

Stand litter and cocoa pod husks biomass

Standing litterstocks (i.e. sum of leaf litter, gwiand branches and miscellaneous litter)
were significantly smaller @71 = 4.62, P = 0.0047) in 3-year-old-plots compared to
forest, 15 and 30-year-old cocoa systems while bgsof cocoa pod husks accumulated

on productive/mature (15 and 30-year-old) cocom$amveraged 540 kg héTable 4.4).

4.3.4 Below-ground (fine roots) biomass
Biomass of fine roots (diameter5mm) under each land-use showed significant growth
(Fs, 35= 9.58, P = 0.0001) with increasing chronosequagee(Table 4.4). The forest and

15-year-old land-uses recorded comparable meanmdtebiomass.

4.3.5 Carbon and nutrient pools in standing tresve-ground fractions & fine roots

The comparative contributions of the various congms (tree biomass, standing litter,
under-storey vegetation, fine roots and cocoa paskd) to nutrient pools under each
land-use are in Table 4.5. Generally, pools of @ alement nutrients declined from
forest values to their smallest values 3 yearsr dfteest conversion. For example, C
storage in tree biomass (cocoa and upper storeyPwalg h& in the forest and 5.7 Mg

ha' in the 3-year- old cocoa farms. The trend was shme for total N and other
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nutrients, with total stocks increasing along tiheooosequence from 3 to 30-year-old

plots (Table 4.5). Among the different pools, remti stocks ranked in the order trees
(shade and cocoa) > surface litter > fine rootsdédrstorey vegetation had the least stock
of all nutrients across the chronosequence. Phogphwas the element with the smallest
stocks in the different pools. In litter layer, @as the element with the largest stock and

varied from 80.7 to 55.7 kg HgTable 4.5)
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Table 4.4  Tree density, above-ground tree and under-storggtaéive biomass for
upper storey and cocoa canopies for forest andacegstems in the
Ashanti Region, Ghana.

Land-use

Parameter
Forest Cocoa 3 years Cocoa 15 years Cocoa 30 years

Cocoa Canopy

Number of trees ha - 1,500 1,100 900
Biomass (Mg hd) - 5.0° 43.8 57.8
(+0.31) (£5.0) (£5.21)
Upper-storey
Number of trees ha 900 16 35 26
Total Biomass (Mg hd 209.3 7.65 91.2 127.7
(£33.3) (x2.4) (+38.6) (+38.6)
Cocoa and upper storey
canopies
Total tree biomass (Mg Hx  209.3 12.7 135.¢ 185.7
(£33.3) (£1.6) (x43.7) (£27.3)
Under-storey vegetation 1.74 0.57 0.26 0.49
Total Biomass (Mg b8 (x0.15)  (+0.04) (+0.08) (+0.07)
Stand litterstock (Mg h 4.56° 3.57 5.78 5.8
(x0.30) (x0.42) (x0.63) (+0.61)
'Cocoa pod husks (Mg Ha - - 0.54 0.54
Fine roots biomass 3.3 2.3 3.3 4.4
(Mg ha) (£t0.27)  (#0.13) (+0.29 (+0.34)

Values in the same row followed by the same letierghe different land-uses are not
significantly differentat P < 0.05 level using Tukey's HSD range tdstumbers in
parenthesis are the standard error of the meand)(SE

!Biomass of pod husks are estimates from seed: paghiwatios. Seed weight was from
district yield data assumed to be the same forymtiek (15 and 30-year-old) farms.
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Table 4.5 Distribution ofCarbon and nutrient stocks (kg™haamong biomass fractions
(trees, surface litter, under-storey vegetatioicpaopod husks and fine roots) in
forest and cocoa land-uses in the Ashanti Regiban@

Mg he* Nutrientstock: (kg he?)

Land-use/nutrient pool

C N P K Ca Mg
Forest
Trees 94.0 2,236 1674 1,360 1,643 1005
Surface litter 1.44 71.1 3.65 17.8 80.7 22.8
Under-storey vegetation  0.74 18.6 2.09 19.5 15.7 9.40
Fine roots 1.44 17.8 4.63 33.0 43.2 195
Cocoa 3 years
Cocoa trees 2.25 32.5 3.50 40.5 51.0 23.0
Shade trees 3.43 56.6 5.40 61.2 72.7 37.5
Surface litter 1.25 48.2 2.86 7.85 55.7 175
Under-storey vegetation  0.25 6.3 0.63 6.95 6.56 3.65
Fine roots 0.92 18.6 3.45 11.0 25.3 5.06
Cocoa 15 years
Cocoa trees 19.6 289.1 30.7 420.5 499.3 262.8
Shade trees 40.8 629.1 54.7 757.0 1,021 538.1
Surface litter 2.21 59.3 5.13 16.5 96.6 29.6
Under-storey vegetation  0.11 2.39 0.29 4.65 4.42 1.69
Fine roots 1.49 33.0 3.63 19.8 23.8 13.2
’Pod husks 0.24 6.2 0.54 18.3 4.3 2.0
Cocoa 30 years
Cocoa trees 25.8 448.5 37.4 552 621.0 299.0
Shade trees 57.2 983.3 102.2 1,085 1,430 485.3
Surface litter 2.39 76.0 6.48 31.2 97.1 27.1
Under-storey vegetation  0.21 4.75 0.50 9.16 8.48 2.99
Fine roots 1.98 34.7 5.39 20.7 40.9 27.9
’Pod husks 0.24 6.20 0.54 18.3 4.3 2.0

'Quantities of respective nutrient pools in eachmtdes fraction were obtained by
multiplying average nutrient concentrations in tnasmponents by their respective biomass.

“This is the mean value per hectare of pod husk &ésnfrom productive (15 and 30-year-
old) farms in the district
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4.3.6 Changes in soil carbon and nutrient stocks
Soil carbon and nitrogen changes with depth

Differences in C and nutrient stocks in correspogdioil depths (0-10, 10-20 and 20-60
cm) along the chronosequence are in Table 4.6. ddrbon stock (xSE) differed
significantly (F35=4.46; P=0.0404) among land-uses for the 0-10 cih depth.
Differences in C stocks in the 10-20 cm soil deptire not significant (F 35=0.59; P
=0.6387). Total N stocks in the 10-20 cm soil dsptlere significantly s in 3 and 15-
year-old plots compared to forest and 30-year-tdtlsp Apart from Mg in the 20-60 cm
soil depth where stocks differed significantly; (§5=5.0; P =0.0306), for all other soll
depths available P, and extractable K, Ca and Mgkstdid not differ significantly

between land-uses for similar or correspondingdajiths.

Changes in total soil C, N and nutrient stocks Witie

Changes in total stocks of C, N and nutrients witiie 0-60 cm soil depth are in Table
4.7. Soil carbon stocks did not differ significantFs, 35=1.05, P=0.4224) between forest
and cocoa land-use over time. Similarbtal soil nitrogen stocks did not differ iks
=2.69, P =0.1166) between the land-uses. Stockvaifable P in forest, 3 and 15-year-
old plots were similar but differed significantlfs( 35=9.02; P=0.006) from stocks in the
30-year-old plot. Stocks of total extractable K #vesimilar (g, 35=0.42; P=0.742) in
forest and cocoa systems. Calcium was the elemétht the largest total stocks.
Differences were significant §Fss =7.30; P= 0.0112) with 30-year-old plots having
significantly greater stocks than forest and 15~@d plots. Mg stocks did not differ {F
35=2.97; P=0.097) between land-uses. The quadrdétiareships between total stocks of

C and N, Ca, Mg, P, K and duration after forestvession are depicted in Table 4.8.
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Table 4.6 Quantities of carbon and nitrogen (Mg B&EM), and elemental nutrient stocks (kg he&SEM)
at the different depths of the soil profile imdst and cocoa land-use systems.
Lanc-use

Depth

(cm) Forest Cocoa 3 years Cocoa 15years  Cocoa 30 years
C 0-10 29.8 (x0.40) 21.6 (+0.51) 25.5 (+1.779° 26.0 (+2.56%°
Mg he* 10-20 15.8 #5.10° 10.4 +4.53° 9.29 +0.73® 12.8 +2.97°

20-60 21.8 +4.99° 17.0 +1.35° 22.5+1.08" 24.8 #5.00°
N 0-10 2.97 +0.84° 1.73 +0.20° 2.10 +0.18° 1.87 +0.187
Mg he' 10-20 3.88 +1.88° 1.04 +0.51" 1.09 #0.13" 2.18 *0.32”°

20-60 1.51 +0.29° 1.70 +0.33° 1.86 +0.19° 2.33 *1.007
P 0-10 2.09 +1.00° 2.46 *1.08° 2.23+0.26° 2.31 0.247
kg het 10-20 3.02 +1.24% 1.86 +0.72° 1. 46 +0.787 0.75 +0.167

20-60 6.38 +3.42° 5.30 +1.80° 2.62 +2.02° 0.44 #0.55?
K 0-10 158.7 +25.9° 247.3 +75.8° 184.8 +21.7° 268.6 +61.0°
kg het 10-20 170.6 +30.4° 148.5 +70.47 150.5 +12.0° 165.9 +40.17

20-60 485.9 +1817° 4145 12457 392.4 +19.6° 666.3 +1417°
Ca 0-10 1,849 +87.5° 1,812 +341.9° 2,115 +291% 2,097 +223.3°
kg het 10-20 1,397 +3387 1,568 +618.1° 1,292 +13.8° 1,487 +221.9°

20-60 3,561 +3847 4,729 +765.0° 3,844 +3067 5,411 +783.1°
Mg 0-10 423.6 +2137 523.4 £1617 735.1 +1277 920.3 +1307
kg het 10-20 190.0 +59.5° 485.4 +3167 474.2 £59.9° 339.9 +43.8°

20-60 494.8 +210" 879.3 +236™ 1,759 +225° 1,182 +240™

Figures in the same row followed by the same supetdor different land-uses are not statisticallfferent at

P < 0.05 level using Tukey's HSD range test.
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Table 4.7 Total stocks of carbon (Mg'haSE), and nitrogen and elemental nutrients
(kg ha' + SEM) at the 0-60 cm soil depths in foresd cocoa land-use

chronosequence
Land-use Mg ha' Nutrient stocks (kg b9
C N P K Ca Mg

Forest 67.4 8,365 11.5° 815.3 6,8072 1,108

(+1.1)  (#1,367) (+1.44) (£225.9)  (*¥254.2) (+426.5)
Cocoa 3years  49.0° 4,474 9.6 810.3 8,128 1,888

(+2.33)  (+182.4) (+1.61) (+387.6)  (+682.6) (+597)
Cocoa 15 years 57.3 5,053 6.3 727.6 7,2512 2,968

(#0.23)  (#290.3) (£0.96)  (#22.7)  (153.1) (£269.2)

Cocoa 30 years  63.6" 6,38¢ 3.5 1,10F 8,996° 2,447
(+1.1)  (¥153.7) (+0.45)  (¥223.6)  (+933.3) (£334.3)

Figures in the same column followed by the samegpipt for different land-uses are not differant

P < 0.05 level using Tukey's HSD range test.
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Table 4.8 Quadratic regressions (yx& & bx +c) showing the relationship between
the number of years after forest conversigrafd total stocks organic C,
total N, K, Ca, Mg (Mg hd) and available P (kg Hin the 0-60 cm soil
depth in shaded-cocoa systems in the AshantidRe@hana.

Nutrient stock a b c R

Organic C(Mg ha) 0.038 -1.025 60.84 0.293
Total N (Mg ha) 0012  -0.370 7.18 0.542
Available P (kghd)  0.005 0.481 11.2 0.992
Total K (Mg ha) 0.001  -0.021 0.84 0.982
Total Ca (Mg ha) 0.002  -0.032 7.432 0.650
Total Mg (Mg ha') 0.005 0.207 1.195 0.984

Except for P, all fitted functions returned to nearo deviation from the original values
over the 30-year time span. The fitted functionpl&xed in general 54 to 99% of
variations in N, P, K, Ca, and Mg dynamics withéifor the studied soil depth (0-60 cm

soil depth). For organic C (only 30% is explained).

4.3.7 Microbial biomass C, N, and P

Mean annual microbial biomass carbon (MBC), mi@bbiomass nitrogen (MBN) and

microbial biomass phosphorus (MBP) in the diffedant-uses are in Table 4.9. Analysis
of variance showed no significant differences: M@g 23 = 2.43; P= 0.125), MBN

23 = 1.64; P= 0.232) and MBP {F3; = 2.24; p=0.135) among land-uses. Microbial
biomass C and N in the land-use systems differguifgiantly between the rainy and dry

seasons. MBP did not differ significantly betweeasons across the chronosequenge (F
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Table 4.9
microbial

Soil microbial biomass carbon (MBC)crobial biomass nitrogen (MBN) and

biomass phosphorus (MBP) in thedCztin soil depth in forest and
different stages of cocoa land-use systems.

MBC (mg kc')  MBN (mg k¢?)  MBC/MBN MBP (mg k¢™)
Land-use
Fores 109.8 52.0° 2.7 12.6
(£18.5) (£23.5) (£1.49) (£1.8)
Cocoa 3years 48.5 10.G¢° 4.8 8.2
(£5.7) (£2.9) (£0.89) (£1.1)
Cocoa 15 years 157.8 27.3 5.5 9.8
(+31.6) (+7.1) (+0.77) (+1.0)
Cocoa 30 years 105.6" 23.8 5.4 13.4
(£45.1) (£11.7) (£0.82) (£2.3)

Figures in the same column followed by the santerlare not significantly different at P <
0.05 level using Tukey's HSD range test. Numbensarenthesis are standard errors of

means.

Table 4.10

Seasonal variation in soil microbiabrbass carbon (MBC), microbial
biomass nitrogen (MBN) and  microbial biomassggtmrus (MBP) in
forest and different stages of cocoa land-usgesys

Microbial propert Fores Cocoa .yeas Cocoa lyeears Cocoa 3 yeers
/land-use

MBC (mg kd")

Rainy season 141.4 (#6.5)a 58.0 (#4.0)a 210.4 (x3.2)a 182.1 (x2.5)a
Dry Season 78.2 (#4.4)b 39.0 (#0.17)b  104.6 (#19.9)b  73.4 (+27.5)b
MBN (mg kg*)

Rainy season 92.1(x9.2)a 13.8 (#4.6)a 36.9 (x9.3)a 41.5 (£13.8)a
Dry season 11.9 (#0.56)b 6.1 (+0.00)b 17.7(+6.0)b 6.12 (2.3)b

MBP (mg kg")

Rainy season 14.6 (x3.1)a 6.9 (x2.07)a 9.4 (x1.04)a 12.2 (£7.0)a

Dry season 10.5(x1.2)a 9.4 (x0.26)a 10.2 (z1.2)a 9.6 (x0.14)a

Figures in the same column followed by the sartterlare not significantly different &®
< 0.05 level using Tukey's HSD range test. Numlesrenthesis are standard errors

of means
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23= 13.24; p= 0.231) (Table 4.10). The nutrient id microbial C: N were similar in
all cocoa systems {3 = 2.43; P= 0.125), but lower in the forest. Micrildbiomass C,
N and P were significantly correlated (r = 0.964; 0.972 and r = 0.983 respectively,
P<0.05) to organic carbon. Additionally, MBC and RiBvere significantly correlated (r
= 0.961). While MBN was significantly positively welated (r =0.974) to total nitrogen,

it was significantly negatively correlated (r =.806) to available P (Table 4.11).

Table 4.11 Pearson’s correlation coefficients amsoig properties for the 0-10 cm
soil depth. (MBC= microbial biomass carbon, MBNmcrobial biomass
nitrogen and MBP = microbial biomass phosphorus)

Soil/microbial Land-use Organic C MBC MBN MBP Total N
property

Organic C -0.0547

MBC 0.2136 0.9637*

MBN -0.2846 0.9717* 0.8753

MBP 0.0079 0.9828* 0.9614*  0.9339

Total N -0.4943 0.8947 0.7436 0.9740* 0.8477

Available P 0.1660 -0.9627*  0.9006 -0.8964* -0.896-0.9176

* Significant at the 0.05 level

4.3.8 Total system carbon and nutrient pools
Changes in C, N, P and basic nutrients held in edgpound pools (tree biomass, surface

litter, cocoa pod husks and under-storey vegetpiod below-ground (fine roots and O-
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60 cm soil matrix) pools along the chronosequemeeshown together in Figures 4.1 and
4.2 respectively. The high above-ground C, N anttient pools originally present
decreased to their minimum values 3 years afteversion of the forest, thereafter pools
increased with increasing duration after forestveosion. Nitrogen (N), Ca and Mg were
more in below-ground than in the above-ground pdal€ocoa fields, calcium followed
by potassium were the nutrient elements with thgelst stocks in above-ground pools.
Calcium pools ranged from 107 to 988 kg'hia the order 30 years > forest >15 years >
3 years, while potassium ranged from 56 to 961 & dso increasing in the order 30

years > forest >15 years > 3 years.

The greatest loss in total system C stocks resditad land preparation prior to first
cultivation with an average of 108 Mg Ch@r 65% of original forest values) being lost
from the system. By 15 years after conversion efftrest, combined C pools had gone
up to 121.8 Mg C Ha(or 73.7% of original value), and 30 years aftenvasion of
forest, total system carbon had built up to 1514 ®ha" (91.6% of forest values).
These increments are equivalent to system-carbatidn rates of 5.4 Mg C Har*
between 3 and 15 years, and 2.0 Mg Cyha between 15 and 30 years after conversion.
Thus between 3 and 30 years after conversion,dbeacsystem on the average fixed 3.6

Mg C ha'yr.

Total pools of nitrogen ranged from 4,644 to 10,kg2ha" with maximum loss of the
system total N being about 57% of original foreaslues predictably occurring 3 years

after
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clearing of forest. The trend was the same for & KanSmallest pools of C, N, P and K
were recorded three years after clearing the fovéhkt pools increasing with age. Under
cocoa system, Ca is the element with the largest @ad total stocks decreased in the
order Ca > N > Mg > K > P while for forest land-uke trend was N > Ca > K > Mg >

P.

4.3.9 Land-use change and soil degradation

Extent of total soil quality degradation along ttteonosequence is in Figure 4.3. Each
DI was calculated as the sum of the percentageatieniof bulk density, soil C, total N,
CEC, BS%, available and exchangeable base catmepeNa of the upper 0-60 cm soill
depth from their respective values under forestldase. Indices of degradation were -
4.85, 75 and 86.8 respectively for the 3, 15 ange old plots measured against forest

as the standard reference with an index of zero.

100 -
86.8

80 75

20 -

Degradation index (DI)
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Figure 4.3 Degradation indices of forest soitsigla chronosequence of cocoa
fields at 3, 15 and 30 years of cultivatiotowing conversion of forest.
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4.4 Discussions

4.4.1 Effect of land-use system on soil physicedipaters

Perennial cocoa systems created at the end of baroygping cycles can be considered
as the beginning of a controlled forest fallow wihcoa trees as the main tree layer.
Farm management includes cutting back of someeftHtade trees and the brushing of
weeds between the crop plants in canopy gaps sttdeae a year. This activity seems to
have a strong influence on bulk density especiallthe top 0-10 cm layer, which was

significantly greater under cocoa at 3 years ttenpgrimary forest soil probably due to

the human traffic associated with these plantatiamagement operations.

There were no differences in percentage silt caatbatween the land-uses though sand
and clay percentages differed. However overall| soiture was similar across the
different land-uses. Using the USDA triangular smdssification chart (Anderson and
Ingram, 1998), soils on all sites are similar andravclassified as silty loam. The
similarity in textural composition of the soils werdhe various plot ages clearly indicates
that the soils were formed from similar parent mate under uniform environmental
conditions and was used to justify comparabilityween two or more spatially sampled
soils and allowed for further evaluation and corngmar of other characteristics of interest

in this chronosequence study.

4.4.2 Effect of forest conversion on standing &ieé vegetation biomass
The total above-ground tree biomass of 209 Mg hecorded in the forest reference
treatment was smaller than the 355 Mg heported by Greenland and Kowal (1960) and

the 350 - 560 Mg hh reported by van Reuler and Jassen (1993) in sirsiami-
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deciduous forest types in Ghana and the Cote ddvaspectively. However the forests
in these two studies had undergone very littleudiitnce compared to the forest in the
present study thus accounting for the lower biomasgiriesse and Schelhaas (1987)
reported tree biomass of 475 Mg'Har a Malaysian rainforest, while Kotto-Sareal.,
(1997) reported standing biomass of more than 760h&t in southern Cameroon. The
standing biomass of cocoa canopy tree recordekisrstudy was 43.8 and 57.5 Mg'ha
in 15 and 30-year-old cocoa systems respectivehes& values appear to be slightly
lower than the 61.6 Mg Hareported by Opakunle (1989) in a 22-year old coagi-
ecosystem in the semi-deciduous forest zone ofhseudstern Nigeria, but within
reported biomass ranges in a 25-year-old cocoaemsystem in Ghana (Isaat al.,
2005). Comparing forest biomass to biomass in cegstems reveals that, conversion of
forests affects above-ground biomass significaathyl is the major cause of above-

ground biomass losses.

4.4.3 Effect of forest conversion on above-groued tarbon

Conversion of forest to cocoa land-use resulted ioss of 94% of initial forest tree
carbon within the first three years. The 27% loksail carbon is small by comparison
with above-ground carbon losses. This indicatet dbave-ground carbon pool is more
vulnerable to losses when forests are convertejto-systems compared to soil pools.
Similar findings have been reported by Kauffmanal., (1995) in Brazil when an
Amazonian forest was converted to pasture, TokyRextakrishnan (1983) in secondary
succession studies following slash-and-burn in INedstern India and by Ewet al.,
(1981) in Costa Rica. To stem this tide of highboar loss following forest conversion
and to speed up carbon sequestration it is imperétat the establishment of new cocoa
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farms should be accompanied by the planting anddnttion of more trees including
indigenous timber tree species to serve as shads,twhich are important for the

establishment of productive cocoa farms.

4.4.4 Effect of forest conversion on stand littiemiass, carbon and nutrients

The litterstocks on the forest floor are a dynamienponent of carbon and nutrient
cycling in the forest ecosystem (Currie, 1999). éxding to several authors (e.g. Svatft
al., 1981;Andersoret al.,1983; Spain, 1984) the litter standing crop irpical and sub-
tropical forest is often small owing to its highcdenposition rate. However, numerous
studies in tropical tree plantations also showrgdaccumulation of litter standing crop,
especially when the planted species is exotic (Kadend Aduayi, 1985; Lugo, 1992;

Bernhard-Reversat, 1993).

Litterstocks on forest floors have not been extarigistudied. Very few studies exist for
comparing our litterstocks with especially for sedecocoa systems. In this study, stand
litter constituted 2.3, 27.8, 4.3 and 3.2 per adribtal above-ground biomass in forest, 3,
15 and 30-year-old land-uses respectively. Thodggnmeglected, stand litter constitutes
an important biomass pool in forest and cocoa exterys. Measured litterstocks in this
study are well within the ranges reported by Sa®B4) for tropical and subtropical
forests that ranged from 2.1-12.5 Mg'haut well below the stocks reported by Martius
et al., (2004) in rainforest and agroforestry sites in Zorda. This could most probably
be explained by the fact that, litterstocks in tistudy included large wood litter, which
was not included in the present study. If they badn included especially under the

forest land-use, total stand litter biomass woudehbeen higher. It needs also to be
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mentioned that there was not much large wood litteshaded cocoa plots as most had
been exploited for fuel wood. It appears thatigtecks are controlled by a combination
of factors such as litter production, stand-agé&edto litter accumulation with time,
stand density, and leaf area index that interaefffeext litter layer build up (Yangt al.,
2005). The surface litter C pools showed relativshall differences varying from 1.25 -
2.39 Mg C h# between plot ages. Surface litter is an importambon pool and may

contribute to carbon sequestration in forest armbaecosystems.

4.45 Pod husks biomass, carbon and nutrients

Productive cocoa farms produced about 534 kfdfacocoa pod husks annually. These
are piled at the pod breaking bays on all prodecttecoa farms and constitute an
important pool of carbon and nutrients in cocoaesys. Lack of management strategies
to facilitate their effective recycling and everstdbution over entire cocoa fields means
that most of the cocoa tress are not benefittimgnfithis nutrient pool and may be
considered as lost nutrients. There is the neegvelop management interventions that
would ensure better utilization of pod husks as$ amiendments. The biomass of pod
husks produced in the systems under study is smthbe those reported by Opakunle
(1989) in south-west Nigeria where husk producticas 810 kg ha The greater pod
husk production in SW Nigeria correlates with theager bean yields (640 kg Ha
obtained from this on-station field study. Thigvsce what farmers get in the Nwabiagya
District. Pools of nutrient in pod husks averagd@ Rg C, 6.2 kg N, 0.5 kg P, 18.3 kg K,

4.3 kg Ca and 2.0 kg Mg Ha
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4.4.6 Effects of forest conversion on fine rootsiass and carbon

Biomass of fine roots (diametersmm) expressed as root weight on a per hectais bas
showed significant growth with increasing age oidaise. Between forest and 3-year old
cocoa land-use, 30% of fine root biomass had desamg. However, by 15 years after
conversion to shaded-cocoa system, biomass ofréioes had recovered to initial forest
levels. Whereas the recorded biomass of fine ropthe different plots in this study
appear not to differ (especially when comparedh&lower age bracket) from the 2.6 Mg
ha' reported for cocoaG. alliodorasystem at 5 years, the values are smaller tha6.the
Mg ha' recorded by Beeet al., (1990) at 10 years. The principal reason for this
difference could be that no correction was madestal adhering to fine roots in the
study by Beer and his co-researchers. The presdues are however greater than the
maximum values of 1.9 and 1.2 Mg heeported by Munoz and Beer (2001) in 16-year-
old cocoa plantations in Costa Rica. This diffeeesbould be expected as fine roots in
their study referred to fine roots2mm and not $mm as defined in the present study.
Similarly fine roots biomasss(2 mm; 0—-10cm depth) of cocoa age 11 years shiagled
Erythrina glaucawas reported as 0.8 Mg h&Kummerowet al., 1981) and 0.4 Mg K&

(£ 1 mm) (Kummerowet al., 1982). Results from this study, would thereforieiirthat
production of fine roots and consequently nutr@mitribution under cocoa increase with
age, if we assume that there is no nutrient relimaason before root senescence. As to
whether nutrient contribution by fine roots sigo#ntly improves after forest conversion
will depend on the composition of trees in the $brénheir nutrient content, mortality and

decomposition of fine roots (Idek al, 2000).
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4.4.7 Effect of forest conversion on soil carbod aitrogen

Soil organic carbon (SOC) and nitrogen concentnatiwere greater in surface soils than
deeper in the profile across all the land-uses I€Tdbl), and is consistent with the
majority of SOC and N being returned to the soilibove-ground litterfall and through
turnover of fine roots, which are predominantlsiurface soil (Guet al.,2004; Yanget
al., 2005). Carbon stocks in the 0-10 cm soil deptHinked significantly 3 years after
clearing. This is in agreement with previous repdduo and Kang 1989; Houghtenal.,
1991; van Noorwijket al.,1997; Schroth eal., 2002; Isaaet al., 2005) which indicate
significant changes in soil carbon content overetim the top 0-15 cm soil depths.
Andriesse and Schelhaas (1987) also reported adibn losses as large as 21 Mg C ha
in Thailand and 15 Mg C Han Sri Lanka following slash-and-burn forest corsien.
Similarly, Guo and Gifford (2002), who conducted naeta-analysis covering 74
publications studying the conversion of forest toptand found significant declines of

soil C in the range of 40-50%.

Contrary to the above findings, other reports (Ewel et al., 1981; Koto-Sameet al.,
1997; Kauffmanet al.,, 1998) have emphasized that soil carbon pools remai
approximately constant during most land convergimactices in the tropics. These and
other mixed reports of soil organic matter stapitiiring slash and burn illustrate the
difficulty in generalizations about soil organic ttes, and may well be further
complicated by erosion subsequent to land cleafipgim et al., 1996; Nye and
Greenland, 1960). It appears that the stabilitgaf organic matter in lands undergoing
conversion by slash and burn is by no means uraketscording to Koto-Samet al.,

(1997), the magnitude and direction of changekislyi to depend on the soil type and
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initial C content, the history of land-use, the nawd-use system and the sampled depth.
Carbon stock changes (0-60 cm) in this study wetesignificant probably because the
standard reference is a secondary forest fallowram@n undisturbed natural forest. It is
likely that if comparisons had been made with airatforest, differences would have
been significant for the studied depth. Significeedtuctions in concentrations of organic
C and N and levels in the surface soil layers (&A@ 10-20 cm depths) could be due to
rapid mineralization during the first two-three yeafter land disturbance as a result of

increased surface temperature.

Though C stocks (0-60 cm depth) remained relatigtble in this study, the general
trend towards an increase in total carbon, allmsignificantly does suggest that with
time, the system may accumulate more soil carbon.ofganic C the fitted functions
explained only 30% of the variation with time. Muoh the remaining unexplained
variability is probably due to local soil differezs; sampling and laboratory errors. The
stability of organic C fractions in converted fdsesnay be due to the C stocks in soils
being physically protected from massive loss dufelljng and burning and may increase
due to entry of incompletely combusted particulatepending on the intensity of the
burn (Andriesse and Schelhaas, 1987). Furtherna@eaying roots from felled and
burned forest vegetation may contribute to soilaorg matter following conversion to

agriculture under annual and plantation crops.

Total soil nitrogen stocks of 8.4, 4.5, 5.1 and M@ ha' recorded for the forest, 3, 15
and 30 year-old plots respectively and is comparablthe 7.6 Mg h& (0-60 cm soil

depth) in a 22-year-old cocoa system reported bgkOple (1989) in a similar forest
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zone in South Western Nigeria. Total concentratdnN (0-10 cm depth) declined
significantly at 3 years probably due to minerdima followed by leaching after forest
clearance and subsequent reduction in shade. $tateks (0-60 cm) however did not
differ between land-uses when bulk density of tiffei@nt layers was taken into account.
No differences in total stocks between land-use® wegpected. Although large amounts
of biomass residue are being added to the systeinnastures (Isaaet al., 2005), and
rainfall can potentially add nitrogen to the saiéveral pathways of nitrogen loss exist
within agroforestry systems (Santana and Cabalafhsl982). Palret al. (1996) and
Paul and Clark (1996) suggest that considerabte®ef nitrogen can occur as a result of
leaching and gaseous losses as well as runoff evgloa due to land clearing and
subsequent reduction in shade intensity. Accordm@fori-Frimponget al., (2007),
significantly higher nutrientparticularly N and P are found in soils under sliafdems
compared to unshaded farms probably because ofegifinutrient cycling prosess under

shaded farms.

4.4.8 Effect of forest conversion on soil phosphorus lbase cation stocks

Measured P stocks in the 0-60 cm soil depth rendaiekatively stable up to 15 years but
had declined significantly by 30 years. This camtigbuted to nutrient exports through
harvest and P fixation (immobilization) in insolaldbrms as organo-mineral complexes
(Walker and Seyers, 1976). While soil stocks desgdastocks in plant biomass appeared
to increase. This may be attributed to relocatimmf below to above-ground pools.
Greater stocks in surface layers can be explaiyetthdd release of organically bound P
after burning especially at 3 years and release fiecomposing litter. Organic matter
normally accounts for up to 50% of the total phaspk in the surface horizons of
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tropical soils and may represent 60-80% of the wd phosphorus in highly weathered
Oxisols, Ultisols, and Alfisols (Sanchez, 1976).gé@nic phosphorus circulates rapidly
between plant and soil via the litter, and its ask through decomposition can be an
important regulator of productivity (Hedlegt al., 1982). Ahenkorahet al. (1987)
observed that available P dropped to 68 per cettiedf initial values on acrisols in the
Eastern region of Ghana. Phosphorus is the pritivaryng nutrient for crop production
in weathered tropical soils, because of sorptiophafsphate onto Al- and Fe-hydroxides

where it is potentially, but not readily availalbbeplants (Cardoset al.,2003).

Measured K, Ca and Mg stocks in the 0-60 cm sqitldelong the chronosequence
indicated that on the average base cations eidmained stable as in the case of K or
showed the tendency to increase as in the casa @n@ Mg. Ahenkorakt al. (1974)
have noted that cocoa growing soils were well beffeagainst K depletion. Total stocks
of base cations Ca and Mg in the entire studiedhdap3 years after conversion were
greater compared to forest. This pattern was nikedylas a result of the initial burning
of above-ground biomass during land preparatiosult@g in high input of bases
through ashes in the early years after conversimmeases in extractable K, Ca and Mg
caused by the addition of plant ash after burnimgshifting agriculture in Eastern
Amazonia has also been reported by Holsaheal., (1997). However, this high base
cation stock along the chronosequence in olderadmons (15 and 30 years) cannot be
explained by ash input through burning alone bgean shaded-cocoa farms burning is
not part of the management on established farme. slistained high levels with time
seem to be the result of an on-going process. @pethesis that may explain this is the
“nutrient pumping” effect of deep rooting cocoa astthde trees in the cocoa system:
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decomposition of leaf litter from litterfall and eéhfrequent brushing and subsequent
decomposition of understory vegetation brings eatrthat were taken from deeper soil
layers by tree roots to the top soil layers. Dec(2003) and Ahenkoraht al. (1987)

observed that there were no appreciable changegdnangeable Ca and Mg after 20

years of cropping on an Acrisol in the Eastern Begif Ghana.

4.4.9 Effect on total system carbon and nitrogeclst

The total system (above and below-ground including roots) C stock of the original
forests averaged across three sites was 165 Mg‘Gviia 97 Mg C h# contained in
above-ground (tree biomass, surface litter and musideey vegetation) pools. The
greatest loss in system C stocks resulted from faegaration prior to first cultivation
with an average of 65 per cent of total stocks dpést from the system. Most of this loss
is attributable to the destruction of natural vagjen However, by 30 years after forest
conversion, cocoa system had re-accumulated uptoMg C h&d primarily stored in
established trees (both cocoa and shade treespa@hgools. The carbon pool most
vulnerable to loss when forests are converted to@dand-use is above-ground biomass
as 92% of above-ground C was lost three years afieversion of the forest. These
results illustrate the tremendous impact that sthadeoa systems have on C re-
accumulation and the importance of minimizing foresnversion to less complex
systems. Annually, between 3 and 15 years after ¢canversion, the entire cocoa system
had a carbon fixation rate of 5.4 Mg C'y& and between 15 and 30 years, the carbon

fixation rate was reduced to 2.0 Mg C'd.
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Although reductions in above-ground N pools dureogversion of forests to cocoa land-
use were substantial (94%), the fractions of teyatem N losses were relatively smaller
(approximately 57%) compared to C losses withiredrg after conversion of forest. This
was because the vast majority of N pool was locatesbils and was not significantly
altered by land-use change compared to the abawerdr pool. Along the
chronosequence below-ground N pools were conslgtanger than above-ground pools.
The observed dynamics of C and N pools are sinidafindings of other studies that
demonstrated that changes in ecosystem pools mnargy driven by losses of above-
ground biomass while soil pools of elements areca#d to a smaller degree (Kauffman

et al., 1995, 1998; Trumboret al.,1995).

4.4.10  Effect of forest conversion on microbiaass C, N, and P.

Mean annual microbial biomass carbon C, N and P raitt show any significant
variations between the different land-usEsis was rather contrary to what was expected
especially when organic carbon in the 0-10 cm depth differed between treatments.
According to Sharma and Sharma (2004), land tramsftions that lead to reduced plant
biomass and organic carbon may lead to reducedbiarbiomass. The non-significant
differences in microbial biomass recorded could tm®bably be due to the high
variability between individual microbial biomasslwas (rainy and dry season values)
from which the annual averages were computed. dhttratio of microbial biomass C:N

ranged from 2.1 in forest to 5.8 in 15-year-oldamsystems respectively.

The microbial C:N ratio is often used to describe structure and the state of the

microbial community (Singh and Yadava, 2006). Jeséin & Ladd (1981) reported that
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fungi and bacteria have considerably different ot¢al C:N ratio i.e. ratio of the fungal
hyphae is often 10-12 and that of bacteria usuadiyveen 3-5. A high microbial C:N
ratio indicates that the microbial biomass contartggher proportion of fungi, whereas
low value suggested that bacteria predominate emilcrobial population (Campbedk

al. 1991). In the present study, the mean microk@inbss C : N ratios of 2.1, 4.8, 5.5
and 5.4 in forest, 3, 15 and 30-year-old cocoaesystrespectively indicate that bacterial
population predominates in the 0-10 cm soil depthall sites. Conversion form forest to

cocoa system did not impact on the compositioniafabial community.

The microbial biomass C, N and P pools in the diffé land-uses were significantly
affected by the rainy and dry seasons. Microbiahass was higher in the rainy season
compared to the dry season. This contrasts witleraéwther studiege. g. Singh and
Yadava 2006; Sharma and Sharma 2004; Barbhatiyd., 2004) which reported higher
microbial biomass C, N and P for dry winter seasamd lower values during the rainy
season. Explanations offered for this trend inclpdssible run-off losses of microbial
propagules along with the plant materials due ®viieainfall (Shukleet al., 1989) and
strong demand for these nutrients by the plants dhaw vigorously during the rainy
period (Singh and Yadava 2006; Sharma and Shari®4) 2@ appears from the present
result that, the early weeks preceding the peak@frainy season generally experience
increased microbial biomass. Lodefeal., (1994), citing from the works of Luizast al.,
(1992) emphasized that rewetting of seasonallyAdnazonian forest soil resulted either
in immobilization of nutrients or large pulse oftnent, particularly N mineralization. It
is here hypothesized that, increase in microbiaiaiss may be attributed to microbial
nutrient flush at the start of the rainy seasons Ivery likely that, microbial biomass
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would reduce during the peak of the rainy seasoanwgiant growth would optimal and
nutrient demands would be strong. Seasonality thereplays an important role in
microbial C, N and P turnover (Waggti al., 1998). This indicates the dynamic nature of
C and N circulation on the forest floor and the ampnce of microbial populations for
nutrient conservation, regeneration and managerhest.al. (2005) similarly found that
in secondary forests and pine plantations, mictobiamass was greater in the wet
season compared to the dry season. The obsenmmhses of the soil microbial biomass
to the start of the rainy season in the foresteustudy have important consequences for
nutrient cycling in these seasonal ecosystems.dWiat biomass reflects the degree of
immobilization of carbon and nitrogen. A decreassail microbial biomass could result
in mineralizing of nutrients, while an increase mmcrobial biomass may lead to

immobilization of nutrients (McGilét al., 1986).

Highly significant correlationships (P < 0.05) beem microbial biomass C, N and P and
soil organic carbon in the 0-10 cm soil depth shbat microbial biomass is highly
influenced by soil organic nutrient (Singh and Y\aaa2006) in both forest and cocoa
ecosystems, and that the successional dynamicshedet elements were closely
interlinked in nutrient-poor tropical soils and thaicrobial immobilization and
mineralization have a close relationship with cartend nitrogen in soil. It further
suggests that organic matter is an important faictdhe build-up and development of
soil microbial biomass carbon and nitrogen. Coneatly, a close relationship has also
been reported between soil fertility and microti@mmass (Arunachalam, 2003; Hofman

et al., 2004), because the high level of organic mattppked enough carbon, nitrogen
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and energy source to microbial growth. There igemorted work from cocoa systems
that the present results can be compared withtivRoselationship between microbial C,
N and P and soil organic C, total N and P in geassland agroecosystem have however
been reported by Singh and Singh (1995), Ghosh&lSamgh (1994) and Mooret al.,

(2000).

4411 Effect of land-use change on soil degraesilong the chronosequence
Despite the apparent stability of stocks of soila@ nutrients (0-60 cm) along the
chronosequence, results of this study showed thedricg of lixisols for cocoa
cultivation in the semi-deciduous forests of Ghagsults in some land quality decline
prior to canopy closure at 3 years. Analysis oalt®oil quality at each stage of the
chronosequence using degradation indices (Dls)wihicorporated other parameters like
bulk density, CEC and base saturation %, reveddatidverall, soil quality declined to
levels below the condition of forest soils 3 yeafter conversion of forest. This is caused
by forest clearing and land preparation methodeviedd by crop harvesting activities,
brushing of undergrowth that may have strong infkieeon pH, bulk density and organic
matter, which remain significantly greater in fdresoil throughout the duration
plantation. Deterioration in soil physical propestisuch as bulk density and pore space
particularly in the surface horizons is due to fteguent human traffic associated with
farm management practices has been cited as aatirighto the deterioration (Lemenih
et al., 2005). It is important to mention that the lan@system in the area is not only
spatially but also temporally dynamic. Numerous Isradjustments are continuously

being made to the production processes. Thoughlslamd with limited success, these
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farmers are able to adapt their production systenditferent socio-economic and
biophysical circumstances. Conscious efforts needbe made at this stage to adopt
practices that would minimize soil quality degraoiat For instance burning could be
limited to only woody and such components as wduittler farmer access to land at
planting. As much as possible, leaf litter and pthiemass fractions that do not hinder

farmer access to land should not be burnt.
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4.5  Summary and conclusions
This study has quantified the effect of land-usangfe from forest to cocoa system on

biomass, carbon and nutrients, and pools in abogidalow-ground compartments.

Biomass, carbon and nutrients in tree biomass, rustdeey vegetation, surface litter and
biomass of fine roots significantly declined imnedly after conversion of the forest.
Above-ground biomass and carbon is the larger podl is more vulnerable to losses

when forests are converted to agro-systems compaussal stocks.

Soil pools in the entire studied depth (0-60 cmhaied relatively stable across the
chronosequence. The role of cocoa shaded-cocoansysin carbon sequestration is
demonstrated under a changing climate. Betweend33@nyears after conversion, the
cocoa system (above ground and soil pools) caneséguabout of 3.6 Mg C far™. By

30 years after forest conversion, cocoa systemdcstudre 95% of carbon and 76% of

nitrogen in the secondary forest system.

Soil exchangeable Ca, K and Mg stocks remained mioless stable with a tendency to
improve presumably because of “nutrient pumpindgéaf of deep rooting cocoa and

shade trees in the cocoa system and the additiomtaents to the soil surface through
decomposition of leaf litter (Dechert, 2005). Sigraint decline in available P stocks at
30 years imply that levels of this nutrient shiforh sufficient at early growth to

insufficient as cocoa system ages, suggesting tihse systems do not meet P
requirements over time. Microbial biomass C, N &demonstrated a strong seasonal
variation but conversion of forest did not resuit a significant decline across the

chronosequence.
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Cocoa pod husks constitute an important underzatlinutrient pool in cocoa systems. If
redistributed appropriately, could be useful in gnaally increasing stocks of available

plant nutrients especially N and K.

The study has also shown that soils in the senmddeas forest zone cleared for shaded-
cocoa cultivation go through a degradation stagenduthe plantation development
phase. This might affect the long-term productiafythe system. Management strategies
adopted at this stage should be geared towardsniing adverse effects that may lead
to degradation in soil quality. The adoption of servation-oriented land preparation
strategies are required if degradation of soil ifpaluring plantation development phase

is to be minimized.

To design appropriate and cost-effective managemmginins to stabilize nutrient stocks
in perennial cropping systems like cocoa, therghies need to understand also the
dynamics of nutrient flows between compartmentthansystem. In the literature, many
nutrient flow exercises treat soil dynamic processs a ‘black box’, a not-too-

satisfactory approach (Gichuret al., 2003). In this approach, nutrient depletion or
enrichment of the system is simply assessed takiogconsideration the nutrient inputs
(i.e., mineral fertilizer, organic inputs, depoaitj biological fixation, sedimentation) and
outputs (i.e., harvest exports, leaching, gaseossek, erosion, etc) without paying
attention to the processes within the box: intemadycling. In the next chapter, |

examine the processes within the ‘box’ by invesiigadynamics of nutrient recycling

through litterfall and turnover of fine roots, aslivas factors driving the recycling

process.
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CHAPTER S

LITTERFALL AND LITTER NUTRIENT
DYNAMICS UNDER SHADED-COCOA
SYSTEMS IN A HUMID SEMI-
DECIDUOUS FOREST IN GHANA
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Abstract
Few studies have assessed changing processesigduarforest floor litter following

conversion to plantation crops such as cocoa. Uliteg traps and sampling quadrats,
this study investigated litterfall production, gtamg litter changes, gross litter
decomposition and nutrient return through turnadeiine roots along a chronosequence
(natural forest, 3, 15 and 30-year-old shaded-gotpa moist semi-deciduous forest in
the Ashanti Region. Mean annual litterfall prodantidiffered significantly among land-
uses and ranged from 5.0 to 10.4 Mg DM*h&imilarly, standing litter differed
significantly between land-uses. Estimated inpuasnflitterfall production was 4 — 165
kg ha'yr! for P and Ca in 15-year-old and forest plots respely while inputs from
turnover of fine roots varied from 2 kg P to 47 g ha'yr' in 3 and 30-year-old
shaded-cocoa systems respectively. There werdisagrti differences in quality between
litter from forest and litter from cocoa plantatsoriitterfall from forests had greater
concentrations of nitrogen and smaller concentnatib soluble polyphenols and lignin
compared to litter from cocoa systems. Monthly aegosition coefficientsk) were
estimated ak = (A - (L1-Lo))/ ((L1+Lo)/2), where A is litterfall production during the
month, Ly is the standing litterstock at the beginning @& thonth and Lis the standing
litterstock at the end of the month. Annual decosian coefficients K., were similar in
cocoa systems (0.221-0.2250t higher under secondary forests (0.354). Cdriogia
between litter quality parameters and the decontipastoefficient showed N and lignin
concentrations as well as ratios that include Ntheebest predictors of decomposition
for the litters studied. The results support thedilesis that decomposition decreases

following forest conversion to shaded-cocoa systéesause of litter quality changes.
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The study also showed that standiitter pools and litterfall production in recently
converted cocoa plantations are low compared tonskgy forests or mature cocoa
systems.Management strategies involving the introductionupiper canopy species
during plantation development with correspondinglaeement of tree mortalitwith

diverse fast growing species will provide high dgyahnd quantity litter resources.

Key words: Cocoa, litterfall production, standing litterstockslecomposition.
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5.1 Introduction

Litterfall and litter decomposition and subsequenitrient release represent major
biological pathways for element transfer from vagjen to soils, and play an important
role in regulating nutrient cycling, and in maimtiaig soil fertility in forest and agro-
ecosystems (Yangt al,.2003). Forest litter acts as an input-output systémutrients
and the rates at which forest litter falls conttéoto the regulation of nutrient cycling,
fertility sustenance and primary productivity irmdst and tree-based ecosystems (Ranger
et al,. 2003; Berg, 2000). In Ghana, cocoa has re-emeageah important export and
cash crop. For majority of farmers, fertility ofilsounder cocoa plantations is maintained
through the recycling of nutrients back througif ledl and decomposition of leaf litter
(ISSER 2004; Appialet al.,2006). The decomposition process is influenced hymber
of factors. These are: (1) microclimate, mainly penature and humidity, (2) litter
quality, (3) soil nutrient content and (4) the giadive and quantitative compositions of
decomposer communitiesArfderson and Swift, 1983)These factors interact to

determine the rates of decomposition.

Despite many studies carried out on litterfall asecomposition dynamics, in both
tropical and temperate forests (Isazcal., 2005; Martiuset al., 2004; Rangeet al.,
2003; Berg 2000), few attempts have been made sesasecological processes in
standing litter under shaded-cocoa systems. Inezhedcoa systems, no study to date has
assessed parameters of litter dynamics alonganobequence with forest as a reference.
Thus, it is vital to understand the nutrient dynesrof litter in these ecosystems (Isaac
al, 2005; Appiahet al., 2006; Schroth, 2003) to advice small farmers wkpethd on
natural nutrient recycling for fertility sustenancéhe present study was carried out to
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measure comparatively litterfall, litterstock, éitt decomposition and turnover of fine
roots and how they influence nutrient cycling iradéd-cocoa systems as the plantations

age.

It was hypothesized that litter pools (stand lgtecks) and litterfall production in

recently converted cocoa plantations will be lownpared to forests or mature cocoa
systems, and decomposition rates will correlatéttier quality in cocoa ecosystems. It
was also expected that forest litter decompositiates would be more rapid due to

specific litter dominance of higher quality.

The specific objectives were to:
(i) Measure the production and accumulation of litkefiorest and cocoa ecosystems.
(i) Quantify potential nutrient return through littdHander forest and cocoa land-use.
(iif) Compare decomposition of litter under forest arabigld-cocoa ecosystems and

(iv) Estimate production of fine roots and nutrient ctition through turnover of fine
roots.
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5.2  Materials and methods

5.2.1 Site Description

A description of the study sites including climategetation and dominant soil types and
the approach adopted for the study are in sec®ohs2.2, 2.3 and 2.4 of the general

methodology in Chapter 2.

5.2.2 Litterfall sampling

Litterfall was collected monthly by pooling togethfertnightly samples using 0.25m
litter traps (Anderson and Ingram, 1993). Litteaps consisted of 50 cm x 50 cm
wooden-framed open boxes, 30 cm high with Imm ngomen mesh base. Each trap
was raised on four preservative-treated wooderdstaf cm above the forest litter floor
to prevent decay (Plate 5.1). Four litter traps ewestablished in each plot at three
replicates for four land-use chronosequence agesgga total of 48 litter traps or 12
litter traps per chronosequence age. To improveesgmtativeness of plot means, the
litter traps were distributed randomly within theperimental plots and their positions
changed from time to time (Schroth, 2003) throughbe study period. The collected
litter was manually separated into different fraos; leaves, twigs and branches and
floral parts (flowers and seeds), weighed and them-dried at 65°C for 48hours for dry
weight determination. Monthly values of litterf&ir each land-use were summed up to
obtain the annual litterfall at each site. Sampieaterial from each treatment plot was

returned to the laboratoryery 4 monthdgor nutrient analysis.
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5.2.3 Stand litter decomposition coefficients
The decomposition coefficient can be estimated ftbenannual litterfall and the stand
litterstock on the forest floor (determined in cteap4, section 4.2.3). The monthly

decomposition coefficierk for each land-use was calculated as:

k= (LF - (LS-LSo))/ ((LS1+LS0)/2) (5.1)

(formula simplified after Olson, 1963)

where LF is litterfall during the month, L% the stand litterstock at the beginning of the
month; LS is the litterstock at the end of the month (BerdFReversat, 1993Monthly
values of k) for each land-use were summed up to obtain theisntecomposition

coefficient k) at each site.

5.2.4 Measurement of fine roots productivity

Sampling holes approximately 10 cm in diameter @@dcm deep were carefully dug
using a 25 cm long digging chisel. In-growth tubgkhders (PVC pipes 30 cm tall; 8.5
cm diameter and 5 mm grid/mesh size) were insendthe sampling holes and then
filled with root-free soil collected from the sarmdepth and packed to an approximate
bulk density of 1.0 g cifi(Plate 5.2). Instead of installing all the in-grévttibes at the
beginning of the study and extracting subsets quesial time intervals, twelve in-
growth tubes at one per plot or 3 tubes per lamdalsonosequence were buried in the
top 30 cm of soil at random locations at the beigiprof each time period and extracted
at the end of pre-determined period. A time-ped@0-45 days was chosen to reduce
the possible overestimation of short-term fine rgodwth rates and to minimize the
likelihood of death and decomposition of any fim®ts that grew into the in-growth
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cores (ldolet al., 2000). Fine roots were separated from the soiigutihe wet sieving
(0.5 mm grid) method (Bohm, 1979). A correctiontéador the soil adhering to the fine
roots (FR) was determined for each sampling datediperating (65€C; 8 h) three sub-
samples (0.3 g) from the bulked sample of all Fedvered from each treatment. Annual
fine root productivity in the top 30 cm of soil wastimated by multiplying the mean

daily mass of roots that grew inside the coremaaehesampling by 365 days.

5.2.5 Light transmission and canopy cover measunéme

Estimates for percent canopy closure/light transioisunder the cocoa strata were based
on image analysis. Canopy closure was measured adiemispherical lens (180-degree
equidistant fisheye lens) attached to a digital @an{Nikon Cool Pix 950) mounted onto
a tripod set approximately at DBH. The camera wasnted in a north-south direction
for each photo. For each plot, ten (10) shots waken at random points about 5.0 meters
from each other along a diagonal transect acrasgltt. The hemispherical photographs

were analyzed with gap light analysis software (Gigit Analyzer, Version 2.0 1999).

5.2.6 Chemical analysis

All samples were oven-dried (&5, 48 hours) and ground to pass through 0.5 mm mesh
Composite samples of litterfall and fine root saespirom each land-use were analyzed
for carbon and major nutrients (N, P, K, Ca and Mgyiplicate. Carbon was determined
by wet oxidation method (Walkley and Black 1934tat N using the standard micro-
digestion method (Kjeldahl) with colorimetric deteénation by spectrophotometer, P by
the Bray and Kurtz (1945) method, and Ca, Mg andv&re analyzed by atomic

absorption spectrophotometryignin content of 1 g ground dried6@C) litterfall
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material was determined by alcohol extraction a&teid digestion (72% #$0,) and
correction for ash following the acid detergenefimethod of VarSoest (1963). Total
soluble polyphenols (PP) was determined accordiriderson and Ingram (1998) after

extracting with 20 ml methanol.

5.2.7 Data Processing and analysis

The analysis of variance (ANOVA) was used to testsignificant effects of land-use on
total litterfall, litterstocks, microbial biomasktter quality and turnover of rates of fine
roots using STATISTIX 7.0 (Analytical Software, ®¥). Multiple comparisons were
determined with the Tukeys HSD test at a signifoeatevel of 0.05. Monthly variations
in litterfall, litterstocks and litter turnover cifieients with time were portrayed
graphically. Regressions and correlations were amsployed as tools for statistical tests
to establish trends and relationships between pateam The monthly potential nutrient
input to the forest floor through each litter fiaatwas computed by multiplying monthly
values of each fraction mass with its correspondnegn nutrient concentrations. Annual
potential nutrient input was the sum of monthlyrraustt inputs based on 12 monthly
estimations. Fine roots turnover rate or renewad weaculated as (FR productivity/FR
biomass) for each treatment (Cavelier 1989, cited/ofioz and Beer, 2001). Turnover
rates of fine roots (kg Figear') was estimated as the product of the turnover aate
productivity. Nutrient inputs from fine roots weestimated on an annual basis by
multiplying annual FR turnover by corresponding RRrient concentrations from each

land-use.

107



Plate 5.2 Installation and extraction of PVCgmowth tubes for
the determination of fine roots productivity andnover
using the modified in-growth bag technique.
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5.3 Results

5.3.1 Litterfall production

Monthly patterns of litterfall were similar amonggettreatments with peaks during the dry
period (Nov-Feb), and dips during the rainy per{dhy —July and Sept Oct) (Figure
4.1). Differences in total annual litterfall wergysficant (F 3 o5 = 20.41, P < 0.001)
among land-use types. Annual litterfall was largestforest and 30-year-old cocoa
systems compared to the 3 and 15-year-old cocogemsgs Litterfall exhibited
monthly/temporal patterns indicating greater ratektterfall during the dry season (Fig.
5.1). Mean seasonal litterfall differed significgntFs, 47 = 6.48, P=0.0291) between the

rainy and dry periods.

Litterfall composition

There were significant differences in leaf litt€g (1 =12.34, P < 0.001), twigs and small
branches (i, 7:= 9.8, P < 0.001) and floral/ reproductive paRs ¢;=27.21, P < 0.001)
among the land-uses. Leaves always representeldrtest fraction in both forest and
cocoa systems (Table 5.1). Three-year-old landpueduced the least litter for all the

litter fractions.

5.3.2 Litter decomposition coefficient

Monthly decomposition coefficients among land-usmsged from 0.022-0.685 (Figure
5.1). The average annual decomposition coefficidiffered significantly (g 25=12.67,
P=0.003) between land-uses with coefficients in dbeoa systems being significantly

smaller than in

109



>

= = Forest —e— Cocoa 3 —#— Cocoa 15 —=—Cocoa 30

1.6 -
1.4 -3
1.2 -

0.8 { =
0.6 |*
0.4 -
0.2 -

Litterfall (Mg DM ha -1)

2006 Mar May Jul Sept Nov 2007 Mar May Jul Sept Nov
Jan Jan

B —&— Forest = & = Cocoa3 —&—Cocoa 15 —e— Cocoa 30
S 08 -
Qo
E 0.7 -
-
= 0.6 -
=
2 0.5 -
S~ 0.4
S
< 0.3 -
= 0.2 -
G
2 0.1 -
§ 0
o
a -0.1 2006 Mar May Jul Sept Nov 2007 Mar May Jul Sept Nov
Jan Jan

C 00 -

350 -
. 300
E
E 250
T 200 -
5 150 -
[-4

100 -

50 -

0 T T T T T T T T T T T T T T T T T T T T T T T 1
2006 Mar May Jul Sept Nov 2007 Mar May Jul Sept Nov
Jan Jan
Sampling period {(months)

Figure 5.1 (A) Monthly litterfall production (tha’), (B) decomposition
coefficientg @nd (C) rainfall (mm) for study sites.

110



Table 5.1 Quantity (Mg g™ + SEM) and composition (%, in parenthesis) of liérf
fractions in forest and cocoa land-use systemshén Nwabiagya District,
Ashanti Region, Ghana

Twigs & small  Reproductive

Land-use Leaf branches parts TOTAL
Forest 6.9+0.32° 0.9+0.17 1.0+ 0.09" 8.8+0.36%"
(78.4) (10.2) (11.4) (100)
Cocoa 3 years 4.6+ 0.37 0.06+ 0.04 0.3+ 0.03 5.0(+ 0.39
(92.0) (1.2) (6.0) (100)
Cocoa 15 years 6.7+ 0.53 0.7+0.1F 0.8 0.07 8.2(x0.6%
(81.7) (8.5) (9.8) (100)
Cocoa 30 years 8.4+ 0.46' 1.0+0.16' 1.0+ 0.09" 10.4+ 0.58
(80.5) (9.0) (10.5) (100)

Mean parameters for the different land-uses with Hame superscript are not
significantly different at P < 0.05 level using Byks HSD range test.

Table 5.2 Estimated standing litterstock (Mg DM ™“ha SE), decomposition
coefficient, residence time and canopy opennederest and cocoa land-
use systems in the Nwabiagya District, Ashanti BRegGhana.

Land-use
Forest Cocoa3 Cocoal5 Cocoa 30

Parameter

years years years
Litter standing crop (LS) 4.6 3.6 5.8 5.9
(Mg DM hat) (x0.63) (x0.31) (+0.46) (20.42)
Annual decomposition 0.354' 0.217 0.237 0.22F
coefficient (k yr?) (x0.07) (£0.03) (£ 0.03) (£ 0.02)
Mean residence time (MRT) (2.8) (4.6) (4.2) (4.5)
(1/k_years)
Canopy openness (%) 12.7 14.8 9.7 12.3

(+2.34)  (+1.88)  (+1.58) (+1.95)

Mean parameters for the different land-uses wighsime superscript are not
significantly different at P < 0.05 level using Tyks HSD range test.
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the forest systems (Table 5.2). Openness of caddfgred significantly (& 11=4.08,

P=0.032) among treatments and was largest in 3gfdatocoa plots.

5.3.3 Initial chemical composition of leaf littené litter quality

Polyphenol (PP) concentrations were similar in @osgstems but significantly greater
(Fs,31=11.15; P=0.0009) than in foregiable 5.3). Lignin (L) concentration was similar
in 3, 25 and 30-year-old plots but significantleater (g 3:=10.22; P=0.0013) compared
to the forest plot. Initial leaf litter N concentins differed significantly among the four
land-uses (f 31 = 26.92; P < 0.0001) (Table 5.5). While L:N ratisre significantly
greater (g 31 =43.78; P < 0.0001) in 3 and 15-year-old shademb&systems compared
to forest and 30-year-old shaded-cocoa system, BRINPP+N:N ratios were similar in
all shaded-cocoa systems though there was a ctyad towards decreasing ratios with
increasing age of stand. C:N ratios were similar3imnd 15-year-old shaded-cocoa
systems but significantly greater {f; = 30.68; P = 0.000) than in both forest and 30-
year-old shaded-cocoa systems. Most of the littatity parameters were correlated with
the decomposition coefficient with significant pog correlations for N and significant

negative correlations for C:N, L, L:N, PP:N and RPN ratios (Table 5.4).

5.3.4 Potential nutrient return through litterfall

Returns of nutrients to the forest floor increagesicept for P) with duration after

conversion and attained a maximum in forest and/e€#i-old shaded-cocoa system
(Table 5.5). Except for K and Mg, forest land-usel lthe greatest potential return of all
nutrients through litterfall and decreased in théeo Ca > N > Mg > K > P in forest, 3

and 15-year-old and in the order Ca > N > K > Mg i 30-year-old plots (Table 5.5)
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Table 5.3 Chemical composition of leaf litterrfrdorest and cocoa land-use systems.

Composition Forest Cocoa 3 Cocoa 15 Cocoa 30
years years years

Lignin (mg g* DM) 112+ 9.2 141 +1.f 146 +0.05 143 +0.3
Polyphenol (mg § 18+ 1.8 27.1+1.0a 27.7+1.8 33.9+29

gl\&g g' DM) 433+7.2 426 +13 428 +18 436 + 24
N (mg g* DM) 17.0+0.6 95+0.2 100024 148208
Polyphenol/N Ratio 1.06 +0.08 2.93+0.08 277+0.23 2.36+0.35
P+N/N ratio 2.06+0.08 386+0.08 3.78+0.23 3.37+0.38
C/N Ratio 256+1% 45+0.7f 429+18 31.6+2.68
L:N Ratio 6.61+05%5 149+0.2 147+061 9.9+0.89

Mean values for the different land-uses with theesauperscript are not significantly
different at P < 0.05 level using Tukey’s HSD ramgst. (N=4 and DM is dry matter)

Table 5.4 Correlations between the decay coeffic{fgr) and parameters of litter
guality, and canopy openness in the forest andezhradcoa stands.

Parameters of litter

quality R P
Polyphenol -0.67 0.320
Lignin -0.89 0.023*
Nitrogen 0.98 0.018*
C:N Ratio -0.82 0.012*
Polyphenol:N Ratio -0.11 0.001*
Lignin:N Ratio -0.97 0.003*
Polyphenol+N:N Ratio -0.60 0.048
Canopy openness 0.62 0.381

* Significant at P < 0.05; R= Correlation coeffiste P=Probability Level

113



Table 5.5 Potential quantities of nutrients kia'yr™) returned to the soils annually
by litter fractions in litterfall.
s1 -1
Land-uses kg haryr
N P K Ca Mg

Forest
Leaf 117+82 7.6+1.1 26.2+25 131+121 2038
Twigs 153+1.7 0.7+#0.08 3.0+0.66 152+1.0 =R@A12
Floral parts 20423 15+0.05 26+054 1813F 44+0.2
Total 153.0 9.8 31.8 165.0 35.8
Cocoa 3 years
Leaf 43.7£2.4 4.14+0.75 10.6+1.0 72.7 £3.5 29.%+
Twigs 0.541£0.11 0.04+0.00 0.54+0.15 0.73+0.11 0.35+0.08
Floral parts 0.891#0.110.12+0.05 0.60+0.12 0.70+0.11 0.31+0.06
Total 44.8 4.30 11.7 74.1 30.6
Cocoa 15 years
Leaf 68.0+4.8 3.12+1.0 21.8+2.6 121 +9.7 5305
Twigs 486 +1.0 0.42+0.085.16 +1.0 7.98 1.1 3.24 +0.6
Floral parts 6.48 £1.3 0.56 +0.126.88 £1.0 10.6 £1.3 4.32 0.6
Total 79.3 4.10 33.8 139.7 60.6
Cocoa 30 years
Leaf 104 £125 2.7+1.0 454132 126.0+12.4 42.8+4.2
Twigs 100+1.7 0.6+0.1 9.3+20 11.1+2.0 44 +1.0
Floral parts 194+21 1.4+0.7 7112 129+2.4 54+1.0
Total 133.6 4.7 61.8 150.0 52.6

Values are means +SEM of 12 traps form eachneat over 2 year
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5.3.5 Fine roots productivity, turnover and nutrient cohution

Productivity of fine roots differed significantlyF{ 4,; = 8.43; P = 0.034) among

treatments (Table 5.6). Turnover rates were 0.787,0.96 and 1.04 for 3, 15, and 30
year-old and forest plots respectively. Annual dbation of fine roots to nutrient inputs

through turnover of fine roots is in Table 5.7.Mgen (N), P, K, Ca and Mg fluxes

through fine roots turnover ranked in the orderelSor> Cocoa 30yrs > Cocoa 15yrs >
Cocoa 3yrs. Estimated nutrient inputs from turnaeiine roots varied from 2 (P) to 47

(Ca) kg hdyr' in 3 and 30-year-old cocoa systems respectiveplg’5.7).

Table 5.6 Fine roots biomass productivity, produttand turnover rate along a
cocoa chronosequence.
Fine Roots Fine Roots Fine roots
Land-use Productivity Biomass Turnover rates
(FRP) (FRB)  (FRP/FRB = kyr"
(kg ha' year') (kg ha')

Forest 3,453 #3547 3,333 (534) 1.04°

Cocoa 3 years 1,806 (231) 2,276 (375) 0.79°

Cocoa 15 years 2,835 ¢264) 3,252 (400) 0.87°

Cocoa 30 years 4,235 £406Y 4,415 (534) 0.96%

Mean fine roots biomass and fine roots productifatythe different land-uses with the
same superscript are not significantly differentPak 0.05 level using Tukey's HSD
range test.
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Table 5.7 Annual contributions of fine root turnover to N, R, Ca and Mg nutrient
inputs in forest and cocoa land-uses in Ash&tiana.

(kg ha'yr™)

Land-use !Fine roots
turnover
(kg halyr) N P K Ca Mg
Forest 3,591 19 5 36 47 21
Cocoa 3 years 1,427 12 2 9 18 3
Cocoa 15 years 2,466 25 3 17 21 12
Cocoa 30 years 4,066 31 5 18 36 25

'Fine roots turnover was determined by multiplyiimgfroots turnover rates by fine
roots productivity.
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5.4  Discussions

5.4.1 Litterfall production

Litter production is a major process by which carfamd nutrients are transferred from
vegetation to soil. Total litterfall showed a sifiggant increase with time after forest
conversion ranging from 5.0-10.4 Mg h4Table 5.1) and were within the ranges
recorded for shaded cocoa agroforestry and trogeabndary forests in several studies.
Owusu-Sekyeret al. (2006) for instance found that in the semi-decidutorest zone of
the Ashanti region in Ghana, mean annual litterdpoed by primary and secondary
forests was both 7.9 Mg fhawhile that for cocoa plantation was 6.9 Mg'h®pakunle
(1989) also reported an annual litterfall rate 4f71Mg ha in a 22-year old cocoa
plantation in a lowland rainforest area in Ibadsigeria. Similarly Isaaet al. (2005)
measured litterfall rates ranging from 3.2 to 10Mg ha'yr' in 25-year-old
chronosequence of cocoa plantations located imbist semi-deciduous forest in the
Western Region of Ghana. Vitousek and Sanford (1886erved above-ground inputs
within a tropical forest to be between 8.8 and Mdha’yr’. Multi strata-systems have
been found to have litterfall rates ranging fronp&0 Mg hayr! (Szottet al., 1991).
Hartemink (2005) reviewed the results of research rmtrient cycling in cocoa
ecosystems and found that litterfall ranged froMd@ ha'yr® in Ghana to more than 21
Mg ha'yr? in Venezuela. In this study, biomass inputs ietiall had reached natural

forest levels by 30 years suggesting a sustained ¢é litter inputs (Isaaet al.,2005).

5.4.2 Seasonality of litterfall production
Litterfall may be affected by physical factors suahthe mechanic action of wind and

rain or physiological responses of the plants tarenment changes (ICP Forests, 2004;

117



Santiago and Mulkey, 2005). Litter production irased in the dry season, indicating that
the physiological response to drought and reduceedidity plays a major role in this
process. These factors together with lower nigmpkeratures that prevail during the dry
seasons are known to stimulate abscisic acid syistie plant foliage, which, in turn,
stimulates leaf senescence (Yatgal., 2003). Most litterfall studies in tropical forests
have demonstrated a strong seasonality of leaffait, with the dry season being the
peak of litterfall (Wieder and Wright, 1995; Lawren and Foster, 2002). Seasonal
pattern of litterfall largely depended on the fastoesponsible for leaf senescence and
abscission (Lian and Zhang, 1998). The patternitedrfiall in this study, which is
consistent with patterns in vegetation forms urgklasonal climates, is different from
those found in vegetation forms under climates ovitirdry seasons, such as the Atlantic
rain forest, where the production peak is in tamy season, indicating an effect of

mechanical factors (Moraes al.,1999).

5.4.3 Decomposition coefficient and litter quality

The patterns of litterfall and litter stock accuatidn resulted in monthly decomposition
coefficients exhibiting similar temporal patterng@ss the chronosequence (Figure 5.1).
Decomposition coefficients were largest in the yaeasons i.e., between the months of
April to November with peaks in May and October.eTémaller rates were recorded
during the dry period between December and Mardefiicients tended to decrease
from forest to cocoa systems. Many researchers taveloped predictors or indices of
decomposition and nutrient release (Mtambanengwlekarchman 1995; Mafongoyat

al. 1998). These indices which include ratios of cartmnitrogen (C:N), polyphenol to
nitrogen (PP:N), lignin to nitrogen (L:N), and pphenol plus lignin to nitrogen (PP +
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L):N ratios are all apparently valid. However, atlfiactors such as site conditions may
also be important moderating factors (Anderson 8mdft, 1983; Mafongoyaet al.,
1998). The significantly greater annual decompasitioefficient k) recorded in natural
forest compared to cocoa systems may reflect tenialcand litter quality differences
with litter on natural forest floor being of highequality than litter in shaded-cocoa
systems. Though this study did not differentiatereen leaves from cocoa and upp