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Abstract 

This thesis offers a method that informs on the most appropriate sites for successful tree 

establishment and provides protection to the planted trees in CDM forestry projects. It also 

offers a method that can accurately and precisely estimate woody biomass in CDM forestry 

projects established on an agricultural landscape. The thesis has established a set of evaluation 

criteria that are defined and generally agreed upon by a panel of local forestry experts in 

Malawi. These criteria express the degree of appropriateness of particular locations to support 

successful tree establishment and growth, and protect the planted trees from deforestation and 

forest degradation. They also influence farmers’ decision-making to allocate land for either 

tree planting or other competing land use options, e.g. crop cultivation. The thesis uses these 

evaluation criteria to functionally identify priority sites on the landscape of Central Malawi 

for the establishment of CDM forestry projects. The priority sites are identified using trade-

off analysis tools of the GIS-based MCA protocols. Besides site identification, the thesis has 

established a magnitude of discrepancy that can result from the use of imported allometric 

models in estimating woody biomass in CDM forestry projects. Imported allometric models 

consistently under-estimate the woody biomass of the growing trees in the study area with a 

mean prediction error of as high as 50%.  Local allometric models are therefore developed 

and they are found to be both accurate and precise in estimating woody biomass. These results 

imply that identification of priority sites, and accurate and precise estimation of woody 

biomass in CDM forestry project activities are likely and can be attained. In turn, successful 

establishment of CDM project activities lead to enhanced productivity that will attract 

expanded investments in CDM forestry projects. The thesis uses Malawi as a case study. The 

findings of this thesis can be scaled out to other countries whose socio-ecological 

characteristics are similar to Malawi. These are mostly tropical countries of the Sub-Saharan 

Africa. In so doing, the thesis contributes to improving productivity and estimation of carbon 

in CDM forestry project.  
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1. General introduction 

This thesis offers a method that informs on the most appropriate sites that can be 

targeted for establishing Clean Development Mechanism (CDM) forestry project activities 

in low income and densely populated countries of the Sub-Saharan Africa, using Malawi 

as an example. It also offers a method that can accurately and precisely estimate woody 

biomass in CDM forestry projects established on an agricultural landscape. Most 

importantly, the thesis brings a systems thinking perspective into prioritisation of sites for 

establishing carbon forestry. This is done through integrated examination of the landscape 

in search for sites that show greatest potential to support vigorous tree growth, and offer 

security to the planted trees so that they can survive into the future.  In doing so, the thesis 

contributes to improving productivity of carbon sequestered in CDM forestry projects.  

This enquiry is important in light of the wide-spread concern that the number of 

forestry projects recorded in CDM registry
1
 at the end of the first commitment period of 

the Kyoto Protocol (2008 – 2012) is undesirably low. For example, out of nearly nine 

thousand CDM registered projects, less than 1% are forestry-based.  The reasons for this 

low outcome are many and some of them are discussed in chapter two of the thesis. 

Nevertheless, general theoretical studies on project investments show positive synergies 

between project investments and their anticipated returns, i.e. people invest in projects 

whose anticipated returns are greatest (Kanninen et al., 2007; Orsi and Geneletti, 2010). 

Therefore, enhancing productivity in CDM forestry projects has a potential to attract 

expanded investments in the sector, thereby increasing the overall share of forestry in 

CDM projects.  

The CDM is one of the three flexible mechanisms
2
 under the Kyoto Protocol of the 

United Nations Framework Convention on Climate Change (UNFCCC). The mechanism 

                                                           
1
 CDM registry is an electronic database system that records issuance and distribution of certified emission 

reductions (CERs) to project participants. The CDM registry is maintained by the secretariat and is connected 
to the national registries of Annex I Parties through the International Transaction Log (ITL). 
2
 Flexible mechanisms - these are mechanisms defined under the Kyoto Protocol intended to lower the overall 

costs of achieving its emissions targets. The three mechanisms are the Emissions Trading, the CDM and the 
Joint Implementation. 
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allows Annex I countries
3
 to invest in developing countries on projects that can reduce 

carbon emissions (King et al., 2011). The investments represent valuable financial inflows 

that can help alleviate rural poverty and improve local livelihoods in the host countries 

(Tipper, 2002). In return, developed countries earn carbon credits which they can use to 

meet part of their carbon emissions reduction commitments under the Kyoto Protocol of 

the UNFCCC, or to present a "green" corporate image.  The CDM projects may thus 

provide a win–win situation between environmental conservation and increased 

opportunities for economic development in low income countries (UNEP, 2002). 

A broad range of projects are eligible for CDM registration
4
.  They vary from hydro-

power and wind energy projects, to fuel switching and industrial efficiency improvement, 

and to projects that enhance terrestrial carbon sinks (Righelato and Spracklen, 2007). 

Afforestation
5
 and reforestation

6
 (A/R) are the only terrestrial carbon sink project activities 

currently allowed under the CDM rules and requirements
7
 (Pacala and Socolow, 2004; 

UNFCCC, 2001 and 2003). These forestry-based CDM project activities reduce carbon 

concentration in the atmosphere through photosynthetic processes, by which new carbon 

reservoirs are created in the vegetal tissues of the growing trees (FAO, 2001). The 

sequestered carbon is stored in the vegetal tissues in the form of biomass (Stewart et al., 

1992).  

Nevertheless, the ability of such forestry based mitigation options to sequester 

substantial quantities of carbon depends largely on the interaction of state variables 

characteristic to a site on which the trees are planted (Niemeijer and de Groot, 2008). 

These state variables include biophysical, socio-economic and policy-related, e.g. rainfall 

                                                           
3
 Annex I is an Annex in the United Nations Framework Convention on Climate Change. The Annex I countries 

are those industrialised countries which committed themselves as a group to reducing their emissions of the 
six greenhouses gases by at least 5% below 1990 levels over a period between 2008 and 2012. Specific targets 
vary from country to country. 
4
 Registration is the formal acceptance by the CDM executive board of a CDM project activity. Registration is 

the prerequisite for the verification, certification, and issuance of CERs. 
5
 Afforestation is the direct-induced conversion of land that has not been forested for a period of at least 50 

years to forested land through planting, seeding and/or human-induced promotion of natural seed sources.  
6
 Reforestation is the direct human-induced conversion of non-forested land to forested land through planting, 

seeding and/or the human-induced promotion of natural seed sources, on land that was forested but has been 
converted to non-forested land. 
7
 CDM rules and requirements are the collection of rules applicable to the CDM that have been adopted by the 

CMP or the CDM executive board, including the applicable modalities and procedures of the CDM, standards, 
methodologies, tools, procedures and clarification. 
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amount, soil type, labour availability, access to land and markets, etc. Depending on the 

degree of interaction, some locations on the landscape can be more productive, and provide 

better security to the planted trees from deforestation and forest degradation than others. 

Targeting carbon forestry activities on such sites is likely to provide enhanced carbon 

productivity on which the issuance of carbon emissions reduction (CER) units is based. 

The question therefore is: how are such appropriate sites identified on the agricultural 

landscape? The thesis intends to investigate the answer to this practical question 

specifically for establishing carbon forestry activities in low income and densely populated 

countries of the Sub-Saharan Africa. In addition, the thesis seeks to know whether the 

sequestered carbon in CDM forestry projects established in such unique environments can 

accurately and precisely be estimated. The general theoretical literature on this subject in 

the context of Sub-Saharan Africa is inconclusive on several vital questions within the 

carbon forestry discourse. Some of the vital questions which the thesis sought to address 

are outlined in the next section. 

1.1 Research questions 

1) How are evaluation measures that are locally appropriate for assessing suitability 

of land units for establishing CDM forestry projects identified? 

The design of this research question was based on the theoretical understanding that 

an evaluation measure is a principle on which suitability of a site is measured (Orsi et al., 

2011). Operationally, the search for priority sites is linked to a set of evaluation measures 

that are useful in expressing the degree of appropriateness of each land unit with respect to 

the problem at hand (Kangas and Kangas, 2002). To answer this question, the research 

attempted to draw important lessons from a panel of local forestry experts in defining 

appropriate set of evaluation measures and setting of weighting scores for site prioritisation 

studies for CDM forestry project activities in Malawi. 

2) How locally identified evaluation measures are jointly used to assess and prioritise 

land units for the establishment of carbon forestry projects?   

The investigation to answer this question was undertaken as a result of the theoretical 

understanding that priority sites are identified based on their combined response to 

different evaluation measures. The process involves analysing and comparing the response 

of each land unit to the identified evaluation measures. The process involves trade-off 
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analysis (Daniels et al., 2001). The thesis uses GIS-based multi-criteria analysis tools and 

techniques to conduct trade-off analysis. The prioritised land units can effectively guide 

the efforts of land use planners to assist rural communities to better-target CDM forestry 

project activities to places that support successful establishment of the project activities.   

3. How can biomass accumulation in CDM forestry projects be accurately and 

precisely measured?  

Productivity in CDM forestry projects is measured by extent of biomass accumulation 

attained during the stated verification period of the project (Groen et al., 2006). The accuracy 

and precision of the biomass estimates depend to a great degree on the appropriateness of the 

measurement tools (allometric models) that are used to estimate it (Mascaro et al., 2011; 

Preece et al., 2012; Chave et al., 2005). Unfortunately, these tools are not readily available 

for most places in developing countries, especially in Sub-Saharan Africa, where CDM 

forestry projects are established (Navar, 2009). In the absence of these, most project 

implementers use allometric models developed outside project sites to provide the estimates.  

Can the biomass estimates generated using such imported allometric models be accurate 

and precise? The thesis attempted to answer this question by investigating the magnitude of 

discrepancy that results from the use of imported allometric models in biomass estimation. 

The discrepancies objectify the concept of the quality of the allometric models and which in 

turn determines the credibility of the models in estimating the biomass in the growing trees. 

This investigation is necessary in order to inform on the the allometric models that can 

provide accurate and precise biomass estimates. Credible models are more appropriate for use 

in CDM forestry projects in order to translate the physical carbon stored in vegetal tissues of 

the growing trees into accurate tradable carbon estimates. The carbon credits or offsets are 

sold in the carbon markets or they are used by investors to meet part of their carbon reduction 

commitments under the Kyoto Protocol or to present a “green” corporate image.   
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1.2 Outline of the thesis 

This thesis is divided into eight chapters, including this introductory Chapter.  

Chapter Two provides background information to the thesis. The Chapter provides 

critical discussion of key literature on the major components of the thesis, i.e. CDM-based 

forestry projects, biomass productivity and its measurement protocols. The discussion 

uncovers the gaps in the existing statistical knowledge on the subject matter and 

demonstrates the relevant contribution of this research work towards enhancing 

productivity and estimation of the CDM forestry projects. The Chapter also reviews 

different tools, methods and techniques that scholars have used or recommended for use in 

priority site identification and in allometric model development and evaluation. The 

discussion provided a basis for the choice of tools, methods and techniques that are used in 

the thesis.        

Chapter Three presents background information of the case country – Malawi - and 

a particular study area on which the study was conducted in the country. The Chapter 

discusses the socio-ecological and economic circumstances that make Malawi an 

appropriate choice to conduct this research. The Chapter shows that the socio-ecological 

circumstances of Malawi are similar to most countries in the Sub-Saharan Africa, and as 

such the results of this research are likely to apply to most of these countries in the Sub-

Saharan region. The Chapter ends with a description of the study area in terms of its 

biophysical and socio-economic characteristics.  

Chapter Four presents the research methods that were used to conduct this research. 

The research conducted two types of surveys, i.e. Delphi survey and tree measurement 

survey in order to collect relevant data that answer the stated research questions of the 

study. The study used Delphi survey to investigate the appropriate evaluation criteria that 

are used in site prioritisation for A/R CDM project activities; and tree measurement survey 

to collect tree data that are used to construct and evaluate allometric models that are 

appropriate for estimating biomass accumulation in the vegetal tissues of the growing 

trees. The details of these surveys are presented in this Chapter Four. 

Chapter Five investigates locally applicable evaluation measures that are useful in 

expressing the degree of appropriateness of each land unit to support CDM forestry 
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activities. The chapter achieves this through eliciting opinion of forestry experts from 

Malawi in a Delphi survey. A set of evaluation criteria is identified. These criteria are 

categorised into geo-physical, socio-economic and policy-related to reflect their origin and 

role in determining the most appropriate locations.  The identified criteria are used in 

Chapter Six to identify locations on the landscape of the study area that could be accorded 

priority for A/R CDM project activities.  

Chapter Six investigates the most appropriate choice of sites that can be used to 

establish CDM forestry project activities. This is achieved through integrated examination 

of the landscape in search for sites that show greatest potential to support CDM forestry 

project activities. The priority sites are identified. They are used as tools to guide land use 

planners to assist rural communities to better – target project activities to places that would 

support their successful establishment.   

Chapter Seven investigates the most appropriate allometric models that can provide 

accurate and precise biomass estimates in A/R CDM projects.  Locally constructed 

allometric models are found to be more accurate and precise than the models developed 

outside the project sites. The imported allometric models tend to give biased biomass 

estimates with mean prediction errors as high as 50%. The chapter therefore advocates use 

of locally constructed allometric models in A/R CDM project activities.      

Chapter Eight ties together, integrates and synthesises the various issues raised in 

the body of the thesis, and makes comments upon the meaning of all of it. The chapter 

presents specific empirical findings from the study with respect to the individual research 

questions. This is followed by discussing the implications of these syntheses with respect 

to the research questions and how they may impinge on existing theory or practice. The 

last section of the Chapter outlines the limitations encountered in the implementation of the 

research and possible research actions.  
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2. Background 

2.1 Establishment of CDM  

The Clean Development Mechanism or CDM was a late invention in the negotiation 

of the Kyoto Protocol - so late that Werksman (1998) calls it the ‘‘Kyoto surprise’’. In June 

1997, only six months before the Kyoto negotiations, the Brazilian delegation proposed to 

create a Green Development Fund (GDF). The fund was to be financed by economic 

penalties imposed on countries out of compliance with their commitments under the Kyoto 

Protocol. The fund would finance projects in developing countries to limit carbon dioxide 

emissions while promoting adaptation to climate change (Johnson, 2001). Though 

endorsed by the G77 and China, this proposal did not pass because developed countries 

were strongly opposed to penalties for noncompliance. Developing countries, on the other 

hand, were strongly opposed to any mechanism that would replicate the logic of the 

Activities Implemented Jointly (AIJ)
8
 of the UNFCCC, i.e., any mechanism whereby 

Annex I countries could offset some of their commitments through emission-reducing 

projects in developing countries (ibid). 

To reach an agreement, the United States negotiators, in cooperation with the Costa 

Rican delegates, convinced the Brazilians in November 1997 to change the idea of a 

penalty on governments to a mechanism for investment (Johnson, 2001). The mechanism 

would allow countries with commitments under the Kyoto Protocol to exceed their 

emissions quotas by supporting emission reduction projects in developing countries. By 

doing so, they transformed the early idea of a fund against noncompliance into a 

mechanism for promoting sustainable development in the developing world (Lecocq and 

Ambrosi, 2007).  After intense negotiations, the CDM was finally included as Article 12 of 

the Kyoto Protocol, signed on 11 December 1997 (UNFCCC, 1997).  

The principles of the CDM are outlined in Article 12 of the Kyoto Protocol. Though 

Article 12 sets out important principles, the CDM was little more than an empty shell after 

Kyoto (Lecocq and Ambrosi, 2007).  The main operational guidelines of the CDM were 

                                                           
8
 AIJ are activities carried out under the Convention to mitigate climate change through partnerships 

between an investor from a developed country and a counterpart in a host country under a pilot phase that 
ended in the year 2000. 
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agreed upon only in November 2001, as part of the Marrakesh Accords
9
 (UNFCCC, 2001). 

And the process was complete in 2003 with the agreement over the rules governing 

forestry-related CDM projects - the so-called Land Use, Land Use Change and Forestry 

(LULUCF) projects (UNFCCC, 2003). The reasons why it took the international 

community four years to negotiate the Marrakesh Accords have been sufficiently discussed 

elsewhere (e.g. Bodansky 2001). They go far beyond the CDM and have to do with the 

stringency of the Kyoto targets, with the uncertainty over the costs of meeting these 

targets, and with a series of misunderstandings between the two major negotiating blocks, 

Europe and the United States. What matters here is that the debates leading to Marrakesh 

had a lasting influence on the rules and the operations of the CDM. 

2.2 Controversies in CDM and forestry projects 

After the Kyoto meeting, the CDM was strongly opposed by many stakeholders, 

notably a large number of NGOs and some of the Green Parties then in charge of climate 

negotiations in key European countries. These stakeholders saw the flexible nature of 

CDM as a way for industrialized countries to escape their obligations to reduce their 

domestic emissions. Although these critics have achieved little of their policy agenda (e.g. 

a proposal for quantitative caps on flexibility was finally left out of the Marrakesh 

Accords), the Kyoto flexibility mechanisms in general, and the CDM in particular, still 

remain strongly suspect in many quarters (Lecocq and Ambrosi, 2007). 

The CDM also turned out to be particularly controversial because the mechanism 

was designed to create new emission credits. Article 12.5(c) of the Kyoto Protocol states 

that only emission reductions that are ‘additional to any that would occur in the absence of 

the certified project’ are admissible. However the ‘additionality effect’ was seen to be 

difficult to detect, and clearly open to strategic manipulations. Since both the buyer and the 

seller of emission reductions have an incentive to inflate the baseline, the risks are high 

that the CDM may open up a major loophole in the Kyoto Protocol. The pressure was thus 

very strong for the CDM to prove beyond doubt that it was environmentally additional. 

This resulted in two major consequences. First, it was decided that additionality would be 

tested on a project-by- project basis, and not at the program level as some had originally 

                                                           
9
 Marrakesh Accords is a set of agreements reached at the 7

th
 Conference of Parties (COP7) to the 

UNFCCC, held in 2001, on the rules of meeting the targets set out in the Kyoto protocol. 
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envisioned. Second, the executive board of the CDM, the body designated by the Kyoto 

Protocol to supervise the CDM, took a very conservative approach to the validation of 

emission reductions. 

The other subject that had intense discussions was the balance between the 

mitigation and development objectives of the CDM (Boyd et al., 2007; Corbera and 

Brown, 2008).  Article 12 of the Protocol does not define what is meant by sustainable 

development, thus leaving the concept open for interpretation. For example, most 

developed countries viewed the CDM as a way to gain access to cheap mitigation 

opportunities in developing countries, and thus to reduce their mitigation costs. But 

developing countries were looking at the CDM as a new channel for development 

assistance (Grubb et al. 1999). These two interpretations of the CDM are not necessarily 

compatible. The fact that the CDM attempts to achieve both cost-effective emission 

reductions and sustainable development implies that trade-offs between the nature of 

projects and their impacts on sustainable development are likely (Sutter, 2003). The 

Marrakesh Accords provide a guide that it would be left to the host country to determine 

whether a particular CDM project is compatible with its sustainable development priorities. 

However, the debate over the relationship between CDM and sustainable development is 

far from over. 

Although Article 3.3 of the Kyoto Protocol specifically mentions the role of 

afforestation, reforestation and deforestation for reaching the targets agreed by Annex B 

countries
10

, the CDM’s Article 12 refers only to “emission reductions” with no mention of 

any specifically eligible activities. This vagueness of the Protocol has allowed a 

disturbingly broad scope for interpretation, and totally opposite views have been put 

forward. Countries that want forestry included have argued that Article 12 implicitly refers 

to the activities listed in the main body of the Protocol text (Articles 3.3 and 3.4); while 

those that do not want forestry included argue that only fossil fuel based emission-

reduction activities should be allowed. Even among those promoting forestry, a further 

point of contention is the types of forestry activities which should be allowed. Some 

countries propose only those activities listed in Article 3.3: afforestation, reforestation and 

                                                           
10

 Annex B countries are the developed countries listed in Annex B of the Kyoto Protocol that have agreed 
to a target for their greenhouse gas emissions in the period 2008-12. Annex B to the Kyoto protocol is 
similar to Annex I of the UNFCCC. 
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deforestation; and others promote a much wider range of land use activities as in the spirit 

of Article 3.4 (‘other activities’) to include forest management activities that enhance net 

primary productivity (NPP) of the forests. 

A significant group of developing countries, including China, India and some small 

island states, also viewed the inclusion of forestry activities under the CDM as a means to 

create a loophole in the implementation of the Kyoto Protocol and reduce the likelihood 

and amount of technology and financial transfers to the developing world (Ramakrishna, 

2000). The inclusion of forestry activities were seen as a way to deviate climate change 

policy from its fundamental focus of reducing GHG emissions through energy efficiency 

programmes, higher emission caps in industrialised countries, and technological co-

operation between developed and developing countries. The European Union also objected 

the inclusion of forestry activities under the CDM (Ramakrishna, 2000). 

Furthermore, some environmental groups (e.g. Greenpeace and World Wildlife 

Fund), later supported by the research findings of Gundimeda (2004), raised concerns 

about the risk of establishing long-term carbon forestry plantations on subsistence 

livelihoods of the local people who depend on forest resources for their daily livelihoods in 

terms of, mainly, fuelwood supply for cooking (Schlamadinger and Marland, 2000). These 

poor families would be restricted from using the forest resources and are therefore likely to 

lose from A/R CDM projects. In addition, the environmental groups argue that A/R CDM 

activities would encourage the spread of commercial plantations developed only for the 

benefit of logging companies and powerful local actors. On the other hand, some 

international environmental groups and research organisations (e.g. the Environmental 

Defense Fund and the World Resources Institute) argued for eligibility of carbon forestry 

activities under the CDM. They considered that deforestation and land-use change had 

historically contributed to a high percentage of global emissions and that market 

mechanisms could indeed offer positive benefits to both the environment and developing 

the poor countries (Bloomfield et al., 2000). 

With these controversies and arguments, the final CDM framework (UNFCCC, 

2003) found a middle-ground compromise among competing views. For example, eligible 

carbon forestry activities were limited to afforestation and reforestation activities, thereby 

hampering the expectations of those actors who had lobbied for a wide spectrum of eligible 
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activities. The framework also introduced a cap on the amount of CERs that could be 

claimed through CDM forestry activities. The cap satisfied those who feared that these 

activities could lead investors to offset all emissions abroad through forestry plantations 

rather than through domestic actions and energy-based projects (Corbera, 2005). The 

NGOs also succeeded in imposing the restriction that credits from LULUCF CDM projects 

cannot be imported into the EU Emissions Trading Scheme (EU-ETS) (Lecocq and 

Ambrosi, 2007).  

These observations show that the current institutional arrangements and 

implementation structure of CDM projects emerged out of intense debates that occurred 

prior to adoption of the Marrakesh Accord in 2001 and subsequent adoption of the rules 

governing forestry-related CDM projects in 2003, and in 2004 for the Special small-scale 

A/R CDM project activities. The following section examines the operational guidelines of 

A/R CDM project activities and their impact on the attainment of the two goals of 

mitigation and sustainable development on which the institutional was established for.        

2.3 Operationalisation of CDM  

2.3.1 Description of CDM project cycle 

Through the Marrakesh Accords, the CDM has an intricate rule system to make sure 

that its goals are fulfilled. The highest authority of the CDM is the Conference of the 

Parties serving as the Meeting of the Parties to the Kyoto Protocol (COP/MOP), but the 

daily supervision of the mechanism is carried out by the CDM executive board. The 

designated operational entities (DOEs) are firms accredited by the CDM executive board to 

perform the tasks of validating, verifying and certifying the CDM project activities 

throughout the CDM project cycle. An outline of the CDM project cycle is provided in 

Figure 1. 

The project cycle starts with the project developer (e.g. project sponsor, potential 

carbon buyer, or third party – consulting company) producing a project design document 

(PDD).  The PDD includes, inter alia, a description of the project, an explanation of how 

the baseline and monitoring methodology will be applied, a discussion of the 

environmental impacts of the project, and a compilation of stakeholders’ comments, if any. 
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To ensure that projects contribute to the sustainable development priorities of the host 

country, a letter of approval (LoA) from the Designated National Authority (DNA) of the 

host country is issued. Projects that involve an Annex 1 country also need a letter of 

approval from the DNA of that country.  

 

Figure 1. Outline of the CDM Project Cycle. 

Source: (http://www.setatwork.eu/images/cdm_project_1.gif). 

Once finalized, the PDD and the LoAs are validated by an independent third party 

(typically an auditing company) accredited by the CDM executive board - the Designated 

Operational Entity (DOE). By validating the project, the DOE determines that the project 

has been approved by the parties involved, and that it correctly applies the selected 

baseline and monitoring methodology. The DOE then submits the PDD, the validation 

report and the LoA of the project from the parties involved to the CDM executive board, 

http://www.setatwork.eu/images/cdm_project_1.gif
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making a request for registration which then has to be approved by the Executive Board 

(EB). If there is no off-the-shelf baseline and monitoring methodology available, the DOE 

first submits a new methodology for validation by the EB, and once the methodology is 

approved, the DOE submits the PDD.  

If the project is registered, the project owner then monitors the emission reductions 

made by the project and provides a monitoring report to a second DOE for verification. On 

the basis of the monitoring report and information collected through on-site inspections, 

the DOE writes a verification report, and if the monitoring is found to be satisfactory, it 

certifies to the EB that the claimed emission reductions actually have been made. If the EB 

has no further objections, it issues an amount of certified emission reductions (CERs) 

corresponding to the verified emission reductions to the project participants through the 

CDM registry. A share of the proceeds is subtracted to cover for administrative expenses, 

and 2% of the CERs are set aside for the adaptation fund (UNFCCC 2001). The remaining 

CERs can then be used by the developed country actor to count against its own binding 

emission targets or traded on the carbon market, either on the regulatory market for Kyoto 

compliance, or on the voluntary offset market. 

2.3.2 CDM requirements  

CDM projects are expected to meet a set of requirements prior to the issuance of 

certified emission reductions by the CDM executive board. These requirements are 

articulated in the Kyoto Protocol and in subsequent decisions taken during various 

Conferences and Meetings of Parties, e.g. Decision 19/CP.9 (UNFCCC, 2003) and 

Decision 14/CP.10 (UNFCCC, 2004). Minang et al. (2007) summarised these requirements 

under the following categories: eligibility, additionality, acceptability, externalities and 

certification. The description of each requirement is given below. 

2.3.2.1 Eligibility 

Afforestation and Reforestation (A/R) are the only forestry activities eligible under 

the CDM rules during the first commitment period (2008–2012). Project developers must 

give proof that the land being utilised has not been forest for a period of at least 50 years 

(‘Afforestation’) or the land was not forest on 31
st
 December 1989 (‘Reforestation’). The 

CDM uses 1990 as a reference year for determination of emissions and therefore any land 
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that was deforested after the 31
st
 December 1989 is not eligible for establishing A/R CDM 

project activities. Decision 19/CP.9 emphasises that the meaning of a ‘forest’ is given 

according to a host country’s definition.   

2.3.2.2 Additionality 

Sequestration or emission reductions due to the project activities must be 

‘‘additional’’ to any that would occur in the absence of the project (Paragraphs 18–22 of 

Decision 19/CP.9). In other words, holding everything else constant, would a project have 

happened in the absence of the offset crediting mechanism? If yes, then the project is not 

additional; if no, then the project is additional (Trexler et al., 2006). If emissions reductions 

would have happened regardless of any offset credits, then issuing credits for them would 

allow global emissions to rise beyond what was intended under the cap (Minang et al., 

2008). 

2.3.2.3 Acceptability 

Article 12 of the Kyoto protocol stipulates that CDM projects must contribute to 

sustainable development in host countries. Host countries are given the responsibility in 

Decision 19/CP.10 to define sustainable development criteria and ensure that projects 

adhere to these criteria as a condition for CDM project registration. Therefore countries 

have to define a procedure for project approval. 

2.3.2.4 Externalities (environmental impact and leakage)  

Project developers have to demonstrate that the projects will not have any adverse 

socio-economic, cultural and environmental impacts if they get registered as CDM 

projects. Alternatively, if such negative impacts are likely, they need to show how they 

will be mitigated or countered. The analysis must also show how they will address possible 

unplanned emissions that could occur outside project boundaries as a result of project 

activities (referred to as leakage). This implies that rules for impact assessment and 

procedures for their approval ought to be in place at the national or sub-national level.  
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2.3.2.5 Certification 

The concreteness, measurability and long-term characteristics of the project will have 

to be checked independently by a third-party (i.e. a Designated Operational Entity) 

accredited by the CDM executive board. This takes place in two stages namely validation 

and verification (see Figure 2). Validation is the process of independent evaluation of 

proposed project activity based on the Project Design Document against the CDM 

requirements. The outcome is the registration of the project. Verification is the independent 

review process of monitored reductions or sequestration that occurred as a result of a 

registered project activity for a given period. This is an ex-post check to confirm whether 

or not and to what extent carbon offsets have actually been attained for the issuance of 

Certified Emissions Reductions (CERs). 

For any afforestation and reforestation activities to be registered as CDM Projects, 

they must show adherence to all of the above-mentioned CDM rules in a Project Design 

Document (PDD). Appendix A of Decision 19/CP.9 specifies the content of the project 

design document for Afforestation and Reforestation projects, while appendix A of 

Decision 14/ CP.10 details simplified procedures for ‘‘small-scale projects’’, i.e. projects 

sequestering less than eight Giga tonnes of CO2 per year. These specifications require 

project developers to provide verifiable evidence with regards to each of them in a Project 

Design Document (PDD). Some scholars have described the process as data-intensive and 

the process requires in most cases locally generated datasets (e.g. Minang et al., 2008; 

Dutschke et al., 2006; García-Oliva and Masera, 2004).   

2.3.3 Data needs for CDM processes 

Minang et al. (2008) summarised the data requirement for developing a PDD for A/R 

CDM project activities in a conceptual data model.  The model is presented in Figure 2. 

The model identifies three data categories that are required for a complete development of 

a PDD for A/R CDM project activities. These include data that describe:  i) the 

characteristics of the project site, ii) the existing land use systems in the project site, and 

iii) carbon sequestration potential of the site. The contents of each data category displayed 

in Figure 2 give a clear picture that development of a PDD for A/R CDM project activities 
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requires a large proportion of local level datasets (e.g. 1a, c, d, e, g; 2a,b; and 3a and 

possibly 3b).  

 

Figure 2. Conceptual data model for CDM PDD preparation. Source: Minang et al., 2008. 
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Although the methods presented in a Good Practice Guidance
11

 (IPCC, 2003) argue 

for a combination of default values with field measurements and model-based methods, the 

purpose and level of activity might influence the kind of data that can be used in PDD 

development (Minang et al., 2008). For instance, project feasibility studies at an early stage 

may rely on default values and national land use data for some steps, e.g. to determine 

whether the project qualifies as a small scale project or not, but for many other steps local 

data are essential. Field measurements are in any case compulsory for monitoring normal 

and small-scale A/R CDM projects.  

The Good Practice Guidance document provides three levels or ‘tiers’ with regards to 

the use of data for PDD development for A/R CDM project activities. Tier 1 methods 

involve standard categories using default values based on IPCC factors stratified on a 

regional basis (temperate and tropical). Tier 2 involves using more country-specific 

categories and carbon sequestration rates as opposed to those advanced by the Kyoto 

framework. Tier 3 involves model-based estimates requiring much more detailed data on 

the ground activity and other data (IPCC, 2003). Some project experiences show that use 

of tier 2 methods can be helpful for feasibility analysis and for estimating project baselines. 

Murthy et al. (2006) used regional default data in estimating carbon project baselines in the 

Mancherial forest division in India. However, the authors noted that better results could 

have been obtained if land use records and afforestation trend data of the area were up to 

date and well organised (ibid).  

Other scholars, e.g. Chomitz (2002) and Tipper et al. (2002), observe that national 

datasets can be useful for detecting the likely leakage that can occur as a result of 

implementing the CDM forestry projects. Projects would have physical boundaries beyond 

which monitoring would be impracticable and, hence would need regional and national 

data on land use activity shifts and market dynamics (forest product demand and supply) to 

support leakage monitoring. 

The preceding analysis reiterates the need for local level datasets and information in 

order to develop afforestation and reforestation CDM project activities that satisfy the rules 

                                                           
11

 The IPCC has issued a document called Good Practice Guidance for Land Use, Land-Use Change and 
Forestry (LULUCF), which provides practical advice for estimating, measuring, monitoring and reporting on 
carbon stock changes and greenhouse gas emissions from LULUCF activities under the policy framework of 
the Kyoto Protocol. 



  

22 
 

and specifications stipulated in the CDM Rulebook
12

 (www.cdmrulebook.org).  

Nevertheless, to have an afforestation and reforestation project registered as a CDM 

project does not imply the project will sufficiently deliver the carbon mitigation and rural 

development objectives the project was registered for. The difficulties with land use-based 

mitigation options are two fold: (1) the success of such options depends on the interaction 

of state variables of the landscape. Such an interaction defines the productivity of each 

location on the landscape to support vigorous tree growth and protect the planted trees 

from early harvesting; (2) the number of CERs issued for the sequestered carbon largely 

depends on the allometric models used to indirectly measure the sequestered carbon. 

Unfortunately, allometric models are not readily available for most tree species planted in 

tropical countries. In the absence of these, project implementers use allometric models 

developed outside the project area. These two issues determine the carbon mitigation 

potential of the project and the financial inflows the host countries earn for implementing 

the CDM forestry project activities.  

The next two sections review these two issues in order to contextualise the 

contribution of the thesis to enhancing productivity and estimation of carbon in A/R CDM 

project activities.   

2.4.1 Trade-off study structure 

A trade-off study is commonly structured as hierarchical partitions of evaluation 

criteria (Kirkwood, 1997). When performing the analysis, each evaluation criterion is 

evaluated through its scoring function and the resulting scores are combined or “rolled up” 

at each layer of the hierarchy to achieve an overall numerical evaluation of the entity or 

system under study (DCLG, 2009). The overall numerical evaluation is used to compare 

choice alternatives at a high level.  

In designing the hierarchical structure of an evaluation measure for a system, the 

evaluation measures are usually grouped according to some natural relationship with one 

another. Sometimes it is beneficial to first list possible categories of concern to the 

stakeholder and then derive appropriate evaluation criteria that belong to each category 

identified (Daniels et al., 2001). The hierarchical partitioning of the structure of the 

                                                           
12

 CDM Rulebook is an online database of the CDM rules and is freely available to the public. 

http://www.cdmrulebook.org/
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evaluation criteria allows analysts to evaluate contributions from the bottom level 

evaluation measures on up to the top-level categories. The hierarchical structure also helps 

in dealing with dependence issues between evaluation measures. Since evaluation 

measures in any given category should be intrinsically related, dependence between them 

remains isolated in that specific category and will not directly contaminate the overall 

evaluation. See Kirkwood (1997) for additional properties that are desirable in evaluation 

measure hierarchies.  

The thesis uses the principles of hierarchical structure to analyse and present the 

identified evaluation measures.   

2.4 Identifying priority sites   

Identifying priority sites for particular land use options is a rather common topic in 

sustainability science when the shortage of economic resources calls for the identification 

of sites whose land use practice is likely to provide the greatest benefits (Myers et al., 

2000; Cipollini et al., 2005; Orsi et al., 2011). Meeting this goal requires an integrated 

examination of the landscape in search for sites that show the greatest potential for tree 

carbon sequestration. Operationally, the search for priority sites is linked to a number of 

quantifiable criteria that are useful in expressing the degree of appropriateness of each land 

unit with respect to the problem at hand (Kangas and Kangas, 2002). The quantifiable 

criteria are also known in the literature as evaluation measures, measures of effectiveness, 

performance measures, attributes, figures of merit (FoM) or metrics (Daniels et al., 2001). 

A term “criterion” is used in this thesis to indicate a principle on which the suitability of a 

site is measured. This definition is consistent with sustainable forestry management C&I 

processes, such as Montreal process
13

.  

Identification of priority sites mainly involves trade-off analysis. Daniels et al. 

(2001) define a trade-off analysis as an analytical method for evaluating and comparing 

choice alternatives based on stakeholder-defined criteria. The cornerstone of performing a 

trade-off study is in designing appropriate evaluation measures or criteria. The process of 

designing evaluation measures assists in the formation of the stakeholder’s preference 

                                                           
13

 Montreal Process, also known as the Working Group on Criteria and Indicators for the Conservation and 
Sustainable Management of Temperate and Boreal forests, is a voluntary agreement on sustainable forest 
management. It was formed as a result of the Forest Principles developed at the 1992 Earth Summit. 
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structure through which choice alternatives can be compared (ibid). Stakeholder 

preferences can be described and quantified in a variety of ways. For many years, decision 

analysts have studied how people make decisions, which has resulted in a multitude of 

techniques for handling these issues. The thesis will only consider the use of scoring 

functions to characterize, quantify, and provide a common basis for analysing a 

stakeholder’s preferences with regard to a given evaluation measure for selecting priority 

sites.  

2.4.1 Trade-off study structure 

A trade-off study is commonly structured as hierarchical partitions of evaluation 

criteria (Kirkwood, 1997). When performing the analysis, each evaluation criterion is 

evaluated through its scoring function and the resulting scores are combined or “rolled up” 

at each layer of the hierarchy to achieve an overall numerical evaluation of the entity or 

system under study (DCLG, 2009). The overall numerical evaluation is used to compare 

choice alternatives at a high level.  

In designing the hierarchical structure of an evaluation measure for a system, the 

evaluation measures are usually grouped according to some natural relationship with one 

another. Sometimes it is beneficial to first list possible categories of concern to the 

stakeholder and then derive appropriate evaluation criteria that belong to each category 

identified (Daniels et al., 2001). The hierarchical partitioning of the structure of the 

evaluation criterion allows analysts to evaluate contributions from the bottom level 

evaluation measures on up to the top-level categories. The hierarchical structure also helps 

in dealing with dependence issues between evaluation measures. Since evaluation 

measures in any given category should be intrinsically related, dependence between them 

remains isolated in that specific category and will not directly contaminate the overall 

evaluation. See Kirkwood (1997) for additional properties that are desirable in evaluation 

measure hierarchies.  

The thesis uses the principles of hierarchical structure to analyse and present the 

identified evaluation measures.   
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2.4.2 Selecting evaluation criteria  

There is a large body of literature on criteria and how they can be used to balance 

socio-economic and ecological interests in decision making. Many examples can be found 

in journals such as Ecosystem Health, Ecological Economics and Ecological Indicators. It 

is acknowledged that ecological criteria can be used to balance socio-economic and 

ecological aspects in decision making (EASAC, 2005) and, even more so, that this use can 

be improved (Hyatt, 2001). However, as Robertson and Hull (2001) point out, ‘‘Criteria [. . 

.] are too often defined only by scientists’’. As a result, the answer to improving the use of 

criteria in management and policy processes is often sought in improving the criteria 

themselves. This means that discussions about criteria generally focus on issues such as 

what parameters to include, data requirements, or the ascertaining of cause and effect 

relations (e.g. Aguilar, 1998; Pokorny and Adams, 2003). Some examples are given below.  

Schomaker (1997) suggests that a criterion should be SMART: specific, measurable, 

achievable, relevant and time-bound. This implies that a criterion should be clearly and 

unambiguously defined, be measurable in qualitative or quantitative terms, be achievable 

in terms of the available resources, be relevant for the issue at hand and be sensitive to 

changes within policy time-frames.  

Riley (2000) suggests that a criterion should ideally have the following properties: 

universality (applicable to many areas/ situations and scales of measurement), portability 

(repeatability and reproducibility), sensitivity to change, operationally simple, inexpensive, 

already existing with historical comparative data, and have wide (international) use.  

Dale and Beyeler (2001), focusing on ecological criteria, suggest that these should be 

easily measured, be sensitive to stresses on the system, respond to those stresses in a 

predictable manner, be anticipatory (signify an impending change), predict changes that 

can be averted by management, be integrative (the full suite of indicators should cover the 

key ecological gradients), should have known responses to disturbances, stresses and 

changes over time, and have low variability in response.  

CBD (1999), looking at biodiversity assessments, suggests that a criterion should: 

quantify information so that its significance is apparent, be user-driven to be relevant for 

the target audience, be scientifically credible, be responsive to changes in time and/or 
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space, be simple and easily understood by the target audience, be based on information that 

can be collected within realistic capacity and time limits, and be linkable to socio-

economic developments and indicators of sustainable use and response.  

Finally, Kurtz et al. (2001) take a slightly different approach than most of the other 

studies by focusing on hierarchical evaluation guidelines for criteria instead of selection 

criteria for a criterion. The idea is that unlike setting criteria, the guidelines provide a 

framework to ask the right questions in a structured manner without by themselves 

determining criterion applicability or effectiveness. They recognize four phases, leading 

from conceptual relevance to feasibility of implementation to response variability and 

finally to interpretation and utility. Each phase is composed of 2–5 guidelines leading to a 

total of 15 guidelines. These are: relevance to the assessment, relevance to the ecological 

resource or function at risk, feasibility of data collection methods, feasibility of the 

logistics, feasibility of the information management, feasibility of the quality assurance, 

feasibility of the monetary costs, estimation of measurement error, within-season temporal 

variability, across-year variability, spatial variability, discriminatory ability, data quality 

objectives, assessment thresholds (for when to take action), and finally, linkage to 

management actions. 

From the examples presented above, it is clear that the discussions about criteria 

focus on the quality of the criteria, neglecting the function the criteria play in the political 

context that the criteria are used in. The quality of the criterion alone does not determine 

the actual use of the criterion. In order to understand development and use of criteria, it is 

important to have insights into the specific characteristics and dynamics of the 

management and policy processes in which they are embedded. Although not as 

comprehensive as other scholars, Daniels et al. (2001) identify five key properties of a 

good criterion. These properties are easily observable, lend themselves to discrete choice 

decisions, and have clear impacts on the system’s behavior. The five properties include: 

quantification, independence, transitivity, objectivity and spatial explicitness.  
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2.4.2.1 Quantification  

The criterion should be quantitative, meaning that it must be possible to build a 

scoring function for the criterion. Quantifiable metrics are desired so that we are able to 

measure and collect data that can be fed directly into the scoring function for evaluation. 

Alternatively, the analyst should seek out measurable quantities that convey the required 

information. For instance, family labour is normally proxied by the proportion of active 

members of the family, which in itself is measured by the number of people of the age 

group between 15 and 64 years that belong to the family (Benson et al., 2005). Such a 

measurable metric can then be used to objectively evaluate the system with respect to the 

information sought by the analyst.  

2.4.2.2 Independence  

The evaluation criteria should also be independent, implying that information about 

one criterion should not lead to inferences about another. Dependence causes 

complications, because in combining the data to extract results we are not obtaining 

orthogonal or independent combinations. This makes it difficult or impossible to ascertain 

which of the evaluation measures is in fact contributing to the analysis and which are 

confounded due to interactions with other criteria. One ad-hoc method used to reduce the 

effects of dependence is to bundle dependent criteria into higher level categories. This way 

if there are any adverse outcomes due to interdependence, they will remain isolated in that 

category and will minimize any subsequent contamination of the analysis. 

2.4.2.3 Transitivity  

The combining method used to aggregate criteria output data should show 

transitivity, meaning if site A is preferred to B, and B is preferred to C, then A should be 

preferred to C. Violations of this property show inconsistencies that can produce invalid 

conclusions. The fundamental axioms of decision analysis state that this is an essential 

ingredient to sound analysis.  

2.4.2.4 Objectivity  

The evaluation measures should be objective or observer-independent. Data that 

depend heavily on “judgment” may be more susceptible to bias and error. It has been 
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suggested by Buede (2000) that experimental design, simulation, or similar techniques 

should be employed to generate data whenever possible to avoid such difficulties. For 

example, one should avoid such criteria as “prettiness” or “niceness” for selecting crew 

members.  

2.4.2.5 Spatial explicitness  

The evaluation criteria particularly for site identification must be spatially explicit; 

meaning the criteria should be able to capture spatial variability, given that land use 

practices are spatially explicit and they are typically developed and implemented on a 

landscape. The use of a Geographical Information System in site identification also calls 

for evaluation criteria that are spatial in nature (Kangas et al., 2000). 

2.4.3 Problems with criteria for land use prioritisation  

The criteria used in land appraisal studies are mostly based on logistics and plant 

growth factors that are characteristic to particular landscapes (Wyant et al., 1995; Orsi and 

Geneletti, 2010; Mponela et al., 2011; Müller et al., 2011, Müller and Zeller, 2002). For 

this thesis we refer to these as socio-ecological criteria. The development of these criteria 

is highly dependent on scientific knowledge about the ecosystems, such as the cause and 

effect relationships and the interaction of the factors. The scientific community is often 

involved in the development of the criteria (e.g. Orsi et al., 2011).  

For science, however, this is not an easy task. This has to do with the fact that a 

socio-ecological criterion is a simplification of nature, which is perceived to be a system 

characterised by high structural complexity, considerable spatial heterogeneity and 

temporal fluctuations (Turnhout et al., 2007; Dale and Beyeler, 2001). To grasp this 

complexity of ecosystems with a limited set of criteria is therefore considered to be 

scientifically highly uncertain because ‘‘[. . .] nature is not only more complex than we 

think. It is also more complex than we can think’’ (Egler, 1970). This over-simplification 

of the socio-ecological system often leads to poorly informed management decisions. 

Ideally, the criteria should be developed from multiple levels in the socio-ecological 

hierarchy in order to effectively capture the multiple levels of complexity within the 

system. Thus, a key challenge is to find a mix of measures which give interpretable signals, 
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can be used to track the ecological conditions at reasonable cost, and cover the spectrum of 

socio-ecological variations (Dale and Beyeler, 2001). 

As experts can be expected to have different ideas on what nature is and/or should 

be, on how to deal with complexity and uncertainties and on what values can be 

legitimately included and what not, ecological indicators are often heavily debated within 

the scientific community. The choice between abiotic and biotic criteria has proven to be 

controversial (Turnhout, 2003). Biotic parameters are often seen as the most valued 

components of ecosystems, but they are controversial because, especially in dynamic 

ecosystems, high natural fluctuations can be expected. On the other hand, abiotic 

parameters are perhaps less problematic, but they indicate only conditions for ecological 

quality. 

Furthermore, especially among ecologists, there seems to be a fundamental and 

moral resistance against the entire concept of ecological indicators and ecological quality 

assessments. The following quote serves as an illustration of that resistance: ‘‘[Ecological 

indicators] give the impression that we know all about chemical and biological processes 

and their interaction. However, that is not (and probably will never be) the case and a 

definition of these values just shows how arrogant the human attitude is towards nature’’ 

(Voss and Borchardt, 1992). Although this quote is perhaps overly dramatic, it does point 

to the general feeling that nature is supposed to be more than just a set of species and that 

its intrinsic value is to be respected.  

Despite these problems, socio-ecological criteria are central in land prioritisation for 

various uses, including biological conservation, forest restoration, land rehabilitation, 

urban land use planning, watershed management planning, and in many other sectors 

(Cipollini et al., 2005; Geneletti, 2004; Orsi and Geneletti, 2010, Orsi et al., 2011; 

Malczewski et al., 2003; Malczewski, 2006).  They have been developed under a series of 

international processes, including ITTO, the Pan- European (or ‘Helsinki’) Process, the 

Montreal Process, the Dry Zone Asia and the Dry Zone Africa processes, each of which 

has generated sets of criteria and indicators (Newton, 2007). The criteria have also found 

widespread application in the forest sector and they are considered as a useful tool for 

assessing progress towards sustainable forest management (Wijewardana, 2008) as 
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indicated by a substantial literature (Stork et al., 1997; Mendoza and Prabhu, 2003; ITTO, 

2005). 

2.4.4 Scoring functions 

A trade-off study is carried out by assessing each evaluation criterion and combining 

the resulting data (usually on multiple levels) to give a general numerical analysis of the 

system. In many cases, there are many evaluation criteria, utilising mixed sources of 

datasets measured in different units and scales. This makes it difficult or impossible to 

directly evaluate each criterion in raw units and combine them to elicit useful data (Young 

et al., 2010). This difficulty is due to the lack of a common basis for combination and 

comparison. Standard scoring functions provide a simple technique through which this 

problem can be remedied. This method is similar to utility, value or fuzzy-set functions 

(Daniels et al., 2001). 

Each evaluation criterion is assigned a scoring function. The scoring function itself is 

a mathematical mapping between the criterion’s “natural” or measured values to a “coded” 

or normalized range of values common to all evaluation criteria. It is formalized as a 

mathematical function accepting parameters specific to the criterion and assigning as 

output a real number, commonly between 0 and 1, but can be any other consistent scaling. 

With this technique, a criterion, no matter what raw units or scale it may be defined in, can 

be transformed by its scoring function to have a set of possible values common to all other 

evaluation measures whose raw values have been transformed by their own scoring 

function (ibid). Through this mathematical transformation, a common basis for aggregation 

and comparison can be attained.  

The classical procedure for creating a scoring (or utility) function for a given 

criterion is to survey the decision maker concerning his or her preferences and judgments 

(Winston, 1994). This information guides the researcher in defining the shape of the 

scoring function curve. The shape of the curve is important as it explicitly illustrates the 

degree of variation in the decision maker’s judgment with each incremental change in 

criterion input values. With the classical methods, it is essential that sufficient data be 

obtained so that the shape of the curve reflects an accurate portrayal of the decision 

maker’s assessments. As one might imagine, this method can be tedious and time-
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consuming. To speed up this process, a finite set of “standard” scoring functions can be 

developed that possess the properties previously mentioned. Standard scoring functions are 

characterised by a few parameters and enjoy the ability to take on many shapes. This 

would allow the researcher to conveniently capture a customer’s preferences by only 

specifying a few parameters for a predefined curve. 

The construction of standard scoring functions is set up such that the values along the 

y-axis represent the output indicating decision maker’s “happiness” on a 0-to-1 or 

equivalent scale, and the information associated with the x-axis correspond to the units and 

scale of measure for the criterion. For example, if we are considering rainfall amounts as a 

criterion, suitable units of measure along the x-axis might be mm. By output, we are 

indicating values along the y-axis that are dependent on inputs, represented by values 

specified along the x-axis. Some of the scoring functions are discussed below. 

2.4.4.1 Exponential scoring functions 

Kirkwood and Sarin (1980) studied the exponential scoring function form and 

showed that, in many cases, the shapes attained with this form are reasonable. Buede 

(2000) shows that the exponential form takes on four general shapes: linear returns to scale 

(RTS), increasing RTS, decreasing (RTS), and an S-curve (see Figure 3).  

Returns to scale indicates what happens to the output when the input is successively 

increased by the same proportion. The general form used to generate the curves is an 

exponential function that accepts three parameters and an input value. The specific 

exponential forms are shown as equations [2.1] and [2.2].  

𝑠𝑐𝑜𝑟𝑒 =  
𝑣 − 𝐿𝑜𝑤

High −𝐿𝑜𝑤
 

      [2.1] 

𝑠𝑐𝑜𝑟𝑒 =  
𝐻𝑖𝑔ℎ − 𝑣

High − 𝐿𝑜𝑤
 

      [2.2]    

Equation [2.1] represents preferences that are monotonically increasing over the 

input value v. This implies that the higher the value of v, the higher the score, or the more 
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preferred it is. This implies that the higher the value of v, the higher the score, or the more 

preferred it is. Equation [2.2] represents a monotonically decreasing scoring function over 

the input value v. With the monotonically decreasing curve, the lower the value of v, the 

higher the score, or the more preferred it is. In both equations, the score represents the 

output of the function corresponding to the input value v. Note that score will always be 

between 0 and 1. 

 

Figure 3. Four basic exponential scoring function forms.  Source: Daniels et al., 2001. 

 

The parameters Low and High define the lower and upper bounds, respectively, of 

the domain for the evaluation criteria. The domain encompasses inputs v to the criterion 

that can be demonstrated by the alternatives under consideration. If the bounds on the 

domain are established by mandatory requirements, alternatives exhibiting values outside 

the domain are eliminated from consideration, or seriously reconsidered. The exponential 
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scoring functions are conceptually constructed by first identifying the upper and lower 

limits (Low and High) of the domain and then observing how the stakeholder’s preferences 

overlap these values.  

2.4.4.2 Wymore’s scoring functions 

Wymore (1993) has also developed a set of standard scoring functions. In this set are 

12 families of scoring functions representing 12 fundamental shapes. The functions limit 

their output values to a 0-to-1 scale. For detailed description of the functions, see Wymore 

(1993) and/or Daniels et al (2001).   

2.4.5 Weights of importance 

Another critical element of a trade-off study is in selecting the weights, through 

which priorities among evaluation criteria and layers in the hierarchy are established 

(DCLG, 2009). That is, criteria or categories with higher importance are given more 

weight in the overall evaluation of the system. As a first approximation, the stakeholder 

typically assigns a number between 1 and 100 and then the weights in each category are 

normalised. It is long recognised that this method is ad hoc and without axiomatic basis. 

However, it has been proven to be useful as a rough indicator of stakeholder preferences 

despite inconsistencies that may occur by employing this method (Daniels et al., 2001). 

The important thing is to get the decision-maker to think about these issues. The exact 

numbers are not that important. After all, the decision-makers are going to be inconsistent, 

and they will change their minds under different environments. 

Many other methods for deriving weights exist, including: the ratio method 

(Edwards, 1977), trade-off method (Keeney and Raiffa, 1976), swing weights (Kirkwood, 

1997), rank-order centroid techniques (Buede, 2000), and paired comparison techniques 

discussed in Buede (2000) such as the Analytic Hierarchy Process (Saaty, 1980), trade-offs 

(Watson and Buede, 1987), balance beam (Watson and Buede, 1987), judgments, and 

lottery questions (Keeney and Raiffa, 1976). These methods are more formal, and some 

have an axiomatic basis. For comparison of weighting techniques, see Borcherding et al 

(1991).  
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2.4.6 Score combining methods 

The combining methods described here are used to combine data at all levels of the 

hierarchy. At the lowest layer where individual evaluation criteria are dealt with, the scores 

are given as outputs of the scoring functions associated with each of the evaluation 

measures, and the weights are based on expert opinion or stakeholder preference. At higher 

levels in the hierarchy, the scores are no longer derived from scoring functions, but are 

derived by combining scores at lower levels. Again, weights at higher layers in the 

hierarchy are based on expert opinion or stakeholder preference. Combining values at the 

top layer of the hierarchy yields the overall numerical designation used to compare 

alternative choices.  

There are many methods for combining scores (see, for example, Goicoechea et al 

(1982); Szidarovszky et al (1986); Edwards (1992); Bardossy and Duckstein (1995); 

Buede (2000); and Malczewski (2004)). All of them make the choice alternatives explicit 

and they require the exercise of judgement (Thill, 1999; Bouyssou et al., 2001). These 

combining methods, however, are distinguished from each other principally in terms of 

how they aggregate the weighted scores of each criterion. The ultimate outcome can be to 

provide a single most preferred option, to rank options, to short-list a limited number of 

options for subsequent detailed appraisal, or simply to distinguish acceptable from 

unacceptable possibilities (Bouyssou et al., 2001).  

The combining methods can be classified into multi-objective and multi-attribute 

decision making methods (Malczewski, 1999). The multi-objective approaches are 

mathematical programming model oriented methods, while multi-attribute decision making 

methods are data oriented. Multi-attribute techniques are also referred to as the discrete 

methods because they assume that the number of choice alternatives is given explicitly, 

while in the multi-objective methods the alternatives must be generated by solving a multi-

objective mathematical programming problem (Malczewski, 2004). For the present study, 

the number of choice alternatives is explicitly specified, which are represented by the 

number of grid cells, as proxies for land parcels of regular dimensions, generated from the 

research site. As such multi-attribute decision making methods are employed.  

There are also several tools and techniques that form multi-attribute methods. These 

include the weighted linear combination (WLC) and its variants, e.g. ordered weighted 
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averaging – OWA (Carver, 1991; Eastman, 1997), analytic hierarchy process – AHP 

(Saaty, 1980; Banai, 1993), ideal point analysis – IPA (Jankowski, 1995; Pereira and 

Duckstein, 1996), and concordance–discordance analysis – CDA (Carver, 1991; Joerin et 

al., 2001). Malczewski, (2004) has provided comprehensive review of these methods. 

Among these methods, the WLC is the most widely used method and has well-established 

record of providing robust and effective support to decision makers working on a range of 

problems and in various circumstances (Bouyssou et al., 2001; Malczewski, 2004; DCLG, 

2009).  

2.4.6.1 Linear Combination  

This linear method of combining data is the simplest and most common method. To 

describe the data combining process, first suppose there are n reasonably independent 

evaluation criteria to be combined (perhaps they are in the same layer in the hierarchy). We 

assign a qualitative weight to each of the n evaluation measures and then normalize the 

weights so that they add up to 1. Data are collected for the evaluation measure, each 

evaluation measure is then evaluated with its scoring function, and the resulting scores 

(valued from 0 to 1) are then multiplied by the corresponding weight. The final result is the 

summation of the weight-times-score for each evaluation measure. The equation defining 

the process mathematically is given as 

𝒇 = ∑ 𝑾𝑖 ∗ 𝑿𝑖

𝑛

𝑖=1

 

         [2.3] 

 

where n is the total number of evaluation criteria to be combined, Wi represents the 

normalized weight, and Xi represents the score for the i
th

 evaluation criterion. 

When overall preference scores are calculated for all of the choice alternatives, the 

alternative with the highest overall score is chosen. The overlay techniques in GIS 

environment allow the criterion map layers to be combined in order to determine the 

composite output map layer. 
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2.4.7 GIS-based MCA techniques 

The Geographic Information Systems (GIS) are often used to identify suitable areas for 

land development, be it for afforestation, a new hospital or a radioactive waste disposal 

facility (Carver, 1991; Malczewski, 1999; 2004). The functionality of GIS in this context is 

essentially limited to overlaying deterministic digital map information to define areas 

simultaneously satisfying two or more siting criteria (Carver, 1991). Such overlay procedures 

can do little more than identify areas which simultaneously satisfy all the specified criteria. 

There is nothing in an analysis of this kind that informs the user which individual site(s) offer 

the most promising characteristics for development (ibid). Additional procedures are required 

to evaluate the suitability of sites falling within the feasible areas identified using standard 

GIS overlay procedures. Multi-criteria analysis (MCA) provides tools ideal for such 

operations (Eastman, 2001; Malczewski, 1999; 2004; 2006).  

The integration of the analytical techniques of MCA in GIS has provided the user with 

a valuable addition to help undertake site-specific evaluation analyses within a GIS 

framework. For example, Carver (1991) used GIS-based MCA approach to identify 

appropriate sites for disposal of radioactive waste in the UK; Malczewski (2006) used the 

approach to identify the most suitable lands for housing development in Mexico; Valente and 

Vettorazzi (2008) used the tool to identify priority areas for forest conservation in a Brazilian 

river basin;  Orsi and Geneletti (2010) applied the tool to identify priority reforestation sites 

in Chiapas State of Mexico; and more recently, Mendas and Delali (2012) used the system to 

identify and prioritise most suitable sites for wheat cultivation in Algeria. The sound 

theoretical base of the GIS-based MCA techniques (see Malczewski, 2004) and their 

successful use in priority sites identification, as shown in the extracts outline above, enabled 

the adoption of the tools for use in the present study to identify the priority sites for 

establishing CDM forestry project activities.   

The next section reviews the estimation processes of the sequestered carbon stored in 

the vegetal tissues of the growing trees planted for carbon sequestration under the CDM 

forestry projects. The carbon is stored in vegetal tissues in the form of biomass. The 

appropriateness of the measurement tools used in estimating biomass in the growing trees 

has an implication on the credibility of the certified emissions reduction units (CERs) 

issued to the project, and hence the credibility of the ultimate carbon markets.   
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2.5 Estimation of the sequestered carbon      

Before the CDM forestry projects are issued certified emission reduction units 

(CERs), the project implementers are required to demonstrate how much carbon the 

planted trees have sequestered and stored in the vegetal tissues during the stated 

verification period. These quantities are verified and certified by the designated operational 

entities (DOEs) appointed by the CDM executive board (Minang et al., 2008; UNFCCC, 

2003). The sequestered carbon stored in the vegetal tissues of the growing trees represents 

the carbon that has been removed from the atmosphere by the growing trees. Their 

estimation provides a measure of the impact of the planted trees in reducing the carbon 

concentration in the atmosphere. In this section, the carbon fixation process is reviewed, 

followed by a discussion on the present knowledge regarding the estimation of the 

sequestered carbon and, finally a critical discussion on the history and structure of the 

allometric models that are mostly used in the estimation of the sequestered carbon are 

presented.  

2.5.1 Carbon fixation in trees 

The trees remove carbon dioxide from the atmosphere through biochemical processes 

of photosynthesis. The simplified representation of the photosynthetic processes is given in 

Figure 4.  During photosynthesis, electromagnetic energy from the sun is absorbed by 

green pigments in the tree cells - chloroplasts. The energy is converted to a chemical 

energy in the form of ATP (adenosine triphosphate), which is the main energy-storing 

molecule in living organism. Through photolysis, the light energy causes disassociation of 

water molecules into hydrogen atom (H
+
) and oxygen (O2).  The O2 molecule is released 

into the atmosphere and the H
+
 attaches itself to a coenzyme NADP

-
 to form a reducing 

agent NADPH. The ATP and NADPH are then used in the Calvin cycle to convert carbon 

dioxide (absorbed from the atmosphere) into sugars in a process called carbon fixing. 
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The basic chemical reaction of photosynthesis is given by;  

6CO2 + 6H2O + Energy       C6H12O6 + 6O2 

 

Carbon taken from the atmosphere   Carbon fixed in plant tissues 

The fixed carbon is stored in vegetal tissues in the form of complex organic 

compounds such as saccharides (e.g. sugars, starches or cellulose). The rate at which the 

trees fix carbon into their vegetal tissues and subsequently maintain the storage structures 

into the future depends mainly on the interaction of the state variables of the landscape (see 

last paragraph on sub-section 2.33). The amount of carbon fixed in the vegetal tissues at a 

given time period is indirectly estimated using allometric models. Otherwise direct 

measurements of the stored carbon would involve cutting down the trees and determine the 

dry weight of the vegetal tissues (Stewart et al., 1992). 

       

Figure 4. A simplified representation of photosynthetic 

processes in plants. 
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2.5.2 Allometric models 

Allometric models (equations) are a fundamental tool for the non-destructive 

estimation of biomass in woody vegetation and their value depends on the empirical data 

used to construct such equations (Kuyah et al., 2012). These equations express tree 

biomass as a function of easy-to-measure parameters such as diameter, height, wood 

density, or a combination of these (Chave et al., 2005; Brown, 2012). The equations are 

generated from a small sample of trees and are then used to estimate biomass on a larger 

scale. 

Several generalized allometric equations for biomass estimation in broad types of 

forest ecosystems have been developed for tropical forests, especially in the Amazon Basin 

(Chave et al., 2003 & 2005; Pilli et al., 2006; Urquiza-Haas et al., 2007; Navar, 2009; 

Alvarez et al., 2012). However, generalized whole ecosystem equations can be inaccurate 

when used to estimate biomass of individual tree species (Pilli et al., 2006). Species-

specific models remain more accurate than the generalized models (Litton and Kauffman, 

2008). This is because individual species allometry takes into account differences in wood 

density, tree form, and its architecture, all of which can affect the modelled relationship 

between the easy-to-measure parameters and the biomass of individual trees (Chave et al., 

2003). 

Species-specific allometric equations do exist for many forest ecosystems (Fonseca et 

al., 2012; Morote et al., 2012; Stewart, 1992) but they are not widely available for tropical 

trees. Even where these models exist, they are not often transferable to the same species 

growing in a different environment, as they tend to be site specific (Fonseca et al., 2012). 

This is due to the fact that tree growth is affected by site characteristics and climatic 

conditions (Eamus et al., 2000). Species- and site-specific allometric equations have been 

shown to be most accurate and precise because they reliably reflect local characterisation 

of the tree species under study, the site in which the tree species is growing and 

management practices that influence biomass allocations within the trees (Kuyah et al., 

2012; Litton and Kauffman, 2008). Because of their reliability, species- and site-specific 

allometric models are more appropriate for use in providing precise and accurate tradable 

carbon estimates in A/R CDM project activities (Navar, 2009).  
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2.5.3 History and structure of allometric models 

Allometry is defined as the study of size and its biological consequences (Reiss, 

1989; Niklas, 2004). The term ‘allometry’ was first coined by Julian S. Huxley (1924, 

1932) who evaluated a large number of size-correlated trends and proposed that each could 

be approximated by the power function; 

 = X
α
        [2.4] 

This is often referred to as the ‘allometric equation’ (Reiss, 1989); where Y denotes 

the size of a body part of the organism (i.e. response variable), X is a comparable measure 

of the size of the organism (i.e. predictor variable),  is the allometric constant, and α is the 

allometric (scaling) exponent (Niklas, 2004). Huxley’s formula is typically expressed 

logarithmically as  

Log () = log () + α log (X).     [2.5] 

This transformed form of Huxley’s formula has a long history of use by students of 

allometric modelling (e.g. Kleiber, 1947; Gould, 1966), but it is subject, nonetheless, to 

several sources of potentially serious bias - all of which can be traced to the use of 

logarithms (Packard and Boardman, 2008; Packard, 2009). Some scholars (e.g. Osborne, 

2002) observed that converting arithmetic data to logarithms is a nonlinear transformation 

that fundamentally alters the relationship between predictor and response variables. The 

change in the relationship is such that influential outliers in the arithmetic domain are 

drawn toward the centre of the distribution, thereby they go undetected, and introduce 

potentially important bias into the analysis (Packard and Boardman, 2008). An extreme 

example of bias caused by undetected outliers is demonstrated in the work of Packard et al. 

(2011).  

Another potential bias resulting from transformation is what Packard et al. (2011) 

referred to as ‘rotational distortion’.  This bias results from fitting a line to logarithmic 

transformations by any of the procedures that minimizes the sum of squared residuals (e.g. 

linear regression, major axis regression, and reduced major axis regression). Logarithmic 

transformation compresses the distribution for any set of values, but the high end (large 

values) of the distribution is affected more than the low end (Osborne, 2002). Owing to 
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this disproportionate compression, relative variation in the response for small individuals is 

magnified by transformation whereas that for large individuals is reduced.  

Despite these shortfalls, log transformation continues to be used in allometric studies 

mainly for two different reasons (Warton et al., 2006). Firstly, it allows the relationship 

between the two size variables to be expressed as a linear relationship, which simplifies 

estimation. Secondly and more importantly, it puts the size variables on a multiplicative or 

logarithmic scale. This is a sensible scale for interpreting most size variables, since growth 

is a multiplicative process (Packard, 2009; Warton et al., 2006). 

Another far more controversial issue in allometric modelling is the choice of line 

fitting method for use in allometric analysis, because the type of analysis can profoundly 

influence the numerical values of the scaling exponents (Warton et al., 2006). The three 

major methods of line-fitting are best known as linear regression (model I regression), 

major axis (MA) estimation and standardised major axis (SMA) estimation (ibid). The MA 

and SMA methods are sometimes collectively called ‘model II’ regression. Linear 

regression, MA and SMA are all least squares methods – the line is estimated by 

minimising the sum of squares of residuals from the line, and the methods can be derived 

using probability theory assuming normally distributed residuals (ibid). The differences in 

methods of estimation of the lines are due to differences in the direction in which residuals 

from the line are measured, i.e. vertical for linear regression and perpendicular for MA and 

SMA. 

Linear regression is a method of fitting lines for prediction of the Y-variable. The 

method is useful whenever a line is desired for predicting one variable (Y) from another 

variable (X). The purpose of regression can be seen in the method of line estimation – the 

line is fitted to minimise the sum of squares of residuals measured in the Y direction, 

 ∑ (𝑦ᵢ − ŷᵢ)2𝑛
𝑖=1         [2.6] 

where ŷᵢ is the fitted or predicted value of 𝑦ᵢ. Such a line has fitted Y values as close as 

possible to the observed Y values, which is a sensible thing to do if you are interested in 

predicting Y values, once given a set of X values.  
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Galton (1886) gave regression its name due to the property of “regression towards 

mediocrity” (or regression to the mean), where predicted values of observations tend to be 

closer to the mean than observed values, in general. While regression to the mean is useful 

in prediction, it is not appropriate when the value of the slope of the axis or line-of-best-fit 

is of primary interest (Warton et al., 2006). Because the slope of the line-of-best-fit would 

be underestimated by regression, use of linear regression would often lead to incorrect 

conclusions.  

In such cases, either MA or SMA can be used to describe some axis or line-of-best-

fit. The purpose of MA or SMA line-fitting is not to predict Y from X, it is simply to 

summarise the relationship between two variables. There are at least three contexts in 

which these methods are useful: (i) allometry – when the purpose of the study is to 

describe how size variables are related, typically as a linear relationship on logarithmic 

scale; (ii) ‘law-like relationships’ are essentially the same application as allometry but in a 

more general setting – testing if a particular theoretical relationship holds for data from any 

discipline, e.g. is pressure inversely related to volume; (iii) testing if two methods of 

measurement agree. 

In the thesis, linear regression analysis was deemed appropriate to use as the primary 

purpose of the ultimate model is to be used as a tool for estimating woody biomass of 

standing trees based on easily-measured tree variables of diameter and/or height, i.e. to 

predict woody biomass from the tree diameter and/or tree heights.  

2.6 Summary  

This Chapter has reviewed and summarised relevant literature on key components on 

which the research focuses, i.e. the history and operationalisation of the CDM and forestry-

based projects; identification of priority sites for establishing CDM forestry projects; and 

measurement processes for the sequestered carbon in CDM forestry projects. The 

discussion uncovers the gaps in the existing statistical knowledge on the subject matter and 

demonstrates the relevant contribution of this research work towards enhancing 

productivity and estimation of carbon in CDM forestry projects. The chapter has also 

reviewed different methods, tools, and techniques that scholars have used or recommended 

for use in priority site identification and in allometric model development and evaluation. 
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The discussion has provided a basis for the choice of tools, methods and techniques that 

are used in the respective analytical chapters of the thesis, chapters Five, Six and Seven.   

The next Chapter (Chapter 3) provides the Malawi context. The Chapter offers a 

detailed description of the national circumstances under which the study was conducted.  
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3. A Malawi Case Study 

3.1 A case study approach 

A case study approach was adopted for the implementation of this research. A case 

study approach allows a conduct of an empirical inquiry that investigates a phenomenon 

within its real-life context (Thomas, 2011). A case study therefore provides insights of a 

phenomenon being investigated and it permits conducting the research process in more 

detail than other research approaches, e.g. large-scale quantitative surveys (Yin, 2009). 

One critical case is used in the research to allow a particular type of generalisation, for 

example, ‘If appropriate sites are identified using locally defined evaluation measures to 

support enhanced productivity in CDM forestry projects for the case under study (i.e. 

Malawi), the approach may be applicable for many similar cases.’  

In adopting a case study approach, this research acknowledges the difficulties of 

generalising on a particular topic on the basis of the findings of only one case. Some 

scholars argue that although each case study is in some respects unique, it is a single 

example of a broader class of things. However, the extent to which the results of a case 

study can be generalised depends on how far the case study example is similar to others of 

its type (Piekkari et al., 2008). For this reason, the researchers continue to use the case 

study research method in carefully planned studies of real-life situations, issues, and 

problems. Reports on case studies from many disciplines are widely available in the 

literature (e.g. Leach and Scoones, 2013; Kuyah et al., 2012; Valente and Vettorazzi, 2008; 

Cipollini et al., 2005; Corbera, 2005).  

3.2 The research case study 

3.2.1 Country focus: Malawi 

Malawi was the country selected to conduct this research. The country is situated in 

southeastern Africa, lying between latitudes 9° 22’ S and 17° 10’ S and longitudes 32° 80’ 

E and 35° 89’ E (Figure 5). The country occupies a thin strip of land in between Zambia 

and Mozambique protruding southwards into Mozambique along the valley of the Shire 

River. In the north and north east it shares a border with Tanzania. 

http://en.wikipedia.org/wiki/Africa
http://en.wikipedia.org/wiki/Zambia
http://en.wikipedia.org/wiki/Mozambique
http://en.wikipedia.org/wiki/Shire_River
http://en.wikipedia.org/wiki/Shire_River
http://en.wikipedia.org/wiki/Tanzania
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Figure 5. Map of Southern Africa showing location of Malawi in relation to other 

countries in the region 
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The country has a total area of 118 480 km
2
 with a total length of about 900 km and a 

maximum width of about 250 km. About 20 percent of its total area is covered by surface 

water (Figure 6). 

 

Figure 6. Malawi and its major features  
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Malawi was selected for a variety of reasons. The country’s unique demographic and 

socio-economic characteristics make it an appropriate case to examine as to how CDM 

forestry project activities can successfully be implemented in order to deliver its intended 

goals of carbon mitigation and improved well-being of the host country. Some of these 

attributes are discussed in the subsequent sub-sections. In addition, I am from Malawi and 

therefore have local insider knowledge. 

3.2.1.1 Population density 

Malawi is one of the most densely populated countries in the Sub-Saharan Africa, 

with a population density of 139 persons per km
2
 (NSO, 2009). According to the World 

Bank (2013), Malawi ranks sixth in Sub-Saharan region after Rwanda (435 persons/km
2
), 

Burundi (354), Nigeria (189), The Gambia (167) and Uganda (151). In 2008, Malawi’s 

population was about 13.1 million with an annual growth rate of 2.8 percent. With the high 

population density, many farm households face serious diminishing land holding sizes with 

little room to expand farms to meet the growing demand for locally grown food, and the 

situation looks set to become rapidly worse (NSO, 2009).   

The recent reports from the National Statistics Office (NSO) show that Malawi will 

continue to experience a rapid rate of population growth despite the country’s decline in 

projected fertility rate. The country’s estimated fertility rate in 2008 was 6 births per 

woman and it is projected to decline to 4.7 in 2030 and 3.6 in 2050. The NSO (2009) 

argues that the declining fertility rate will not have a significant effect to reverse the trend 

in population growth during the projected period (2008 – 2050). This is because during the 

same period the number of women in reproductive age (15 – 49 years) is expected to 

increase from approximately 3 million in 2008 to 6 million in 2030 and to 11 million in 

2050. In spite of a decline in the average number of children that women will have, the 

number of births will continue to increase. The Malawi population is therefore projected to 

reach 24.6 million people in 2030, and rising to 45.2 million in 2050.  The country will 

have population densities of 261 persons per km
2
 in 2030 and 479 persons per km

2
 in 

2050.  

This high population density will put farmers under severe pressure to choose from 

competing land use options, for example, allocating land for crop cultivation, animal 
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grazing or tree planting, which as some studies have shown, crop cultivation and animal 

grazing take precedence (Mponela, 2011). However, a paper published in the course of this 

thesis -“Fuelwood supply: a missed essential component in a food security equation” by 

Stephy Makungwa, Francis Epulani and Iain Woodhouse (2013), (a copy is attached as 

Appendix 1 and it is also available online at http://pubs.sciepub.com/jfs/1/2/6), argues that 

when food is sufficiently available, fuelwood shortages may prevent households from 

bringing about important improvement in their nutritional well-being. This is because most 

staple foods in Malawi and in other developing countries need to be cooked before they are 

edible. This implies that limited land available compromises household food security even 

if the only available land is used for food crop production. Availability of fuelwood as a 

source of cooking energy is essential.  

3.2.1.2 Size and structure of the economy   

In terms of the economy, Malawi is classified as a low income country (World Bank, 

2013). According to data released by the Reserve Bank of Malawi, the country has a Gross 

National Income per capita of US$ 290 (Reserve Bank of Malawi, 2012). The Gross 

National Income (GNI) comprises the total value of goods and services produced within a 

country (i.e. its Gross Domestic Product), together with its income received from other 

countries (notably interest and dividends), and less similar payments made to other 

countries (Todaro and Smith, 2011). Comparing with other countries in Sub-Saharan 

Africa, Malawi ranks fourth from the bottom, i.e. Malawi is the 4
th

 poorest country in Sub-

Saharan Africa (World Bank, 2013). The GNI per capita of the richest Sub-Saharan 

country (Equatorial Guinea – US$ 12,420) is 43 times larger than the GNI per capita of 

Malawi. The other three countries with the least GNI per capita are Burundi (US$ 150), 

Liberia and Democratic Republic of Congo with a GNI per capita of US$ 160 each (ibid).   

Malawi’s economy is agriculture-based. It is estimated that agricultural sector 

contributes approximately thirty three percent to the country’s Gross Domestic Product 

(GDP) of US$ 14.58 billion and generates over 90% of the export earnings, with tobacco  

(Figure 6) alone contributing about 67% to the country’s export receipts (GoM, 2010).  

http://pubs.sciepub.com/jfs/1/2/6
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Figure 7. A tobacco field in Lilongwe District. 

 

Agriculture provides employment for 84 percent of the economically active 

population, and in rural areas alone, over 90 percent of the people are employed in the 

agriculture sector (ibid). Nonetheless, Malawi’s agricultural production is largely rain-fed, 

implying that the economy is sensitive to climate variability. The unpredictability of the 

Inter-Tropical Convergence Zone (ITCZ) – the main rain bearing system in Malawi – 

makes the Malawi economy fragile. The ITCZ is a broad zone in the equatorial low-

pressure belt, towards which the north-easterly and south-easterly trade winds converge. 

This system is responsible for most of the rains received in the country (McSweeney et al., 

2008). 

These observations on the magnitude and structure of the Malawi economy can be 

seen as an opportunity for A/R CDM project proponents to seize in order to make an 

impact on the economy through the financial inflows that can come into the country to 

finance A/R CDM project activities. In doing so, the A/R CDM project activities will 

Tobacco is the single most important cash crop grown by most farmers in Malawi and 

contributes over 67% of the country’s Gross Domestic Product (GDP). Photo courtesy: S. 

Chiotha.  
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deliver the development outcomes that they are designed for, in addition to carbon 

sequestration.  

3.2.1.3 Rural livelihoods  

Most people living in the rural areas of Malawi secure their subsistence and income 

through diversified activities involving subsistence production, small scale enterprises 

and/or agricultural wages (Benson et al., 2005; GoM, 2007). In areas that offer subsistence 

job opportunities, an individual may work for wages, cultivate a small agricultural plot for 

food, produce export crops (e.g. tobacco) under contract with major tobacco estates, and 

undertake non-agricultural activities such as fishing, or repairing bicycles for extra income 

as a means of living. The whole family, including children, will commonly be similarly 

involved in as wide a variety of activities as possible. 

  

Figure 8. Women and children selling edible wild mushrooms along the Zomba -

Liwonde road in Malawi. 

 

 

The mushrooms are collected from natural woodlands and they are widely traded by rural 

communities. The mushrooms exist symbiotically with most miombo woodland, and as a 

result of deforestation and forest degradation, the production of these mushrooms has 

declined. Photo courtesy: G.Meke.  
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Their subsistence depends on the combination of all of these activities, since not a 

single one - neither agricultural wages, nor agricultural production (whether for 

subsistence, the market, or under contract) - is enough to make ends meet (Benson et al., 

2005).  The diversity of livelihoods activities is thus designed to span various time scales 

and cover various types of needs. Produce from gardens is meant to cover the everyday 

basic need for food; wages, which are typically seasonal, provide a steady income for a 

fixed period of time; producing under contract will bring a lump sum two or three times a 

year (at most); and selling a chicken, a goat, or a tree is counted on as an insurance in cases 

of emergency or for important social expenses (such as burials, weddings and other such 

social obligations, and paying off debts) (Boyd et al., 2007). Boyd et al. (2007) observed 

that the ‘‘diversified portfolio’’ of livelihoods activities on which the rural poor depend, 

relies on continued access to resources such as land, water and forests, as well as other 

forms of human and social assets.  

 

Figure 9. A woman selling traditional medicine in Nkhotakota District. 

 

 

The medicines are collected mostly from natural miombo woodlands. Over 63% of the 

rural population in Malawi continues to rely on traditional medicine to cure most 

ailments. However, the availability of these medicines in the woodlands is challenged by 

deforestation and forest degradation. Photo courtesy: V. Chithila  
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Ellis (2000) described these assets essentially as five forms of capital: natural (land, 

water and natural resources); physical (infrastructure and tools); social (membership in 

groups and institutions that assist in securing access to goods and means of living); human 

(knowledge and skills); and financial (access to credit and savings). Given the 

precariousness of livelihood conditions in Malawi, natural capital is the only thing close to 

a safety net available for use to most rural households to recover from unexpected losses 

and shocks. For example, a standing forest might represent a potential source of income, 

which could be accessed for logging in the case of a family emergency. Therefore, 

engaging in A/R CDM project activities may take away the possible use of this income 

source. A project that compromises access to these assets is bound eventually to have 

problems. However, Boyd et al. (2007) argue that the rural people will only put the extra 

effort needed to develop and maintain a project if it clearly implies a return on their 

investment. Therefore, the success of the A/R CDM project activities under such unique 

circumstances depends on the ability of the project to sequester appreciable amount of 

carbon that will bring back more returns to the landholders through carbon sales. To 

explore how this can happen, is one of the key objectives of this study and makes Malawi 

an appropriate study region for this phenomenon. 

3.2.1.4 Subsistence farming systems  

Malawi’s agriculture sector is characterized by a dualistic structure: the smallholder 

sector, which operates under the customary land tenure system, and the estate sector, which 

operates on freehold and leasehold land (GoM, 2006). The smallholder sector is dominated 

by an estimated 6 million smallholder farmers, who cultivate fragmented customary lands 

with limited use of productivity-enhancing technologies – subsistence farming systems. 

They cultivate mainly food crops such as maize, millet, pulses, rice, root crops, vegetables 

and fruits to meet subsistence requirements.  

Their subsistence farming systems are closely integrated with tree crops and there is 

no divide between production forest and conservation forest. The farmers cultivate and 

manage crops and trees as a unit on the landscape (Figure 9). This type of land 

management, a management that targets not a single species but a manipulated ecosystem, 

some scholars refer to it as a notion of “ecosystem management” (Hobbs and Harris, 2001; 

Vallauri et al., 2005; Garcia Fernandez et al., 2003).  By introducing a cultivated forest 
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crop in the farmland, farmers practice a forest culture that becomes part of the structure 

and of the functioning of the ecosystem (Vallauri et al., 2005). This provides diversified 

and autonomous biological structures which sustain environmental services, including soil 

protection, regulation of water flows, and conservation of high levels of biodiversity 

(Garcia Fernandez et al., 2003).  

 

Figure 10. An agricultural landscape in Zomba, Malawi 

 

 

These characteristic facets of the farming systems reveal two major underlying 

principles that A/R CDM project activities under such environments must contend with: a 

close integration of the tree crops with agricultural systems; and a landscape level planning 

and management of tree crops.  This requires identifying appropriate tree species that can 

effectively be integrated with agricultural crops, and designing structural and spatial 

arrangements of the planted trees on the landscape in order to be able to sequester 

appreciable amounts of carbon. One of the aspects this research intends to address is to 

identify appropriate locations on the agricultural landscape that would support A/R CDM 

project activities, thereby contributing towards the spatial arrangements of the tree 

This is typical of most areas in Malawi where subsistence farming systems are closely 

integrated with tree crops. Photo courtesy: H. Utila.  



  

54 
 

component that would enhance delivery of their intended purposes. Conducting this 

research in Malawi therefore provides an appropriate laboratory for the attainment of the 

intended outcome.    

3.2.1.5 Malawi’s engagement to carbon forestry  

Malawi shows a manifest interest in promoting carbon forestry activities as a means 

to mitigate climate change under the United Nations Framework Convention on Climate 

Change (UNFCCC) and the Kyoto Protocol. This is demonstrated through provision of 

public funds to finance a community-based forestry carbon programme in 2006. The 

government through the Forestry Department implemented a carbon forestry programme 

called “Tree planting for carbon sequestration and other ecosystem services programme 

(TPCS)”.  The programme was implemented with an overall objective of “increasing the 

area under forest cover in Malawi in order to enhance carbon sequestration and other 

ecosystem services, that shall contribute to the reduction of greenhouse gases (GHGs) and 

in particular, carbon dioxide in the atmosphere” (Forestry Department, 2006). The 

participating households in the programme were initially paid for the trees they planted and 

all subsequent payments were based on the number of surviving trees from the initial 

plantings. In addition to the TPCS, some private and non-governmental organizations (e.g. 

Bio Energy Resources Limited – BERL, and Clinton Development Initiative) are 

implementing community based reforestation projects for carbon sequestration, targeting 

voluntary carbon markets. These projects are registered as carbon projects using voluntary 

carbon standards (VCS).  

At a political level, Malawi has created a new government department, called 

“Department of Climate Change and Meteorological Services” to oversee and advise the 

government on overall climate change issues in the country. In addition, the government 

has established a “Malawi National Climate Change Programme (CCP)” with overall 

responsibilities of mainstreaming Climate Change issues in development policies, plans & 

programmes; harmonizing policies and programmes on Climate Change; coordinating 

activities on Climate Change; and developing coordinated strategic responses. Climate 

Change has also been identified as one of the nine key priority areas in the Malawi Growth 

and Development Strategy II (MGDS II), a medium-term national development strategy 

for Malawi, which is central to the achievement of sustainable economic growth and 
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wealth creation of the country. The MGDS II covers a period of five years from 2011 to 

2016. 

The foregoing discussions illustrate Malawi’s political interest and commitment to 

creating conducive policy and legal environments for implementing activities and 

strategies related to Climate Change mitigation and adaptation. This is further supported by 

the carbon sequestration projects through forestry activities the government and 

private/non-governmental organizations are implementing in the country. The political 

enthusiasm of the country in implementing carbon forestry activities made Malawi an 

appropriate case to conduct this research.   

3.2.2 Study sites 

The research was conducted on farmers’ Jatropha fields (Figure 11).  

 

 

 

 

 

 

Figure 11. Jatropha hedgerow on a farmer's field. 

Jatropha is a tree of the Euphorbiaceae family, which also contains the rubber tree. It is 

believed to be a native of South America and Africa and prefers a hot and humid climate, 

especially for seed germination. Jatropha is currently cultivated in commercial plantations 

in various countries, including in the United States, particularly in Florida. It is cultivated 

mainly as a high value tree species used as a feedstock for the production of biofuel. The 

seeds of Jatropha are rich in highly extractible oil and contains between 30 and 54% oil 

(Openshaw, 2000). The oil produces minimal smoke and has better efficiency than diesel 

in its pure or mixed forms (Rasmussen et al., 2012; Ghezehei et al., 2009).  
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In Malawi, Jatropha is cultivated on commercial estates and on smallholder farmers’ 

fields. Cultivation of Jatropha by smallholder farmers is predominantly promoted by a 

private bio-energy company, called Bio Energy Resources Limited (BERL).The company 

buys Jatropha nuts from the farmers for biofuel extraction. Jatropha was promoted for 

smallholder cultivation because it has a number of attributes that enable it to be a suitable 

crop that does not compete with food crops, but complements the revenue stream to 

farmers at little opportunity costs. These attributes include the following:  

i. It is drought resistant and does not require irrigation;  

ii. It grows on marginal and sandy soils where other crops cannot grow; 

iii. It requires little input after transplanting from the nursery to the field, therefore 

does not take the farmer away from other tasks;  

iv. It can be grown as protective hedge rows around the fields (Figure 11), reducing 

soil erosion and keeping cattle out (Jatropha is poisonous and is not affected by 

cattle once the trees have matured);  

v. Nuts can be harvested from January – November; hence, income can be spread 

over an extended time period;  

vi. Jatropha fits very well in the existing farming system and crop calendar in 

Malawi, and does not compete for the farmer’s time during periods when regular 

farming activities occur. 

Cultivation of Jatropha as a biofuel tree crop is arguably controversial in many circles 

(Openshaw, 2000). It is argued that cultivation of the crop on the fields of the smallholder 

farmers takes up the already limited land space that would otherwise be used for the 

cultivation of food crops. This therefore reduces the overall land area under food crop 

production, thereby precipitating food insecurity among the smallholder farmers in the 

sites where the Jatropha is cultivated. In addition, the crop is known to be poisonous once 

it is fed to or browsed by livestock. In recognition of these facts, BERL encourages 

farmers to cultivate the crop only on marginal areas, unsuitable for food crop cultivation. 
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This was done to maximize use of the land space including marginal areas which otherwise 

would have been left idle and with no economic value to the land owners.  In addition to 

cultivating the crop on marginal areas, Jatropha is also cultivated as live hedges planted 

around crop fields in order to keep the livestock away from destroying the crops. This 

entails that the planted Jatropha trees protect the field crops from being destroyed by the 

livestock, hence the farmers are likely to get better crop yields. 

In addition to BERL, there are other organisations and private companies that promote 

or are involved in cultivation of Jatropha in Malawi. These include the NGO Janeemo 

which promotes Jatropha cultivation for biofuel production and carbon sequestration; Fuel 

Crops Demeter cultivates approximately 800 ha of Jatropha as a biofuel plantation; and 

Toleza Agricultural Enterprises cultivates approximately 150 ha of Jatropha as plantation 

and boundary fences around the farm.    

The smallholder Jatropha cultivation is promoted through the country. However, this 

study was conducted in most parts of central region of Malawi (Dowa, Lilongwe, Kasungu, 

Mchinji, Nkhotakota, Ntchisi and Salima) and two districts in the northern region (Mzimba 

and Nkhata Bay) – Figure 12). 
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Figure 12. Geographic location of the study area on a map of Malawi. 

3.2.2.1 Geography, soils and climate  

The study area lies between latitudes 11.20° and 14.90° S and longitudes 33.40° and 

35.00° E (Figure 12).  The topography varies greatly, ranging from 470m above sea level 
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in Salima to around 1700m in Dowa. The study area belongs to three broad physiographic 

zones, namely the Lake Shore Plains, the Rift Valley Escarpment and the Plateaux (Pike 

and Rimmington, 1965). The Lake Shore Plains extend from Nkhotakota to Salima and 

part of Nkhata Bay district on the eastern side of the study area (Figure 4.8). The 

topography is moderately flat and the zone is a floodplain of Lake Malawi and other 

important rivers (e.g. Dwangwa, Bua and Limphatsa). The soils are mostly alluvial of 

lacustrine and river-line plains. The mean annual rainfall ranges from 1250 to 1650 mm. 

Rainfall distribution, amount and intensity are mostly influenced by the proximity of the 

zone to Lake Malawi (McSweeney et al., 2008).  

The rift valley escarpment separates the lakeshore plains and the plateau zones. The 

slopes are steep and the soils are shallow and stony. The lithosols generally dominate the 

zone. Because of altitudinal influence on rainfall occurrence and distribution, the zone 

receives rainfall that ranges from 1150mm in Dowa to approximately 1750mm in Viphya 

plateau. The plateau zone consists of the Lilongwe-Kasungu and the Mzimba plains. The 

altitude ranges from 970 to 1300m with an average annual rainfall of 800 mm. The soils 

are mostly latosols. These red to yellow-coloured soils are among the best agricultural soils 

in the country. They are generally of good structure and are normally deep and well 

drained, but include weathered ferrallitic soils, which are of low natural fertility and easily 

exhausted.  

The region is generally rich in water resources. The eastern side is bounded by Lake 

Malawi. Two of the six major rivers of Malawi (Dwangwa and Bua) flow from the plateau 

side of the region and pass through the north-easterly direction to lakeshore plains and 

drain into Lake Malawi. Chia lagoon, located in Nkhotakota and the fifth largest water 

body in Malawi, is the most important wetland in the region. Natural forests are the 

miombo woodlands which are restricted mainly in forest and wildlife reserves located 

mostly on the plateau side of the region (e.g. Dzalanyama forest reserve in Lilongwe and 

Kasungu National Park in Kasungu). These reserves are the major conservation areas of 

biodiversity of plants/trees and wildlife and they are watersheds for major rivers and 

streams. (e.g. Dwangwa River flows from Kasungu National Park and Bua River from 

Mchinji forest reserve). 
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3.2.2.2 Road network and markets  

The major cities in the region are Lilongwe and Mzuzu, located to the southern and 

northern ends of the study area, respectively (Figure 4.8). Lilongwe is the major 

commercial city where most of the activities on trade and industry take place. It is also a 

political and an administrative centre where the government of Malawi, foreign 

governments and other development partners, including leaders in commerce and industry 

are housed. The population of the city increased from 102,924 people in 1977 to 674,448 

people in 2008 (NSO, 2009), representing over 600% increase in population over a period 

of 30 years. The Lilongwe city therefore offers the most lucrative market for most 

agricultural and forest-based products produced in the region. Mzuzu city provides a 

trading market for most products produced to the far north of the study area e.g. Mzimba 

and Nkhata Bay.  For instance, Openshaw (2009) observed that most charcoal produced in 

Kaning’ina forest reserve and areas along the Nkhata Bay-Mzuzu road are sold in Mzuzu 

city.  

Other important markets in the region include Kasungu town located in the central area 

and Salima town located on the shores of Lake Malawi. All cities and towns in the study 

area are well connected by all-season road network (Figure 4.4). The region is traversed by 

two major roads connecting the north and south Malawi; the Blantyre - Lilongwe - Mzuzu 

road via Kasungu (M1) and the Lake Shore road that passes through Salima, Nkhotakota 

and Nkhata Bay to Mzuzu. Other roads include the Nkhotakota - Mchinji via Kasungu, the 

Lilongwe – Salima and the Lilongwe Mchinji road, the Mzimba – Mzuzu via Kafukule 

road. These roads provide easy access between rural areas where most of the agricultural 

production happens to centres of the most economic activities in the study region.  

 

3.2.2.3 Population  

The population density of the study area increased from 87 persons per km
2
 in 1987 

to 155 persons per km
2
 in 2008 (NSO, 2009). The major shift in population density 

occurred in Mzuzu and Lilongwe cities, i.e. the population density in Mzuzu city increased 

from 921 in 1987 to 2791 person per km
2 

in 2008, while Lilongwe city increased from 490 

in 1987 to 1479 persons per km
2 

in 2008. The population density observed in the study area 
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is above the national population density that was estimated at 139 persons per km
2
 in 2008 

(ibid). With increasing human population, many farm households in the region face 

diminishing land holding sizes with little room to expand farms to meet the growing 

demand for food, settlement and livestock grazing.  

3.2.2.4 Livelihoods opportunities  

The people in the region secure their subsistence and income through rain-fed 

production of food crops such as cereals, pulses, tubers and vegetables. In an average year, 

the Lilongwe – Kasungu plains produce a surplus of food crops. However, almost the 

entire surplus is generated by the 20% of ‘better-off’ households in the zone (GoM, 2007). 

Livestock, mostly local breeds (the Zebu), are mostly kept by farmers in Mzimba district. 

The lakeshore plains of the region is the principal fishing area, with the shallow waters in 

the southern end of Lake Malawi favouring participation by many small-scale fishermen. 

Rice is mostly grown as a cash crop in the floodplains of the lakeshore areas. Because of 

the shallow and rocky soils in the rift valley escarpment, the zone is less productive for 

crop production and it is the most food deficit area in the study region.  
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4. Research Methods 

4.1 Introduction 

It is important to note that this Chapter presents only the methods that were used to 

collect primary data
14

 for the study. Description of secondary data, their sources and 

processing methods are presented in their respective analytical Chapters of the thesis.  For 

example, the description of the dataset, its sources and the processing methods for 

generating factor maps and performing trade-off modelling for priority site identification 

for CDM forestry project activities are presented in Chapter Six; whereas assessment 

procedures and methods for constructing allometric models for tree biomass estimation are 

presented in Chapter Seven.  This approach allows each of the analytical chapters (Five, 

Six and Seven) of the thesis to stand-alone while contributing to overall objectives of the 

thesis. This is necessary because the implementation of CDM forestry project activities 

follows specific relative stages in which each stage is unique and feeds into the others until 

the final product of the process is attained (see 2.3.1). 

The research conducted two types of surveys to collect relevant data to answer the 

stated research questions, and which in themselves were dictated by the objectives of the 

study. The two types were: a) Delphi survey for investigating the appropriate evaluation 

criteria that are used in site prioritisation for CDM forestry project activities; and b) Tree 

measurement survey for collecting tree data that are used to construct and evaluate 

allometric models that are appropriate for estimating biomass accumulation in the vegetal 

tissues of the growing trees. 

4.2 Delphi Survey Design 

The Delphi survey is a data collection approach, developed in the early 1950s by the 

RAND Corporation, and aims to solicit the views and advice of a panel of experts on a 

particular issue on which the experts have a demonstrable knowledge (Richey et al., 1985; 

Oliver, 2002). The approach is based on structured and written questionnaires to which 

panellists are asked to answer anonymously. All responses are summarised and reported 

                                                           
14

 Primary data is a type of data that is obtained directly from first-hand sources by means of surveys, 
observations, experimentation or measurements. It is the data one has collected using his or her own efforts 
e.g. field-based tree measurement data.   



  

63 
 

back to panellists who have the opportunity to revise their judgments. Turoff and Hiltz 

(1996) highlighted the opportunities offered by computer-based Delphi processes and 

today most Delphi surveys are carried out via the Internet. The technique has been 

extensively applied to conservation, ecological restoration and natural resource 

management (e.g. Crance, 1987; Hess and King, 2002; Oliver, 2002; MacMillan and 

Marshall, 2006; Geneletti, 2007; Orsi et al., 2011).  

The use of a panel of experts with known or demonstrable experience and expertise 

in a Delphi survey for selecting several ‘‘best’’ evaluation criteria sets to use in land 

appraisal studies is a commonly used approach (Prabhu et al., 1999; Bossel, 2001; 

Bockstaller and Girardin, 2003; Orsi et al., 2011). This is because reference ecosystem 

conditions, ecological integrity and impacts of socio-economic and political variables are 

frequently unknown for most land use based interventions (Cipollini et al., 2005). Adaptive 

management provides a way to incorporate information gathered as management proceeds 

into future management actions, yet can be a lengthy process (Walters and Holling, 1990; 

Haney and Power 1996). To make rapid decisions on an applicable set of locally identified 

evaluation measures for particular land use purposes, a panel of experts continues to be 

used in a Delphi survey. 

Despite its wide use in ecological studies, the approach has been criticised as being 

heavily dependent on the values held by the experts involved in the survey (Orsi et al., 

2011). Orsi et al. (2011) argue that, regardless of how experts are selected, and how 

representative their views are of current scientific opinion, their ecological understanding 

may be limited or flawed on the particular issue being investigated. The scientific 

understanding of the processes influencing biodiversity, for example, and the relationship 

with ecosystem function, is developing rapidly (Jones, 2010). Consequently, the views 

expressed by experts may not adequately represent current ecological thinking. As an 

example, progress has recently been made in developing tractable measures of functional 

aspects of biodiversity (Petchey and Gaston, 2002; Petchey et al., 2004; Hooper et al., 

2005), and which may logically be an objective of ecological restoration efforts (Rey 

Benayas et al., 2009). However, in a study conducted by Orsi et al. (2011), such functional 

approaches to biodiversity measurement did not emerge through the expert consultation 

process. 
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 Other criticisms of identifying evaluation measures (criteria) in ecological studies 

using the Delphi approach are adequately covered in section 2.4.3 - Problems with criteria 

for land use prioritisation. While acknowledging these problems, the Delphi survey 

continues to be widely used in ecological studies (e.g. Orsi et al., 2011; Cipollini et al., 

2005; Geneletti, 2004). The present study therefore employed the approach to solicit 

stakeholders’ views, feelings and attitudes on the appropriate criteria for identifying 

priority sites for A/R CDM project activities. 

4.2.1 Questionnaire design  

The Delphi survey utilised mostly open-ended questions, although in some instances 

closed questions were provided. Open-ended questions were used in order to allow 

respondents to give more thought and provide the responses with more depth in offering 

their views, feelings, altitudes and understanding on the appropriate criteria for identifying 

priority sites for A/R CDM project activities. The approach helped to better access the 

respondents’ true feelings on the criteria. The questionnaire was structured according to 

three sets of topics, which includes: success of tree establishment and growth, adoption of 

tree-based land use projects, and survival of planted trees into the future. Each topic had 

specific open-ended questions that allowed the respondents to answer in their own words. 

Space was also provided for the respondents to provide general comments at the bottom of 

each topic.  

Before the questionnaires were e-mailed to all selected panels of experts, they were 

internally tested by other colleagues in the school of GeoSciences, the University of 

Edinburgh, to check that the questions were easy to understand and that the right questions 

got asked in their proper order. Two experts from Malawi volunteered to pilot the 

questionnaire and provided their critical comments as well – one of the two is a forest 

ecologist from Forestry Research Institute of Malawi (Dr. T. Chanyenga) and the second 

was a socio-ecological expert from Lilongwe University of Agriculture and Natural 

Resources (Dr. J. Kamoto). (The pilot experts were not part of the sample of experts in the 

main survey). The comments received from the internal and external pilots helped to adjust 

and refine the questionnaire for the wider dissemination. 
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4.2.2 Selecting panel of experts  

The expert sampling (Trochim, 2000) method was used to assemble a sample of 

persons with known or demonstrable experience and expertise in forestry and, in particular, 

Jatropha cultivation in Malawi. The selection of the individual experts was based on the 

following criteria: Individuals who actively conduct Jatropha tree cultivation, and/or 

cultivation of other tree species for carbon sequestration; forest ecologists, silviculturalists, 

and socio-ecologists from research centres and universities; and development experts from 

non-governmental organisations working with communities on reforestation activities. The 

definition of the sample was aimed at obtaining varied expertise both in terms of national 

coverage and professional types related to the subject matter. The selected sample formed a 

“panel of experts” that was consulted to elicit expert knowledge and views on appropriate 

set of criteria for defining priority sites for carbon forestry on cultivated landscapes.  

Snowballing process (Denscombe, 2003) was used to identify individual experts. The 

initial set of experts was identified through personal knowledge of the local carbon forestry 

experts in Malawi. The identified experts were asked to recommend others who they knew 

to have acknowledged experience and insights into Jatropha cultivation and carbon 

forestry. A sample built up from the initial nine to a total of twenty three experts who 

expressed willingness to participate in the panel survey. The institutions from where the 

final list of experts was drawn are presented in Table 4.1.  

4.2.3 Delphi survey: round one 

The first round of the survey included three tasks: i) identify a set of criteria that 

define the suitability of a particular locations for successful establishment and growth of 

Jatropha trees for A/R CDM project activities; ii) identify a set of criteria that determine 

farmers’ willingness to allocate land for tree planting (for A/R CDM project activities); 

and iii) identify a set of criteria that influence whether or not the planted trees will survive 

into the future on a particular site. The experts were asked to specify why the identified 

criteria were considered important and they were also given the possibility to comment on 

each of the three tasks of the questionnaire. A total of twenty three questionnaires were e-

mailed to the experts in thirteen institutions in Malawi (Table 1). Seventeen questionnaires 
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were fully responded to and e-mailed back for data extraction and processing. This 

represents approximately 74% response rate. 

Table 1. Institutions that formed a "panel of experts" 

Institution name Description 

Bio Energy Resources Limited 

(BERL) 

Promoting Jatropha cultivation for biofuel 

production and carbon sequestration; 

NGO Janeemo 
Promoting Jatropha cultivation for biofuel 

production and carbon sequestration; 

Fuel Crops Demeter 
Cultivating approximately 800 ha of Jatropha as 

a plantation; 

Toleza Agricultural Enterprises 
Cultivating approximately 150 ha of Jatropha as 

plantation and boundary fences around the farm; 

Clinton Development Initiative 

(Malawi) 

Promoting community tree planting for carbon 

sequestration;  

Forestry Department of the Malawi 

government 

Promoting household and community tree 

planting for payment for ecosystems services; 

Forestry Research Institute of Malawi 

(FRIM) 

Monitoring and quantification of carbon stocks in 

trees and forests;  

Malawi College of Forestry and 

Wildlife; the Forestry Department of 

Lilongwe University of Agriculture 

and Natural Resources, and the 

Forestry Department of Mzuzu 

University. 

Training, capacity building and refresher courses 

in tree and forestry management in Malawi;  

 

Chitedze and Bvumbwe Agricultural 

Research Stations 

Promoting farmers-based agroforestry research 

and extension in Malawi; 

World Agroforestry Centre (ICRAF) 

(Malawi Office) 

Promoting agroforestry in farming systems of 

smallholder farmers in Malawi; 

 



  

67 
 

4.2.4 Questionnaire data extraction  

Responses from each of the question in the questionnaires collected from the experts 

were rearranged by clustering them into categories of similar responses. In particular, 

semantic clusters of evaluation measures were obtained following a two-step process. 

Firstly, measures defined by similar wording or synonyms were aggregated. Secondly, a 

further aggregation was carried out by bringing together measures that, although defined 

by non-synonymic words, had the same meaning according to the comments provided by 

participants. Furthermore, a quantitative analysis of consensus of the aggregated measures 

was conducted: only criteria selected by a minimum rate of 50% of participants in the 

survey were considered (Orsi et al., 2011). Each selected criterion was finally assessed for 

its spatial explicitness, i.e. its ability to capture spatial variability of the study site, given 

that priority site selection is a spatially explicit process and it is typically implemented 

using Geographic Information System (Kangas et al., 2000).     

The selected criteria were separated into three categories, geo-physical, socio-

economic and policy-induced criteria. The separation was based on the nature and 

characteristics of each evaluation measure, which reflect the origin and role of each 

criterion in determining the most appropriate locations for carbon forestry. Table 2 

provides the provisional compact criteria set derived from the analysis. The provisional list 

of criteria presented in Table 2 was e-mailed back to the panel of experts who responded to 

the questionnaires in round one of the Delphi survey for their review and refinement of the 

criteria. This formed round two of the Delphi survey. 

 4.2.5. Delphi survey: round two 

Besides offering a review process of the compiled criteria, round two of the Delphi 

survey aimed at eliciting weighting scores for the criteria set identified in round one. The 

weighting score on a criterion reflects the perceived importance of the criterion relative to 

the others in a set in defining the appropriateness of a site for the intended purpose 

(Malczewski, 2004). A swing-weight method (Pöyhönen & Hämäläinen, 2001; DCLG, 

2009) was used to derive weighting scores of each of the criterion.  
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Table 2. Criterion groups and their descriptions 

Group Group description Criteria 

Geo-

physical  

To a considerable extent, data on geo-physical 

variables determine the carbon forestry potential 

inherent in a specific plot (grid cell). They 

characterise each of the grid cells for its potential to 

support optimal growth and productivity of Jatropha 

planted for carbon forestry (Müller and Zeller, 2002). 

Rainfall 

Soil type 

Topographic 

condition  

Socio-

economic  

For this research, we define socio-economic 

variables as a construct that reflects one’s access to 

collectively desired resources that enable individuals 

and/or groups to thrive in the social world (Oakes 

and Rossi 2003). The commonly used socio-

economic variables include income, education and 

occupation. For the purpose of this study we have 

also included population density, although in its 

strict terms, it is regarded as a socio-demographic 

variable. 

Family income  

Highest 

education 

attainment  

Occupation 

Population 

density 

Policy-

induced  

These reflect investments from external sources such 

as governments and donor agencies in infrastructural 

development (e.g. roads, markets), as well as 

restrictions on certain land use, in case of carbon 

forestry, the CDM Executive Board of the UNFCCC. 

Access to 

markets   

Native trees 

and forest 

ecosystems  

The use of a swing-weight method is based on comparisons of differences: how does 

the swing from 0 to 100 on one preference scale compare to the 0 to 100 swing on another 

scale? Implementing the swing-weight method, the experts were firstly advised to identify 

the criterion with the biggest swing in preference from 0 to 100 using a paired-comparison 

process (DCLG, 2009). The process involves comparing two criteria at a time for their 

preference swings, always retaining the one with the bigger swing to be compared to a new 

criterion. The one criterion emerging from this process as showing the largest swing in 

preference is assigned a weight of 100, and it becomes a standard to which all the others 

were compared. Any other criterion is chosen and a weight that reflects the expert’s 

judgement of its swing in preference compared to the standard is recorded. For example, if 
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the criterion was judged to represent half the swing in value as the standard, then it was 

assigned a weight of 50.  This is done with the rest of the criteria. Through the same 

procedure, the weights for criterion groups were also generated. The weighting score 

values from the experts were averaged for each criterion and also for each criterion group. 

The results of the scoring process are presented in Chapter Five of the thesis. 

4.3 Field Tree Measurement Survey Design 

The field survey was conducted to measure the tree parameters (diameters and total 

heights) on the farmers’ fields in order to use the data for assessing the appropriateness of 

using “imported” allometric models for estimating biomass accumulation in CDM forestry 

projects. The data is also used to develop locally defined allometric models appropriate for 

use in estimating tree biomass in the study sites. The field survey was conducted in five 

districts where BERL actively engage local communities to cultivate Jatropha for biofuel 

production and carbon sequestration (see 3.2.2).  

The design of the tree measurement survey was conducted while at the office. Most 

basic information (e.g. names and number of clubs formed and operationalised for 

Jatropha cultivation, number of farmers in each club, and location of each club/farmer); 

and maps showing smallholder Jatropha cultivation sites were collected mainly from the 

Bio Energy Resources Limited (BERL). BERL is the local company that promoted 

cultivation of Jatropha by smallholder farmers in Malawi (see 3.2.2). The smallholder 

farmers were organised to form farmers’ clubs. The farmers from one geographical area 

were grouped together to form a club with average membership of 10 to 15 famers. The 

extension workers from BERL were working directly with the farmers’ club and not as 

individual farmers. Based on the available data and information, the design of the tree 

measurement survey and actual data collection was conducted through the following 

stages:    

4.3.1 Stratification of the research area 

As a result of the physiographic variations that exist in the study area (see section 

3.2.2), the research area was stratified into two natural regions – the lakeshore plains and 

the plateaux (Figure 12). The two regions are separated by the rift valley escarpment. This 

stratification assumes that a tree species growing in the two physiographic zones will 
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sequester atmospheric carbon at different rates as a result of differences in climatic, 

hydrological and edaphic conditions (see section 3.2.2). For example, Hardcastle (1978) 

observed differences in the growth characteristics of a tree species planted in different 

physiographic zones of Malawi and based on these observations, the author developed a 

silvicultural classification map for the country. The stratification used for this research 

follows generally these earlier classifications of Hardcastle (1978), and Pike and 

Rimmington (1965).  

In this research the two natural regions are referred to as strata - stratum 1, 

representing Lake Shore districts (Salima and Nkhotakota); and stratum 2, representing 

plateau areas (Dowa, Salima and Mzimba). The size of each stratum was measured by the 

number of registered clubs that were actively participating in the project activities. This 

was based on the assumption that the larger the number of active clubs participating in the 

project activities, the higher is the total area (ha) of land planted with Jatropha trees. 

Therefore, number of clubs was used as a proxy to the size of the stratum. Column 2 of 

Table 3 shows the number of clubs in each stratum, representing the size of the stratum.   

4.3.2 Sample size and sampling 

The research used a two-tiered approach in selecting the targeted farmers whose 

Jatropha plots were measured. The first tier was the selection of clubs, followed by 

selection of the individual farmers in the selected clubs. The saturation and proportionality 

concepts (Ritchie at al., 2003) were used as guiding principles in determining the sample 

size of each tier.  

Ritchie at al. (2003) define saturation as “a point in data collection when no new or 

relevant information emerges with respect to the newly constructed story, theory or 

framework”. Hence, the saturation is seen as a point at which no more data need to be 

collected, therefore providing an optimal sample size for the research. Some scholars have 

suggested some kind of guidelines for qualitative sample sizes. Charmaz (2006, p.114), for 

example, suggests a sample size of twenty five are adequate for smaller projects. 

According to Ritchie et al. (2003, p.84) qualitative samples often "lie under 50". Green and 

Thorogood (2009[2004], p.120) state that "the experience of most qualitative 

researchers is that in interview studies little that is 'new' comes out of transcripts after you 

have interviewed twenty or so people". 
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With these recommendations in mind, coupled with the geographic distribution of 

the registered clubs and the ethnic groupings of the people making up the clubs, the 

number of selected clubs and of farmers selected therein for the conduct of this research 

are presented in Table 3.  

Table 3. Number of clubs and farmers selected for the study. 

Stratum 

Total no. 

of clubs 
No. of clubs 

selected 

Total no. of 

farmers in the 

selected clubs 

No. of farmers 

selected 

1 411 24 2840 60 

2 1329 57 9833 153 

Total 1740 81 12673 213 

The lake shore plains (referred to as stratum 1) have a more homogeneous 

physiography than the plateau areas (referred to as stratum 2). Twenty four clubs were 

therefore selected in the lakeshore plains and fifty seven in the plateau, representing a 17% 

and 23% sampling intensity, respectively (Table 3). The sampling intensity was increased 

for stratum 2 in order to capture the possible effects resulting from the observed 

differences in ethnicity of the farmers forming the clubs and the topography of the stratum.  

Random sampling was used to identify the selected clubs in the two strata. Yin 

(2009) argues that randomness is the only way to get a representative sample and thereby 

draw conclusions about the full population from the sample statistics. To conduct a random 

sampling, a list of registered clubs was acquired from BERL. Each club name was assigned 

a random number from a random number generator. The first twenty four clubs that were 

assigned random numbers in ascending order of magnitude were selected for stratum 1.  

The same procedure was followed for identifying the fifty seven clubs for stratum 2.  

The final stage was to identify specific farmers from each of the selected clubs. 

Similar procedures used in selecting clubs were employed. Sixty farmers were selected as a 

random sample for stratum 1, representing a sampling intensity of 2.1%; and 153 farmers 

were selected from stratum 2, representing a 1.7% of the total number of farmers that 

formed the selected clubs in the stratum. In total 213 farmers across the study area were 
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selected as the final random sample for the research. The farmers were from the five 

districts (Salima, Nkhotakota, Dowa, Kasungu and Mzimba) where BERL has actively 

engaged smallholder farmers in Jatropha cultivation. The distribution of the selected clubs 

and their respective farmers are provided in Table 3.        

4.3.3 Training of field surveyors  

A field data collection exercise was conducted from June to September 2011. Before 

the start of the field exercise, a team of four experienced field surveyors was mobilized to 

assist with field data collection. The four surveyors were trained and experienced foresters, 

working as tree measurement technicians at the Forestry Research Institute of Malawi – a 

research arm of the Forestry Department of the Malawi government.  The data collection 

methodologies designed for this study were thoroughly discussed with the team in a 

participatory manner in order to ensure that each component of the methodology was well 

understood by each surveyor. The pre-testing of the methodologies was conducted in a 

community forest closer to Bunda College, Lilongwe, Malawi. After a thorough use of the 

methodology, the surveyors formed two teams – 2 people per team. Each team was 

accompanied by one field officer from BERL to provide field-based logistics including 

directions to the selected farmers.  

4.3.4 Plot layout for tree measurement  

Since Jatropha was planted as lines (polylines) on the farmers’ fields, linear shaped 

plots were established for tree measurements, i.e. a ridge of specified dimension of 

Jatropha represented a plot. A plot (ridge) with 15 to 30 trees was regarded sufficient to 

provide representative estimates with specified precision.  Since farmers planted Jatropha 

seedlings at a 1-m espacement, we therefore recommended a 25-m line of Jatropha to 

represent a plot.  At a planting espacement of 1-m, we expect 26 trees to be contained in 

each of 25-m linear plot. However, realising that there were variations in number of 

Jatropha trees in a 25-m line due to mortality or lack of consistency in maintaining the 

espacement by farmers, we expected the actual number of trees available in such plots to 

be ±5 trees (marginal error), which was still above the absolute minimum number of trees 

(15) that we expected in each plot. 

 



  

73 
 

  

4.3.5 Plot allocation and marking  

For the farmers with only one single line (ridge) of Jatropha, setting up of a plot started 

from the edge of a ridge, measuring 25m along the line using a measuring tape.  For the 

farmers with Jatropha lines enclosing (bounding) a maize field, the longest line of Jatropha 

was selected and a measure taken from the edge of the selected line to a 25-m length. In 

some cases a farmer had several ridges of less that 25-m in length, in this case, depending 

on the number and length of the ridges available, 2 lines of 12.5-m each or 5 lines of 5-m 

each were selected systematically. Demarcating and measuring of the plot started from the 

edge of the selected lines. 

4.3.6 Plot measurements 

All trees in the plot were measured for their basal stem diameters in millimetres 

(mm) and total height in metres. Basal stem diameters of all trees in a plot were measured 

at 10 cm distance from the base of the tree using callipers. Basal diameter was used instead 

of, the more popular, diameter at breast height (DBH) because the stem of Jatropha rarely 

grows to this height before branching. Tree heights were measured using calibrated tree 

height measuring rods.  

4.3.7 Selection and cutting of trees 

The recorded basal diameter values in each plot were stratified into three equal 

categories; large, medium and small. A median value from each category was selected and 

the tree it represented in the plot was identified for destructive sampling. Three trees, one 

in each category, were identified for harvesting in each plot. Cutting down of each selected 

tree was done as close as possible to the ground level so that all the above-ground 

components were concisely separated and measured. In total 639 trees were harvested in 

the project area, i.e. 180 trees in stratum 1 and 459 trees in stratum 2. 

4.3.8 Woody components and Oven-drying 

At harvest, the aboveground woody components (stems and twigs) of each tree were 

separated, bagged, and weighed. Sub-samples of the woody tree component, weighing 
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approximately 500g, were collected and taken to the laboratory at Bunda College, 

Lilongwe University of Agriculture and Natural Resources in Lilongwe, Malawi for dry 

weight determination. At the laboratory, the samples were reweighed using precision 

scales to 0.001g before they were put in an oven to dry out the moisture. The samples were 

dried in the oven at temperatures between 102-105ºC until each sample reached a constant 

weight.  The oven-dried sample was reweighed using the same precision scale to determine 

the final dry weight of the sample.   

4.3.9 Moisture content of the samples  

The percent moisture content (on fresh weight basis) of each oven-dried sample was 

calculated using the following formula:    

𝑀𝐶 % =  
𝐹𝑊𝑠 − 𝐷𝑊𝑠

𝐹𝑊𝑠
∗ 100 

         [4.1] 

where FWs and DWs are the fresh and dry weights of the sample, respectively. The dry 

weight of each tree component was calculated using the following formula   

𝐷𝑊𝑡 = 𝐹𝑊𝑡 ∗ (1 − 𝑀𝐶/100) 

          [4.2] 

Where DWt is the total dry weight of each tree component; and FWt is the total fresh 

weight of the tree component measured in the field. 

This Chapter is followed with the analytical Chapters of the thesis (Chapters Five, 

Six and Seven). These Chapters present the research findings obtained through use of the 

data collection methods described in present Chapter.  

  



  

75 
 

5. Identifying appropriate evaluation criteria 

5.1 Introduction 

This chapter investigates a set of locally defined evaluation criteria (measures) that 

are useful in expressing the degree of appropriateness of particular locations to support 

successful tree establishment and growth, and protect the planted trees from deforestation 

and forest degradation. The investigation is conducted through a Delphi survey in which a 

panel of local experts in forestry are consulted to elicit their expert knowledge and opinion 

on an appropriate set of evaluation criteria for prioritising locations for CDM forestry 

projects. The chapter also investigates the stakeholders’ perceived preferences with regard 

to a given evaluation measure for selecting priority sites for carbon forestry. The 

evaluation criteria that are considered highly by stakeholders influence conclusions as to 

whether a particular location is appropriate for CDM forestry project activities or not 

(Niemeijer and de Groot, 2008). Stakeholder preferences are described and quantified 

using scoring functions. 

5.2 Methods 

Detailed description of the Delphi survey technique and how it was used to elicit 

expert knowledge and opinion on appropriate set of evaluation measures for prioritising 

locations for carbon forestry is presented in section 4.2 of Chapter Four. Two rounds of the 

survey were conducted in which the first round mainly focussed on eliciting expert opinion 

on the appropriate set of criteria (see 4.2.3), while the second round focussed on providing 

the weighting scores for the selected criteria (4.2.5). Twenty three experts from thirteen 

institutions in Malawi were involved in the first round, while seventeen experts 

participated in round two of the survey.  

The responses received from the experts were processed into three semantic clusters, 

i.e. geo-physical, socio-economic and policy-induced evaluation measures. The clustering 

was based on the nature and characterisation of each measure in order to reflect its origin 
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and role in determining the most appropriate locations
15

. Comments and descriptions of 

each measure (criterion) by the panellists were compiled and analysed. Furthermore, the 

weighting scores received from the experts were processed and average scores for each 

criterion and for each criterion cluster (group) were generated. 

5.3 Results 

5.3.1 Evaluation measures and their description  

Table 4 presents a compact list
16

 of evaluation measures and the frequency of their 

citation by the panellists of the Delphi survey. The table shows the rate of consensus of 

experts on the choice of particular evaluation measures. Three evaluation measures, i.e. 

rainfall amounts, soil type and population density, were cited by all the experts involved in 

the survey. The least cited criterion based on the set threshold (50%) was topographic 

condition with a citation rate of 54% (Table 4).  

  

                                                           
15

 Detailed description of the way the evaluation measures were clustered into three groups is presented in 
section 4.4.1.4. Both qualitative and quantitative analyses were used to put the evaluation measures into their 
respective categories.  
16

 A compact list was created by using a citation threshold of 50%, i.e. only evaluation measures that were 
cited by 50% or more of the experts were recorded in the compact set. The evaluation measures with a 
citation rate of less than 50% were assumed to be less important, and therefore they are not included in the 
compact list. 
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Table 4. Compact criteria set and frequency of their citation 

Criteria N 
Citation 

frequency
17

 

Citation 

rate
18

 

(%) 

1. Geo-physical criteria     

1.1 Rainfall amounts 37 37 100 

1.2 Soil type 37 37 100 

1.3 Topographic condition 37 20 54 

2. Socio-economic criteria    

2.1 Family income and wealth 37 23 62 

2.2 Family labour 37 27 73 

2.3 Highest education attainment 37 26 70 

2.4 Population density 37 37 100 

3. Policy-induced  criteria    

3.1 Access to markets 37 34 92 

3.2 Native trees and forest ecosystems 37 29 78 

3.3 Period the land area remained deforested 37 27 73 

Note: N = total number of panellists who participated in the survey.  

The summaries of the comments and descriptions provided by the experts on each of 

the criterion in the compact list of Table 5.1 are provided below. 

5.3.1.1 Geo-physical variables 

Geo-physical variables included those criteria that characterize each of the grid cells for 

their potential to support successful establishment, growth and productivity of the planted trees 

                                                           
17

 Citation frequency is the number of times a particular criterion is cited by the panellists in the survey, i.e. the 
number of panellists citing a particular criterion.  
18

 Citation rate is the percentage of the panellists citing a particular criterion out of the total number who 
participated in the survey (N).  
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in an A/R CDM project. Three evaluation measures were identified to belong to this group 

(Table 4). 

Rainfall  

All experts involved in the survey cited rainfall as one of the most important 

variables in the choice of the sites to locate A/R CDM project activities (Table 5.1). Most 

experts (78%) note that an absolute annual rainfall amount a particular site receives is 

much more important than its temporal distribution. These experts argue that, because of 

the characteristic deep-rooted nature of most tree species, these trees can easily access 

water or moisture held in deep soil layers for their use.  

The experts also argue that, although some tree species are claimed to tolerate arid or 

semi-arid conditions, cultivating the species in such conditions holds the risk of low 

productivity, unless irrigation is supplemented. This argument is supported by the research 

findings of Maes et al. (2009). Maes et al. (2009) assessed climatic conditions of Jatropha 

in its area of natural distribution by combining the locations of herbarium specimens with 

corresponding climatic information, and compare these conditions with those in 83 

Jatropha plantations worldwide. The results of the study show that Jatropha is not 

common in regions with arid and semi-arid climates and does not naturally occur in 

regions with annual rainfall of less than 944 mm year
-1

. This is contrary to the popular 

claims of the preferred climate for Jatropha cultivation and the limiting rainfall levels 

stated in recent literature to be 200mm (Kumar and Sharma, 2008).  

Soil type  

The soil characteristics of the site were also mentioned by all experts as another 

important factor to consider in the choice of sites for establishing A/R CDM project 

activities (Table 5.1). The experts argue that, although most tree species are deep rooted, 

the seedling stage of these trees prefer well-drained, deep sandy or gravelly soils with good 

aeration for successful establishment, growth and productivity. They note that in heavy 

soils or soils with risk of water logging (e.g. vertisols) most tree species show retarded root 

formation, resulting in low survival rates or retarded growth for the surviving trees.  
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The experts also argue that the observed high level of die-back in most forest 

plantations planted in shallow soils is mainly a result of the presence of a hard pan that 

prevent tree roots to penetrating into deep soils for moisture extraction. They all therefore 

emphasise the importance of establishing A/R project activities on appropriate landscapes 

whose soils would support the successful establishment and development of the planted 

trees. 

Topographic conditions  

Some experts (54%) mentioned that topographic conditions of the landscape, 

especially steepness of the land surface (slope), should be considered in deciding where to 

establish A/R CDM project activities. These experts argue that most steep slopes in 

Malawi are cultivated for crop production with no or minimum terracing or other soil 

conservation measures (Figure 14). Planting trees on such steep slopes would provide 

additional multiple environmental benefits and household food security. Such benefits 

include decreases in soil erosion, improvements in water quality, reduction in waterway 

sedimentation, etc., which may result in improved land productivity for crop production. 

 

Figure 13. Cultivation on marginal lands such as steep slopes in Malawi 

 

 

The vegetative cover of the mountain on the left has been almost entirely 

removed by farmers desperate for land.   
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5.3.1.2 Socio-economic variables  

These are defined as socio-economic characteristics of the landholders that influence 

them (landholders) to make certain decisions regarding allocation of land to tree planting and 

conservation of the planted trees on the landscape in order to deliver the intended outcomes of 

A/R CDM project activities. Four evaluation measures are classified into the socio-economic 

group. 

Population density 

All the experts in the Delphi survey cited population density as one of the key 

variables that determines whether the farming households would engage in A/R CDM 

project activities or not. They argue that in densely populated rural areas, land availability 

is limited and in most cases the available land is allocated to food crop production. In 

addition, the trees and forests existing in many densely populated areas are over-exploited 

to meet livelihood needs of the increased population. Consequently, deforestation and 

forest degradation are a common sight in many such areas (Figure 15). These observations 

therefore suggest that densely populated areas are unlikely to support the successful 

establishment of A/R CDM project activities in Malawi. Land becomes a limiting factor 

for tree planting for carbon sequestration, and/or the planted trees and forests are likely to 

be over-exploited to support the well-being of the dense population.  

Family income and wealth 

Sixty two percent of the panellists mentioned the level of family income and wealth 

as a factor that can have an influence on households’ decisions to adopt and allocate land 

for tree planting. The panelists argue that many farming households with regular sources of 

income and sizeable wealth (e.g. herds of cattle) are less likely to engage in tree-based 

projects because of the many uncertainties associated with such projects, e.g. wild fires. In 

addition, they observe that the long-term nature of the tree-based projects make such 

projects unattractive because ‘progressive’ farmers cannot lock-up their land for such long 

periods before getting any rewards from them. Low income farmers with limited 

opportunities for income creation at their disposal are likely to engage in A/R CDM project 

activities in anticipation of financial gains that will come with their participation in such 
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projects. This argument is also supported by some empirical research e.g. Mponela et al., 

2011; Pattanayak et al., 2003).  

Family labour  

Seventy three percent of the panelists cited availability of family labour as one of the 

household factors influencing decision-making to adopt and allocate land for A/R CDM 

project activities. They argue that most low income households entirely depend on family 

labour for field cultivation because they cannot afford hired labour due insufficient 

household income. As a result, when a new land use intervention or project demands 

additional labour, such an intervention becomes less attractive for those families with 

limited family labour. These observations are supported by empirical observations by 

Benson et al. (2005) and Nkonya et al. (1997). 

 

 

Figure 14. Migration to urban environment can have a detrimental effect on forests 

bordering peri-urban areas. 

 

 

 

  

The image shows an area of extensive deforestation of Nalikule forest near 

Lilongwe city due to high demand for wood and charcoal to supply household 

cooking energy to most low income residents of the city. Photo courtesy: G.Meke.  
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Education attainment 

About seventy percent of the panelists cited the education attainment of the 

household head as one of the key socio-economic variables that determines the 

household’s adoption of land use-based interventions, e.g. tree planting. They argue that 

decisions regarding the type and nature of land use practice the household to adopt are 

mainly made by the household head. With higher level of education attainment, the 

panellists argue, the household head can rationally evaluate and adopt land use practices 

and projects that are viewed as of benefit to the family and the environment.    

 

Figure 15. School children attending classes in a temporary classroom. 

 

5.3.1.3 Policy-induced variables 

These are as those policies and regulations whose implementation results in either 

selective use of land parcels on the landscape (e.g. creation of forest reserves) or causes the 

existing forests, natural or planted, to become vulnerable to degradation, deforestation or 

being harvested prematurely (e.g. development of tarmac road network). The experts 

Many children fail to attain high education levels due to lack of appropriate 

learning environments as seen above 
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identified three policy-related variables that are important in the choice of locations to 

establish A/R CDM project activities.    

Access to markets  

Ninety two percent of the panellists cited access to markets as a major factor that 

drives households to engage in forest-based enterprises such as sale of firewood or 

charcoal. They argue that recent improvement in road networks in the country (e.g. 

Chitipa-Karonga road in the north of Malawi) has offered easier access to new frontiers 

where forest products, especially charcoal and firewood, are extracted and sold on the 

road-side or transported to regional markets (e.g. Blantyre, Lilongwe, Mzuzu, Karonga and 

Zomba). This observation suggests that trees planted in an A/R CDM projects located 

closer to all-season roadwork (e.g. tarmac roads) are more likely to be harvested 

prematurely than those established further away (Müller and Zeller, 2002).  

                                                                                                 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 16. Charcoal selling on the roadside of Salima-Lilongwe 

road 
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Native trees and forest ecosystems 

Seventy eight percent of the experts mentioned policies and regulations that restrict 

land use on certain land parcels as having an impact on where to establish A/R CDM 

project activities. The panellists who cited this factor quoted the CDM requirement that the 

A/R CDM project activity should not displace the existing native trees and forest 

ecosystems. This implies that all sites with native trees and forest ecosystems are ineligible 

for establishment of A/R CDM project activities. 

Period the land area remained deforested  

Seventy three percent of the panelists quoted the CDM requirement that only land areas 

that have not been forest for a period of at least 50 years or land areas that were not forest 

on 31
st
 December 1989 as the only land sites that are eligible for A/R CDM project 

activities during the first commitment period of 2008 – 2012.  

 

Figure 17. Firewood selling at a local trading centre in Kasungu. 
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5.3.2 Normalised preference scores  

The preference scores show perceived relative contribution of each criterion towards 

the choice of priority sites for the establishment of A/R CDM project activities on the 

landscape. They show the importance of each criterion in the face of the panel of experts. 

The scores of the evaluation measures in each criterion group (e.g. geo-physical) were 

normalised so that their group sum totals 1. This was done in order to express the relative 

importance of each criterion with respect to the other criteria belonging to the same group. 

The group scores were also normalised so that their scores sum up to 1. The normalised 

group scores express the importance of each group (e.g. geo-physical) relative to the other 

two groups (e.g. socio-economic and policy-induced).  

Table 5 presents the normalised preference score on each criterion within the group 

as determined by the experts. The results in Table 5 show that rainfall amount is the most 

important criterion under the geo-physical group, contributing 50% to the total value of the 

group. The topographic condition is the least with a weighting score of 10%. This implies 

that in the face of the panel of experts, rainfall amount is five times as important as 

topographic condition in defining priority locations for the establishment of the CDM 

forestry activities. Similarly, under the socio-economic group, household income and 

wealth is the most important criterion, while access to markets is deemed the most 

important criterion under the policy-related criterion group.   

Results of the normalised group preference scores are presented in Table 6. The 

results show that the geo-physical criteria are the most important factors that can assist in 

identifying priority locations for establishing tree plantations for carbon sequestration. 

Geo-physical evaluation measures contribute 50% to the choice of particular locations to 

be accorded priority for A/R CDM project activities (Table 6). The socio-economic and 

policy-induced variables contribute twenty and thirty percent, respectively.  
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Table 5. Normalised criterion weights relative to other members in a group 

Criteria 
Weighting 

score 

1. Geo-physical criteria   

1.1 Rainfall amounts 0.5 

1.2 Soil type 0.4 

1.3 Topographic condition 0.1 

2. Socio-economic criteria  

2.1 Family income and wealth 0.45 

2.2 Family labour 0.25 

2.3 Highest education attainment 0.15 

2.4 Population density 0.15 

3. Policy-induced  criteria  

3.1 Access to markets 0.4 

3.2 Native trees and forest ecosystems 0.3 

3.3 Period the land area remained deforested 0.3 

 

 

Table 6. Group weighting scores relative to other groups 

Criteria 
Weighting 

score 

Geo-physical 0.4 

Socio-economic 0.3 

Policy-induced 0.3 
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5.4 Discussion 

The research utilised a Delphi survey technique to generate a compact list of a 

generally applicable set of criteria. Using this technique, the research experienced some 

challenges to achieve consensus on the choice of certain criteria. The experts initially 

provided a large number of criteria, which needed to be grouped into cognate areas in order 

to make them manageable for the purpose of the study. The decision to extract a compact 

list from the whole set of criteria is questionable as all criteria are potentially relevant and 

might have a role for prioritising sites for establishing A/R CDM project activities. 

However, despite a filtering based on just the citation frequency may be simplistic, we 

assumed that the most cited criteria are somehow fundamental. This is supported by the 

fact that, as experts provided their answers in an anonymous way, reciprocal influences are 

effectively eliminated (Orsi et al., 2011). In addition to this, Lal et al. (2001) observed that 

in many natural resource management practices, no single perspective is necessarily 

complete, and no single solution is likely to be optimal.  

Furthermore, the diversity in responses received from the experts partly arises from 

lack of understanding among participants regarding the information requested. This 

highlights the difficulty of communicating the research objectives and scope, and may 

account for some of the variation in responses received. This observation was also reported 

in previous empirical studies of, for example, Orsi et al. (2011); Geneletti (2007); 

MacMillan and Marshall (2006). 

One of the main advantages of the proposed set of compact criteria generated in this 

research is their spatial character: all criteria are expected to show variability over space, 

enabling them to be used in support of landscape planning activities. With access to 

appropriate data, the indicators could be mapped using basic GIS operations (e.g. Euclidian 

distance calculation), facilitating their calculation and enhancing their practical value 

(Aspinall and Pearson, 2000). However, some criteria (e.g. ‘topographic conditions’) are 

still quite vague and, at present, represent nothing more than relevant issues to be 

accounted for in locating A/R CDM project activities.  
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5.5 Conclusion 

The chapter sought to answer the question “Which evaluation measures usefully 

express the appropriateness of sites for CDM forestry project activities?” The chapter has 

succeeded in developing a provisional compact set of locally defined evaluation measures 

using a Delphi survey technique. The evaluation measures have been designed for 

implementation at the level of individual landscapes, which is the level at which A/R CDM 

project activities are typically implemented (Minang et al 2008).  

In addition, the development of these criteria directly addresses one of the policy-

relevant ecological issues recently identified as a priority by a consortium of scientists and 

decision-makers in the UK (Sutherland et al., 2006), namely how to decide which areas 

should be prioritised for restoration. Sequestration of carbon could be one of the reasons 

for engaging landholders in these restoration activities, hence contributing to the overall 

climate change mitigation efforts. For Malawi, these criteria could be of direct value in 

supporting the implementation of policy initiatives focusing on payment for ecosystem 

services (PES) through carbon sequestration, by enabling resources to be targeted on those 

areas where positive outcomes are most likely to be achieved. 

Finally, the compact set of criteria developed in this research can be used to support 

identification of priority sites for establishment of A/R CDM project activities in Malawi, 

which is the subject of Chapter Six of this thesis.  
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6. Identifying priority sites for establishing CDM 

forestry project activities 

6.1 Introduction  

This chapter investigates the most appropriate sites that can be accorded priority for 

establishing CDM forestry project activities. The investigation is conducted by examining 

the landscape in search for sites that show greatest potential to support successful 

establishment of tree plantations for carbon sequestration. Identification of priority sites 

involves analytical evaluation and comparison of choice alternatives based on locally 

defined evaluation measures. The technique is referred to as trade-off analysis (Daniels et 

al., 2001). The Chapter utilises the evaluation measures that are identified in the previous 

Chapter (Chapter Five) to perform trade-off analysis using GIS-based multi-criteria 

analysis (MCA).  

GIS-based MCA is a set of procedures involving the utilization of geographical data, 

the decision maker’s preferences, and the manipulation of the data and preferences 

according to specified decision rules (Malczewski, 2004). In the present research, the 

geographic data are the spatial datasets associated with the evaluation measures identified 

in the previous chapter. These spatial measures or criteria are used to assess the land units 

for their attractiveness for carbon forestry. As empirical studies show, not all spatial 

measures have equal influence on a decision problem, and as a consequence, the decision 

maker’s preferences are employed to derive a weighting score for each criterion (Orsi et al 

2011). The criterion scores (values) and weights are functionally combined using decision 

rules or functions to generate ranked alternatives (Malczewski, 1999; Mendoza and 

Martins, 2006). This study utilises the weighting scores derived in Chapter five and 

presented in Tables 5 and 6 of the Chapter 5.  

A number of multi-criteria decision rules and functions
19

 are implemented in the GIS 

environment. These decision rules are distinguished from each other principally in terms of 

how they aggregate the data to provide a single most preferred option, to rank options, or 

simply to distinguish acceptable from unacceptable possibilities (Bouyssou et al., 2001). 

                                                           
19

 Detailed review of the score combining methods is present on section 2.4.6 of Chapter Two. 
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Malczewski (2004) has provided a comprehensive review of these methods. Among these 

methods, the weighted linear combination (WLC) is the most straightforward and have 

well-established record of providing robust and effective support to decision makers 

working on a range of problems and in various circumstances (Malczewski, 2004; DCLG, 

2009).  The weighted linear combination method was therefore employed in this study.  

6.2 Study area 

For the detailed description of the study area in which this research was conducted, 

see section 4.2.2 of Chapter Four.  Suffice to say that the geo-physical nature of the 

landscape and the socio-economic characteristics of the landholders of the study area and 

their characteristic farming systems are a typical representation of Malawi as a country. 

Therefore the outcomes of this research have a nationwide application.   

 

Figure 18. A typical agricultural landscape taken from the study area – Kasungu 

district, Malawi. 
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6.3 Methods  

6.3.1 Defining choice alternatives  

The GIS-based MCA procedures involve a set of geographically defined choice 

alternatives and a set of evaluation criteria, represented as map layers (Malczewski, 1999, 

2006; Valente and Vettorazzi, 2008; Orsi and Geneletti, 2010; Mendas and Delali, 2012). 

For the present study, choice alternatives are defined by land units that constitute the study 

area. In order to allow spatial analysis to be conducted, the study area is gridded into 

continuous 100 x 100 m cells, resulting in 4.3 million grid cells representing the land units 

that are evaluated for their appropriateness to support A/R CDM project activities. A 

sample of the grid cells extracted from the study area is presented in Figure 19.  

 

 

 

 

 

 

 

 

 

 

 

Each grid cell (100 x 100m) represents a potential choice alternative 

to establish tree carbon sequestration project. 

 

Figure 19. Gridded land units extracted from the study area. 
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Each grid cell of Figure 19 represents a potential choice alternative to which grid-

specific information is attached. The choice of a 100-m grid resolution was based on 

observations by Mennis (2003) who noted that, at such a resolution, the data attached to 

each grid cell is fine enough to capture the desired spatial variation, while keeping 

computations of the datasets at acceptable processing times. 

6.3.2 Evaluation criteria  

The research utilizes evaluation measures that were identified and presented in Table 

5 of Chapter Five of this thesis. Two of the criteria listed in Table 5, (i.e. highest education 

attainment, and the period that land area remained deforested), are not used for this 

research because relevant dataset for the two evaluation measures were not available for 

the study area. The specific criteria that are used for this research to evaluate each land unit 

for its appropriateness for A/R CDM project activities are presented in Table 7. For the 

description of each of the criterion, see section 5.5.1 of Chapter Five. 

Table 7. Evaluation criteria used in this research 

Criteria 

1. Geo-physical criteria  

1.1 Rainfall amounts 

1.2 Soil type 

1.3 Topographic condition 

2. Socio-economic criteria 

2.1 Family income and wealth 

2.2 Family labour 

2.3 Population density 

3. Policy-induced  criteria 

3.1 Access to markets 

3.2 Native trees and forest ecosystems 
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6.3.3 Criterion data acquisition and processing  

The datasets for the criteria presented in Table 7 were acquired from mixed sources, 

developed or measured in different units and scales. The criterion data sources and their 

initial processing for spatial analysis are described below.  

6.3.3.1 Geo-physical criteria 

Rainfall amounts 

Upon request for rainfall data, the Department of Climate Change and 

Meteorological Services of the Malawi Government provided the rainfall data for the study 

area. The data was for a period of forty one years (1961 – 2002), collected from eighty 

seven rain gauge stations located in the study area. The data was acquired as point data of 

yearly mean rainfall amounts. While essential for certain types of analyses, these point 

rainfall data were limiting for the present study which requires spatially explicit datasets. 

The point rainfall coverage was therefore interpolated using a regularized spline 

interpolator of the ArcGIS (ESRI) Spatial Analyst tools to obtain a surface rainfall map 

(Müller and Zeller, 2002). The choice of spline interpolator was based on the findings of 

Ball and Luk (1998) who observed that the spline algorithm produces robust and accurate 

estimates of surface rainfall pattern over a catchment as compared to other spatial 

interpolation algorithms (e.g. Kriging or Inverse Distance Weights – IDW).  

The interpolated rainfall surface map was transformed onto a standardised preference 

score scale using equation [2.1] presented in section 2.4.4.1 of Chapter Two of the thesis. 

The standardised scale ranged from 0 to 100, where 100 represents the most preferred and 

0 the least preferred rainfall amounts for the cultivation of the tree species under study 

(Jatropha). The maximum observed rainfall value takes a preference score of 100 and the 

minimum rainfall value is assigned a score value of 0, reflecting the most and the least 

preferred sites, respectively.  

This proposition is supported by the research findings of Maes et al. (2009). Maes et 

al. (2009) assessed climatic conditions of Jatropha in its area of natural distribution by 

combining the locations of herbarium specimens with corresponding climatic information, 

and compare these conditions with those in 83 Jatropha plantations worldwide. The results 
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of the study show that Jatropha is not common in regions with arid and semi-arid climates 

and does not naturally occur in regions with annual rainfall of less than 944 mm year
-1

. 

Therefore the areas with the observed minimum rainfall value of less than 944 m year
-1

 in 

the study sites are regarded less preferred while those with observed maximum values of 

rainfall (1637 mm year
-1

) are the most preferred and they are assigned 100%. This 

argument is supported by the research findings of Maes et al. (2009). Maes et al. (2009) 

assessed climatic conditions of Jatropha in its area of natural distribution by combining the 

locations of herbarium specimens with corresponding climatic information, and compare 

these conditions with those in 83 Jatropha plantations worldwide. The results of the study 

show that Jatropha is not common in regions with arid and semi-arid climates and does not 

naturally occur in regions with annual rainfall of less than 944 mm year
-1

. 

The purpose of transforming the measured rainfall data onto a standardized scale is to 

enable meaningful comparisons with the other criterion datasets, since these dataset are 

measured in different units and scales (Young et al., 2010). The normalised surface rainfall 

map is presented in Figure 20. 

The Figure 20 shows that high rainfall is received in areas along the lakeshore of 

Lake Malawi. This is due to influence of the lake on the climate systems affecting rainfall 

distribution, amounts and intensity in areas surrounding the Lake Malawi (McSweeney et 

al., 2008). 
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Figure 20. A normalized surface rainfall map for the study area 

  Rainfall values are transformed to range from 0 to 100 where 0 represents the 

lowest rainfall areas and 100 the highest rainfall areas.  
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Soil types  

The soils dataset for the study area was extracted from the FAO–based classification 

soil map for Malawi. The national soil map was acquired from the Department of Land 

Resource Conservation of the Malawi government in Lilongwe. The extracted soil dataset 

was reclassified into three general soil types, namely; lithosols (eutric), latosols (chrome) 

and alluvial soils of the lacustrine and riverine plains (haplic). Alluvial soils are known as 

the most fertile soils in Malawi, containing high nutrient and organic matter content (Saka, 

2002). Latosols are the best agricultural soils, but they are leached during the rainy season, 

requiring nutrient supplementation through fertilization. Lithosols are shallow and stony, 

and less fertile than the other two broad categories (see section 4.2.1.1 for detailed 

description of these soil types).  

Based on the soils’ suitability for crop cultivation, alluvial soils are considered the 

most appropriate soils to support vigorous tree growth and development. The lithosols are 

the least preferred soil type. Using a 3-point preference rating scale, alluvial soils are 

assigned a rating score of 100; whereas lithosols take a score of 0.  The latosols are 

assigned an intermediate rating score of 50. The normalised soil map for the study area is 

given in Figure 6.4.  Most of the alluvial soils are found in areas along the lakeshore and 

areas surrounding major rivers occurring in the study sites (Figure 21). The lithosols are 

mostly found on the slopes of the rift valley escarpment.  

Topographic condition  

For this research, topographic condition is defined by the slope of the land surface. 

The slope data (%) were derived from SRTM’s Digital Elevation Model (Shuttle Radar 

Topography Mission – DEM).  The DEM was downloaded from the Land Processes 

Distributed Active Archive Centre (LP DAAC) of the USGS Earth Resource Observation 

and Science (EROS) Centre (https://lpdaac.usgs.gov). It has a spatial resolution of 90 

metres. The slope was derived from the DEM using surface algorithms of the ArcGIS 

(ESRI) Spatial Analyst tools of ArcGIS software. 

The slope map was transformed onto a normalised scale using equation [2.1] 

presented in section 2.4.4.1 of Chapter Two of the thesis. The maximum slope in the 

dataset was 27° and the equation assigns this maximum slope a value of 100, representing 

https://lpdaac.usgs.gov/
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the most preferred sites for tree planting, and a scale value of 0 for the lowest slope (flat 

areas). The normalised slope map of the study area is presented in Figure 22. The Figure 

22 shows the areas bounding the lakeshore and the plateau areas (rift valley escarpment) as 

the most preferred sites for tree planting. 

  

 

Alluvials are the most preferred and lithosols are the least preferred for tree 

carbon sequestration project activities.    

Figure 21. The three general soil classes of the study area (alluvial, 

latosols and lithosols) 
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The steep slopes are the most preferred sites for tree planting for their 

additional roles of holding the soils from erosion.   

Figure 22. A slope map of the study area 
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6.3.3.2 Socio-economic criteria  

 Family income 

For countries whose rural economy is predominantly subsistence production of food 

crops, a useful starting point for mapping family income and wealth is to consider the 

potential sources of income and rural livelihoods available to each farm households 

(Osmani et al., 2013). With this approach, the thesis uses the livelihood zones of Malawi as 

proxy data for mapping family income. Malawi is mapped into livelihood zones within which 

people share broadly the same pattern of livelihoods, including potential options for 

obtaining food and income and access to market opportunities (MVAC, 2002). The 

livelihood zones for the study area were extracted from the national datasets acquired from 

the Malawi Vulnerability Assessment Committee (MVAC) of the Ministry of Agriculture 

and Food Security.  

The zones were reclassified into four general livelihood zones based on the level of 

potential of the families to acquire food, income and market opportunities (Table 8). Zone 

1 is regarded as the most prosperous zone with the greatest potential for acquisition of 

food, income and access to markets (Figure 22). The landholders in the zone are therefore 

less likely to engage in tree carbon sequestration project activities (for details, refer to 

section 5.5.1.2 of Chapter 5). Zone 4 is the most food insecure zone with limited access to 

income and access to markets. The landholders in the zone are more likely to engage in 

tree planting for carbon sequestration. Using a 4-point preference scale, zone 4 was 

assigned 100 as the most preferred, while zone 1 was assigned 0 as the least preferred. The 

other two zones were proportionally assigned preference scores between these two limits, 

i.e. zone 2 took a score value of 33.3 and zone 3 took a value of 66.7. Figure 6.7 presents 

the normalised livelihood zone map for the study area. 

Population density 

The most recent (2008) population data was acquired from the National Statistical 

Office in Zomba, Malawi, in the form of choropleth maps. The choropleth maps were 

constructed on a traditional authority level (Tas) – the lowest national administrative areal 

units in Malawi. Such a dataset is not appropriate for the purpose of this study which 
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requires spatially explicit dataset. The population dataset was therefore downscaled to 100 

x 100m grid cell using a dasymetric mapping technique (Gallego et al., 2011; Mennis and 

Hultgren, 2006; Mennis, 2003) to produce a surface distribution of the population in which 

each grid cell represents the actual population residing in it. Dasymetric mapping 

technique is a particular type of areal interpolation technique that uses ancillary data (e.g. 

land cover) to aid in the transformation of geographic data from one set of boundaries to 

another (Reibel and Agrawal 2007).  

Table 8. Reclassified livelihood zones of the study area 

Zone 

number 
Zone name Description 

1 
Lilongwe-Kasungu 

plains 

The major producer of maize and tobacco. The 

zone produces a surplus of food that is sold to 

Lilongwe City. Tobacco is the most important 

cash crop, providing 65% - 85% of income for 

all the households. 

2 Mzimba self-sufficient 

A relatively diversified zone, with food and 

income generated from sale of food crops, sale 

of livestock and sale of tobacco. Most 

households keep cattle and grow tobacco. 

3 

West Rumphi, Nkhata 

Bay cassava, North 

and south lakeshore 

Less diversified zones. Tobacco is mostly grown 

in west Rumphi. Cassava grown in Nkhata Bay 

as a food crop and limited opportunities for 

markets. Fishing is major economic activity 

mainly in south lakeshore. 

4 Rift valley escarpment 
The zone with shallow and stony soils. Food 

insecure and limited sources of income.   

N/A NODATA 
Unclassified – uninhabited areas e.g. forest 

reserves. 

Source: MVAC, 2002. 

To use the technique, the 2013 land cover dataset, acquired from the Department of 

Land Resource Conservation, was reclassified into four classes, namely; cultivated areas, 

forests, built-up areas and water bodies.  Each land cover class was assigned a population 
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density fraction, a value representing the proportional contribution of the population 

density of each land cover class towards the total population density for all the four classes 

(Mennis, 2003).  The population density fraction assigned to each class was weighted with 

an area-based weighting factor, which is calculated from respective areal sizes of the land 

cover classes. The weighting was done to incorporate relative differences in area among 

different ancillary classes, thereby improving the accuracy of the redistribution of the 

population density (ibid).  

   

The livelihood classification is based on the level of potential of the families to acquire 

food, income and market opportunities.     

 

Figure 23. The four livelihood zones of the study area. 
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The empirical observations suggest that densely populated areas have a lower 

propensity for tree planting than sparsely populated sites (e.g. Mponela et al., 2011). This 

is because of the intense competition for land that exists between food crop production and 

tree planting in these densely populated areas, where in most cases food crop production 

takes precedence.  For this reason, an inverse linear function is assumed to describe this 

type of relationship. Using equation [4]) of section 6.3, the dasymetric population density 

map was transformed to a standardised form where the lowest population density values 

were assigned a preference score value of 100, while areas with the highest values assumed 

a value of 0, reflecting least preferred for tree carbon sequestration project activities. All 

other sites lie between the two extreme values. Figure 24 presents the normalised surface 

map of population density in the study area. The Figure 24 shows that areas surrounding 

major cities and towns in the study area (e.g. Lilongwe, Mzuzu and Kasungu) are less 

preferred for tree planting.   

Family labour  

Many scholars have often used the number of active adult members in a family as a 

proxy operational variable for family labour (e.g. Benson et al., 2005; Mponela et al, 

2011). Active adult members are those household members who are economically active to 

provide family labour for subsistence production. According to definition by the Malawi 

Government (NSO, 2009), active adult members are those individual family members 

whose ages range from 15 years up to 64 years. This age group is regarded as the most 

active and contribute significantly to family labour necessary for crop production. 

Members whose ages are less than 15 years and more than 64 years are regarded as 

dependants because their contribution to family labour is less significant than the 15-64 

year age group. While recognising that there are family members outside this active age 

group who actively participate in agricultural production, this research adopted the Malawi 

Government definition of “active age group” as a proxy measure for family labour.    

To determine the surface distribution of family labour in the study area, the 2008 

population data for Malawi was used. The active population ratios were calculated by 

dividing the number of active population of each administrative areal unit by its total 

population residing in the areal unit. The surface distribution of the active population ratios 

over the study area was mapped using the dasymetric mapping technique (Gallego et al., 
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2011; Mennis and Hultgren, 2006; Mennis, 2003). The same procedure for mapping 

population density was used for mapping active population ratios.  

Unlike with population density criterion, areas with the highest values of active 

population ratios were assigned preference score of 100, reflecting most preferred sites for 

A/R CDM project activities because labour outlay is high. Areas with the least values are 

assigned a preference score of 0. Figure 25 shows the normalised surface distribution of 

family labour in the study area. The Figure 25 shows that labour availability is highest in 

the southern region of the study area and the areas surrounding the lakeshore of Lake 

Malawi. 

 

  

Areas with highest population density (e.g. cities) are least preferred for tree 

planting. Protected areas (e.g. forest reserves) are masked out of the analysis because 

 

Figure 24. A population density map for the study area 
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Areas with the highest labour availability are the most preferred for tree planting 

because labour is readily available to engage in reforestation activities. Most of 

these areas are in the southern part of the study area.  

Figure 25. A family labour distribution for the study area 
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6.3.3.3 Policy-induced criteria  

Access to markets  

An improved road network (e.g. tarmac roads) has often been quoted to exert a huge 

indirect impact on spatial patterns of deforestation and forest degradation by allowing 

easier access to markets for forest and agricultural products (Ahmed et al., 2013; Fearnside 

2008; Perz et al. 2007, 2008; Geist and Lambin 2002). From these observations, many 

scholars hypothesise that the propensity for landholders to harvest trees prematurely for 

sale is higher in locations closer to the improved road network than those further away 

(e.g. Müller and Zeller, 2002). In addition, the scholars also argue that the propensity is 

likely to be higher in areas where barrier features on the land surfaces (e.g. steep slopes) 

are absent to limit movement of farmers by foot, animal traction, bicycles or trucks from 

each location to the markets. This is because charcoal and firewood are usually transported 

from the source to the roadside on foot (as headlots), bicycles or animal carts (Figure 26); 

and from roadside to the regional markets by bicycles or trucks.  

 

 

Figure 26. Villagers transporting firewood from production sites to local markets. 
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Based on these hypotheses, a cost distance function was used to estimate the impact 

of improved road network on security of the potential trees planted on each land unit of the 

study area. The function was used to calculate the least accumulative cost distance for each 

land parcel to the nearest road network over a cost surface. The road network dataset was 

acquired from the Roads Authority in Malawi. The road network was used as a feature 

dataset that identifies the locations to which the least accumulated cost distance for every 

land unit is calculated. The cost surface was constructed using square rooted slope dataset 

derived from SRTM – DEM: the larger the square root of the slope, the greater the cost of 

traversing a location (Müller et al., 2011). The cost surface dataset defines the impedance 

or cost to move planimetrically through each land unit (cell).  The value at each cell 

location represents the cost per unit distance for moving through the cell. Each cell 

location value is multiplied by the cell resolution, while compensating for diagonal 

movement, to obtain the total cost of passing through the cell. 

The two datasets were modelled to generate a least cost distance map that shows the 

least accumulative cost distance for each land unit to the nearest improved road network. 

The map was transformed to a standardised scale of 0 to 100 using equation [3] of section 

6.3.  The value of 0 represents areas with the minimum least cost route, implying that trees 

planted in such areas are highly vulnerable to early harvesting because the sites are easily 

accessed through a network of improved roads. Areas furthest away from the improved 

road network are the most preferred and they were assigned a preference score of 100.  The 

normalised least cost Distance Map is presented in Figure 27. The Figure shows that most 

areas in the central and northern regions of the study area are more appropriate for tree 

planting because most sites are further away from the improved road network. 
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The map represents the least accumulative cost distance for each land parcel to the 

nearest road network over a cost surface (e.g. steep slopes). Areas closest to the 

road network are least preferred for tree planting because they provide easy 

access to markets for forest products.     

 

Figure 27. A least cost distance map of the study area 



  

108 
 

Native trees and forest ecosystems 

This criterion represents policies that restrict establishment of A/R CDM project 

activities on certain land areas, e.g. protected areas. The CDM policy requirement strictly 

specifies that any tree carbon sequestration project activity must not displace the existing 

native trees and forest ecosystem on the landscape on which they area established (see 

http://www.v-c-s.org/; http://cdm.unfccc.int/methodologies/ARmethodologies). This 

restriction favours such activities on sites away from the existing native trees and forest 

ecosystems. For this thesis, areas occupied by native trees and forest ecosystems in the 

study area were extracted from the 2013 land cover dataset for Malawi. An example of a 

typical native forest in Malawi is presented in Figure 28. 

Using Euclidian distance tools, a distance map of the surface distribution of the 

native trees and ecosystems was created. Areas with maximum distances are assigned a 

preference value of 100 as the most preferred areas for A/R CDM project activities. Areas 

with minimum distances are the least preferred.  The normalised Euclidian distance map 

for native trees and forest ecosystems is given as Figure 29. The Figure 29 shows that the 

most appropriate sites are located in the southern part of the study area. 

 

Figure 28. A typical native forest in Malalwi – the miombo woodland. 

http://www.v-c-s.org/
http://cdm.unfccc.int/methodologies/ARmethodologies
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Areas with the greatest distance from native forests are most preferred for tree 

planting. Most of these areas are located to the southern part of the study area.    

Figure 29. Adistance map from areas with native forests in the study area. 
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6.3.4 Weighting scores 

This study utilises the normalised weighting scores derived in Chapter Five of the 

thesis. The weighting process was done at two stages. The first stage involved deriving 

weighting scores for criteria at a group level. This was done in order to express the relative 

importance of each criterion with respect to the other criteria belonging to the same group.  

The weighting scores at a group level that are used in this research are given in Table 9.  

 

Table 9.Criterion weight scores 

Criteria 
Weighting 

score 

1. Geo-physical criteria   

1.1 Rainfall amounts 0.5 

1.2 Soil type 0.4 

1.3 Topographic condition 0.1 

2. Socio-economic criteria  

2.1 Family income and wealth 0.45 

2.2 Family labour 0.25 

2.3 Population density 0.15 

3. Policy-induced  criteria  

3.1 Access to markets 0.4 

3.2 Native trees and forest ecosystems 0.3 

 

The second level of weighting was done between groups,  i.e. a group criterion (e.g. 

geo-physical) is weighted against the other group criteria (socio-economic and policy-

induced). This was done to determine the relative importance of group criteria in 

influencing the success of A/R CDM project activities on the landscape. The group 

weighting scores are given in Table 10.    
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Table 10. Group weighting scores 

Criteria 
Weighting 

score 

Geo-physical 0.5 

Socio-economic 0.2 

Policy-induced 0.3 

 

6.3.5 Criteria aggregation  

The aggregation of the weighted criteria to determine the overall preference scores 

for each of the choice alternatives was done using a Weighted Linear Combination (WLC) 

function (see equation [2.3] in section 2.4.6.1 of Chapter Two). The aggregation was 

conducted at two levels: 1) within group criteria, and 2) between group criteria. The 

aggregation of weighted criterion scores within groups was conducted to determine group 

preference score for each of the land unit in order to select the most preferred one. The 

resulting group criterion maps are described below.  

6.3.5.1 Geo-physical criterion group  

The geo-physical criterion group determines the site’s productivity to support 

vigorous tree growth and development. Each land unit has unique inherent soil and slope 

characteristics and receives particular amounts of rainfall. The thesis uses the interaction of 

these factors to determine the land unit’s productivity to support vigorous tree growth.  To 

determine the appropriate sites that show the most potential to support tree growth, the 

weighted geophysical criterion maps were aggregated using equation [2.3]. This was 

conducted using raster calculator tool of Spatial Analyst in ArcMap 10.1 (ESRI). The map 

is presented in Figure 30.  

The Figure 30 shows that the potential sites that can support vigorous tree growth in 

the study area are mostly located in the lakeshore areas of Lake Malawi, parts of the north 

and south-west of the study area. The sites within the rift valley escarpment are geo-

physically least preferred. 
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The map shows the most appropriate sites that would favor vigorous tree 

growth due to combined effect of rainfall, soils and surface slope of the 

landscape.  

Figure 30. A geo-physical map of the study area. 
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6.3.5.2 Socio-economic criterion group 

The socio-economic criterion group assumes that the land surface might be geo-

physically suitable for tree planting for carbon sequestration, but the success of the 

initiative lies on the socio-economic and demographic state of the landholders owning the 

land. The socio-economic criterion group therefore combines farmer-related factors that 

provide a measure of human influence on the success of such project activities. The 

weighted socio-economic group criterion maps (family income, population density and 

family labour) were aggregated to generate a single map using the same procedure as in 

geo-physical group criteria described above.  The map is presented in Figure 31.   

The Figure 6.15 shows that the socio-economic factors that would support tree 

planting for carbon sequestration are mostly located in the areas surrounding the lakeshore 

and the southern part of the study area.  

6.3.5.3 Policy-induced criterion group  

The policy-induced criterion group assumes that the institutional policies on land use 

have an overarching influence on the choice of sites for tree planting for carbon 

sequestration irrespective of the land’s suitability for vigorous tree growth, and the 

appropriateness of the existing socio-economic factors to support such project activities. 

The thesis uses two policy-induced factors, i.e. improvement in road network to provide 

easy access to local and regional markets, and restriction to displacing native tree and 

forest ecosystems with tree carbon forestry project activities. The weighted policy-induced 

criterion maps were aggregated to generate a single map (Figure 32).   

The Figure 32 shows that the most appropriate sites are located in the rift valley 

escarpment and parts of the southern part of the study area.  

  



  

114 
 

 

  

 

The map represents the most appropriate areas whose landholders are willing to 

engage in tree carbon sequestration project activities because land holding sizes 

are relatively high due to low population density, labor availability is high for 

tree planting activities, and limited choices available for other livelihood 

opportunities. 

Figure 31. A socio-economic map of the study area. 
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The map represents the appropriate areas that are allowed for tree carbon 

sequestration project activities, and the planted trees are protected from early 

harvesting due to their inaccessibility, i.e. the areas are located further away from 

the improved road network, for access to markets.  

Figure 32. A plocy-related factor map of the study area. 
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6.3.6 Aggregation of group criteria  

The three weighted group criterion maps (geo-physical, socio-economic and policy-

induced) were aggregated to obtain an overall preference score for each of the choice 

alternative. The choice alternative with the highest score becomes the most preferred site 

for tree carbon sequestration project activities. These priority sites are presented in Figure 

34 of the results section. 

6.4 Results 

Figure 34 presents the overall sites for the establishment of tree carbon sequestration 

project activities in the study area. As shown in Figure 34, the value of each pixel of the 

map represents the overall appropriateness of that pixel to support vigorous tree growth 

and protect the planted trees from early harvesting, and hence substantially sequester 

carbon for storage in their vegetal tissues. The most appropriate sites are represented by 

dark-shaded pixels, and the shade gradually changes to light color to represent the least 

appropriate sites (Figure 34). All protected areas and areas on customary land with 

substantial native trees and forests were excluded from the analysis, and as such these sites 

appear white on the map of Figure 34.  

The map (Figure 34) shows that the most appropriate sites are mostly located in the 

south-western parts of the study area (parts of Mchinji and Kasungu districts), though 

several smaller patches are found in the lakeshore and the northern parts.  The least 

preferred sites are located mostly in the western parts of the study area (Mzimba district).  

As can be seen in Figure 34, the most appropriate sites are mainly non-contiguous. 

Some small patches are scattered across the landscape. As a consequence, targeting each of 

the most appropriate sites for establishing carbon forestry would not be cost-effective and 

practically unrealistic because some small patches are too small to justify the transaction 

costs associated with their establishment and monitoring. The map was therefore 

reclassified to determine the top 10 percent of the sites with the greatest potential for tree 

carbon sequestration. This was done on assumption that any random combination of the 

top 10 percent of the most appropriate sites would provide similar results in terms of the 

sites’ capability to provide enhanced biomass productivity in the planted trees. Figure 35 

shows the top 10 percent of the most appropriate sites in the study area.  
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The priority sites are identified based on the combined effects of the geo-physical, 

socio-economic and the policy-induced factors.  

Figure 33. A map showing priority sites for tree carbon sequestration 

activities in the study. 
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The top 10 percent of the most appropriate sites for carbon forestry are mostly 

located on the south west compass direction of the study area (Figure 34). These areas are 

mainly in Mchinji and parts of Kasungu districts. Other patches are located in Dowa, 

Mzimba and the lakeshore districts of Salima, Nkhotakota and Nkhata Bay (Figure 35).     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The top 10% are mainly located in the south west of the study area (e.g. Mchinji 

area).  

Figure 34. A map showing the top 10 % of the most appropriate sites for 

CDM forestry project activities 
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6.5 Discussion and conclusion 

This study has shown how forestation planning for carbon sequestration can be tackled as a 

decision making process. The decision makers’ (i.e. a panel of experts for the present 

study) values and preferences are functionally combined using decision rules or functions 

to generate ranked choice alternatives (Malczewski, 1999; Mendoza and Martins, 2006). 

These ranked choice alternatives are the prioritised sites identified for the establishment of 

A/R CDM project activities. The incorporation of decision makers into the forestation 

planning may help in preventing and reducing conflicts between stakeholders because the 

potential plantable areas are based on mutual agreements and trade-offs of the 

stakeholders’ values and preference scores. The involvement of local communities in 

decision making can also help resolve conflicts between people and the planted forests 

(Maikhuri et al., 2000), and hence the planted trees and forests can survive into the future 

to provide the mitigation and livelihoods outcomes they were designed for.  

The availability of geographical data played a major role in the definition of the 

criteria sets: even though the adopted criteria were effective in providing the desired 

suitability information, the methodology could take great advantage of a better data set. 

The quality of the data from which we constructed these variables is not uniformly high. 

For example, the dataset for the household income and wealth criterion is drawn from a 

survey data set that requires care in analysis. In addition, the exogeneity of some 

evaluation measures used in the analysis is questionable. Endogeneity arises as some 

criteria are likely collinear with variables used to construct other proxy criteria. For 

example, family labour is proxied by the proportion of economically active population in 

the study area which in itself also forms part of the calculated population density criterion 

used in the study. Similar observations were expressed by Benson et al. (2005) who noted 

that several of the independent variables in a poverty analysis study are related to some 

extent to other poverty mapping models used to estimate the dependent variable. 

Finally, as the spatial analysis conducted in this study used data that were developed 

at several different scales, pooling data from different scales in an analysis poses the risk of 

the ecological fallacy of drawing inferences about smaller analytical units from the 

aggregate characteristics of groups of those units (Benson et al., 2005). The construction of 

some of the criteria (e.g. population density, family labour) involves aggregating 



  

120 
 

characteristics of the population resident in aggregated enumeration areas that formed 

traditional authorities (Tas). Consequently, in using this analysis to plan priority sites for 

A/R CDM project activities, it is important not to assume that the nature of the 

relationships observed here will be replicated at the level of the household or individual. 

Any inferences drawn on the basis of these data will necessarily have some error 

associated with their aggregated character. The aggregate likely masks heterogeneity in 

characteristics of individuals and households that would render any action at those levels 

undertaken on the basis of the analysis here to be irrelevant or even harmful for individuals 

and households targeted. The results of this study are most useful in guiding broad 

community and other landscape level actions. 
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7. Estimating biomass accumulation in CDM forestry 

projects 

7.1 Introduction 

The Chapter investigates the magnitude of discrepancy that result from the use of 

imported allometric models in estimating the sequestered carbon in a forestry carbon 

project. The degree of discrepancy informs the quality of the allometric models, and which 

in turn determines the credibility of the models in estimating the sequestered carbon in the 

growing trees. Credible models are more appropriate for use in providing precise and 

accurate tradable carbon estimates in A/R CDM project activities (Navar, 2009).    

The chapter uses tree dataset for Jatropha curcas
20

 collected in a carbon forestry 

project in Malawi. The chapter identifies two published allometric models that were 

constructed for the estimation of biomass in Jatropha curcas in South Africa and in 

Belgium. The predictive performances of these models for biomass estimations were 

examined based on the measured biomass of the Jatropha trees planted in the study sites. 

The results of the analysis are also compared against a newly and locally constructed 

allometric models developed for the Jatropha trees planted in the study area.  

The results presented in this chapter are published in a paper – “Allometry for 

biomass estimation in Jatropha trees planted as boundary hedge in farmers’ fields” by 

Stephy D. Makungwa, Abbie Chittock, David L. Skole, George Y. Kanyama-Phiri 

and Iain H. Woodhouse.  The paper is published in an open access international journal 

called “forests” and can be accessed on the following 

link:  http://www.mdpi.com/1999-4907/4/2/218. A copy of the paper is attached as 

Appendix 2.  

  

                                                           
20

 The detailed description of Jatropha curcas and its choice for use in a carbon forestry project in Malawi is 
discussed in section 4.3.2 of Chapter Four.  The section also gives a brief description of the carbon forestry 
project itself. 

http://www.mdpi.com/1999-4907/4/2/218
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7.2 Data and methods 

7.2.1 Datasets 

The datasets used in this study were collected in Jatropha plots located on farmers’ 

fields in five districts of the carbon forestry project in Malawi. The geographic locations 

and climatic conditions of the five districts
21

 are presented in Table 11. The sampled plots 

were of young Jatropha trees aged between 12 and 33 months old, inclusive. The trees 

were planted and managed by smallholder farmers. 

Table 11. Location and climatic conditions of the study area 

Site (District) Latitude Longitude 
Altitude 

(masl) 

Mean 

annual 

Temperature 

(°C) 

Rainfall 

(mm yr
-1

) 

Salima 13° 45′ 0S 34° 35′ 0E  512 24.0 1266 

Nkhotakota 12° 55′ 0S 34° 17′ 0E 500 23.5 1649 

Dowa 13° 39′ 0S 33° 55′ 6E 1514 19.3 906 

Kasungu 13° 02′ 0S 33° 29′ 0E 1342 20.9 802 

Mzimba 11° 53′ 0S 33° 37′ 0E 1349 19.6 903 

The methods used to collect and process the tree data into a usable form for 

allometric modelling is discussed in Chapter four (see section 4.3.2 and 4.3.3). The 

statistical description of the final dataset for allometric modelling is presented in Table 12. 

The statistical data in Table 12 is differentiated by strata
22

. The full dataset for tree 

measurements is given in annex 2. Stratum 1 show higher statistical values in all aspects of 

the tree parameters measured (i.e. wood biomass, basal diameter and tree height) than 

those of stratum 2. These results suggest that a better growth of Jatropha is obtained in 

stratum 1 than in stratum 2.  These observations imply that a unit increase in growth is 

                                                           
21

 For detailed description of geophysical characteristics of the five districts, refer to section 4.3.2.1 and Figures 
4.3 and 4.4 of Chapter four. 
22

 The five districts were stratified into two natural regions (strata 1 and 2) based on broad physiographic 
variations of the districts. Salima and Nkhotakota districts formed stratum 1 – lakeshore area, while Dowa, 
Kasungu and Mzimba districts constituted stratum 2 – plateau area. For details see section 4.4.2.1 of chapter 
4.  
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higher for stratum 1 than for 2, and hence allometric models with different scaling 

exponents (see section 2.5.3) would be required to describe the relationship between the 

size variables of the trees growing in the two strata. 

Table 12. Description f the datasets used in allometric modelling 

Tree variable) N Min Max Mean  
Std. 

dev. 

Stratum 1      

Wood biomass (kg) 174 0.010 7.390 0.4657 0.716 

Basal diameter (cm) 174 1.4 12.8 3.770 1.504 

Tree height (m) 174 0.05 3.16 0.823 0.494 

Stratum 2      

Wood biomass (kg) 442 0.006 2.616 0.168 0.246 

Basal diameter (cm) 442 1.5 8.4 2.971 0.993 

Tree height (m) 442 0.03 2.0 0.4898 0.281 

Note: N = total number of trees harvested and used in model development; Min. and Max. are 

minimum and maximum sizes of the trees, respectively; Std. dev. = standard deviation.  

7.2.2 Published allometric models  

Thomson Reuters Web of Knowledge
23

 search engine was used to search thousands 

of databases for published allometric models for biomass estimation in Jatropha curcas. 

Two allometric models were identified, one developed by Achten et al. (2010) and the 

other by Ghezehei et al. (2009). The two published models are: 

Achten equation:  W = 0.029 × D
2.328

     [7.1] 

Ghezehei equation:  W = 0.000907 × D
3.354 

   [7.2] 

                                                           
23

 Thomson Reuters (formerly ISI) Web of knowledge is an academic citation indexing and a search platform for 
information in sciences, social sciences, arts and humanities. It provides bibliographic content and tools to 
access, analyse, and manage research information. Multiple databases can be searched simultaneously. 
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where W is woody tree biomass measured in g, and D is tree basal diameter measured in 

mm.  

The Achten model was developed based on data from Jatropha seedlings. The 

seedlings were grown in a greenhouse at K.U. Leuven University in Belgium and were 

harvested at age 116 days (~ 4 months) old. The allometric relationship of basal diameter 

and woody biomass was determined using model II regression analysis. The Ghezehei 

equation was developed on data that was collected from Jatropha trees planted at Ukulinga 

Research Farm in South Africa. The trees were managed under research trial conditions 

with prescribed and scheduled silvicultural operations. The trees sampled for development 

of the allometric models were of the age ranging from 16 to 26 months old. Regression 

analysis was carried out on the log10-log10 transformed datasets to determine the 

relationship between the basal diameter and the woody biomass.  

7.2.3 Predictive performance of the models  

The predictive performance of the two models was examined using measures of bias 

and imprecision (Chen et al., 2007).  Measure of bias is determined by calculating the 

mean relative prediction error (MPE %) and its 95 % confidence interval (CI), and while 

the measure of accuracy was by calculating the root mean squared relative prediction error 

(RMSE %) and its 95 % CI. Many studies have applied this statistical approach to evaluate 

predictive performances of various models (e.g. Bartley and Breuer 1982; Kenny and 

Bartley 1995; Lai and Chen 2000). 

The following formulae are used to calculate these statistical measures; 

            

𝑀𝑃𝐸% =  
∑  𝑝𝑒𝑖 

𝑛
𝑖=1

𝑛
× 100 

         [7.3] 

𝑆𝐸% =  √
∑  (𝑝𝑒𝑖−𝑀𝑃𝐸)2𝑛

𝑖=1

𝑛 × (𝑛 − 1)
× 100 

         [7.4] 
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𝑅𝑀𝑆𝐸% =  √
∑  (𝑝𝑒𝑖)2𝑛

𝑖=1

𝑛
× 100 

         [7.5] 

where n is the number of data pairs (i.e., measured and predicted wood biomass values), pe 

is the relative prediction error (log Wood biomass predicted − log Wood biomass measured). The 

95% CI for RMSE% was obtained by calculating the 95% CI of the mean squared relative 

prediction error and extracting the root. 

The measured wood biomass in the formulae is the biomass datasets of the measured 

trees in the study sites, expressed in kg. The predicted wood biomass values are the 

biomass values generated by applying each of the stated published allometric models, i.e. 

the Achten and the Ghezehei models.  This was done by replacing the D in the formulae 

[7.1] and [7.2] with the measured basal diameter values from the field-based datasets 

(expressed in mm), and determining the wood biomass (W). The analysis was done using 

IBM SPSS Statistics 20 and Minitab 16 Statistical Software.  

7.2.4 Construction of local models 

Using the measured tree datasets, new allometric models were constructed, local to 

the site and specific to the species and its management practices. Huxley’s allometric 

power function was used to express the relationship between the two size variables in 

Jatropha trees, i.e. woody biomass and basal diameter. This is in line with the observations 

made by West et al. that “a growing tree maintains the proportions between different parts 

of the tree and the empirical relationships of these tree variables are analytically expressed 

as power functions” (West et al., 1999). For this research, the function assumes the 

following variables: 

W = β0 × D
β1

         [7.6] 

where W represents woody biomass; D = basal diameter; β0 = the allometric coefficient and 

β1 = the scaling exponent. Many studies show that variability in tree diameter (D) explains 
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the large proportion of the observed variability in wood biomass (W) (e.g. Djomo et al., 

2010). This correlation therefore makes D a good predictor for W.  

The power function was linearized to log-log transformation in order to fit it on the 

empirical data with linear regression. Linear regression was chosen among the three line 

fitting methods in allometric modelling because of its appropriateness for prediction 

studies as argued in section 2.5.3 of chapter two. Other line fitting methods
24

 are major 

axis (MA) regression and standardised major axis regression (SMA). Ghezehei et al., 

(2009) recommends base-10 logarithmic transformation of the tree variables because it 

yields a lower sum of squares in the regression analysis than it does with natural 

logarithmic transformation. The transformed power function became: 

Log10 (W) = Log10 (β0) + β1 × Log10 (D)     [7.7] 

Transforming data using log-transformation techniques subjects the antilog values of 

the predicted outputs to systematic biases (Mascaro et al., 2011; Chave et al., 2005; Ong et 

al., 2004; Parresol, 1999). The biases in the predicted outputs were corrected by 

multiplying the antilog of the outputs by a ‘correction factor – CF’. The correction factor, 

CF, was computed using the formula: 

CF = Exp. (MSE/2)        [7.8] 

where MSE is the mean square error obtained from the output of the regression analysis. 

The data from each tree variable was subjected to a log10-log10 transformation. Linear 

regression was performed on the logarithmically transformed datasets using IBM SPSS 

Statistics 20.0. The transformed woody biomass was fitted as a response variable, and basal 

diameter alone and basal diameter in combination with tree height as predictor variables. In 

the models that included basal diameter in combination with tree height as predictors, each 

variable was fitted separately so that they each could attribute their own scaling parameter. 

This is necessary as the identical scaling rule inhibits a detailed assessment of the effect 

                                                           
24

 See section 2.5.3 of chapter two for detailed discussion on line fitting methods and logarithmic 
transformation in allometric modeling. 
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that an additional predictor variable can have on the response variable. The fitted models 

are presented in Table 13.  
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Table 13. The allometric models fitted on the data 

 Allometric models 

I Log10 (wood biomass) = Log10 (β0) + β1 * Log10 (D) 

II 
Log10 (wood biomass) = Log10 (β0) + β1 * Log10 (D) + β2 

* Log10 (Ht) 

Note: D and Ht are the basal diameter and height of the modeled trees, measured in mm and m, 

respectively.  

The compliance of using linear regression to fit the model on the dataset was 

evaluated by analysing scatterplots of residuals to check for their linearity, 

homoscedasticity, and normality. The strength of the underlying relationship of the 

predictor and response variables was evaluated by analysing the regression coefficients of 

the fitted models. The coefficient of determination (R
2
) was used to evaluate the variability 

of the predictor variable in estimating the woody biomass in Jatropha. The predictive 

performance of the models was evaluated by the size and nature of the measures of bias 

(MPE %) and accuracy (RMSE %). These measures were calculated using the formulae 

[7.3], [7.4] and [7.5] presented above. 

7.3 Results 

7.3.1 Predictive performance of published models 

Table 14 shows the statistical measures of bias (MPE %) and imprecision (RMSE %) 

with their 95 % confidence intervals that result from using the two published allometric 

models in predicting woody biomass of Jatropha in the study sites.  

The range of values of the 95% confidence interval (CI) for both MPE % and RMSE 

% contains non-zero values, as can be seen from Table 14. The inclusion of the non-zero 

values in the range of CI values suggests significant biases and imprecision resulting from 

the use of the two allometric models in estimating the woody biomass of Jatropha in the 

study sites. The results also show systematic higher biases and imprecision for both models 

in estimating woody biomass for Jatropha trees growing in stratum 1 than in stratum 2. 
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The statistical measures for bias and accuracy resulting from the use of Ghezehei model 

are higher than those from Achten model (Table 14) for both strata. Thus, the Ghezehei 

models offers more biased and less accurate woody biomass predictions than the Achten 

model.  

Table 14. Statistical measures of the predictive performance of the published 

Jatropha models. 

Model N MPE % 95% CI 
RMSE 

% 
95% CI 

Stratum 1      

Achten 173 -38.96 -43.0 to -34.9 47.4 42.5 to 52.3 

Ghezehei 173 -54.77 -59.2 to -50.4 62.2 55.8 to 68.6 

Stratum 2      

Achten 442 -20.02 -23.4 to -15.6 35.6 32.3 to 39.0 

Ghezehei 442 -45.14 -48.8 to -41.5 55.1 50.6 to 59.6 

 

The range of values of the 95% confidence interval (CI) for both MPE % and RMSE 

% contains non-zero values, as can be seen from Table 14. The inclusion of the non-zero 

values in the range of CI values suggests significant biases and imprecision resulting from 

the use of the two allometric models in estimating the woody biomass of Jatropha in the 

study sites. The results also show systematic higher biases and less accuracy for both 

models in estimating woody biomass for Jatropha trees growing in stratum 1 than in 

stratum 2. The statistical measures for bias and accuracy resulting from the use of 

Ghezehei model are higher than those from Achten model (Table 14) for both strata. Thus, 

the Ghezehei models offers more biased and less accurate woody biomass predictions than 

the Achten model.  

Furthermore, the negative MPE % values observed in the Table 14 indicate that the 

two models under-estimate the actual woody biomass of Jatropha in both strata of the 

study sites. This observation is confirmed by Figures 35 (a-d). The Figures show the 

pattern in distribution of mean prediction errors (MPE %) along the size classes of basal 
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stem diameter in stratum 1 and 2, using the two models. They both show consistent under-

estimation across the basal diameter classes in the dataset from both strata. The Achten 

model shows high variability in distribution of mean prediction errors for both strata. 
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Figure 35 (a-d). Distribution of mean prediction errors based on Ghezehei and Achten 

models 
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7.3.2 Specifications of the newly constructed models  

Scatterplots of the untransformed woody biomass against basal diameter showed a 

curvilinear relationship between the two size variables. The log-log transformation 

changed the scale and spacing of the two variables, and an approximate linear relationship 

was observed between the two variables for both strata (Figure 36, a-b).  

 

 

Figure 36 (a-b). Relationship of woody biomass with basal diameter 
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The results of the regression analysis on the logarithmically transformed woody 

biomass and basal stem diameter; the “correction factor” (CF); and the corrected allometric 

equations are presented in Table 15.  

Table 15. Estimated values of the regression parameters with their statistical measures 

of fit 

Model N Log β0  β1 β2 R
2
 CF P-value 

Corrected 

equation 

Stratum 1         

I 172 
-2.196   

(0.08) 

2.891 

(0.14) 
- 0.726 1.039 0.000 

W = 

0.0067*BD
2.891

 

II 172 
-2.131 

(0.10) 

2.802 

(0.16) 

0.099 

(0.09) 
0.728 - 0.079 

 

Stratum 2         

I 442 
-2.281 

(0.06) 

2.769 

(0.12) 
- 0.556 1.046 0.000 

W = 

0.0055*BD
2.769

 

II 442 
-2.221 

(0.09) 

2.689 

(0.16) 

0.065 

(0.08) 
0.557 - 0.096 

 

Note: β0 is the intercept, β1 and β2 are the scaling exponents of the regression and the values in 

parentheses are their standard errors; R
2
 is the coefficient of determination; and CF is the correction 

factor. Model I: Log (woody biomass) = Log (β0) + β1 * log (BD); Model II: Log (woody biomass) 

= Log (β0) + β1 * log (BD) + β2 * log (Ht.). 

Model I in Table 15 shows a significant association between woody biomass and 

basal stem diameter for both strata as demonstrated by the p-value (p < 0.001). The 

inclusion of tree height as an additional predictor variable in model II showed no 

significant improvement in the predictive ability of the model, i.e., the additional scaling 

parameter in the model (β2) was not significant (p > 0.05). Model II was therefore dropped 

from further analyses.  

The values of the correction factor (CF) are close to one (Table 15), indicating a 

highly significant relationship between the two variables (Ghezehei et al., 2009). Hence, 

this observation confirms the significant relationship between woody biomass and basal 
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diameter expressed by the p-value analysis. The 95% confidence limits (CI) for the 

estimated scaling exponents for the two strata were 2.622–3.160 and 2.538–3.001. The 

overlap in the confidence limits suggests that the estimated scaling exponents for the two 

strata are not significantly different, i.e., a unit increase in basal diameter results in a 

marginal increase in woody biomass which is not significantly different between the two 

strata. However, the larger coefficient of determination (R
2
) for stratum 1 (0.726) suggests 

that basal diameter varies more in estimating woody biomass in stratum 1 than it does for 

stratum 2.  

7.3.3 Residual scatterplots 

The residual plots showing the adequacy of the models in fulfilling the key 

assumptions of linear regression are presented in Figure 37 (a-f). The random distribution 

of the scatter-points of the residuals along the logarithmically transformed basal diameter 

values (Figures 37a & b) suggests that the fitted linear model was correctly specified and 

adequately describes the linear relationship between the two variables. 

Similarly, the random distribution of the scatter-points of the prediction errors along 

the predicted woody biomass values (Figures 37c & d) shows the stability of the model in 

predicting the woody biomass across different tree sizes, i.e., the variance of the residuals 

remained constant with increasing trees sizes in both strata.  

The results of Figures 37e & f show the residuals falling along the 45° diagonal line 

with very few of them falling away from the line at both ends. These observations are 

firstly, an indication that the residuals of the fitted model were normally distributed, and 

secondly an indication that the assumptions associated with the use of probability 

distribution in describing the sampling distributions of the regression coefficients (β0, β1 

and β2) and R
2
 were correctly specified. The open funnel at both ends of the diagonal line 

is normal and acceptable. 
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Figure 37 (a-f). Testing for adequacy of the model on three important assumptions of 

using linear regression.                                                                                                        

Note: a and b = testing for linearity; c and d = testing for homoscedasticity; and e and f = testing for 

normality.  
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7.3.4 Goodness of fit of the Model 

The statistical parameters measuring the reliability of the model (bias and 

imprecision) are presented in Table 16. The results show that none of the predicted woody 

biomass in the two strata was significantly biased. This is demonstrated by the inclusion of 

the zeros in the range of values of the calculated 95% confidence limits of MPE %. The 

mean prediction error of single trees (RMSE %) were relatively higher in both strata (Table 

7.6), but they are within the acceptable range of ≤ 30% for most biological studies as 

reported by many researchers. The RMSE % shows how individual observations in the 

dataset deviate from the mean of their estimates (regression line). 

Table 16. Predictive performance of the allometric model in the validation dataset. 

Model N 
MPE 

% 
95% CI 

RMSE 

% 
    95% CI 

Stratum 1      

Model = I 172 0.01 -4.11 to 4.13 27.35 23.98 to 30.72 

Stratum 2      

Model = I 442 -0.05 -2.87 to 2.77 30.13 28.64 to 31.62 

The distributions of the prediction errors of woody biomass along the size classes of 

basal stem diameter for the two strata are presented in Figure 38 (a-d). The distribution 

pattern of the mean prediction errors (MPE %) is relatively random and consistent across 

basal diameter classes (Figure 38, a & b), suggesting unbiased outcome in the predictions. 

However, the random distribution of the prediction errors is more pronounced in stratum 1 

than in 2. The distribution pattern of deviations of individual trees (RMSE %) across tree 

size classes are shown in Figure 38 (c & d). The results show that more bigger trees are 

accurately estimated in stratum 1 than smaller ones, while the pattern in stratum 2 was 

relatively random.  
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Figure 38. Disaggregation of prediction errors by tree sizes 

Note: a and b = mean prediction errors (MPE%); c and d = Root mean squared error (RMSE%). 
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7.4 Discussion 

7.4.1 Predictive performance of published models 

Nearly all allometric studies in forest trees (e.g. Litton et al., 2008; Chave et al., 

2005; Vann et al., 1998; Ola-Adams, 1997) have shown that tree diameter is a strong 

indicator of woody biomass, which implies that the variability of biomass of trees is 

largely explained by the variability of their diameters (Kuyah et al., 2012). Nevertheless, 

this relationship in a species may be modified by site characteristics and climatic 

conditions on which the trees are growing. For example, Eamus et al. (2000) found 

significant differences in the diameter-biomass relationships in Eucalyptus miniata 

growing in different sites in Northern Territory of Australia. Some scholars have noted that 

management practices may also influence biomass production and allocation within trees 

in the landscape (Brassard et al., 2011; Keith et al., 2000; Ong and Huxley, 1996). For 

instance, pruning removes some of the biomass from the trees but the tree diameter 

remains the same, thereby affecting the predictability of tree biomass using a diameter-

based model (Droppelman and Berlier, 2000). 

These observations therefore explain the bias and imprecision observed when 

imported allometric models are used to estimate woody biomass of Jatropha in the present 

study.  Despite the models being of the same tree species, the Jatropha trees on which the 

data was collected for the development of the stated models were grown under different 

environments and were managed differently. For example, the Achten model was 

constructed on data from Jatropha seedlings planted and managed under controlled 

conditions in greenhouses (Achten et al., 2010). Whilst the Ghezehei model was developed 

using data from Jatropha trees planted in a field research trial conditions, with prescribed 

and scheduled silvicultural operations (Ghezehei et al., 2009). The Jatropha, in the present 

study are planted in marginal areas of the agricultural fields, and managed under 

subsistence farming systems. These differences in site conditions and tree management 

practices may have affected the modelled relationship between the basal diameter and the 

biomass of individual trees, and hence significant deviations of the predicted woody 

biomass from the field measured tree biomass. 

The single metric most commonly used for tree allometry is diameter, as is evident in 

the review (65 species) of Ter-Mikaelian and Korzukhin (1997) and the synthesis (279 
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equations) compiled by Zianis and Mencuccini (2004). Statistical fits are generally useful, 

enabling one to use locally developed equations with confidence for the stands from which 

they were derived. Tree height is more tedious to measure and may not explain more of the 

variance at the site where the data originated, but its incorporation has the advantage of 

increasing potential applicability of the equation to different sites (Ketterings et al., 2001). 

These observations suggest that, perhaps if tree height data was incorporated in the stated 

models, the level of observed bias and imprecision would have been lowered.  

7.4.2 Locally constructed models 

 During the construction of the models, the basal diameter and woody biomass were 

logarithmically transformed in order to put the two variables on a multiplicative scale, 

which was appropriate to aid interpretation of the allometric parameters in the model (β0, 

β1), since biological growth is a multiplicative process (Warton et al., 2006). Converting 

arithmetic data to logarithms, however, is a nonlinear transformation that fundamentally 

alters the relationship between predictor and response variables (Cole and Ewel, 2006). 

The change in the relationship is such that influential outliers in the arithmetic domain may 

be drawn toward the centre of the distribution, and can thereby go undetected, potentially 

introducing bias into the analysis (Packard et al., 2011). In order to avoid this potential 

bias, the detection of influential outliers in our dataset was done on data expressed in 

arithmetic scale as recommended by Packard et al. (ibid). Transformation of the two 

variables was done thereafter.  

The significant linear relationship observed on the transformed variables is neither 

surprising nor new. The importance of the relationship of the two variables is underpinned 

by the size of the mean prediction errors, as the quality of landscape scale measures depend 

on this (Kuyah et al., 2012). The unbiased estimates of the woody biomass observed in the 

study sites suggest that the models were robust enough to provide reliable estimates of 

woody biomass in a Jatropha plantation of our study sites. However, when considering the 

prediction of biomass of individual trees, the root mean square error (RMSE), as a measure 

of deviation of the estimated individual tree biomass from the regression line (moving 

mean), is more important than bias (ibid). RMSE helped to get the variability of bias, as 

zero bias might result when under- or over-estimates cancel out while predicting a lot of 

trees, but the prediction of an individual tree may be inaccurate. The values of RMSE (%) 
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observed in this study provide a measure of accuracy of the model for individual tree 

estimations. The less accurate values observed might have been introduced by the 

rotational distortion that accompanies regression analyses performed on logarithms. 

Because of the nonlinear relationship between values expressed in arithmetic and 

logarithmic scales, small arithmetic values for predictor and response have a much greater 

influence than large values on parameters (scaling coefficient, β0, and exponent, β1) of the 

linear equations fitted on logarithmic transformations (Packard et al., 2011).  

The weak relationship observed between tree height and woody biomass in this study 

may be due to the fact that the stem of Jatropha rarely grows to diameter at breast height 

(DBH) before branching (Ghezehei, 2009). Cole and Ewel (2006) reported that 

complicated branching patterns of woody dicots (in which Jatropha is a member) obfuscate 

the form-function relationship that results in a weak relationship between the two size 

variables. These observations agree with our findings of a weak relationship between tree 

height that defines tree form and woody biomass (functional variable). Tree height is more 

tedious to measure in woody dicots and, as noted in this study, may not explain more of the 

variance at the site where the data originated. Ketterings et al. (2001) observed, however, 

that the incorporation of tree height in allometric models has the advantage of increasing 

the equation’s potential applicability to different sites. This argument might apply for 

monocots, which show a strong relationship between the two size variables (Basuki et al., 

2009).  

The most recent allometric research in trees and forests tends to focus on explaining 

the scaling of structural and functional properties of trees with measures of their body sizes 

(e.g., diameters, heights) (Packard et al., 2011). West et al. (1999) suggested that the 

scaling exponent (β1) should scale against tree diameter with a universal exponent β1 ≈ 2.67 

on trees whose height increments are at their maximum. Pilli et al. (2006) confirmed this 

theoretical value for adult plants and showed that the scaling exponent values are lower for 

younger trees (β1 ≈ 2.08–2.51). The lower exponent values for young trees (seedlings) were 

confirmed by Achten at al. [25]. The scaling exponent values for our study (β1 ≈ 2.891 and 

2.769 for stratum 1 and 2 respectively) lie within 2.53 and 3.16 at the 95% confidence 

limits (Table 4). As such the above presented empirical allometric relationship of woody 

biomass fits well in a universal model of Pilli et al. (2006) and confirms the results of 
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Achten et al. (2010) that Jatropha follows the universal allometric model described by 

West et al. (1999) and confirmed by Preece et al., 2012 and Pilli et al., 2006. 

7.5 Conclusion 

In the present study we have observed that the existing published allometric models 

of Achten et al. (2010) and Ghezehei et al. (2009) provide estimates of biomass stocks that 

are both significantly biased and inaccurate. The Achten et al. (2010) and Ghezehei et al. 

(2009) models consistently estimate low values of woody biomass stocks in all size classes 

of our Jatropha trees in the study sites. The models estimate approximately 50% less 

woody biomass than the values of the actual field measurement obtained in this research.  

Therefore, using these models for estimating biomass for the determination of carbon 

stocks for the issuance of carbon credits will provide 50% less than the actual carbon 

stocks in the woody carbon pool. The farmers will therefore be denied full-potential 

financial benefits for their afforestation and reforestation efforts. These observations 

provide a premise to construct new allometric models that are local to the Jatropha sites 

and specific to prevailing management practices. 

[It is also to be recognised that there was a misinterpretation of the results published 

in a paper “Allometry for biomass estimation in Jatropha trees planted as boundary hedge 

in farmers’ fields” by Stephy D. Makungwa, Abbie Chittock, David L. Skole, George 

Y. Kanyama-Phiri and Iain H. Woodhouse.  The paper is published in an open access 

international journal called “forests” and can be accessed on the following 

link:  http://www.mdpi.com/1999-4907/4/2/218. The paper reported that the Achten et al. 

(2010) and Ghezehei et al. (2009) models provide 50% more woody biomass than the 

actual measurement. Since the editors of the journal have been advised of this error, efforts 

are underway to provide an addendum to the paper].  

The study has therefore developed a new allometric model using the data collected in 

Jatropha trees planted in the study sites. The model is based on Huxley’s allometric power 

function; and a linear regression method was used for line-fitting on the dataset.  The 

predictive performance of the model was evaluated in the same way as with the published 

models described in the preceding paragraph. The results of the statistical fits and the 

measures of predictive performance of the model were generally good, enabling one to use 

http://www.mdpi.com/1999-4907/4/2/218
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the model with confidence to provide reliable estimates of biomass for the determination of 

carbon stocks in woody biomass of Jatropha trees planted in the project sites.  

Although the model can provide reliable and precise estimates of the woody biomass 

of Jatropha, its use should be limited to the range of the tree sizes that were used in its 

development; and the sites from where the data was collected (Salima, Nkhotakota, Dowa, 

Kasungu, and Mzimba districts). Outside these ranges, the model needs to be tested against 

the field data to determine its appropriateness. The observed robustness and precision of 

the model could have been enhanced if the effects of rotational distortion that accompanies 

regression analyses performed on logarithms was detected and eliminated, thereby 

reducing the imprecision of estimating individual tree biomass.  
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8. General conclusion 

8.1 Introduction 

The thesis was set out to demonstrate a method that informs about the most 

appropriate choice of sites that show greatest potential to support enhanced productivity of 

CDM forestry project activities in the subsequent commitment periods of the CDM. The 

first commitment period of the CDM project ended in 2012. The future of CDM is still 

under discussion (See Box 1 – the future of CDM after 2012).  

  

Box 1. The future of CDM after 2012 

While in the course of conducting this research, the UNFCCC’s COP 17 meeting in 

Durban, South Africa, agreed the continuity of the CDM as an international policy 

framework.  The CDM exists as part of the Kyoto Protocol, an agreement that established a 

legal framework for an indefinite period. Although the emission targets of Annex I Parties 

are negotiated on a commitment period by commitment period basis, the CDM itself is a 

long-term mechanism that continues from one period to the next, and is not tied to specific 

commitment periods. This continuity applies to all aspects of the CDM, including the 

registration of project activities, issuance of certified emission reductions (CERs), approval 

of methodologies, and accreditation of designated operational entities. The CDM is 

sometimes associated only with the period up to 2012 because the Parties to the Kyoto 

Protocol have so far agreed on emission targets only for the first commitment period, which 

stretches from 1 January 2008 to 31 December 2012. Emission targets for a second 

commitment period are currently being negotiated under the Ad Hoc Working Group on 

Further Commitments for Annex I Parties under the Kyoto Protocol (AWG-KP). The 

outcomes of the AWG-KP, including the form for expressing emission targets beyond 2012, 

are not yet clear. If these targets are expressed in a form other than a second commitment 

period under the Kyoto Protocol, Parties may wish to provide guidance on how activities 

under the CDM may continue. In view of the widespread participation in the CDM, various 

options can be envisaged for such guidance, including that the operation of project activities 

and issuance of CERs may continue directly under the Kyoto Protocol or that the 

governance of these activities may be transferred to another instrument. In any event, the 

treatment of emission reductions or removals taking place up to the end of 2012 is regulated 

by the existing rules under the Kyoto Protocol. 
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The thesis has identified the nature and form of evaluation measures or criteria, site 

prioritisation processes for the establishment of CDM forestry project activities, and 

measurement models for precise quantification of biomass accumulation in CDM forestry 

projects. The thesis uses Malawi as an example.  

This enquiry is important in light of the wide-spread concern that the number of 

forestry projects registered in CDM registry is undesirably low. General theoretical studies 

on project investments show positive synergies between project investments and their 

anticipated returns, i.e. people invest in projects whose anticipated returns are greatest 

(Kanninen et al., 2007; Orsi and Geneletti, 2010). Therefore, enhancing productivity in 

CDM forestry projects has a potential to attract expanded investments in the sector, thereby 

increasing the overall share of forestry in CDM projects. Nevertheless, productivity of such 

biotic-based projects largely depends on local interaction of logistical and growth factors 

that affect them. Depending on the degree of the interaction, some locations can be more 

productive than others. The general theoretical literature on this subject and specifically in 

the context of Africa is inconclusive on several vital questions. The thesis sought to answer 

three of these questions:  

1) How are evaluation measures that are locally appropriate for assessing suitability 

of land units for establishing CDM forestry projects identified? 

2) How locally identified evaluation measures are jointly used to assess and prioritise 

land units for the establishment of carbon forestry projects?  

3) How can biomass accumulation in CDM forestry projects be accurately and 

precisely measured or predicted?  
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8.2 Main findings and their implications 

The main empirical findings of the thesis are chapter specific and were summarised 

within the respective empirical chapters: Chapter Five – Identifying appropriate evaluation 

criteria, Chapter Six – Identifying priority sites for establishing CDM forestry projects 

activities, and Chapter Seven -  Estimating biomass accumulation in CDM forestry 

projects.  This section will synthesise the empirical findings to answer the thesis’ three 

research questions.  

1) How are evaluation measures that are locally appropriate for assessing suitability 

of land units for establishing CDM forestry projects identified? 

The following are the key findings on the design of the evaluation measures that can be 

used for identifying priority sites for CDM forestry project activities: 

a. Evaluation measures for land assessment for tree planting for carbon 

sequestration are mostly based on logistics and growth factors. 

The evaluation measures expressed by the panel of experts can cognately be grouped 

into growth factors (e.g. rainfall, soils) and mechanical or logistical factors such as profile 

of the landowners (e.g. availability of family labour) and policies whose implementation 

causes the existing forests, whether natural or planted, become vulnerable to degradation, 

deforestation or being harvested prematurely (e.g. construction of tarmac roads). 

b. Isolation of few variables (evaluation measures) from a multitude of variables in 

an ecosystem is based on both judgement and science, and therefore requires 

considerable planning.  

The panel of experts provided a large number of criteria, and these criteria needed to 

be grouped into cognate clusters in order to make them manageable for the purpose of the 

study. Semantic clusters were formed in a two-step process: “… measures defined by 

similar wording or synonyms were aggregated, and a further aggregation was carried out 

by bringing together measures that, although defined by non-synonymic words, had the 

same meaning according to the comments received from the panel of experts…”  A 

quantitative analysis of consensus of the aggregated measures was conducted and only 



  

148 
 

criteria with a minimum citation rate of 50% of the experts were considered in the final set 

of criteria. 

c. There is diversity on experts’ opinion, and on what values to legitimately assign to 

different evaluation measures.  

The panel of experts provided a wide spectrum of responses to the questionnaires, 

and also assigned varied weighting scores as an expression of their values and preferences 

on each of the evaluation measure. No pattern was observed in the responses among 

members of the panel of experts, e.g. scientists vs. non-scientists.   

d. Nature quality is not an objective characteristic, it is value-laden.  

The study observed that with criteria a ‘picture’ is constructed of the ecosystem. This 

‘picture’ contains only those factors that are considered relevant. For example, the panel of 

experts selected only ten evaluation measures
25

out of many possible measures (factors) 

that can define nature quality. The selection was based on expert knowledge, preferences 

and values attached to each evaluation measure, i.e. experts’ judgement. These evaluation 

measures can be regarded as an expression of values. Value free evaluation measures are 

selected based on facts and they are consistent through space and time (Turnhout et al., 

2007).   

The empirical findings outlined above suggest that the construction of evaluation 

measures is a process of selection, integration and aggregation. A number of parameters 

that are considered relevant are selected from a multitude of available and potentially 

relevant socio-ecological variables that define the quality of the landscape. Quality of the 

landscape is value-laden and as such expert panels are used in selecting several “best” 

criteria that together make up the criteria set for priority site identification.  These 

observations are consistent with that of Bossel (2001), Bockstaller and Girardin (2003), 

and Orsi et al. (2011). These scholars made their observations while establishing 

evaluation measures for priority site identification for forest conservation (Bossel 2001; 

Bockstaller and Girardin, 2003) and landscape restoration (Orsi et al., 2011) purposes. 

                                                           
25

 See Table 5.1 of Chapter Five for the list of the selected evaluation measures by the panel of experts.  



  

149 
 

However, in defining key properties of a good criterion, Daniels et al. (2001) argue 

that a good criterion should be objective or observer-independent. Data that depend heavily 

on “judgement” may be more susceptible to bias and error. Niemeijer and de Groot (2008) 

suggest that science and analytical soundness in criteria selection are much better served 

by working on the basis of a concrete framework. The framework guides the selection of 

criteria through clearly outlined procedures that direct criterion selection on the basis of 

analytical logic rather than experts’ opinion or values. This allows transparency and 

openness in the selection process and provides a platform for peer review. 

While acknowledging the validity of this argument, the fact still remains that nature 

and, even more so, nature quality are not objective characteristics (Turnhout et al., 2007).  

With criteria a ‘picture’ is constructed of the system. This ‘picture’ contains only those 

factors that are considered relevant. Criteria are therefore an expression of values (Bossel, 

1997).  Of course, as is increasingly recognized, this can be argued for any type of 

scientific activity. However, the ideal of value free science is still very dominant, for 

example when you look at what is expected of science and at how divisions of labour 

between science and policy management are organized. Science is supposed to produce 

facts and policy management then makes value-laden decisions. In this context, the 

assertion that criteria are not value free is still relevant, and as such expert panels continue 

to be used in selecting these criteria. 

The development of these criteria directly addresses one of the policy-relevant 

ecological issues recently identified as a priority by a consortium of scientists and 

decision-makers in the United Kingdom (Sutherland et al., 2006), namely how to decide 

which areas should be prioritised for restoration. Sequestration of carbon can be one of the 

reasons for engaging landholders in these restoration activities, hence contributing to the 

overall climate change mitigation efforts. For Malawi, these criteria could be of direct 

value in supporting the implementation of policy initiatives focusing on payment for 

ecosystem services (PES) through carbon sequestration. The evaluation measures can help 

to identify priority sites where positive outcomes are most likely to be achieved. 
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2) How locally identified evaluation measures are jointly used to assess and prioritise 

land units for the establishment of carbon forestry projects?  

The following are the key findings on this research question: 

a. Priority sites identification for carbon forestry is a decision making process. 

The identification of priority sites involves use of decision rules or functions (e.g. 

weighted linear combination – WLC) to combine the experts’ perceived values and 

preferences on particular evaluation measures. All functions make the choice alternatives 

explicit; and they all require the exercise of judgement (Thill, 1999; Bouyssou et al., 2001). 

These decision rules, however, are distinguished from each other principally in terms of 

how they combine the basic information in the performance matrix in order to provide a 

single most preferred option, or to rank options. For example, use of weighted linear 

combination - WLC (Carver, 1991; Eastman, 1997) vs. analytic hierarchy process - AHP 

(Saaty, 1980) may lead to different patterns in sites being selected as priority for particular 

land use option (Young et al., 2010; Malczewski, 1999). The final output in priority site 

identification is therefore interpreted concomitant with the decision functions used in the 

analysis.    

b. The results of the site prioritisation processes are most useful in guiding landscape 

level planning for carbon forestry.    

Datasets of some criteria used in trade-off analysis of this study were developed at 

several different scales. For example, population datasets were provided at a traditional 

authority (TA) level – the lowest administrative level in government; while household 

income was based on livelihood zones which cover much larger area than the TA. Pooling 

data from different scales in an analysis poses the risk of the ecological fallacy of drawing 

inferences about smaller analytical units from the aggregate characteristics of groups of 

those units. Any inferences drawn on the basis of these data at the level of the household or 

individual will necessarily have some error associated with their aggregated character. The 

aggregate likely masks heterogeneity in characteristics of individuals and households that 

would render any action at those levels undertaken on the basis of the analysis here to be 

irrelevant or even harmful for individuals and households targeted. 
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These key findings suggest that identification of priority locations for establishing 

CDM forestry project activities is a decision making process that involves trade-offs 

between relevant evaluation measures. The evaluation measures must be spatially explicit; 

meaning they should be able to capture spatial variability, given that forestation activities 

are spatially explicit and they are typically developed and implemented on a landscape. 

The robustness of the process to identify appropriate sites hinges on the nature and quality 

of the data used to describe the selected evaluation measures and on the decision rules that 

are used to combine stakeholders’ values and preferences on particular evaluation measure. 

These observations are consistent with previous findings of Kangas and Kangas (2002); 

Mendoza and Martins (2006); Orsi and Geneletti (2010).  

The incorporation of decision makers’ opinion and values into the site identification 

process can help in preventing and reducing conflicts between stakeholders because the 

potential plantable areas identified by the process are based on mutual agreements and 

trade-offs of the stakeholders’ values and preferences. The inclusion of local communities’ 

values and preferences  in the process can also help resolve conflicts between people and 

the planted forests (Maikhuri et al., 2000), and hence the planted trees and forests can 

survive into the future to provide the mitigation and livelihoods outcomes they are 

designed for.  

3) How can biomass accumulation in CDM forestry projects be accurately and 

precisely measured? 

Below are the key findings on this research question: 

a. Species- and site- specific allometric models for most tropical tree species in 

developing countries are indeed rare and unavailable. 

The thesis used “Thomson Reuters Web of Knowledge” search engine to search 

thousands of databases for published allometric models for biomass estimation in Jatropha 

curcas. Two allometric models were identified, one developed by Achten et al. (2010) and 

the other by Ghezehei et al. (2009)” This implies that local allometric models are rare, and 

thus unavailable for use in most A/R CDM project activities established in the tropical 

countries. This has resulted in continued use of models developed outside the project sites 

in estimating tree biomass in CDM forestry projects. 
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b. Users of “imported” allometric models need to be aware of the associated 

significant biases and inaccuracies for using such models in estimating biomass 

accumulation in A/R CDM projects.  

The study has observed that the existing published allometric models for Jatropha 

provide estimates of biomass stocks that are both significantly biased and imprecise. Both 

models consistently estimate 50% less biomass stocks in all size classes of Jatropha trees 

in the study sites. Therefore, using these models for estimating biomass for the 

determination of carbon stocks for the issuance of carbon credits will under-estimate the 

actual carbon stocks in the woody carbon pool by over 50 per cent.  

c. Locally constructed allometric models are more precise and accurate. 

The results of the statistical fits and the measures of predictive performance of the 

locally constructed model using data collected on Jatropha trees growing in the study sites 

were generally good. The prediction mean errors (MPE %) of the model were below 1% 

and root mean square error (RMSE %) were below 30%. 

These key findings outlined above show that local allometric models are more 

appropriate to provide precise and accurate estimates of biomass accumulation in CDM 

forestry project activities. This is because local allometry takes into account differences in 

wood density, tree form, and its architecture; the productive potential of the site, and the 

tree management practices to which the planted tree are exposed, all of which can affect 

the modelled relationship between stem diameter and the biomass of individual trees 

(Fonseca et al., 2012; Litton and Kauffman, 2008; Chave et al., 2003; Eamus et al., 2000). 

As shown in this study, the use of models developed outside the CDM project sites is 

associated with significant biases and imprecision. The models consistently under-estimate 

the biomass stocks in all size classes of Jatropha trees growing in the study sites. These 

observations are consistent with earlier findings of Pilli et al. (2006), Navar (2009) and 

Alvarez et al. (2012).   

The local allometric models developed in this study can therefore be used to provide 

reliable and precise estimates of the woody biomass of Jatropha. In so doing, the thesis 

contributes to making local allometric models available for precise estimates of biomass 
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accumulation in A/R CDM projects. However, the model’s use should be limited to the 

range of the tree sizes that were used for its development, and the sites from where the data 

was collected. To use the model outside these ranges, there is need to test the model in 

other areas to determine its applicability across a wider range of agricultural landscapes. In 

addition, inclusion of tree height parameter in future model construction will help to 

increase wider application of the model because growth in tree height is site-independent.   

The future model construction for Jatropha should also focus on the underground or 

root biomass estimation. The roots hold significant amounts of biomass, >20% of the total 

tree biomass, mostly held in coarse roots (Mokany et al., 2006). These coarse roots provide 

channels for water and nutrients, store carbon and anchor trees. Roots also directly transfer 

carbon into the soil upon decomposition, where it may be stored for long periods.  

8.3 Limitations 

The study has offered a design perspective on how productivity in CDM forestry 

projects can be enhanced in order to deliver the climate change mitigation objective and 

sustainable development of the host countries. As a direct consequence of implementing 

this study, the following limitations were encountered, which need to be considered in 

future research. The limitations are grouped into two: a) those that relate to designing 

appropriate criteria for the identification of priority sites, b) those that relate to tree data 

measurement for development of allometric models. 

Limitations to designing appropriate criteria:  

a) As the purpose of the Delphi survey was not simply to select the criteria from a list, 

but rather to produce them from scratch, open-ended questions had to be used so that 

participants are left free to identify issues through unstructured questionnaires. 

However, this requires complex qualitative analyses and sometimes arbitrary choices 

in order to summarise the sample of responses. There is a substantial literature on 

qualitative analysis methods, but little guidance is available on how such methods 

might be applied to Delphi studies. Some authors (Miller, 2001) have addressed this 

issue by introducing pre-determined criteria on which experts were invited to 

comment. This simplified approach, which is supposed not to reduce the value of 
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comments received (Miller, 2001), has the fundamental drawback of preventing 

experts from designing ad hoc criteria. 

b) Inadequate understanding among participants regarding the information requested on 

the questionnaires. This highlights the difficulty of communicating the research 

objectives and scope, and may account for some of the variation in responses 

received. Indeed, it was found necessary to exclude from further stages a number of 

responses that did not meet the requirements stated in the questionnaires. In 

particular criteria were omitted that were too generic or too specific or that failed to 

provide supporting information regarding their relevance. Orsi et al. (2011) and 

Gokhale (2001) observed that incorporation of face-to-face discussions in a Delphi 

survey can be of particular value in clarifying complex issues and helps the panelists 

understand the specific questions being requested in the questionnaires. 

c) The approach to group criteria was essentially based on synonyms and comments 

provided by experts. The task was not straightforward and it necessarily led to loss of 

information. It was found that the group names selected could not always fully 

describe all possible nuances that constituting criteria had provided. This may have 

reduced criterion diversity for the subsequent Delphi round (round two). The 

possible solution would have been to provide the group categories to the panelists in 

the first Delphi round so that the proposed evaluation measures are directly allocated 

to the specific groups by the panelists themselves.  

Limitations to tree measurements and data processing: 

a. Timing of tree measurement survey – the tree measurement survey was conducted in 

the months of June to October. Jatropha, being a deciduous tree species, starts 

shedding the leaves in July and as such the time data collection was completed most 

of the trees had lost their leaves.  This forced the study to abandon leaf biomass 

estimation. The estimation of leaf biomass helps to construct allometric models for 

estimating aboveground biomass in Jatropha trees, which is a common measure in 

biomass estimation. Future studies should be conducted in earlier months of the 

years, preferably between April and June or July. During this time of the year all 

Jatropha trees are in leaf. 
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b. Several survey teams were used to measure the tree parameters on Jatropha growing 

on the farmers’ fields. As a consequence, human measurement errors are likely and 

this source of error was not accounted for in the analysis of the datasets. The study 

assumed that the pre-training provided to the surveyors was adequate to consistently 

measure the tree parameters accurately. However this source of error can be reduced 

in future studies by randomising the allocation of individual surveyors to the survey 

teams at regular intervals during the field survey. In doing so, the possible human 

measurement errors are randomly distributed in the datasets. 

c. During drying of tree samples for dry weight determination at Bunda College 

laboratory, large number of tree samples was being removed from the oven at the 

same time. Consequently, some of the samples were not weighed immediately to 

determine their oven-dry weight. The samples likely reabsorbed some moisture from 

the atmosphere before their dry weights were determined. The subsequent dry weight 

measured may not be a true representation of the oven-dry weight value for the 

sample. Removing the samples from the oven in small quantities would help to 

weigh the samples immediately once they are taken out of the oven.    

8.4 Scaling out of the results 

The findings of this thesis can be scaled out to other countries whose socio-ecological 

characteristics are similar to Malawi. Most of these countries are in the tropical regions, 

especially in Sub-Saharan Africa. Many countries in the Sub-Saharan Africa have the most 

climatic potential for CDM forestry project activities, and they also contain the worlds’ 

largest concentrations of poor people who heavily rely on subsistence farming for their 

livelihoods (Skutsch, 2011; Rudel et al., 2009). Under these circumstances, investment 

inflows for CDM forestry projects can offer a valuable supplemental source of income to 

support rural livelihoods and sustainable development in these low income countries. 

These financial benefits can also stimulate the local farmers to plant and conserve more 

trees in the form of orchards, woodlots, home gardens, hedgerows and agroforestry 

systems (Meyfroidt and Lambin, 2011). Efforts to realize success in this endeavor must 

contend with the fact that farm holding sizes of most households in these countries are 

already inadequate to produce enough crops to meet household food demand. This is due 

to prevalence of high population densities and the situation looks set to become rapidly 
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worse (see 3.2.1.1). To spare some land for carbon forestry will be a challenge unless high 

returns accrue from such alternative land use in order to make-up for the opportunity cost. 

This places a premium on identifying areas that should be accorded priority for 

reforestation for carbon sequestration in face of competing demands for crop production 

for household’s food sufficiency. 

The site identification and biomass measurement processes developed in this thesis 

can be applied in these countries to help locating CDM forestry project activities on most 

appropriate sites and estimate tree biomass stocks using credible allometric models. The 

evaluation measures established in this thesis can provide a valuable starting point in the 

site identification processes. These measures can be tested using a selected small number 

of experts in the new environments and subsequently their reliability examined for use in 

priority site identification through trade-off analysis. Similarly, the local allometric models 

developed in this thesis can be tested using a small tree sample to determine their 

reliability. If the model is found to estimate tree biomass with acceptable error range as 

determined by the model users, it can be used in its present form. Otherwise, it may need to 

be adapted or a local model developed using the procedures described in this thesis 

specifically for CDM forestry projects.   

8.5 Conclusion 

Enhancing productivity and biomass estimation is likely to attract expanded 

investments in forestry-based CDM project activities. Enhanced productivity is likely 

when the trees are planted on sites that support successful tree growth, and provide security 

to the planted trees so that they survive into the future. In addition, precise quantification 

of productivity in CDM forestry projects is equally important because it signals as to 

whether the investment will yield net benefits or not.  This study has shown that locally 

defined criteria can be constructed and successfully used to identify priority sites for 

establishing carbon forestry project activities in Malawi. The study has also affirmed that 

use of allometric models developed outside the project sites can significantly under-

estimate the quantities of tree biomass in the growing trees. The study has developed a 

local allometric model that provides both accurate and precise estimates of woody 

biomass, and thereby contributing to making local models more available for biomass 

estimation in tropical countries.   
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Thank you for agreeing to participate in this Delphi survey on defining appropriate and relevant 

evaluation measures (indicators) that can adequately help to evaluate different land parcels for 

their suitability for establishing carbon forestry projects in Malawi. The survey forms part of my 

PhD research at the University of Edinburgh on “Enhancing productivity and estimation of 

carbon in CDM forestry projects: A Malawi case study”. 

. 

This questionnaire round is the first of the three rounds of the survey. Please try to answer all 

questions, even though I do not expect you to have in depth knowledge of all of them. You will 

have the opportunity to revise your answers with a subsequent round of the survey. 

In these surveys, you will be asked to develop locally based evaluation measures that can be used 

to assess the appropriateness of particular sites for carbon forestry in Malawi. Most of the 

questions can be answered with only a single selection. Where appropriate, a space is also 

provided for you to comment on the underlying reasons for your responses. In formulating your 

responses, you are not expected to assess the feasibility or cost of data collection for the indicators. 

Once we have received responses from all panellists, we will collate and summarise the findings 

and formulate the second questionnaire. You should receive this in the next month. 

We assure you that your participation in the survey and your individual responses will be strictly 

confidential to the research team and will not be divulged to any outside party, including other 

panellists. 

Thank you. 

Stephy Makungwa – PhD student, The University of 
Edinburgh, UK. …………………….. 

 

Appendix 3: The Delphi survey questionnaire 
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Please list down indicators that can be used to assess the appropriateness of particular land parcels for 
establishing carbon forestry in Malawi. The indicators should be able to capture the suitability of the land 
for establishing carbon forestry and support the protection of the planted trees to survive into the future. 
When thinking through the indicators, please try to consider them in terms of geo-physical, social and 
political dimensions of the country (Malawi). In addition, please rate each of the indicators in terms of its 
value in providing information to land planners and policy makers about the status of the suitability of land 
to carbon forestry in Malawi, where 1 indicates it is most important and 5 indicates it is least important or 
redundant. The following questions might be helpful in guiding your assessment of the value of each 
indicator: 

 
i. Is the indicator useful for guiding policy decision that aims to establish carbon forestry in Malawi? 
ii. Is the indicator helpful in prioritising strategies for the effective management of carbon forestry projects? 
iii. Does the indicator provide information about whether the policies to manage carbon forestry projects are 

working? 

INDICATOR NAME AND DESCRIPTION Rating (1=most important- 
5=least important) 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

2 3 4 5 

13 

14 

15 

16 

17 

1 
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2. 

INDICATOR NAME AND DESCRIPTION Rating (1=most important- 
5=least important) 

1 2 3 4 5 

18 

19 

20 

21 

22 

23 

24 

2. If we had to limit the number of the indicators, which ones, from your list of, would you 
choose to keep? Please rank a minimum of 5 indicators, starting from the most important. 
You can rank up 10 indicators that you think are important. In making your decisions, 
please consider the guidelines provided in question 1: 

 

      A space is provided for you to briefly explain the reason for your ranking if you wish. This 
additional information is optional, and could help us understand the reasons some indicators 
are valued over 
others 

1. Indicator (drop down menu)……………………….. 

Reason: ____________________________________________________________________ 

2. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

3. Indicator (drop down menu)……………………… 

Reason: ____________________________________________________________________ 
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4. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

5. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

6. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

7. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

8. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

9. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

10. Indicator (drop down menu)………………………. 

Reason: ____________________________________________________________________ 

3. Please list up to five indicators from the previous list of 24 that you believe could be 
excluded from the asthma data monitoring system. Once again, in making your 
decisions, please consider the guidelines provided in question 1: 
         

1. Indicator (drop down menu)……………………….. 

Reason: ____________________________________________________________________ 
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2. Indicator (drop down menu)………………………. 

Reason: 
________________________________________________________________
____ 
3. Indicator (drop down 
menu)……………………, 

Reason: 
________________________________________________________________
____ 
4. Indicator (drop down 
menu)……………………, 

Reason: 
________________________________________________________________
____ 
5. Indicator (drop down 
menu)……………………, 

Reason: 
________________________________________________________________
____ 

4. If you have any further comments and suggestions please write them below (optional): 

____________________________________________________________________________
___________ 

____________________________________________________________________________
___________ 

____________________________________________________________________________
___________ 
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Appendix 4. Dataset on tree parameters collected during the field tree measurements 

Stratum  District Club ID Farmer ID 
No of 
trees P-year Category 

Tree ht 
(cm) 

Tree diam 
(cm) 

Total fresh wt 
(g) 

Sample fresh wt 
(g) 

Sample dry 
wt (g( 

1 Salima  197-91 197-91/L2 19 2009 

Small 111 3.7 640 470.24 141.93 

Medium 160 4.5 1130 470.78 149.28 

Large 177 5.4 1760 464.08 113.65 

1 Salima  997-19 197-19/B16 18 2008 

Small 28 0.7 10 6.94 1.49 

Medium 42 0.9 10 10.15 2.71 

Large 68 2.3 60 65.27 17.04 

1 Salima  87-79 87-79/L2 26 2009 

Small 29 1.4 50 39.88 9.9 

Medium 42 1.4 40 37.75 8.15 

Large 60 2 80 86.06 20.78 

1 Salima  88-17 88-17/B10 17 2008 

Small 49 3.6 350 318.22 139.62 

Medium 88 5.3 1770 442.62 232.58 

Large 175 7.6 3670 466.23 186.93 

1 Salima  87-5 87-5/B1 17 2008 

Small 260 6.6 3070 481.83 254.02 

Medium 316 8.9 4210 459.4 299.53 

Large 304 12.8 11510 505.48 324.67 

1 Salima  87-49 87-49/B4 17 2008 

Small 39 1.5 70 97.37 36.95 

Medium 46 2 130 126.56 44.83 

Large 49 2.6 400 392.18 231.8 

1 Salima  88-101 88-101/L7 31 2009 

Small 147 2.8 440 478.24 210.17 

Medium 155 4.9 500 475.34 242.66 

Large 283 8.5 1176 483.66 267.13 

1 Nkhotakota 53-19 53-19/L15 15 2009 
Small 26 1.5 40 33.58 5.25 

Medium 33 1.8 70 63.48 11.83 



  

 200 
 
 

Large 50 2.1 150 156.61 52.71 

1 Nkhotakota 53-19 53-19/L3 19 2009 

Small 21 2.3 110 98.97 22.03 

Medium 29 2.7 230 191.4 69.47 

Large 62 3.2 220 208.31 76.97 

1 Nkhotakota 47-67 47-67/L6 18 2009 

Small 29 2.1 70 57.98 29.37 

Medium 34 2.4 240 209.34 114.48 

Large 40 2.8 380 369.78 154.12 

1 Nkhotakota 47-33 47-33/B8 15 2009 

Small 40 2 150 144.7 102.04 

Medium 91 2.4 280 263.7 107.92 

Large 138 4.1 990 480.4 301.84 

1 Nkhotakota 55-16 55-16/L7 17 2008 

Small 32 2.8 260 246.68 203.2 

Medium 177 5 1570 468.86 357.22 

Large 118 6.8 3030 482.18 356.04 

1 Nkhotakota 53-12 53-12/L1 17 2008 

Small 60 4 320 302.27 87.58 

Medium 70 4.7 610 482.81 367.93 

Large 115 5.6 2240 470.91 316.6 

1 Nkhotakota 55-26 55-26/B2 19 2008 

Small 16 2.7 160 151.13 122.5 

Medium 98 3.7 1030 455.16 322.56 

Large 116 4.3 1110 474.41 219.23 

1 Nkhotakota 55-16 55-16/L12 16 2009 

Small 51 2.1 90 78.82 21.8 

Medium 29 3 220 205.63 108.91 

Large 82 4.2 790 486.43 215.26 

1 Nkhotakota 53-68 53-68/L9 19 2009 

Small 40 2.7 180 148.94 59.19 

Medium 81 3 310 283.4 206.91 

Large 132 4.4 840 484.16 368.27 

1 Nkhotakota 53-68 53-68/L10 18 2009 

Small 84 2.6 130 114.02 33.76 

Medium 58 3 320 355.13 207.87 

Large 94 3.4 730 472.8 379.88 
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1 Salima  997-41 997-41/L7 16 2008 

Small 28 2 180 169.67 52.58 

Medium 29 2.3 350 331.72 149.75 

Large 56 3 460 467.61 188.15 

1 Salima  87-49 87-49/B1 23 2008 

Small 92 3.2 420 406.66 253.39 

Medium 90 3.7 530 450.61 296.57 

Large 150 4.8 1690 507.33 302.32 

1 Salima  997-45 997-45/L14 25 2009 

Small 57 5.7 100 479.59 368.77 

Medium 64 3.9 510 653.8 289.65 

Large 146 3 1730 97.13 49.51 

1 Salima  997-8 997-8/B6 19 2009 

Small 62 2.8 120 99.08 83.55 

Medium 80 3.6 310 287.38 220.56 

Large 104 4 370 363.69 287.18 

1 Salima  88-101 88-101/L13 25 2009 

Small 100 5.2 1000 441.05 348.9 

Medium 119 5.7 2370 491.86 391.92 

Large 120 6.8 3150 494.91 297.61 

1 Salima  87-79 87-79/L10 16 2009 

Small 30 1.6 100 93.62 51.91 

Medium 43 1.8 140 123.28 98.64 

Large 50 2.1 150 126.87 65.04 

1 Salima  87-79 87-98/L7 19 2009 

Small 117 3.7 530 397.05 229.87 

Medium 132 4.6 1010 474.62 178.72 

Large 168 5.3 1290 468.34 206.41 

1 Salima  87-79 87-79/L11 21 2009 

Small 38 2.3 310 273.05 171.19 

Medium 74 3.4 590 483.2 223.08 

Large 52 4.7 2020 498.39 371.63 

1 Salima  997-41 997-41/L1 17 2009 

Small 89 2.9 340 328.63 157.05 

Medium 63 3.4 380 364.57 173.24 

Large 81 4.1 480 465.01 236.47 

1 Salima  997-41 997-41/L2 22 2009 Small 88 2.6 200 190.79 121.98 
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Medium 50 3 50 487.56 321.96 

Large 58 3.6 500 475.7 277.51 

1 Salima  997-45 997-45/L13 17 2009 

Small 23 2.2 220 200.47 162.78 

Medium 46 2.9 570 498.89 356.28 

Large 92 4.1 1810 479.59 251.34 

1 Nkhotakota 53-54 53-54/L1 19 2008 

Small 109 3.4 700 469.48 313.94 

Medium 114 4.1 850 476.85 258.98 

Large 128 6 2820 487.22 329.22 

1 Nkhotakota 53-54 53-54/B2 17 2008 

Small 86 4.2 740 490.09 213.16 

Medium 90 5.4 1470 513.08 248.76 

Large 110 6.9 2170 492.02 319.16 

1 Nkhotakota 53-54 53-54/B5 19 2008 

Small 168 3.9 760 484 295.64 

Medium 68 5.2 1760 503.11 438.89 

Large 130 7.8 3100 480.36 327.38 

1 Nkhotakota 53-19 53-19-B9   2009 

Small 139 3.6 810 501.58 315.43 

Medium 126 4.6 1460 480.27 323.21 

Large 75 5.5 2400 491.35 235.21 

1 Nkhotakota 53-19 53-19/B9 16 2008 

Small 53 3.1 390 363.71 205.57 

Medium 60 3.4 590 480.59 365.84 

Large 90 4 900 485.37 360.88 

1 Nkhotakota 53-80 53-80/L3   2009 

Small 63 3 250 233.6 137.58 

Medium 180 4 470 449.03 316.21 

Large 46 4.8 1010 501.98 219.92 

1 Nkhotakota 53-80 53-80/L8 20 2009 

Small 156 3.2 610 475.64 193.4 

Medium 110 4.3 1330 472.46 366.04 

Large 170 7 1420 478.7 213.85 

1 Nkhotakota 197-89 197-89/L1 18 2009 
Small 25 2 150 139.86 54.49 

Medium 53 4.4 580 477.8 334.12 



  

 203 
 
 

Large 83 5.3 1580 496.38 329.34 

1 Salima  197-89 197-89/L10 16 2009 

Small 25 2.7 180 202.61 169.09 

Medium 42 3.3 430 419.38 361.79 

Large 89 3.5 800 504.93 371.11 

1 Salima  197-89 197-89/L6 16 2009 

Small 48 3 460 439.43 249.6 

Medium 96 3.3 680 497.88 314.6 

Large 58 4.5 960 482.03 357.37 

1 Salima  197-91 197-91-L3 23 2009 

Small 4.9 5.4 1300 487.34 239.67 

Medium 5.8 5.8 1850 468.29 320.08 

Large 6.6 6.6 2960 476.55 216.44 

1 Salima  197-91 197-91/L5 16 2009 

Small 76 3.2 380 365.5 202.61 

Medium 98 4 710 480.73 300.16 

Large 44 5.2 660 485.19 358.93 

1 Salima  197.91 197-91 18 2009 

Small 71 3.1 290 269.58 141.6 

Medium 100 3.8 430 418.87 377.69 

Large 152 4.3 1460 469.57 373.81 

1 Salima  197-67 197-67/L19 15 2009 

Small 62 2.6 100 41.9 19.58 

Medium 68 3.1 270 246.92 41.88 

Large 62 3.6 360 332.73 120.4 

1 Salima  197-67 197-67/L19 18 2009 

Small 31 2.7 1170 368.12 194.93 

Medium 70 3.2 710 457.67 223.19 

Large 95 4.4 390 473.62 183.94 

1 Salima  197-67 197-67/L4 19 2009 

Small 65 3.3 480 428.55 143.71 

Medium 90 3.8 650 479.14 291.72 

Large 105 4.4 770 484.25 183.35 

1 Salima  997-49 997-49/L13 20 2009 

Small 49 3.6 300 297.73 163.38 

Medium 48 4.2 720 467.9 283.28 

Large 48 4.4 870 526.22 323.56 
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1 Salima  197-67 197-67/L12 15 2009 

Small 34 2.3 310 295.01 82.47 

Medium 112 3.5 840 486.9 182.47 

Large 108 4.5 1030 483.17 149.12 

1 Salima  997-49 997-49/L13 15 2009 

Small 81 2.7 340 317.53 263.25 

Medium 50 3.1 500 428.29 275.9 

Large 103 3.5 580 485.64 296.36 

1 Salima  997-49 997-49/L6 17 2009 

Small 43 2.6 190 176.66 61.2 

Medium 41 3.1 330 317.5 153.5 

Large 101 3.8 510 485.86 273.13 

1 Salima  88-120 88-120/L2 16 2009 

Small 35 2.1 100 89.21 12.78 

Medium 40 2.5 140 124.1 41.91 

Large 38 3.4 210 191 34.81 

1 Salima  88-120 88-120/L7 19 2009 

Small 112 4.5 630 492.5 197.9 

Medium 110 4.9 1500 492.91 157.29 

Large 136 5.6 1770 503.94 307.47 

1 Salima  997-33 997-33/L10 18 2009 

Small 35 3.3 460 412.91 154.74 

Medium 81 4.5 670 449.55 123.07 

Large 121 5.4 1140 456.19 184.98 

1 Salima  88-121 88-121/L5 15 2009 

Small 31 108 130 121.17 15.2 

Medium 44 2 190 173.52 23.51 

Large 58 2.3 270 256.74 70 

1 Salima  88-121 88-121/L11 15 2009 

Small 40 1.8 60 59.82 25.55 

Medium 47 2 240 220.27 86.53 

Large 50 3 340 313.97 119.05 

1 Salima  997-45 997-45/L10 15 2009 

Small 64 2.5 160 142.45 35.58 

Medium 47 2.9 360 344.03 43.13 

Large 101 3.2 830 433.62 155.73 

1 Salima  997-45 997-45/L12 16 2009 Small 45 2.9 340 321.94 89.72 
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Medium 90 3.6 1000 505.67 185.61 

Large 155 4.7 1410 461.43 158.13 

1 Salima  997-33 997-33/L9 25 2009 

Small 60 4.2 470 424.25 137.75 

Medium 130 4.8 650 457.65 161.43 

Large 141 5.3 1760 454.95 156.53 

1 Salima  997-33 997-33/L3 15 2009 

Small 47 2.5 410 398.52 101.2 

Medium 80 3.2 730 499.51 185.39 

Large 110 3.6 1100 464.23 164.33 

1 Salima  996-13 996-13/L13 15 2009 

Small 74 3.4 470 414.47 153.97 

Medium 110 3.8 660 443.71 114.17 

Large 113 4.5 1290 472.5 119.44 

1 Salima  996-13 996-13/L13 16 2009 

Small 43 2.8 190 190.57 48.69 

Medium 43 3.2 410 371.31 105.93 

Large 52 3.8 560 463.02 142.22 

1 Salima  996-13 996-13/L11 16 2009 

Small 58 2.8 390 352.17 131.34 

Medium 56 3.2 580 463.5 194.84 

Large 110 4.1 1110 451.54 171.91 

2 Dowa 66-76 66-76/L2 15 2009 

Small 23 2.2 320 146.38 74.29 

Medium 46 2.7 440 308.09 226.99 

Large 50 3.6 960 467.54 121.45 

2 Dowa 59-52 59-52/L9 15 2010 

Small 41 2.3 110 93.49 60.96 

Medium 59 2.5 80 59.95 13.83 

Large 51 3 170 136.03 56.64 

2 Dowa 66-76 66-76/L3 15 2009 

Small 80 2.5 230 210.71 115.06 

Medium 91 3.1 360 339.88 206.83 

Large 70 3.7 680 494.82 241.2 

2 Dowa 59-70 59-70   2009 
Small 36 2.3 110 135.87 53.08 

Medium 54 2.6 140 93.5 38.39 



  

 206 
 
 

Large 46 3.1 250 223.54 104.39 

2 Dowa 60-46 60-46/L4 16 2009 

Small 50 2.2 60 47.54 10.38 

Medium 24 2.4 90 79.03 23.15 

Large 21 2.9 160 151.17 94.36 

2 Dowa 60-46 60-46/L6 15 2009 

Small 25 2 80 68.16 22.13 

Medium 69 2.7 120 117.05 53.31 

Large 54 3.6 290 255.24 113.44 

2 Dowa 60-46 60-46/L14 15 2009 

Small 22 2 50 53.02 22.28 

Medium 27 2.3 50 55.21 24.41 

Large 61 3.1 140 129.59 79.99 

2 Dowa 66-78 66-78/L6 16 2010 

Small 28 2 60 63.3 9.99 

Medium 37 2.5 150 122.4 40.67 

Large 42 3 150 138.84 101.3 

2 Dowa 59-52 59-52/L1 19 2010 

Small 31 1.8 100 88.97 29.83 

Medium 51 3.4 150 172.76 42.67 

Large 52 3.4 160 158.48 54.12 

2 Dowa 59-52 59-52/L6 17 2010 

Small 54 1.9 50 41.72 26.75 

Medium 63 2.3 120 108.98 56.64 

Large 57 3 200 189.57 57.33 

2 Dowa 59-52 59-52/L13 15 2010 

Small 27 2 80 66.52 43.73 

Medium 38 2.5 100 96.53 21.62 

Large 42 2.9 270 263 107.22 

2 Dowa 60-46 60-46/L17 15 2009 

Small 29 1.9 90 83.11 26.22 

Medium 42 2.1 130 113.37 45.95 

Large 50 2.5 150 141.82 53.77 

2 Dowa 59-77 59-77/L5 15 2009 

Small 66 2.5 110 110 22.17 

Medium 59 3 350 325.08 108.06 

Large 86 4.5 480 428.69 172.85 
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2 Dowa 60-54 60-54/L1 15 2009 

Small 51 2.7 130 129.65 35.82 

Medium 76 3.8 620 73.94 17.23 

Large 140 5.4 1320 183.85 50.32 

2 Dowa 60-10 60-10/L8 17 2009 

Small 31 2.1 110 91.43 32.11 

Medium 36 2.3 140 132 36.98 

Large 40 2.8 150 131.53 36.98 

2 Dowa 60-10 60-10/B6 20 2009 

Small 46 2.7 310 277.63 36.23 

Medium 72 3.2 410 393.29 160.93 

Large 73 3.5 440 397.71 138.36 

2 Dowa 60-10 60-10/B15 15 2009 

Small 26 1.7 130 263.21 184.74 

Medium 22 2.1 280 124.62 63 

Large 32 2.5 270 241.18 187.34 

2 Dowa 60-10 60-10/L5 15 2009 

Small 69 2.4 70 79.63 24.34 

Medium 70 2.7 80 34.29 15.86 

Large 60 3.2 80 88.89 24.82 

2 Dowa 65-59 65-59/L14   2009 

Small 26 2.6 150 121.12 99.18 

Medium 55 3.4 500 425.53 342.6 

Large 64 4.2 560 468.58 375.98 

2 Dowa 64-52 64-52/L10 17 2009 

Small 76 2.5 280 254.12 115.51 

Medium 115 3.5 420 424.06 252.94 

Large 122 4.1 740 474.31 242.96 

2 Dowa 60-23 60-23/L3 15 2009 

Small 40 2.4 100 98.66 53.88 

Medium 46 2.8 120 100.85 55.8 

Large 52 3.2 220 188.69 122.53 

2 Dowa 64-74 64-74/L6 15 2009 

Small 37 2.2 70 56.02 32.38 

Medium 45 2.6 110 86.19 67.75 

Large 31 2.8 80 73.67 29.72 

2 Dowa 65-36 65-36/B9 16 2008 Small 37 2 170 156.81 31.3 
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Medium 45 2.7 380 344.42 275.76 

Large 60 3 890 478.54 263.09 

2 Dowa 65-36 65-36/B2 15 2008 

Small 35 2.2 110 105.62 38.58 

Medium 51 2.8 170 150.88 65.46 

Large 37 3 670 503.23 276.43 

2 Dowa 65-36 65-36/B3 15 2008 

Small 30 2 240 217.98 164.7 

Medium 32 2.5 250 224.38 108.03 

Large 54 3 480 456.45 357.25 

2 Dowa 65-39 65-36/B7 15 2008 

Small 30 2.2 90 76.91 26.34 

Medium 49 2.8 190 168.07 79.53 

Large 101 3.2 240 232.24 106.02 

2 Dowa 65-61 65-61/L1   2009 

Small 30 2.2 280 262.58 147.32 

Medium 30 2.6 380 362.83 217.14 

Large 54 3 450 440.46 297.81 

2 Dowa 65-61 65-61/L17 15 2009 

Small 28 2.4 140 118.59 88.72 

Medium 71 2.7 230 202.73 160.27 

Large 60 3 240 224.05 166.9 

2 Dowa 65-70 65-70/L19 15 2009 

Small 38 2 100 77.43 38.5 

Medium 45 2.8 210 188.95 114.43 

Large 70 3.4 230 219.04 145.18 

2 Dowa 65-70 65-70/L5   2009 

Small 57 2.6 60 43.75 16.9 

Medium 35 3.5 90 74.95 49.36 

Large 70 3.8 100 73.95 33.91 

2 Dowa 65-70 65-70/L3 15 2009 

Small 70 2.3 130 113.16 52.59 

Medium 30 2.8 320 309.46 224.64 

Large 60 3.2 430 402.96 247.8 

2 Dowa 65-70 65-70/L2 15 2009 
Small 30 3 180 168.61 50.1 

Medium 63 4.2 430 404.52 363.97 
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Large 120 5.1 1150 478.81 212.53 

2 Dowa 64-46 64-46/L2 21 2009 

Small 34 2.5 170 160.34 68.01 

Medium 38 2.8 230 216.62 152.1 

Large 48 3.1 320 299.38 150.51 

2 Dowa 64-46 64-46/L1 15 2009 

Small 32 2 190 176.44 58.95 

Medium 30 2.4 170 263.05 138.2 

Large 50 2.9 280 150.09 26.49 

2 Dowa 64-46 64-46/L5 15 2009 

Small 46 2.2 230 214.34 153.71 

Medium 50 2.5 290 268.15 110.82 

Large 50 2.8 320 304.37 200.41 

2 Dowa 64-46 64-46/L4 15 2009 

Small 153 4.6 520 455.23 308.56 

Medium 130 5.1 970 463.91 237.59 

Large 52 6 2960 496.98 387.74 

2 Dowa 65-32 65-32/L10 15 2009 

Small 95 2.5 260 240.95 162.05 

Medium 123 3 310 296.92 173.84 

Large 108 3.2 550 483.73 229.22 

2 Dowa 65-34 65-34/L17 16 2009 

Small 32 2.5 150 126.08 25.19 

Medium 44 2.7 310 53.66 56.45 

Large 46 3.3 360 364.76 165.92 

2 Dowa 65-41 65-41/B4 15 2008 

Small 31 1.8 160 147.82 53.55 

Medium 28 2 260 243.3 89.47 

Large 26 2.3 320 297.85 59.8 

2 Dowa 65-87 65-87/L12 15 2009 

Small 29 2.1 130 123.18 11.83 

Medium 39 2.6 200 115.49 66.79 

Large 88 3.1 400 395.04 115.29 

2 Kasungu 206-34 206-34/L8 20 2009 

Small 26 2.5 70 72.69 16.22 

Medium 25 2.7 120 108.17 59.58 

Large 32 2.9 430 410.89 280.44 
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2 Kasungu 206-24 
206-
24/L4/H1 

16 2009 

Small 48 1.6 50 37.64 14.17 

Medium 49 1.8 50 42.55 19.37 

Large 50 2 50 49.68 16.91 

2 Kasungu 206-34 206-34/B9 16 2008 

Small 24 2.6 50 50.92 38.35 

Medium 32 2.8 60 64.13 3.6 

Large 33 3.1 80 75.97 15.2 

2 Kasungu 206-34 206-34/L6 16 2009 

Small 43 2.1 40 28.83 1.36 

Medium 34 2.3 40 46.27 15.28 

Large 38 3 80 68.72 12.94 

2 Kasungu 206-24 
206-
24/L10/H1 

15 2009 

Small 37 2.1 60 76.62 3.95 

Medium 40 2.6 150 100.27 50.62 

Large 76 2.9 190 196 45.35 

2 Kasungu 206-24 
206-
24/B23/H2 

17 2008 

Small 55 2.5 80 82.79 2.86 

Medium 63 2.7 110 112.2 14.98 

Large 64 3 200 209.42 77.46 

2 Kasungu 206-24 
206-
24/L2/H2 

15 2009 

Small 25 1.5 60 41.36 24.47 

Medium 53 1.8 70 60.65 13.1 

Large 36 2.3 110 107.19 34.32 

2 Kasungu 206-7 
206-
7/B11/H6 

15 2008 

Small 84 2.6 320 292.01 60.51 

Medium 126 3.6 500 511.92 249.24 

Large 104 4.7 1130 508.17 238.94 

2 Kasungu 206-34 206-34/B8 15 2008 

Small 25 2 60 68.14 16.36 

Medium 30 2.4 80 71.46 22.6 

Large 35 2.8 100 102.55 38.55 

2 Dowa 65-34 65-34/L13 16 2009 

Small 36 2.3 80 83.98 21.33 

Medium 35 2.6 150 147.46 59.81 

Large 50 3.1 160 143.98 39.18 

2 Dowa 65-34 65- 15 2008 Small 86 2.9 260 234.13 59.39 
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34/B9/H1 Medium 102 3.3 1210 498.36 194.21 

Large 200 5.8 1340 487.15 212.06 

2 Dowa 65-34 65-34/L10 15 2009 

Small 32 2.2 60 41.68 17.81 

Medium 32 2.5 110 101.36 40.36 

Large 31 2.7 210 200.36 71.55 

2 Dowa 65-32 
65-
32/B6/H2 

20 2008 

Small 102 3.1 460 440.55 290.41 

Medium 54 4.7 1280 494.15 180.7 

Large 167 6 1330 491.38 338.6 

2 Dowa 65-87 65-87/L5 15 2009 

Small 30 1.9 50 45.93 1.49 

Medium 26 2.2 70 74.33 33.22 

Large 42 2.7 150 123.07 71.55 

2 Dowa 65-87 65-87/L7 15 2009 

Small 28 1.9 80 75.27 18.98 

Medium 24 2.6 150 142.06 46.32 

Large 26 2.9 280 269.34 79.94 

2 Dowa 65-32 65-32/L16 16 2009 

Small 33 2.6 90 75.47 55.83 

Medium 26 2.8 120 106.17 55.83 

Large 45 3.2 190 184.51 24.23 

2 Dowa 65-41 65-41/B6 15 2008 

Small 25 1.9 70 59.35 1.79 

Medium 32 2 110 91.79 12.75 

Large 29 2.4 130 126.96 87.7 

2 Dowa 65-32 
65-
32/B3/H3 

16 2008 

Small 51 2.6 130 118.62 42.1 

Medium 94 2.9 330 315.32 145.55 

Large 110 3.4 2190 488.81 219.8 

2 Kasungu 204-67 204-67/L13 22 2009 

Small 40 2.4 180 164.46 71.63 

Medium 60 3.2 420 393.28 193.81 

Large 83 4 1410 500.49 281.68 

2 Kasungu 204-64 204-64/R3 19 2010 
Small 58 3.8 310 299.41 79.74 

Medium 55 4.3 390 372.04 251.88 
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Large 71 4.8 480 463.23 153.75 

2 Kasungu 999-10 
999-
10/L1/H1 

16 2009 

Small 21 1.8 60 47.63 19.85 

Medium 22 2 60 48.18 26.47 

Large 22 2.4 100 102.13 56.87 

2 Kasungu 999-10 999-10/L10 19 2009 

Small 37 2.4 110 97.65 32.84 

Medium 59 3.3 230 223.52 168.45 

Large 92 4 330 313.55 123.2 

2 Kasungu 208-8 208-8/L5 15 2009 

Small 20 2 100 122.51 36.82 

Medium 60 2.8 190 168.57 65 

Large 57 3.1 210 198.29 67.85 

2 Kasungu 208-15 208-15/L6 20 2009 

Small 22 2 70 16.3 6.43 

Medium 69 3 250 224.18 99.62 

Large 56 3.8 300 295.9 144.06 

2 Kasungu 208-8 208-8/L6 15 2009 

Small 25 2 60 42.7 16.08 

Medium 28 2.8 60 39.78 24.03 

Large 32 3.2 230 216.79 86.6 

2 Kasungu 999-10 
999-
10/L3/H2 

15 2009 

Small 25 1.8 50 15.33 3.26 

Medium 24 2.2 110 102.6 46.59 

Large 49 3.2 250 239.51 132.61 

2 Kasungu 204-67 204-67/L8 15 2009 

Small 24 2.1 70 76.12 44.06 

Medium 28 2.3 90 89.24 21.47 

Large 23 2.7 130 133.74 38.79 

2 Kasungu 204-67 
204-
67/L6/H5 

15 2009 

Small 31 2.3 60 53.18 22.45 

Medium 20 2.6 120 100.38 53.63 

Large 29 3 140 126.27 43.61 

2 Kasungu 208-8 208-8/L13 25 2009 

Small 107 5.9 2240 472.92 307.03 

Medium 78 6.5 5600 478.74 223.62 

Large 103 7.1 8620 481.81 230.1 
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2 Kasungu 204-42 204-42/L6 15 2009 

Small 23 1.8 50 42.91 26.29 

Medium 22 2 60 40.25 22.37 

Large 43 3.1 160 149.41 61.49 

2 Kasungu 204-64 204-64/R12 15 2010 

Small 20 1.9 70 58.36 20.62 

Medium 24 2.3 70 74.93 22.02 

Large 24 2.8 230 219.77 101.09 

2 Kasungu 208-8 204-8/L8 20 2009 

Small 2.8 2.8 940 483.25 259.74 

Medium 3.3 3.3 1560 492.94 243.84 

Large 4.2 4.2 2310 482.32 273.06 

2 Kasungu 204-67 204-67/L14 15 2009 

Small 24 2.2 60 52.23 11.82 

Medium 27 2.5 100 88.14 47.68 

Large 30 2.7 120 117.48 84.05 

2 Kasungu 204-64 204-64/L5 18 2009 

Small 29 3.4 210 193.31 112.98 

Medium 51 4.6 790 705.72 428.89 

Large 50 5.4 860 510.27 328.05 

2 Kasungu 204-64 204-64/R7 15 2010 

Small 24 2.4 110 102.11 48.18 

Medium 30 2.6 120 118.19 66.79 

Large 42 3.1 140 129.79 66.79 

2 Kasungu 208-6 208-6/R1 15 2008 

Small 52 3.8 320 374.1 164.09 

Medium 102 4.7 890 467.38 245.39 

Large 137 6 1360 499.99 288.24 

2 Kasungu 50-80 50-80/L2 15 2009 

Small 25 2.4 110 110 69.83 

Medium 47 3.2 220 208.75 126.19 

Large 54 3.6 270 275.14 188.08 

2 Kasungu 998-121 
998-
121/L1/H3 

25 2009 

Small 75 4.6 300 147.29 149.96 

Medium 77 4.8 2320 466.02 254.81 

Large 112 5.8 4250 491.95 255.21 

2 Kasungu 50-36 50-36/L5 17 2009 Small 29 2.2 110 111.11 66.88 
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Medium 54 2.6 130 130.93 63.04 

Large 67 3.2 250 238.82 189.14 

2 Kasungu 61-28 61-28/L8/H1 19 2009 

Small 30 2.5 60 52.69 45.07 

Medium 30 2.7 70 60.83 52.99 

Large 41 2.9 160 145.76 73.91 

2 Kasungu 61-33 61-33/L5 21 2009 

Small 29 2.1 60 60.12 36.79 

Medium 28 2.4 100 103.11 61.14 

Large 53 2.9 180 163.94 124.93 

2 Kasungu 50-36 50-36/L9 17 2009 

Small 31 1.6 30 30.99 17.04 

Medium 30 1.8 70 59.19 41.32 

Large 43 2.1 80 52.78 40.03 

2 Kasungu 998-121 
998-
121/L3/H6 

20 2009 

Small 139 5.1 320 306.87 125.82 

Medium 146 6 460 452.55 235.08 

Large 147 8.2 940 503.64 379.79 

2 Kasungu 50-80 50-80/L5/H3 15 2009 

Small 23 2.8 50 50.18 27.89 

Medium 27 3.5 100 96.77 73.57 

Large 75 4 480 454.03 314.79 

2 Kasungu 206-17 
206-
17/B3/H1 

19 2009 

Small 22 2.1 40 34.18 24.17 

Medium 24 2.3 80 85.1 39.98 

Large 28 2.4 180 166.11 77.91 

2 Kasungu 61-10 61-10/B6 20 2008 

Small 56 3.6 340 330.81 133.08 

Medium 99 4.5 420 410 204.94 

Large 102 8.4 1420 519.06 305.5 

2 Kasungu 209-37 
206-
37/L8/H1 

15 2009 

Small 24 2 70 68.66 39.46 

Medium 31 2.4 100 98.3 52.93 

Large 28 2.7 120 115.83 70.23 

2 Kasungu 50-89 50-89/L11 22 2009 
Small 26 2.7 90 85.73 63.88 

Medium 67 3 150 142.61 124.81 
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Large 68 3.4 1980 445.46 305.52 

2 Kasungu 61-33 61-33/L7/H2 19 2009 

Small 23 2 60 50.2 4.94 

Medium 25 2.4 80 70.96 37.24 

Large 49 3 120 106.19 53.62 

2 Kasungu 50-89 50-89/L8/H1 20 2009 

Small 54 3.4 130 132.82 57.21 

Medium 51 4 250 231.45 93.84 

Large 120 4.9 400 383.65 237.72 

2 Kasungu 206-37 
206-
37/L11/H2 

15 2009 

Small 46 2.4 140 125.59 63.76 

Medium 64 3 200 178.41 78.25 

Large 85 3.4 290 278.62 170.93 

2 Kasungu 61-10 61-10/L7 16 2009 

Small 26 1.9 130 121.31 60.74 

Medium 38 3 150 135.81 57.49 

Large 71 4.1 380 361.84 182.01 

2 Kasungu 50-89 50-89/L3 16 2009 

Small 30 2.6 110 112.14 48.86 

Medium 43 3.3 230 210.25 143.8 

Large 56 4.1 250 250.5 168.15 

2 Kasungu 50-58 50-58/L5 22 2009 

Small 30 2.6 140 134.49 68.92 

Medium 26 3 170 158.26 76.42 

Large 34 3.6 290 279.64 151.68 

2 Kasungu 998-121 998-121/L2 20 2009 

Small 38 3.2 230 199 123.1 

Medium 46 3.8 330 321.24 243.99 

Large 50 4.4 340 349.98 28.5 

2 Kasungu 50-89 50-89/L8/H1 23 2009 

Small 41 3.6 130 136.01 115.97 

Medium 48 4.5 230 213.68 183.48 

Large 84 5.7 300 297.89 159.89 

2 Kasungu 206-17 206-17/L4 20 2009 

Small 28 2.2 50 49.45 12.92 

Medium 36 2.4 70 62.86 18.67 

Large 32 2.8 120 108.54 48.34 
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2 Kasungu 61-33 61-33/B1 16 2008 

Small 30 2.4 190 184.91 48.31 

Medium 68 3 280 270.33 4.14 

Large 66 3.4 510 493.41 286.9 

2 Kasungu 61-33 61-33/L3 15 2009 

Small 25 2 40 36.37 8.21 

Medium 30 2.4 50 38.43 8.78 

Large 34 2.9 190 174.13 89.37 

2 Kasungu 61-10 61-10/L16 24 2009 

Small 20 2.2 40 36.28 21.58 

Medium 45 2.6 110 105.11 70.17 

Large 49 2.9 160 154.85 95.79 

2 Kasungu 206-37 
206-
37/L5/H3 

15 2008 

Small 39 2.3 380 370.1 267.22 

Medium 47 4.4 400 372.35 172.85 

Large 110 7 2750 488.83 236.37 

2 Kasungu 50-58 50-58/L10 17 2009 

Small 20 1.9 50 46.96 33.63 

Medium 20 2.3 90 76.55 59.67 

Large 26 2.6 130 131.77 88.08 

2 Kasungu 50-36 50-36/L7 15 2009 

Small 30 1.6 40 32.95 18.77 

Medium 28 1.8 50 38.26 30.69 

Large 35 2 70 55.72 20.15 

2 Kasungu 207-13 
207-
13/B13/H2 

19 2009 

Small 20 2.1 60 36.56 30.16 

Medium 23 2.4 120 103.53 74.2 

Large 24 2.9 230 172.66 114.5 

2 Kasungu 998-61 998-61/L7 16 2009 

Small 31 2.1 60 42.72 21.67 

Medium 25 2.3 90 54.63 33.05 

Large 35 2.7 140 125.29 89.39 

2 Kasungu 998-61 998-61/L3 17 2009 

Small 28 2.1 70 62.32 47.76 

Medium 35 2.5 80 71.2 41.99 

Large 44 2.8 150 135.15 95.21 

2 Kasungu 998-88 998- 15 2009 Small 21 1.9 130 96.46 57.37 
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88/L9/H4 Medium 23 2.5 180 171.13 108.26 

Large 48 2.8 340 323.23 174.54 

2 Kasungu 998-88 998-88/L5 15 2009 

Small 34 1.8 110 109.05 77.07 

Medium 43 1.5 160 145.14 97.07 

Large 43 3.2 280 253.52 161.46 

2 Kasungu 204-66 204-66/L9 17 2009 

Small 27 2.1 60 27.95 21.39 

Medium 33 2.4 120 111.13 77.2 

Large 46 3 190 175.53 109.75 

2 Kasungu 207-12 207-12/L8 20 2009 

Small 26 2.9 270 249.17 188.54 

Medium 58 3.7 310 284.13 112.03 

Large 52 4.5 910 444.73 221.06 

2 Kasungu 998-88 998-88/L4 16 2009 

Small 38 2.3 120 106.13 75.72 

Medium 35 2.8 170 145.31 92.1 

Large 40 3.4 280 263.58 157.35 

2 Kasungu 998-88 998-88/L6 17 2009 

Small 26 2.3 90 75.23 46.28 

Medium 38 2.6 200 145.16 101.11 

Large 65 2.9 340 307.98 234.64 

2 Kasungu 207-10 
207-
10/L3/H1 

15 2009 

Small 24 2 130 108 89.42 

Medium 35 2.6 160 137.78 102.86 

Large 42 3 280 256.11 193.17 

2 Kasungu 207-10 
207-
10/B5/H3 

15 2008 

Small 29 2 130 127.29 75.64 

Medium 60 2.5 180 139.82 109.68 

Large 72 3.5 310 302.43 251.25 

2 Kasungu 206-13 
206-
13/B4/H3 

16 2008 

Small 68 3.4 350 318.23 103.12 

Medium 122 3.8 890 438.34 235.63 

Large 134 5.2 1240 453.51 239.75 

2 Kasungu 206-13 206-13/L4 15 2009 
Small 20 1.9 40 19.08 9.32 

Medium 22 2.2 40 27.07 16.93 
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Large 25 2.7 70 41.5 23.86 

2 Kasungu 206-13 
206-
13/B7/H2 

17 2009 

Small 24 2.4 130 297.54 179.66 

Medium 34 2.8 180 163.16 101.53 

Large 50 3.2 320 123.84 98.26 

2 Kasungu 206-13 206-13/L6 17 2009 

Small 63 3.5 180 166.69 102.23 

Medium 48 4 440 415.54 295.59 

Large 94 5.1 1170 484.08 257 

2 Kasungu 204-46 204-46/L8 19 2009 

Small 31 2 60 41.29 36.28 

Medium 33 2.4 120 112.34 92.54 

Large 30 2.6 120 102.8 83.98 

2 Kasungu 204-46 204-46/L17 16 2009 

Small 21 2 80 65.08 51.34 

Medium 27 2.4 90 71.78 58.77 

Large 30 3 130 123.46 103.4 

2 Kasungu 204-46 
204-
46/L13/H2 

20 2009 

Small 35 2.4 80 68.73 49.53 

Medium 49 2.8 100 83.04 64.74 

Large 50 3.2 210 180.65 104.49 

2 Kasungu 204-46 204-46/L9 20 2009 

Small 41 2.6 90 77.04 59.86 

Medium 43 2.9 140 123.76 97.98 

Large 55 3.1 180 158.11 100.93 

2 Kasungu 207-12 207-12/L1 15 2010 

Small 22 2 110 74.25 39.36 

Medium 25 2.1 130 92.88 60.14 

Large 25 2.5 210 172.08 87.45 

2 Kasungu 207-12 207-12/L11 15 2009 

Small 24 2 60 48.97 25.7 

Medium 35 2.8 260 216.77 185.83 

Large 84 3.6 440 394.89 231.89 

2 Kasungu 207-12 207-12/L10 24 2009 

Small 48 3 210 205.62 131.95 

Medium 65 3.3 330 312.18 145.27 

Large 96 4.9 560 468.77 227.91 
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2 Mzimba 23-133 23-133/L22 17 2009 

Small 69 2.2 100 123.37 69.8 

Medium 56 2.6 370 337.03 164.08 

Large 89 3 890 449.4 253.19 

2 Mzimba 23-92 
23-
92/B5/H3 

15 2008 

Small 31 2.3 100 86.69 17.34 

Medium 57 3.5 180 218.19 74.28 

Large 36 3.9 200 160.14 92.27 

2 Mzimba 23-92 
23-
92/B4/H3 

16 2008 

Small 50 2.8 130 109.95 35.08 

Medium 68 3 160 164.06 30.69 

Large 62 4.2 310 297.9 144.07 

2 Mzimba 23-92 
23-
92/B1/H3 

17 2008 

Small 38 2.4 100 92.5 21.34 

Medium 46 2.7 250 182.42 86.63 

Large 64 3 400 365.62 109.24 

2 Mzimba 23-92 
23-
92/B2/H8 

15 2008 

Small 30 2.3 310 376.76 189.7 

Medium 40 3.1 380 293.84 107.85 

Large 59 4.5 890 466.71 257.85 

2 Mzimba 22-24 
22-
24/B1/H2 

17 2008 

Small 29 2.2 300 208.52 100.19 

Medium 34 2.5 220 132.87 58.96 

Large 52 2.9 130 131.13 65.18 

2 Mzimba 22-24 22-24/L7 16 2009 

Small 30 2.1 110 82.27 19.44 

Medium 29 2.4 130 106.07 50.27 

Large 40 2.8 140 130.69 67.31 

2 Mzimba 22-24 22-24/L6 19 2009 

Small 21 2 40 34.45 11.43 

Medium 22 2.4 50 32.68 7.4 

Large 26 2.6 60 40.28 9.52 

2 Mzimba 22-24 
22-
24/B5/H4 

16 2008 

Small 37 2.6 90 74.85 24.69 

Medium 30 3.9 270 252.47 153.36 

Large 54 4.2 370 349.71 110.25 

2 Mzimba 22-39 22- 17 2008 Small 61 3 220 471.25 252.95 
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39/B1/H2 Medium 51 3.4 410 370.58 189.47 

Large 76 4.6 520 472.14 224.49 

2 Mzimba 22-39 22-39/L1 18 2009 

Small 40 2.8 140 123.83 80.15 

Medium 64 3.3 640 198.57 88.24 

Large 38 4.5 820 476.5 246.28 

2 Mzimba 23-133 23-133/L1 17 2009 

Small 24 2.2 80 69.05 34.07 

Medium 31 2.5 120 111.82 45.12 

Large 25 2.9 160 143.16 92.27 

2 Mzimba 23-133 23-133/L8 20 2009 

Small 45 2.4 120 99.2 27.24 

Medium 50 2.8 260 241.13 168.02 

Large 70 3.4 510 454.23 268.17 

2 Mzimba 23-133 23-133/L2 16 2009 

Small 21 2 60 49.18 6.1 

Medium 21 2.2 120 45.01 17.8 

Large 40 3 170 151.62 60.76 

2 Mzimba 23-70 
23-
70/B15/H3 

17 2008 

Small 31 2.3 160 138.59 78 

Medium 32 2.5 240 217.23 96.67 

Large 56 3 360 333.27 102.6 

2 Mzimba 23-70 
23-
70/B16/H1 

16 2008 

Small 44 2.7 610 462.78 276 

Medium 86 3.5 870 477.25 259.54 

Large 110 4.1 1930 442.43 285.42 

2 Mzimba 23-70 23-70/B18 19 2008 

Small 112 3 180 160.49 83.51 

Medium 169 3.6 340 344.76 147.54 

Large 122 4.5 1040 463.19 194.9 

2 Mzimba 23-70 
23-
70/B1/H4 

20 2008 

Small 47 3.2 310 276.26 190.06 

Medium 70 3.7 260 251.94 110.43 

Large 64 4.5 470 434.08 203.41 

2 Mzimba 23-17 23-17/B9 17 2008 
Small 80 3 890 450.37 284.39 

Medium 56 3.7 1010 484.25 192.72 
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Large 92 4.1 2080 389.62 247.87 

2 Mzimba 23-17 23-17/L10 15 2009 

Small 27 2 110 89.17 21.14 

Medium 25 2.4 130 112.1 28.15 

Large 36 2.9 220 209.15 117.61 

2 Mzimba 23-17 
23-
17/B6/H3 

19 2008 

Small 67 3 820 253.34 253.89 

Medium 75 3.3 1070 447.79 205.81 

Large 112 4 1780 458.79 238.47 

2 Mzimba 23-46 23-46/B2 16 2008 

Small 27 2.4 180 170.59 74.41 

Medium 29 2.7 320 294.92 101.36 

Large 43 3.2 390 356.32 117.83 

2 Mzimba 23-29 23-29/B6 16 2008 

Small 97 2.5 300 287.13 104.85 

Medium 88 2.9 380 355.08 174.92 

Large 64 3.6 920 487.34 211.25 

2 Mzimba 23-29 
23-
29/B4/H6 

15 2008 

Small 28 2.1 130 112.32 43.88 

Medium 44 2.3 160 108.71 53.02 

Large 55 3.2 270 248.54 98.53 

2 Mzimba 23-73 
23-
73/B7/H6 

19 2008 

Small 31 2.5 280 249.17 169.91 

Medium 68 2.8 350 320.42 126.06 

Large 46 3.1 660 468.42 237.91 

2 Mzimba 23-73 
23-
73/B11/H3 

24 2008 

Small 52 3.1 750 468.98 238.77 

Medium 103 5.2 2160 485.92 138.5 

Large 92 7 6780 495.87 108.98 

2 Mzimba 23-73 23-73/B2 17 2008 

Small 32 2.3 210 179.7 91.56 

Medium 31 2.6 230 213.04 108.52 

Large 72 3.2 500 407.07 147.83 

2 Mzimba 23-73 
23-
73/B8/H1 

20 2008 

Small 41 3 190 160.14 78.12 

Medium 48 3.2 550 458.43 184.78 

Large 87 4.4 640 463.08 214.72 
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