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PREFACE 
 
 
Food and Agriculture Organization of the United Nations (FAO, 2011) reported that the 

estimated loss of global forest area declined from 16 million hectares per year in the 1990s to 
an estimated 13 million hectares per year between 2000 and 2010. At the same time, large 
areas of plantations had been established worldwide because of timber, tree crop production, 
or restoration projects. It was estimated that there were currently about 230 million hectares 
of total plantations in the world, or about 6.7% of the total forest area. Planted species in 
plantations are primarily selected to produce timber and tree crops with high yield and 
productivity. As a novel ecosystem, plantations provide numerous ecosystem services to 
humans. However, plantations also have some undesirable characteristics, including low 
biodiversity, loss of original endemic, rare, and endangered species, poor structure due to 
extensive planting of fast-growing coniferous and exotic species, low ecosystem 
heterogeneity, an overuse of ornamental species rather than functional species, a lack of 
mature trees, frequent outbreaks of insect pests and diseases, and maintaining low soil 
fertility. Fortunately, many of these issues are being recognized to a greater extent, and efforts 
to manage their forests and plantations on the premise of multi-usability and sustainability has 
begun. 

Today, the challenges of plantations are even greater than in the past because of 
accelerated climate change, changes in land use and land cover, changes in biogeochemical 
cycles, population growth, urbanization, as well as the loss of traditional knowledge and 
cultural diversity. Responding to these challenges and reversing the decline in plantation 
ecosystem quality will require more detailed knowledge and experience in plantation ecology 
and management. 

This book focuses on plantations: biodiversity, carbon sequestration, and restoration. The 
primary content explores plantation and non-plantation biodiversity values, mushrooms and 
woodlands, the roles of arbuscular mycorrhizal in tropical forestry and agro-forestry, the 
impacts on the abundance and diversity of soil legume-nodulating rhizobia and arbuscular 
mycorrhizal fungal communities in semiarid regional plantations. The book also investigates 
carbon biosequestration and bioenergy options of plantations, lessons from plantation forestry 
carbon sequestration, carbon sequestration in agro forestry-block plantation or mangrove 
plantations. The book includes targeted chapters on forest restoration and management of 
plantations for restoring degraded landscapes, alluvial-gold-mining soil reclamation using 
Acacia mangium plantations, effects of forest practices on wild populations of Testudo 
hermanni, effects of incorporation of native species biomass in an acidic andisol to control 
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water contamination from plant residues,and ecohydrology of Amazonian rain forest 
ecosystems. 

As the book developed, we were consistently astounded at the remarkable insights and 
contributions of the authors of the chapters in this book. The international list of authors were 
carefully selected, and through a rigorous peer review process, this edited book aims to fill 
some of the information gaps in vegetation restoration and nutrient mobilization, particularly 
in plantation ecosystems around the world. Our intended audience includes planners of 
projects to restore and manage forests or plantations; practitioners who implement those 
plans; forest resource managers who oversee the sites; forestry consultants; tree farms; 
environmental authorities; conservationists and students of forestry. We also hope that 
researchers and the public can find valued information for their future use and efforts. We 
hope that our work can bring scientists and policy-makers together to envision a sustainable 
future for woodlands’ health and productivity management. 

The reality of this book was facilitated by many people who worked tirelessly to edit and 
select contributors. We express our thanks to the President Nadya Gotsiridze-Columbus, 
Carra Feagaiga, Jennifer Ramirez and the staff of Nova Science Publishers, Inc. for their 
encouragement and commitment to excellence in publishing. We also thank our reviewers: 
Bruce Jaffee, Qinfeng Guo, Osemwegie Osarekhoe Omorefosa, Miguel Taboada, Ryszard 
Mazurek, Walter Osorio, Juan Carlos Loaiza, J. C. Loaiza-Usuga, Mark P McHenry, Hai Ren 
and contributors (authors) who were generous with their time, ideas, and comments which 
improved each of the chapters and helped broaden the scope of the book. 
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Chapter 1 
 
 
 

PLANTATION AND NON-PLANTATION BIODIVERSITY 

VALUES: DISTINCTIONS OF ECONOMIC THEORIES 

AND MARKET-BASED MECHANISMS  
TO VALUE ECOSYSTEMS AND UTILIZATION  

WITHIN AN AUSTRALIAN CONTEXT 
 
 

Mark P. McHenry1* and Katinka X. Ruthrof2 
1Faculty of Minerals and Energy, Murdoch University, Western Australia 
2Centre of Excellence for Climate Change Woodland and Forest Health,  

School of Biological Sciences and Biotechnology,  
Murdoch University, Western Australia 

 
 

ABSTRACT 
 

Decisions regarding plantation development, either implicitly or explicitly, assign a 
value to ecosystems. Whilst implicit valuation simply ignores biodiversity values in 
plantation decision-making, explicit valuation introduces a representative value of 
biodiversity losses or gains. This work explores the functional components of 
biodiversity, the existing economic theory of biodiversity, and both advantages and 
disadvantages of various mechanisms that drive ecosystem valuation to further the 
development of market-based biodiversity policy and markets. This theoretical 
refinement enables both public and private decisionmakers to clarify the data 
requirements that underpin uncertainties in what values of biodiversity exist, to whom, 
and discuss options to develop a comprehensive market-based mechanism that 
internalises biodiversity values into everyday plantation investment decisions in the 
Australian context. This work suggests a hybridisation of existing valuation methods are 
a bridge towards functional biodiversity valuation in both plantation and non-plantation 
land use, These new ‘non-commodity’ markets may close the economic and market 
‘externality gap’ between ecosystem conservation and exploitation, achieving 
conservation objectives at little cost with thoughtful land use planning. 

                                                           
* Corresponding Author address Murdoch University, 90 South St Murdoch, Western Australia, 6150. Email: 

mpmchenry@gmail.com. 
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INTRODUCTION 
 
Article 2 in the United Nations Convention on Biological Diversity defines biological 

diversity as “the variability among living organisms from all sources including, inter alia, 
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they 
are part; this includes diversity within species, between species and of ecosystems” (United 
Nations, 1992, p3). The single biggest cause of biodiversity loss in Australia is the removal, 
fragmentation, and degradation of native vegetation (Lockwood et al., 2000). Such land-use 
change is also the single biggest driver of dryland salinity and rate among the largest sources 
of domestic greenhouse gas emissions in Australia (Lockwood et al., 2000; John et al., 2005). 
Nonetheless, how best to redress biodiversity loss has become much more complex than 
simply halting or slowing the rate of vegetative removal. While explicit economic ecosystem 
biodiversity valuation is uncertain and difficult, we choose to value it implicitly every day 
(Costanza et al., 1997), and regrettably, the implicit value is often very close to zero. 
Compounding the complexity of biodiversity valuation and decision-making is the lack of 
distinction between the public and private good, and a rigorous scientific understanding of the 
consequences of removal, protection, or planting of an ecosystem over time. 

Economic valuation is purely anthropocentric in nature as it only considers benefits and 
costs relevant to human well-being. Humans benefit from natural ecosystems culturally, 
aesthetically, agriculturally, pharmaceutically etc., and also via the provision of such diverse 
services as climate regulation, soil formation, nutrient cycling, materials, fuels, quality water, 
etc. (Fromm, 2000). Ecosystems at the landscape level such as natural or plantation forests 
can yield substantial flows of economic goods and services, both before and after 
conversion/harvest (Balmford et al., 2002), and displacing native ecosystems with non-native 
ecosystems and species (e.g. the introduction of beef, wool, wheat, plantation timber 
production systems) can bring significant benefits to the community as whole (Bennett, 
1999). These benefits ensure that there remains considerable social demand for landholders to 
clear or modify native vegetation for agricultural, housing, fuel, timber, plantation, or 
infrastructure development (Gibbons et al., 2009). On the other hand, such ecosystem 
modifications also result in some undesirable opportunity costs to private individuals and the 
general public (Bennett, 1999). At present these opportunity costs are currently ignored or 
undervalued in policy circles because their values are largely external to private operators 
(Costanza et al., 1997). Furthermore, a detrimental change in the net flow of benefits from the 
ecosystem (whether natural or created) eventually occurs when productive ecosystems are not 
managed sustainably, or the functional components are removed (Pagiola et al., 2004). 

A quantification of the difference between the economic and market values of the net 
ecosystem goods and service flows can provide a practical means to develop a mechanism 
that enables outcomes that can maximize the net benefits of the ecosystem over time 
(Balmford et al., 2002; McHenry, 2009a). Using economic techniques to incorporate 
biodiversity values into decision-making processes allows a more meaningful comparison of 
alternative land use options of retaining, removing, modifying, or establishing ecosystems in 
theory (Department of the Environment and Heritage, 2005). However, in practice these 
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economic biodiversity valuation techniques require subjective quantification and qualification 
of both benefits and costs (Bennett, 1999), and monetization is often difficult and irrelevant to 
a market-based system at the level of the private decision-maker. However, not all net 
ecosystem good and service flows are external to market-based decision-making, as land 
values are a function of both productivity and visual amenity variables (Bastian et al., 2002). 
The fundamental aim of this work is to refine biodiversity value theory to increase the 
number of the currently few examples of plantation ecosystem values that are internalized 
into the market price of land (for example dryland salinity, water resources, presence of 
nitrogen fixing organisms in soils, etc.). These examples in many regions (not all) are 
insufficient to facilitate first-class land use and management priorities, and new mechanisms 
to internalize the various biodiversity values will be required to underpin fundamental land 
use change from the ‘bottom up’ in a market economy.  

 
 

LINKS BETWEEN BIODIVERSITY AND ECOSYSTEM VALUE 
 
The economic value of each ecosystem arises from the interdependent relationships 

between species, habitat components, and their organization that contribute to ecological 
functions, and the human welfare that can be derived from them over time (Fromm, 2000; 
Balmford et al., 2002). Thus the fundamental primary value of the dynamic evolutionary 
processes of the ecosystem’s biodiversity, and the capability of the system to maintain 
stability gives rise to the secondary value of exported ecosystem goods and services (Fromm, 
2000). For example, soil biodiversity research by Griffiths et al. (2000) explored the 
relationship between soil microbe biodiversity and agricultural pasture ecological function 
stability. The research found that while biodiversity does not confer ecological function 
stability directly, it does result in improved resilience and recovery from disturbance, and 
thus, continuous provision of exported services to maintain the pasture system over time. 
Whilst ecosystem secondary values rely on the primary ecosystem value, the primary value of 
one ecosystem also relies on the exported secondary values of other ecosystems (Fromm, 
2000; European Communities, 2008). Therefore, the economic value to humans of exported 
services, or even the consumption of the primary ecosystem itself, can theoretically be traced 
back to the ecological biodiversity structures and functions, which in turn is derived from the 
ecological role of species as carriers of ecological functions (Fromm, 2000).  

‘Ecosystem biodiversity’ refers to the variety of communities of organisms within 
particular habitats, and also the physical conditions under which they live, while ‘functional 
biodiversity’ refers to the existence of some redundancy in functional populations which 
underpin the capacity of ecosystems to absorb some disturbance without changing to a new 
equilibrium (Griffiths et al., 2000; Nunes and van den Bergh, 2001). As an example, the 
aforementioned pasture soil experimental results suggested that while the number of 
functional groups were important, the level of soil animal species biodiversity did not impact 
primary productivity as much as the value of species-specific, process-specific, and system-
specific behavior of functional groups (Bengtsson et al., 1997; Griffiths et al., 2000). 
Therefore, from a human welfare perspective, economic valuations should ideally focus on 
the relative changes in the value of ecosystem benefits from land use changes rather than the 
level of change in benefits flowing from the ecosystem (Nunes and van den Bergh, 2001). 
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This is because the change in value of exported ecosystem goods and services has more of a 
direct impact on human welfare than changes in the level of goods and services.  

As the ecological function gives rise to the ability of ecosystems to generate and export 
services, such as groundwater recharge, water nutrient removal, to generate economic value 
in theory only a limited number of physical and biological processes are required which vary 
in importance in different environmental conditions (Fromm, 2000; Nunes and van den 
Bergh, 2001). This line of logic at the first instance may seem to imply that plantation 
biodiversity is not a fundamental element for ecosystems in terms of economic or market 
value. This leads to the possibility of seriously considering the substitutability of species and 
their functional production values, although at present our level of knowledge of ecological 
interdependencies and species substitutability is far from perfect (Fromm, 2000; Farber et al., 
2002). However, whilst the level of ecosystem biodiversity does not necessarily confer 
ecological function, it does result in a higher resilience, that is, an ability to recover quickly 
from disturbances (Tobor-Kaplon et al., 2005; Brussaard et al., 2007). This ability is the 
essence of the primary ecosystem value derived from biodiversity that has no direct economic 
or market value, yet is still valuable as a indirect contributor to maintaining the resilience of 
ecological functions and the provision of ecosystem goods and services over time (Bengtsson 
et al., 1997; Fromm, 2000). 

Clearly, plantation biodiversity and ecological structures and functions will largely 
continue to be external to market economic decision-making if their value remains 
unquantified in a monetary sense, and clarifying the difference between total economic value 
of ecosystem biodiversity and the apparent market value to both private and policy decision-
makers is essential. Unfortunately at present, even in theory, it is almost meaningless to ask: 
“What is the value of ecological support systems in total?”, as their value to humans is 
theoretically infinite (Costanza et al., 1997). However, it is economically meaningful to ask 
“How value changes in the quantity or quality of ecosystem services may impact human 
welfare directly and indirectly?”, to be able to represent a total economic value (Costanza et 
al., 1997; Farber et al., 2002). Nonetheless, this work argues that it is more practical in a 
market economy to also ask: “How value changes in the quantity and quality of ecosystem 
services from a particular area of land impacts the welfare of individual decision-makers in 
financial terms?” Attempting to answer this question provides a real market value, 
sidestepping the uncertainties of economic values, and/or enabling comparisons between the 
plantation ecosystem’s economic and market value. 

 
 

INDIRECT AND DIRECT BIODIVERSITY VALUE THEORY 
 
Clarification of existing theory enables a clearer theoretical basis to integrate both 

positive and negative externalities of activities that influence the level of change in benefits 
flowing from forestry ecosystems. The identification of total economic value generated by 
natural assets recognizes the anthropocentric, instrumental, and utilitarian values that are 
gained or lost by segments of the environment that affect the welfare of at least one private 
individual directly. This includes the biodiversity value gained or lost by segments of the 
environment that affect the prices of agricultural and forestry inputs and products, in addition 
to the productive use of species and genetics in these industries. Separate from direct 
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productive value, ecosystem biodiversity also has direct value for individuals in terms of 
aesthetics, recreation, or simply for it to exist, whether or not it is utilized now, in the future, 
or at all. However, the inclusion of ecological structures and function is necessary for total 
economic value assessments, as individual and production values of biodiversity do not 
recognize often indirect and complimentary relationships between humans and ecosystems 
(Fromm, 2000). 

Indirect use values of biodiversity are associated with ecosystem infrastructure that 
supports economic activity (Nunes and van den Bergh, 2001). Indirect uses include functional 
benefits for life-support ecological functions through the provision of soil formation, climatic 
stability, clean air and water etc. Indirect ecological functions such as regulation of climatic 
processes, the hydrological cycle, processing of human induced pollution, (etc.) can be 
viewed as avoided health and material possession damages, and can be calculated as indirect 
benefits which can be quantified probabilistically using aggregated data akin to a form of 
insurance. The value in this case arises from the ecosystem protecting human capital, human-
made capital, and natural capital against disturbances. These indirect values of ecological 
structure and function transcend the simple value of inputs for production (such as plantation 
timber) and the value of an individual ecosystem itself (Fromm, 2000). Some indirect use 
values manifest themselves as direct use values (Gilespie, 2000), especially in plantation and 
agricultural production systems, such as improved stock water quality and storm protection. 
Indirect use values can even include biological resources used to produce goods and services 
such as pharmaceuticals (Nunes and van den Bergh, 2001). In contrast, direct use values of 
biodiversity often refer to human uses of biodiversity in production and consumption, which 
can also include tourism, research, and other activities (Gilespie, 2000; Nunes and van den 
Bergh, 2001). A market analogy for direct and indirect use values are human-made assets for 
direct individual use (i.e. timber, furniture, houses) and productive assets (i.e. tools, 
plantations, farms), which are protected by security assets that support activities indirectly 
(i.e. private liability insurance and social welfare systems) (Fromm, 2000).  

The reductionist approach of determining total economic value disaggregates biodiversity 
into more categories to calculate the total economic value as the sum of various use and non-
use values with a bottom up approach (Nunes and van den Bergh, 2001; Hecht, 2005). See 
Equations 1 and 2. Indirect use values include vicarious values which relate to the benefits of 
indirect consumption through books, documentaries, and other media. Non-use values relate 
to benefits individuals obtain from the resource without directly or indirectly using them, and 
include existence values, option values, quasi-option values, and bequest values (Gilespie, 
2000). Existence value is simply the benefits from knowing that certain things remain 
conserved and certain species and ecosystems survive (Bennett, 1999; Gilespie, 2000). Option 
values relate to the maintenance of the right to use a resource, without necessarily doing so, 
while quasi-option values refer to the benefits obtained from the opportunity to delay 
decisions to make the most of improved information about the resource over time. Finally, 
bequest values refer to the maintenance of environmental attributes for future generations 
(Gilespie, 2000). These non-use values have the capacity to reflect human, moral, 
philanthropic, or policy considerations of biodiversity protection intergenerationally (Nunes 
and van den Bergh, 2001). Whilst these values are all valid, they pose significant difficulty to 
market-based mechanisms and policymakers who may rely on balancing both development 
and conservation pressures.  
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Equation 1. Total economic value. Source: (Hecht, 2005). 

Total economic value = use value + non-use value  
 
Where, use value = direct use value + indirect use value, and; non-use value = existence 

value + option value + quasi-option value + bequest value. 
 

Equation 2. Total economic value simplified. Source: (Hecht, 2005). 

Total economic value = direct use value + indirect use value + existence value + option 
value + quasi-option value + bequest value. 

 
Formal valuations of ecosystem goods and services provide insights into decision-making 

trade-offs for or against ecosystem conservation, modification, or establishment (Howarth and 
Farber, 2002). The aim of valuations are to clarify the value of the trade-offs between the 
productive benefits and environmental benefits when land is utilized for, or taken out of 
production (Bennett, 1999). The assessment of trade-offs require specialist knowledge of the 
ecosystem, and the economic decision-making regarding conservation and production to 
consider all potential benefits and costs generated by the natural resource (Fromm, 2000). A 
simple and practical example is from the perspective of administration and monitoring, where 
the benefits of environmental monitoring to underpin biodiversity indicators and markets 
should exceed the costs by the greatest absolute amount (Pannell and Glenn, 2000). Yet, an 
expansion of quantifying benefits and costs in terms of the economic value of the actual 
biodiversity goods and services are more complex, as it attempts to apply worth to ecological 
structure and function (Fromm, 2000). This is required to give policymakers options, and also 
a rationale to protect non-plantation forestry assets, as conservation planning never occurs in 
isolation from politics and economics (Fromm, 2000; Polasky et al., 2005).  

 
 

THE MONETARY VALUE OF BIODIVERSITY 
 
Economic valuation of biodiversity strives to overcome the current economic causes of 

biodiversity loss and to ensure economic incentives are established to encourage biodiversity 
conservation (Emerton, 2001). Economists consider that particular choices are desirable if the 
benefits to the community exceed the costs from a community perspective (Gilespie, 2000). 
Ecological economists are involved specifically with the relationships between property rights 
and resource management, and model the interactions between the economy and the 
environment, and use new instruments of environmental policy (Martinez-Alier, 1990). These 
new instruments have been developed to correct many existing market failures that do not 
account for the costs of biodiversity or ecosystem loss (Pagiola et al., 2004). These land use 
planning market failures drive biodiversity and habitat loss by discounting or excluding non-
market benefits in market-based plantation decision-making (Balmford et al., 2002). 

Market mechanisms such as carbon prices, biodiversity credits, or premium pricing for 
sustainably produced goods and services, capture ecosystem values at a private level for 
producers to allow them to have an incentive to generate positive outcomes (Balmford et al., 
2002; McHenry, 2009a, 2009b, 2010, 2011b, 2011a, 2012a). When these market-based 
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measures have been developed and implemented well, they enable sustainably-produced 
goods and services to compete with conventional products that are effectively subsidized 
through depreciating natural ecosystems (McHenry, 2011a, 2011c). Many ecosystem services 
do not qualify for market trading as they are not private in nature (Farber et al., 2002). 
Conserving relatively intact habitats on private land alongside timber plantation and other 
production systems will often require compensatory mechanisms to mitigate the negative 
private impact (Balmford et al., 2002). This is because some of the economic value of native 
vegetation accrue to the broader community, while the associated costs of maintenance fall on 
the landholder (Gilespie, 2000). Even when compensatory mechanisms do exist, smaller 
incentives to landholders may be regarded as a waste of time, or even a direct insult to the 
private owner (Lockwood et al., 2000; McHenry, 2012b), and the high level of work involved 
in actively maintaining conservation areas is often underestimated by the broader community, 
including decision-makers. 

Options amenable to landholders, such as tax reductions, or exempt status, low-interest 
loans, grant schemes, and other associated financial mechanisms could assist non-plantation 
vegetation management on private lands (Gilespie, 2000). In reality, there are a number of 
reasons why landholders remove, degrade, retain, improve or plant vegetation, which may or 
may not be related to financial benefits, or optimal for the wider society (Gilespie, 2000). 
Therefore, the use of both economic and informative mechanisms may have an improved 
chance of assisting landholders to compare their available options, while including the real 
value of the vegetation (both non-plantation and plantation) to the society. 

The existence of land use externalities, (for example submerged ecosystems and altered 
river flow regimes from the construction of very large water supply dams) form of market 
failure, and a committed government can minimize their distortionary impact on the 
community and the environment (Gregory Mankiw et al., 2000; Foxon et al., 2005; Jaffe et 
al., 2005; McHenry, 2009a). While private businesses understandably do not invest in goods 
and services such as clean air and water that are often free, market mechanisms can reimburse 
entities for protecting the quality of goods and services while at the same time regulating 
unacceptable outcomes (Longo and Markandya, 2005). This has developed in the energy 
efficiency market with the introduction of regulatory minimum performance standards to 
exclude inferior appliances, while information instruments allow consumers to choose to pay 
a premium to obtain products exhibiting high energy and water use efficiencies. Therefore, a 
neat distinction cannot be made between market and regulatory measures, as all market-based 
measures require a regulatory and institutional setting (Diesendorf, 2007).  

Establishing formally protected lands through regulation-only mechanisms may conserve 
habitat, but socio-economic and political constraints limit this form of ecosystem 
conservation (Polasky et al., 2005). The economic foundation of a decision for, or against, the 
protection of biodiversity requires the inclusion of all costs and benefits relating to it. 
However, there is an ‘externality gap’ between the market and economic value of 
biodiversity. Filling this valuation gap requires the identification of, and where possible, the 
monetization of the services that vegetative asset provides (Fromm, 2000). Economically 
biodiversity must be seen as an asset, and biodiversity conservation as an investment (Fromm, 
2000; Farber et al., 2002). Neglecting conservation can be interpreted as de-investment in 
assets, which leads to a reduction in ecosystem service provision, which in turn leads to an 
economic cost (Fromm, 2000). Ensuring the continued provision of ecosystem services 
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requires conservation of natural systems, which also in turn calls for economic valuation 
(Balmford et al., 2002). 

Using monetary indicators for economic valuation of biodiversity enables comparisons of 
alternative market-based ecosystem management options, while non-economic assessments of 
biodiversity values do not (Nunes and van den Bergh, 2001; Pagiola et al., 2004). Monetary 
indicators offer the flexibility to be based on various market price valuations or even 
individuals willingness to pay for such services. However, with this flexibility comes the 
potential to derive ambiguous monetary values of biodiversity, as different valuation 
methodologies each have their strengths and weaknesses (Nunes and van den Bergh, 2001). 
While a reasonable level of flexibility is necessary for assessment methods to accommodate 
unusual situations, this flexibility needs to be balanced to ensure environmental 
considerations are not compromised (Gibbons et al., 2009). At times, ecosystem, economic, 
and market values are at odds with each other, as only some of the species in an ecosystem 
are valued due to a number of reasons (Farber et al., 2002). It is for this reason that economic 
biodiversity indicators and methods ought to be based on accurate biological indicators based 
on scientific principles (Nunes and van den Bergh, 2001).  

 
 

MARKET AND NON-MARKET BIODIVERSITY VALUATION 
 
The main obstacles to the wider application of biodiversity valuation in Australia are lack 

of biophysical information to support valuations, the technical accuracy of valuation 
techniques, and ethical concerns over valuing environmental impacts in monetary terms 
(Department of the Environment and Heritage, 2005). Particular ethical criticisms of 
economic biodiversity valuations relate to conferring of dollar figures on ‘priceless’ 
biodiverse assets, such as a non-plantation forest or river ecosystem. As always, there is a 
counter argument: human development decisions either implicitly or explicitly value 
ecosystems. Implicit valuation simply ignores biodiversity values in decision-making, and, by 
comparison, explicit economic valuation represents the potential biodiversity losses 
(Department of the Environment and Heritage, 2005). The primary purpose of economic 
valuation is to obtain consistent information on the costs and benefits of biodiversity 
conservation to inform decision-makers (Pagiola et al., 2004). This may balance the 
predominance of implicit valuation processes. 

There are a variety of values that biodiversity can be attributed beyond individual and 
productive values, including security values that ensure the continued service provision from 
ecological functions (Fromm, 2000). Theoretically, biodiversity value can be characterized by 
a number of values: local versus global diversity, life diversity versus biological resources, 
instrumental versus intrinsic values, and so on (Nunes and van den Bergh, 2001). Biodiversity 
value can also be categorized in terms of an ecosystem spatially, or a habitat that is in high 
demand, such as areas of recreation or tourism (Nunes and van den Bergh, 2001). However, 
policymakers must be aware that there are unresolved issues in some valuation methods. For 
example, whether economic valuations at multiple levels leads to double counting of 
biodiversity values (McHenry, 2011a).  

Market-based classifications of economic valuation include techniques such as: the 
human capital approach; productivity changes method; defensive expenditures; 
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repair/replacement expenditures; shadow projects, and; the opportunity cost method 
(Gilespie, 2000). In comparison, there are six major ecosystem service non-market economic 
valuation techniques when market valuations do not capture the social value of biodiversity: 
avoided cost techniques quantify the value of costs that would have occurred in the absence 
of certain ecosystem services; factor income techniques value the enhancement to incomes 
from improving ecosystem services; travel cost techniques reflect the costs people are 
prepared to pay to travel to enjoy ecosystem services of specific regions; hedonic pricing 
techniques reflect the differential prices people pay for goods that involve specific ecosystem 
amenities; contingent valuation techniques value ecosystem services by quantifying the 
differential values that people are willing to pay for hypothetical ecosystem service 
alternatives, and finally; replacement cost techniques use the cost of substitutes that can 
replace the ecosystem services (Farber et al., 2002).  

The replacement cost technique is the only technique in both-market and non-market 
categories, as it leaves scope to sum additional techniques to derive site-specific non-market 
values (such as travel costs) and likely market-based values (such as plantation carbon 
sequestration). The replacement cost technique estimates how much it would cost to replace 
an environmental resource and is a promising approach to provide a substitute for an 
ecosystem service valuation technique (Department of the Environment and Heritage, 2005). 
The replacement cost technique gives value to ecosystem services by quantifying the cost of 
restoring or synthetically replacing it (Balmford et al., 2002). This technique does not strictly 
evaluate the value of biodiversity benefits, but is useful for providing an initial estimate of the 
resources value (Department of the Environment and Heritage, 2005). While intuitively 
appealing, replacement cost methods may misrepresent the ‘willingness to pay’ or 
‘willingness to accept’ valuation concepts in some circumstances where social amenities are 
lost in the synthetic replacement (Farber et al., 2002). Nonetheless, replacement cost methods 
do provide an easily verifiable and practical methodological choice to reveal the lower 
bounds of biodiversity value to restore functional diversity and facilitate a cost-benefit 
analysis of land use change options.  

Formal cost-benefit analyses of areas of biodiversity can be used to determine productive 
and individual values, although essential services may not be considered when there are 
significant ecosystem knowledge gaps (Fromm, 2000). For example, a robust attempt at 
valuing flood protection services provided by various vegetative islands (both plantation and 
non-plantation) must be based on complex hydrological models of topography and 
ecosystems, and uncertainties or errors can become considerable (Howarth and Farber, 2002). 
However, if the economic costs of establishing and maintaining vegetative islands on 
degraded land is low, then there is little practical barrier to ‘over-engineering’ to ensure 
sufficient protection as a form of insurance. If a plantation project aimed to replicate the 
original high-quality habitat, then this organic category of replacement cost method would 
have roughly comparable ecological function in terms of exported ecosystem services as the 
original habitat (Emerton, 2001). Replacing the original vegetation would also avoid the lost 
social benefits and may more accurately represent ‘willingness to pay’ or ‘willingness to 
accept’ values by improving, retaining, or re-establishing ecosystem services over and above 
flood-protection (Farber et al., 2002). However, economic valuations such as replacement 
cost tend to handle large-scale and long-term problems poorly, but have the potential to be 
suitable for looking into shorter-term and local-scale values (Pagiola et al., 2004). 
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ECOSYSTEM SERVICE VALUATION METHOD AND LIMITATIONS 
 
Valuation studies illuminate ecological structure and function relationships and their roles 

in supporting human welfare (Howarth and Farber, 2002). While economic valuation has both 
strengths and limitations as a decision-making tool, it is clear that information about 
environmental management costs and benefits are essential to ensure efficient, equitable, and 
sustainable outcomes. While most of the direct and indirect use values of ecosystems may be 
approximated quite accurately, the availability of physical data or the change in the functional 
ecosystem services are often limited (Pagiola et al., 2004). Variables, such as vegetation 
condition, percentage of vegetation types cleared in the region, and the area of any potential 
vegetative offset location should receive special attention during assessment (Gibbons et al., 
2009).  

Local historical and cultural knowledge of ecosystems and their traditional land uses is 
also recommended to inform biodiversity valuation studies (Dyer et al., 2008). When cultural, 
historical, and social systems are intimately entwined with ecosystems, the individual 
component values should, in theory, be a larger value than the sum, as these values are more 
communal and have greater interpersonal impacts than standard economic ecosystem values 
(Farber et al., 2002). Therefore, there is no one ‘correct’ method or technique to obtain 
ecosystem values, and there is a need for, as Farber et al. (2002) p390 describes as 
“conceptual pluralism, and thinking outside the box” in its development. These issues beg the 
question of: “How valuable are ecosystems to whom?”, as ecosystem benefits can fall 
unequally across different groups of people, while being valuable to some and incurring costs 
to others (Pagiola et al., 2004). 

Landscape, species, and genetic diversity that provide input into productive processes 
have been widely valued using the contingent valuation method (Nunes and van den Bergh, 
2001). Contingent valuation asks how much a person would pay for a particular 
environmental outcome, or how much compensation they would be prepared for its loss 
(Balmford et al., 2002). The contingent valuation method is the most useful to identify and 
measure economic non-use values. In principal, the contingent valuation method is applicable 
for all biodiversity categories, except for categories that the general public is not informed 
about, or has little experience with, for example: ecosystem life-support function valuations. 
When far removed from human perception, contingent valuation becomes problematic when 
eliciting the economic value of ecological processes (Nunes and van den Bergh, 2001), such 
as the carbon fixation of trees, or respiration of soil biota. Contingent valuation is more suited 
to interpretations of existence and bequest values from the amount an individual would pay to 
know that a particular native fish exists in its natural habitat and remain so for future 
generations, respectively. The concern with contingent valuation is the reliability and validity 
of the responses (Loomis et al., 2000). These issues may be improved by including the 
hedonic price method, where environmental services are valued by comparing market prices 
of biodiversity conservation at a regional scale, such as a water body or catchment 
(Lockwood et al., 2000; Balmford et al., 2002).  

A hybridized total economic valuation of use and non-use values could be used by 
utilizing government departments expenditure on specific ecosystem amenities (the hedonic 
method) and the additional costs that people are prepared to pay to travel to use the ecosystem 
(travel cost method), with the addition of a contingent valuation study of the non-use values 
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of native vegetation that sum to add value to the construction of new habitats (replacement 
cost method). Using hybrid methods enables flexibility to cater for the unique circumstances 
of each biological system (both plantation and non-plantation), and introduces a higher level 
of rigor for decision-makers when choosing between various direct, indirect, or non-use 
alternatives, than simply the current status quo of implicit valuation. 

 
 

CONCLUSION 
 
Regardless of the level of scientific rigor, high-precision, or accuracy of data utilized to 

underpin and verify biodiversity values, there will necessarily remain a subjective human and 
local element to the economic values determined. Rather than a stark trade-off between 
biodiversity conservation and high-value plantation commodity production, a large fraction of 
conservation objectives can be achieved at little economic cost with thoughtful land-use 
planning (Polasky et al., 2005). While economists continue to debate the validity of economic 
valuation methods, rightly or wrongly, they undermine the public confidence in valuation 
techniques (ten Kate et al., 2004). At the same time, questions of irreversibility and 
uncertainty raises issues for environmental valuation (Howarth and Farber, 2002). The prime 
reasons for the explicit valuation of biodiversity is to introduce at least some value into 
decision-making, and simultaneously foster a level of rigor in the analysis of the costs and 
benefits of various alternative options available. 

This review suggests that valuations of functional biodiversity is a bridge towards market 
valuation of biodiversity, and new ‘non-commodity’ markets may close the economic and 
market ‘externality gap’ between ecosystem conservation and exploitation. However, 
functional biodiversity is difficult to value. Thus, the development of a hybridized ‘total 
economic valuation’ approach considering both use and non-use values of government 
expenditures on specific ecosystem amenities and the travel costs that visitors incur, 
alongside a contingent valuation of the non-use values of vegetation, and replacement cost 
methods for new plantations, may a be a suitable approach. Such hybrid methods enables 
flexibility to cater for each biological system (both plantation and non-plantation), and 
introduces a level of relative comparison for decision-makers that is at least an improvement 
on the current status quo of implicit valuation.  
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ABSTRACT 
 

Mushrooms produce specialised spectra of enzymes that they use in biochemical 
extracellular digestion of diverse and chemically varied land organic compounds of both 
synthetic and natural origin.  

This singular behaviour enthroned fungi especially mushrooms as a foremost 
ecological biodegrader of complex organic matter and recycler of interlocked elements in 
organic compounds.  

They are characterised by sub-perennial arrays of unseen vegetative growths, their 
visible reproductive part remains a function of seasonality, nutrient levels and inter-
specific interactions.  

The extent of their interaction and role on heterogeneous and homogenous 
woodlands is indispensable with wide ranged benefits for agroforestry, agriculture and 
conservation initiatives. A conceptualization of the ecological processes expressed by 
mushrooms in woodland zones may underscore the synergism in the ecological 
complexities of the woodland ecosystems productivity.  
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INTRODUCTION 
 
Mushrooms, which in various literatures are also referred to as macrofungi, toadstools, 

macromycetes, basidioma (sexual fruit body of basidiomycetes) or ascoma (sexual fruit body 
of ascomycetes) represent a biological and taxonomically distinctive group of fungi 
(Redhead, 1997; LabarЀre and Menini, 2000).  

These are defined diversely as larger fungi or higher fungi of the Class Basidiomycetes or 
Ascomycetes and recently, Zygomycetes and non-lichenized fungi with large fruitification 
(fruit body). In addition, mushrooms are also fungi with typical stalk and cap configuration, 
fleshy or non-fleshy, fruiting body of a fungus plant which typically contains spores or spore-
bearing structures visible to the naked eye (Kirk et al., 2001; Miles and Chang, 2004;  
Wasser, 2007).  

The term mushroom is used in a restrictive sense to describe the extension of a fungus 
mycelium, edible toadstool or basidiomycetes (Nicholson, 1989; Adewusi et al., 1993). It also 
represents a polypore (non-gilled or non-lamellae mushroom), large visible fungus with 
medicinal values, toadstool which is inedible or poisonous, mass of interwoven hyphae, 
agaric (fleshy mushroom) and sporocarp (spore harbour) of a fungus rather than the mycelium 
(Masuka and Ryvarden, 1993; Harkonen et al., 2003).  

The restrictive use by extension also includes the antiquated categorization of wood 
colonized obtrusive sporocarp as mushrooms and non-wood fungi as toadstool. Mushroom is 
described by Chang and Miles (1993) as a macrofungus with a distinctive fruit body which 
may be epigeous (above ground) or hypogeous (below ground) and is sufficiently large 
enough to be seen with the naked eyes and picked by hand. Mushrooms therefore need not be 
restricted to basidiomycetes or ascomycetes, fleshy or non-fleshy, edible or non-edible, 
medicinal or lethal, subterranean rather than epigeous or hypogeous and may grow on 
different organic based substrates/substrata (wood or non-wood) in diverse habitats  
(Bates, 2006). The term mushroom can be used interchangeably with toadstools as opposed to 
the antiquated categorization of the former as visible wood or edible fungal fruit-bodies and 
the later as poisonous or non-wood based fruit-bodies. Mushrooms may consequently include 
poisonous or edible, ectomycorrhizae species associated with the roots of conifers and 
dicotyledonous trees or saprophytic species growing on plant tissues and plant wastes or 
poisonous species or opportunistic parasites of tree plants (LabarЀre and Menini, 2000). They 
also exhibit varying size, colour, shape (bracket, puffballs, truffles, cup, toothed, club etc.), 
and texture (Figure 1) (O’Dell et al., 2004; Wasser, 2007).  

The growing global consciousness and knowledge of mushroom resources and products 
have assisted the emergence of new areas of mycology which include but not limited to 
mushroom science or biology, mushroom biotechnology and mycogeography. Chang and 
Miles (1993) described mushroom biology as a special scientific excerpt (discipline or 
branch) of mycology comprising diverse aspects that include mushroom cultivation and 
genetics; medicinal and nutritional mushrooms; pathology, ecology and geomycology, 
physiology and evolutionary biology, taxonomy and toxicity of mushrooms etc.  

Mushrooms are non-photosynthetic, achlorophyllous fungal organisms incapable of 
manufacturing their own food as do green plants. They produce a wide range of enzymes and 
acids that can degrade a variety of complex substrates (organic matter) and consequently have 
broad ecological distribution covering temperate, subtropical and tropical vegetations. 
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Figure 1. The diversity of mushrooms in some woodlands of Edo State, Nigeria. Lentinus squarrosulus 
(M.) Singer (a), Auricularia auricular Judae (b), Marasmius graminum (Lib.) Berk. (c), Tremella 
fuciformis Fr. (d), Clavaria sp. (Afro-fungus), Xylaria hypoxylon (L.) Grev. (f), Bondarzewia sp. (g), 
Schizophyllum commune Fr. (h), Pluteus cervinus (Schaeff. ex Fr.) Kum. (i). Bar = 0.5mm. 

They exist as saprophytes, parasites of trees or as symbionts on or within the cells of the 
roots of higher plants (i.e. mycorrhizae) or they become an integral non-pathogenic 
endophytic part of a plant part (Zadrazil, 1980; Wood, 1984; Chang et al., 1993). They are 
also important in nature conservation, forest health, management and productivity because of 
their proactive ecological roles and ecosystem functions to micro- and macrofauna and flora, 
and mycorestoration processes (Ohga et al., 2000; Mshigeni, 2005; Stamets, 2005). The 
majority of symbiotic microfungi have been reported on animals, humans and plants  
(Kirk et al., 2001).  

In return, the forest communities influence the atmosphere of mutual interactions, 
mushroom spore dissemination and the establishment of hitherto cryptic mycelia, 
strengthening genetic plasticity, and gene flow (Fries, 1981; Gregory, 1984). Mushrooms are 
apparently more potentially valuable to plants, humans, some animals and insects compared 
to other traditional thallophytes and microorganisms yet understudied as healthy ecosystem 
resource.  

It is within these contextual premises that this paper sorts to overview the robust 
benevolence in the life activities of fungi in many woodland ecosystems and the 
conceptualization of added values to improving human and animal life especially in Africa.  
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MUSHROOM INTERDEPENDENCE WITH OTHER BIOTICS 
 

Practice of Exploiting Edible Mushrooms from the Wild 
 
The nutritional and the medicinal values of mushrooms are recognized in different parts 

of the globe with abundant reports on their nutrient contents and medicinal usage (Lelley, 
1987; Arora, 1989; Quimio et al., 1990; Bhandary, 1991; Masuka and Ryvarden, 1993; Alofe 
et al., 1996; Kekawa, 2001; Akpaja et al., 2003; Osemwegie et al., 2006). The growing 
demand for mushrooms as food and/or medicine especially in highly developed countries of 
the world with advanced mushroom cultivation industries has boosted their commercial and 
foreign exchange values. It has equally improve cultivation practices in developing nations, 
exportation and rapid technological development that addresses improvement of yield; 
reduced cropping period, genetic selection of pest/pathogen resistant variety and genetic 
engineering for improved valued product yield (Oei, 1991; Chang and Miles, 1993; Mshigeni 
et al., 2003; Miles and Chang, 2004). In many developing countries of Africa, mushrooms are 
still being sourced from the wild rather than from approved cultivation cottages, farms or 
certified retail markets. This practice predispose mushroom hunters (gatherers) to various 
degrees of danger or worst still life threatening conditions from attack by wild animals and 
insect. Although, this have been the ancient recreational practice of African, it is the direct 
result of poor access to information, training and technology, ignorance of the possibility of 
mushroom cultivation, lack of access to affordable mushrooming spawns, dis-interest by 
veritable farmers, low numbers and slow developing mushroom cultivation industries and 
lack of funds inter alia. Over-reliance on mushrooms from the wild or woodland forests in 
many African nations slowly depresses wild mushroom diversity. This consequently has 
feedback effects of forest fragmentation and gap, deforestation (including firewoodcollection) 
and other general anthropogenic disturbances. It may also expose consumers to the risk of 
mistakenly gathering poisonous with edible mushrooms leading to mycetisma or 
mycotoxicosis (Quimio et al., 1990; Oei, 1991; Akpaja et al., 2003; Osemwegie et al., 2006). 
This may possibly have a long term negative consequence on the forest or forest-floor 
ecosystem balance and pressured forest productivity. The domestication of many African 
edible mushrooms is slow and developing due to subjective reasons of socio-infrastructural 
dysfunction, lack of political will power and poverty.  

The indirect effects of tree loss due to deforestation activities, wood fuel (firewood and 
charcoal) gathering, animal grazing by cattle rearing nomads and the practice of bush burning 
on mushrooms diversity or the distribution, habitat selection and evolution of mushrooms 
cannot also be overlooked. Though, empirical data are dearth on the impact of each of these 
on the mushroom species richness, diversity and delivery of ecosystem function, overall 
forest health and productivity, and climate for most African countries (Egli et al., 2006).  

Alabi (1991), Osemwegie et al. (2006) and Idu et al. (2007) reported low incidents of 
mushroom poisoning and death from mycophagy of wild edible mushrooms in Nigeria which 
may be collected for commerce, poverty alleviation or food subsistence. This may be due to 
factors such as lack of documented evidences in orthodox medical records, unpopular use of 
modern health care centres by most rural communities, poor befuddled diagnostic and non-
reporting of incidences due to mushrooms poisoning or death. Mushrooms are widely 
reported in scientific literature to be good sources of food, tonic and, in some cases medicine 
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since prehistoric times (Chang, 1980; Alofe, 1991). The nutritive nature, cultural knowledge 
and values that are handed down generations were however more recent (Chang and Miles, 
1993; Miles and Chang, 1997). Vegetations in Africa have been reported as hotspots of 
mushroom diversity and new taxa, mapping of identified mushrooms worldwide remained 
challenging to researchers while documentations on mycogeography are dearth. Mueller et al. 
(2007) concurred with the hypothesis that mushroom mapping challenge is derived from the 
variation between the location of mushroom fruit bodies and the mycelia activity as well as 
the distribution of mycelia. Mushrooms contain 20-45% of protein (dry matter) and rich in all 
essential amino acid whose quality competes favourably with those of plant and animal origin 
(Lelley, 1987). In addition, they also possess polymeric carbohydrate diverse biochemical 
characterization, origin, and various low molecular weight carbon compounds that include 
glucose, fructose, galactose and threalose; minerals nutrients notable amongst which are 
potassium, phosphorus and iron. They are also very rich in crude fibre and vitamins 
particularly thiamine (B1), riboflavin (B2), panthotenic acid (B3), ascorbic acid (C) and 
biotin (H) (LabarЀre and Menini, 2000).  

 
 

Other Explorative Uses 
 
In developed countries of the world however, mushrooms are also easily and readily 

processed, dried, pickled or canned for storage until ready for shipment to end 
users/consumers. Mushrooms growing popularity is acknowledged in literatures to enhance 
both foreign and local commerce, and agriculture (e.g. animal husbandry, crop and tree 
farming, fertilization of agricultural soils and biological control of pathogens and pests etc.). 
It is also fundamental in the bioconversion of solid wastes of industrial, domestic and 
agricultural origin; biotechnology such as bioremediation or mycorestoration of arable lands 
contaminated by either heavy metals or agrochemical products e.g. pesticides and herbicides 
or petroleum hydrocarbon and other effluents of diverse origins (Onianwa, 1995; Okeke et al., 
1996; Ochiel et al., 1997; Isikhuemhen et al., 2003; Anoliefo et al., 2002; Wasser, 2007). 
Furthermore, mushrooms are also variably recognized in industries as sources of amino acids, 
antibiotics, enzymes, organic acids, food, beverages, hormones (e.g. abscisic acid, 
zymosterol) and natural products that are alternative substitute to synthetic chemicals in 
biopulping. This is in addition to the wide range of new mushroom products being explored 
in many aspects of human lives (Agu, et al., 1993; Kirk et al., 1993; Dreyfuss and Chapela, 
1994; Bucher et al., 2004; Mshigeni, 2005). They are equally valuable in folk medicine 
practice in Africa, Asia and South America despite the paucity of information on the patency 
of folk knowledge of medicinal mushrooms, mushroom genetic resources and biodiversity 
data e.g. species composition, richness and diversity (Alabi, 1991; Ryvarden et al., 1994; 
Chang and Mshigeni, 2001; Akpaja et al., 2003; Osemwegie et al., 2006; Idu et al., 2006). 
Little is also documented on mushroom biogeography, aboriginal (native, endemic or 
indigene) and introduced macrofungal species in different locations around the globe contrary 
to reports of their earlier discovery relative to other group of fungi (Miles and Chang, 1997; 
Mueller et al., 2007). The holistic summary of the benefits of mushrooms to man including 
their ecological role in forest ecosystem stability, development and community functions 
cannot be over-emphasized (Gilbertson and Bigelow, 1998; Read and Perez-Moreno, 2003). 
These potentials remain untapped in Nigeria and some other African countries.  
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Mushrooms which perhaps are valued for their edibility, medicinal uses, diverse domestic 
and ecological relevance has encouraged global research interests (Jain, 2000; LabarЀre and 
Menini, 2000; Stamets, 2000; Kirk et al., 2001; Miles and Chang, 2004; Mshigeni, 2005). It 
has consequently become necessary to join in the global initiatives at understanding our 
indigenous mushroom resources, identifying and preserving such resource pools by 
minimizing threats to their diversity and ecological functions.  

 
 

Forest Community and Litterfall 
 
The forest ecosystems (woodlands) are complex with prolific reports on their community 

structure, functions and composition with respect to animals, insects and leafy (herbaceous) 
plants ecography compared to macrofungi (Waring and Schlesinger, 1985). Fungi and 
especially mushrooms have hitherto been recognised as an integral but fundamental part of 
the forest community and plantations, farms, gardens and other places with high deposits of 
organic matter. Shigeki et al. (1994) and Takashi (2007) enunciated the role of fungi and 
mushrooms in woodland ecosystems or forest’s mineral cycles and the importance of lignin 
as a regulating factor in the decomposition of litter. Where it not for the unceasing decay 
activities of fungi and more especially mushrooms, humans and other living organisms would 
have become suffused or suffocated in dirt or drowned neck-deep in leaves. Consequently, 
fungi and mushrooms are also affected by a huge range of interconnected ecosystem activities 
such as nutrient acquisition, competition for limited space, decomposition and litterfall 
dynamics, and biogeochemical cycles (Coûteaux et al., 1995; Sala et al., 2000; Kauserud et 
al., 2008). The heterogeneous and the homogeneous forests of the world therefore suffice as 
the hottest spot of mushroom diversity (Myers et al., 2000) 

According to Simmons (2003) litterfall is relevant to the movement of various organic 
and inorganic matter through woodland ecosystems especially those characterised by a rich 
expanse of heterogeneous trees and ecosystem services. Proctor (1983) and Dantas and 
Phillipson (1989) observed that litterfall is important in the estimation of primary 
productivity, stand vitality, indices of seasonal phenomena related to plant phenology, energy 
and nutrient fluxes, and as bioindicators of ecosystem health. The word litter is reported by 
McIntosh (1964) in the concise oxford dictionary, and Eagle and Hawkins (1975) in the 
oxford illustrated dictionary of English to mean (i) rushes, straw and other materials used in 
making animal beddings; (ii) straw and dung for farmyard; (iii) state of untidiness or 
disorderly accumulation of papers or make place untidy, scatter or leave lying. Ecologically, 
litter referred to a layer of dead plant material or any material especially of organic origin 
lying on the surface of the soil such as shed animal skin, plant parts or organs (Proctor, 1983; 
Simmons, 2003). This material does not however include standing dead matter such as tree 
stumps, dead trees and felled tree trunks which render the aforementioned definitions 
contextually unsatisfactory to an ecologist concerned with the functions of an ecosystem. 
Furthermore, Proctor (1983) defined litter as dead or decaying organic matter whose source 
may be from above or below ground plant parts while Maguire (1994) and Mudrick et al. 
(1994) remarked that it represents a major biological pathway for essential elements transfer 
from vegetation to soil and vice versa. Litterfall is therefore defined as the organic debris or 
litter falling from the above ground parts of a plant onto the forest or plantation floor (Onyibe, 
1990). In the same vein, Proctor et al., (1983) and Clark et al. (2001) described it as the 
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pathway for the transfer of organic and chemical elements from vegetation to the soil surface 
in forest ecosystem. In contrast to this, Simmons (2003) defined litterfall as the constant rain 
of organic debris on the forest floor while also describing it in a functional term as the 
transfer of organic matter (carbon, energy and nutrients) from the tree canopy to the forest 
floor. Consequently, the characteristic components of litterfall will include leaves, buds, 
twigs, flowers, fruits, seeds, glumes and coarse woods of not more than 2cm diameter of 
which only the leaf litter has been extensively studied with work on all other components 
dearth (Vitousek, 1984; Proctor, 1984; Dantas and Phillipson, 1989; Simmons, 2003). The 
litterfall therefore constitutes over 65% of the woodland degradable biomass while organic 
biomolecules of animal origin and standing dead or felled trees composed the remaining 25%. 
This reaffirms the irreplaceable role of forest litters as the conduit in the cycling of elements 
valuable for tree nourishment and soil tilt (English term that describes the structure and 
quality of a soil), growth and healthy performance of the forest ecosystem. Fungi along with 
bacteria rely mostly on the litters as their primary food resource and stimulus in the ceaseless 
process of decomposition and habitat selectivity. This natural process is harnessed in organic 
farming to for composting, humus (humic substances) formation and other geomycological 
mineralization processes.  

Literatures are equally numerous on litterfall estimates either relative to their rate of 
accumulation or disappearance or decomposition or nutrient content in various woodland 
stands across the world spreading through both temperate and tropical climates (Aerts, 1997). 
Vitousek (1982), Simmons (2003) and Vallinga (2004) reported that the ratio of leaf fall to 
litter accumulation is higher in the tropics and low at higher latitudes. This acknowledges the 
fundamental and simultaneous effect of climate and edaphic variables on dead forest biomass 
decomposition activity as well as the metabolic diversity and activities of microbiotic 
degraders (Weedon et al., 2009). Woodland litters have also been widely studied in relation to 
fauna and flora diversity, ecological performance and overall forest productivity (Dantas and 
Phillipson, 1989; Molofsky and Augspurger, 1992; Finotti et al., 2003). Reports are however 
scanty on the interaction between litterfall, mushrooms and climate relative to elemental 
extraction, accumulation and translocation, and how this interaction affects mushroom 
metabolic selectivity and diversity structure in woodland ecosystems across temperate and 
tropical latitudes. The recognition of the forest as the largest carbon pool and the attendant 
understanding of the variations in the physical chemical and structural properties of litter 
elements are consequently fundamental to estimating decomposition rates and niche 
selectivity in any woodland ecosystem. Invariable, more researches to uncover the total 
intricate workings and ecological connectivity between mushroom eco-processes (e.g. 
mineralization, comminution, mobilization, utilization by metabolism or bioaccumulation and 
other woodland ecosystem variables of climate, especially moisture and temperature) and tree 
diversity or trait structure are still ongoing.  

Information and studies on the eco-diversity of mushrooms limited in scope, scanty and 
failed provide true representation of global diversity, nature, heritage and resources. 
Therefore, it is important to connect with a global initiative to document, create inventories 
and identify more mushroom genetic resource. The knowledge may just be important in (i) 
identifying species vulnerable to extinction, estimating extinction rates and establishing 
sustainable conservation strategies or basis for preserving mushroom hotspot areas, (ii) 
estimating, monitoring and predicting mushroom diversity loss and extinction rates, (iii) 
contribute to global inventory of mushrooms with the discovery of previously cryptic 

Complimentary Contributor Copy



Osarekhoe Omorefosa Osemwegie, John Aroye Okhuoya and Theophilus A. Dania 22

(undescribed) taxa, habit and habitat (and niche), (iv) discover more ethnomycological 
knowledge and practices especially in other remote areas of Africa and Asia, this may be as 
variable as there are cultures, (v) boosting understanding of mushroom seasonality and other 
ecological behaviours that affect the provision of healthy ecosystem functions, goods and 
services, (vi) identifying and separating resident (indigent) and immigrant (introduced) 
mushroom resources and, (vii) generating data that could select mushrooms as very sensitive 
bioindicator of climatic change. Mushrooms from various empirical studies are 
incontrovertibly a major nexus between plants, their nutrient availability and nutrient resource 
utilization through the use of innumerable hydrolysing enzymes in natural elemental cycling 
phenomena.  

 
 

MUSHROOMS VERSUS TREES 
 
Mushrooms and plants especially trees have ab initio enjoyed a ceaseless relationship that 

could be dated back to many millennia long before the recognition of mushrooms by humans. 
The extent and the nature of this relationship are constantly evolving with the environment 
and may not be fully understood by modern science. However, mushroom diversity estimates 
by Hawksworth (1991 and 2001) that put global fungi diversity at 1.5 million was 
extrapolated from native plant species diversity, reemphasizing the inherent mutuality of the 
two groups of organism. Subsequent attempts at diversity estimate of terrestrial fungi 
including mushrooms could not also be divorced from trees/plants diversity (Manoharachary 
et al., 2005; Crous et al., 2006; Chaverri and Vilchez, 2006; Wasser, 2007). Mueller et al. 
(2006) and Hammond (1992) reaffirms this hypothesis by identifying that the ratio of plant-
fungus is fundamental to arriving at the actual global estimate of mushrooms. Estimating 
mushroom diversity in Africa is constrained because the forest and trees were badly 
documented, confounded by latitude and gradient coupled with dearth of grants and expert 
mycologists especially mushroom taxonomists (Gryzenhout et al., 2012). These coupled with 
the emerging controversies on fungal pleomorphism could disconfirm existing modest 
assumption of global fungal estimate and contributed directly or indirectly to the poor fungal 
biodiversity data from Africa. Therefore, it is logical to hypothesise that the architectural end 
result of any woodland ecosystem across the globe is hitherto predetermined by a plethora of 
complex interactive networks. We may also affirm that the woodland ecosystem provides 
more resources, niche opportunities and surfaces for fungi to thrive due to its profound carbon 
and mineral storage capacity. In view of this, it is expected that global fungal biodiversity is 
to be more than what is estimated by Hawksworth (1991) and Wasser (2007). Consequently, 
LabarЀre and Menini (2000) concluded that the knowledge of wild mushroom species in the 
world over is poor and challenging researchers into undertaking more studies on the 
biodiversity of fungi especially those that are macroscopic and less cryptic. This is to improve 
the existing record on the 7% (about 100,000) fungi and 10% (14,000) mushrooms estimated 
by Wasser (2007), as species already described globally.  

The woodland patches around the globe represent large pools of carbon which are 
mobilized by a conglomerate of microorganisms from litterfall and dead coarse woods in a 
phenomenal biogeochemical process that stabilizes the ecosystem. Detritus food web and 
forest floor decomposition dynamics is driven by fungi activities that provide the impetus for 
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detrital ecological succession involving bacteria, actinomycetes and other soil animalcules. 
The role of fungi and mushroom in the maintenance of the forest (woodland) ecosystem was 
linked to factors such as feeding habit.  

This is exclusively by extracellular digestion of dead woodland biomass using 
biochemical enzymes and acids, food resource distribution and microenvironmental 
conditions. Studies have reported the dominance of ligninolytic, hemicellulolytic and 
cellulolytic mushrooms (Figure 2) as the main decomposers of recalcitrant substances, 
xenophobic and forest floor litter in many woodland ecosystems (Lynch and Thorn, 2006). 
Consequently, this causes the release of renewable nutrient resource for use by the trees. 
Mushrooms also influenced the long-term speciation, natural selection of resistant trees and 
the slow disappearance of susceptible ones to disease causing attributes. Although, 
mushrooms have only been associated with narrow disease causing potentials in plants 
compared to their microfungi counterpart, they are still capable of depressing net productivity 
of any poorly managed forestry and agroforestry.  

The mechanism of competition by mushrooms for limited forest floor resources and 
space with other microorganisms and/or detritus feeders may have stimulated the evolution of 
acquired mutualistic behaviour with trees, consequently tilting the complex ecological 
balance of ecosystem functions, metabolic diversity of decomposers and community stability 
of the woodland ecosystem. The ecological role of fungi in the recycling of carbon, nitrogen, 
oxygen, phosphorus, water and other minerals in woodland ecosystems is pivotal in 
determining the net productivity, regeneration capacity and plant species composition of any 
vegetation.  

Humans have for many generations relied on woodland ecosystems for diverse 
sustainable non-wood resources and products including edible and medicinal mushrooms. 
They have contributed further to the extinction of trees and invariable loss of mushrooms 
diversity due to geometric population expansion pressure and activity. This ecosystem is 
incontrovertibly the largest repository (pool) of mushrooms across the globe which also 
reemphasises their significance to the sustenance of healthy woodland vegetations.  

Limited trees in diverse woodland have been reported to evolved root-pathogen defensive 
mechanisms and mobilize nutrients more efficiently through the assistance of macrofungi 
inhabiting their root system (mycorrhizae). The fungus help trap and/or manufacture nitrate 
based nutrients for the host plant while receiving energy-rich carbohydrate resource in return. 

 

 

Figure 2. The distribution of different arbitrary group of woodland fungi from a study of forests and 
agroforest survey in Edo State, Nigeria (Osemwegie, 2008). 
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This is in addition to their role in the fighting off invasion of the host by other potentially 
dangerous soil associated pests and pathogens through the expression of allelopathic 
characteristic, superior feeding vigour, and uncanny antagonism. Knowledge has also 
emerged on many other fungi of diverse nature that are located within the host plant tissues 
called endophytes. They co-evolved with many species of trees in a symbiotic relationship 
with the mechanism of symbiosis currently not well understood but hypothesized as 
asymptomatic. Empirical work of Vega et al. (2008) showed that endophytes may benefit the 
host plants by preventing pathogenic organisms from colonizing it, creating a “barrier effect” 
where it outcompete the invading pathogens or produce chemicals inimical to the growth of 
competitors. Fungi that are categorized as endophytes also contribute positively to the growth 
and transpiration rates of the host coupled with protection against drought, heat and 
overgrazing due to localised toxic content (Gao et al, 2010). Majority of soil fungi are 
efficient in nutrient mineralization, bioweathering and CO2 evolution while also regulating 
the turn-over of carbon and nitrogen.  

Mushrooms and other non-mushroom forming fungi are parasitic and often looked upon 
as evil while expressing their natural roles in maintaining global equilibrium through 
processes that create new habitat and drive evolution. Based on this, humans may need better 
understanding of parasitic fungi, the management of ecosystem economy and their contiguous 
ecological significance to mount restraint against fungal annihilation. The constant use of 
synthetic chemical fungicide to kill parasitic members of fungi is recently identified as having 
negative consequences on the evolution of economically valuable endophytes that could 
benefit humans especially in the area of medicine. It is also conceptual that some mushrooms 
are pleomorphic in nature and the sexual teleomorphic mushroom phase may have a parasitic 
anamorphic representative vulnerable to chemical attacks by humans. Although the effect of 
constant human attacks of parasitic anamorphs on their corresponding mushroom teleomrphs 
is not fully understood but may result in the decimation of mushroom diversity and eventual 
extinction of hyper-susceptible species, loss of potentially valuable fungal resources and 
productivity of vegetations (woodland ecosystems). Parasitic fungi may however attain 
equilibrium with their host in time and space, transmuting into potentially useful endophytes. 
The persistent chemical attacks on fungal parasites predates and drives the evolution of 
resistant species, inject toxin or residue into ecosystem food chain that may become 
biological magnified from one trophic level to another, and the environment with potentially 
dangerous consequences to humans (Kaewchai et al., 2009). The voracious nature of fungal 
nutrition results in the subterranean spread for miles of mycelium foraging for carbon and 
nitrogen, and creating a compact network capable of protecting topsoil leaching, in situ 
mycofiltration as well as adsorption of carbon/nitrogen, bacterial, insect and nematode 
elements from runoff, mobilization of usable nutrient elements valuable to the health of plant 
vegetation and inclined interaction with earth metals. Mushrooms therefore have the selective 
advantage in wastewater, effluent and sewage treatment in vitro studies over bacteria and 
other soil organisms. Furthermore, their broad ecological functions in the delivery of 
ecosystem’s goods and services is earnestly harnessed for the improvement of humans 
livelihood (Figure 3) in the areas of agriculture (bioferfilizers, biocontrol), environment 
(biodegradation, bioremediation), industries (brewing, pharmaceutic, nutrition, biopulping, 
biogas, biofuel, dye extraction) and economy (mushroom farming, food security, mushroom 
retailing/commerce). Therefore, the question is whether mushrooms are worth preserving 
despite their unobtrusive nature and if there is enough political will to form and implement 
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policies that can force preservation agenda in line with the global biodiversity treaty of the 
1992’s Rio de Janeiro Biodiversity Summit. It also supported the conceptualization that fungi 
activity structures woodland ecosystem community and also made penetration of such 
ecosystem by humans for gathering of wood and non-wood products including game hunting 
possible. These phenomenal human activities also benefit the mushrooms in spore dispersal 
and dissemination. Mushrooms liberalise the premier nutrient resource pool of many 
woodland ecosystem and generate the force of inertia that drive the establishment of 
secondary succession as well as sustained climax vegetation. Otherwise, forest lives would 
have been suffocated by a growing heap of undegrading mass of organic wastes. This would 
equally further have a negative feedback effect on both domestic and industrial waste 
management processes; biodiversity and human lives in the long-term emphasizing the 
inseparable link between mushrooms and woodland vegetations.  

 

 

Figure 3. Model illustrating woodlands as mushroom hotspots and multidimensional benefits of 
mushrooms to humans. 

In recent emerging studies on soil microbial decomposition, plant and mushroom 
biodiversity, forest management practices, regeneration and forest structure across the world 
emphasized the obligate roles of mushrooms, a subgroup of the fungi race, in the delivery of 
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inherent ecological goods and services that support woodland ecosystems. The 
multidimensional services comprised the promotion of optimal nutrient uptake, pathogens 
suppression as well as their inocula through superior competitive capacity for food and niche. 
In addition, mushrooms contribute to the regulation and mineralization of nutrients by 
biodegrading ecosystem wastes amongst others and natural mycofiltration processes that 
remove elements from topsoils capable of potentially suppressing the healthy development of 
plant vegetations. The dimension of mushrooms ecological versatility underscores their 
connection to the woodland ecosystems. This study has provided insights into how tree or 
plant diversity loss results in a corresponding loss of mushroom diversity.  

 
 

DISCUSSION 
 
Fungi, more especially mushrooms are proven to be crucially important in the 

improvement of humans and animals through their mysterious capacity to deliver efficiently 
ecosystem goods and services that improves forest health, productivity and products. 
Deregulated exploitation of diverse woodlands for edible and medicinal mushrooms would 
have unconsciously but logically driven some mushrooms to extinction and causes selective 
evolutionary changes in others through speciation. Although, a large part of the local 
populace provided a well-articulated explanation that bothers on the priority to feed families 
and improve livelihood while misunderstanding the paired capacity between utilization to 
quench food need or poverty and conservation (Boa et al., 2004) The negative consequences 
of wild mushroom exploitation for human purposes are more popular in literatures than the 
positive effects that are slower in manifesting. This is confined in the dynamism of evolution 
of trees, mushrooms and detritus animals dependent on mushroom feed. The transmutation of 
the naturally occurring phenomena of fungi ecosystem activities for the benefit of humans is 
still evolving globally as some of the activities may yet be cryptic or artificially 
irreproducible. This lends credence to the fact that the importance of fungi contrasted widely 
to their extant study capacity and it is by no means a happenstance that African forests 
abound with explorative opportunities in mycology with diverse species of new fungal taxa 
still cryptic (Gryzenhout et al., 2012). Fungi are capable of serving as renewable raw 
materials for industries dealing in mycopestides i.e. mycofungicides, mycoherbicides, 
mycoinsecticides etc., paper (biopulping), dye, wasteland development, fertilizers 
(mycofertilizers), animal feed (single cell protein, probiotics, additive etc), waste 
management, medicine, drugs and hormones etc. but currently under explored in Africa 
(Figure 3).  

Human activities, especially deforestation, negatively affect the mushroom population 
and community composition leading to loss of diversity, decelerated rate of biogeochemical 
recycling, depleted potential habitat and ultimately climate change. Mushrooms are also 
suitable bio-indicators of woodland ecosystem stress and disturbances parameters resulting 
from forest management practices or a healthy forest. It is therefore pertinent to initiate a 
sustainable regime of forest conservation and preservation practices especially in African that 
would preserve the continent’s vegetations and biodiversity heritage. It is also essential to 
challenge researchers and ecologist in exploring cheap, more environmentally-friendly 
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alternatives to chemical eradication of economic parasites and/or protecting fungi from 
activities that facilitate their decimation. 

Suffice to say that low to zero parasite population could result in life-threatening 
ecosystem consequences that may compromise the development of immunity or loss of host 
suppression of pathogen activity and limit the evolution of symbiotic species. This perception 
obtains from the theory that suggested that symbiotic relationships evolved from a long line 
of parasitism that culminated in host-parasite equilibrium, a point where the parasite becomes 
powerless in causing host infection. 

 
 

CONCLUSION 
 
Mushrooms have remained an invaluable but obtrusive part of fungi currently evolving 

an identity as a scientific discipline – Mushroom Science and gaining popularity as viable 
resources for the production of many novel products. The bio-prospecting, characterization 
and bio-exploration of this group of fungi have suffered great neglect in many African 
countries and other developing nations of the world. This may have been precipitated largely 
by ignorance of the inherent potential abound in mushrooms, complete lack of adequate 
capital, infrastructural and human capacities, non-availability of sponsorship sources (non-
governmental and governmental), uncertainty of profit generation and lack of preferential for 
mushrooms and mycology. It is therefore important to set out measures that help moderate 
and minimize woodlands encroachment by humans for recreational and non-recreational 
(logging, farming, construction etc) activities. This can be achieved by introducing 
conservation laws, red-tapping species at risk of extinction, popularizing domestication 
initiatives and values of mushrooms to forest health and management through government 
agencies, and developing through many tertiary Institutions the necessary capacity to sustain 
as well as improve research with further applications of mushrooms and other fungi in 
improving livelihood. Furthermore, connecting to global initiative on forest conservation and 
international collaboration that is based on instrumentation, training, exchanges, funding and 
resource materials (books, spawns, journals) can also promote bio-exploration of mushrooms 
in some African countries.  
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ABSTRACT 
 

Several fast-growing and multipurpose tree species such as exotic and valuable 
native species have been widely used in West Africa. These man-made forest plantations 
usually focused upon the trees and are defined mainly in relation to their capacity to 
produce timber and prevent catastrophic events such as damage by wind. In recent years, 
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however, there has been a growing awareness amongst plant ecologists and soil microbial 
ecologists that understanding the connectivity between their study organisms is of utmost 
importance. The interactions between plants and soil microorganisms are particularly 
important because plants represent the main pathway through which carbon, the element 
that severely limits microbial growth, enters into soil. From a reciprocal viewpoint, 
microbial associations have been pointed as an important strategy to guarantee plant 
survival under semiarid conditions. However, there are several recent studies that have 
been carried out on the devastating ecological impact resulting from anthropogenic 
dispersal of exotic plants. They suggest that exotic tree and shrub plantations could 
interact with soil microbial communities and disrupt mutualistic associations between the 
existing ecological associations within native communities, leading to soil fertility 
depletion.  

Given the growing body of empirical evidence of the importance of these perennial 
plants, it is becoming increasingly important to understand the impacts of such dispersal 
of man-made forestry on soil biological properties. In this chapter, we will expose and 
discuss some of the relevant research work that has been implemented in Sub-saharian 
ecosystems with special emphasis on studies that have dealt with tree plantation impacts 
on soil microbial communities. Particularly, we discussed here the influences of 28-
years-old tree plantations of tropical, subtropical, and exotic tree species on the soil 
legume-nodulating rhizobia and arbuscular mycorrhizal fungal communities.  
 

Keywords: Degradation of Sahelian Ecosystems; Reforestation Systems; Ecological Impacts; 
Soil Fertility; Rhizobia; Mycorrhizae 
 
 

1. INTRODUCTION 
 
Degradation of forest lands due to agricultural expansion, overgrazing, fire, and tree 

cutting is a serious environmental concern in many Sahelian countries (Donfack et al., 1995; 
Diouf et al., 2002; Tappan et al., 2004; Bai et al., 2008; Vincke et al., 2010). This leads to 
losses of biodiversity, a decline in soil fertility, and a deterioration of soil physical and 
biological properties (Tiffen and Mortimor, 2002; Mungai et al., 2005; Guadarrama et al., 
2008; Curlevski et al., 2010; Stürmer and Siqueira, 2011). In such a degraded land, the 
regeneration with tree forestry upstream is threatened, suggesting urgent needs of ecological 
rehabilitation through which soil quality could be improved to support biological 
productivity. There is an increasing evidence that forest plantations can play a key role in 
ecosystem rehabilitation or restoration (Donfack et al., 1995; Fortin et al., 2008; Vincke et al., 
2010), and many studies have supported that the presence of the tree species provide a 
number of ecological advantages through increased soil organic matter content, biodiversity 
conservation, and improved soil microbial activity, and nutrient cycling rates (Peichl et al., 
2006; Hobbie et al., 2006, 2007; Rivest et al., 2009). Hence diverse exotic and indigenous 
tree species, economically important, with edible and highly nutritional crops for both human 
and animal consumption have been widely used in the West African area (Ingleby et al., 
1997; Diagne et al., 2001; Douf et al., 2002; Duponnois et al., 2005). However, the models 
and ideas guiding these applied fields have mostly come from sources other than restoration 
ecology and conservation of soil biology (Kisa et al., 2007; Faye et al., 2009; Bilgo et al., 
2012).  
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Man-made forest plantations in these areas usually focused upon the tree species, and are 
defined mainly in relation to their capacity to produce timber and prevent catastrophic events 
such as damage by wind (Diouf et al., 2002). Such concepts of management practices, which 
did not consider the other resources existing in the ecosystem, lack an ecological basis (Fortin 
et al., 2008). It has been demonstrated that aboveground and belowground communities are 
intimately linked (Bever et al., 1997; van der Heijden et al., 1998, 2006, 2008) and these 
linkages greatly affect ecosystem properties (Xingjun et al., 2005; Sanon et al., 2009). The 
changes in plant communities will therefore exert a great impact on the belowground 
microbial communities (Sene et al., 2012a, 2012b, 2013). However, available data on the 
impact of vegetation changes (tree plantations) on the soil microbial communities are rather 
scattered, and there are still many gaps in our knowledge. The subject has been ably studied 
by Akpo et al. (2003), who draw attention to the role of the tree plantations on the 
belowground flora and soil chemical conditions. Soil microbes play key roles in ecosystems 
and mediate many ecological processes that are central to ecosystem functioning, including 
nutrient acquisition (Dommergues et al., 1999; Sene et al., 2010), nitrogen cycling (Fortin et 
al., 2008), carbon cycling (van der Heijden et al., 2008), soil formation (Rillig and Mummey, 
2006), decomposition processes (Peichl et al., 2006; Hobbie et al., 2006, 2007), and the 
regulation and maintenance of plant biodiversity (van der Heijden et al., 1998, 2008). Further, 
biotic and environmental factors drive the activity, structure, and diversity of soil microbial 
communities, which are controlled by many factors including plant species (van der Heijden 
et al., 1998, 2008). In this chapter, we will expose and discuss some of the relevant research 
work that has been implemented in Sahelian ecosystems with special emphasis on studies that 
have dealt with tree plantation impacts on soil microbial communities. Particularly discussed 
are the influences of exotic and indigenous tree species on the soil symbiotic microorganisms 
(legume-nodulating rhizobia and arbuscular mycorrhizal fungal communities).  

 
 

2. SOIL MICROBIAL COMMUNITIES:  
BIOLOGICAL MEANS OF IMPROVING NUTRIENT  

UPTAKE IN TREES 
 
Soil and water are the basic natural resources essential for ecosystem functioning and soil 

is a non renewable source upon which the mankind depends for his survival. From a 
biological perspective, soil constitutes a diverse ecosystem in which plant roots and 
microorganisms coexist and interact for nutrient uptakes (Dommergues et al., 1999; Smith 
and Read, 1997, 2008). Microbial communities in the soil are composed of bacteria, 
actinomycetes, fungi, protozoa, and nematodes. Plants interact with guilds of these beneficial 
microorganisms like N2-fixing bacteria (Kahindi et al., 1997; Dommergues et al., 1999) and 
mycorrhizal fungi (Smith and Read, 1997, 2008), stimulating their productivity by supplying 
limiting nutrients (Bala and Giller, 2006; van der Heijden et al., 2008; Schnitzer et al., 2011).  

Among the plant-microbe interactions, the legume-rhizobia symbiosis that converts 
nitrogen gas (N2) into ammonia is perhaps the best studied (Kahindi et al., 1997). The fixation 
of N2 makes up to approximately 80 % (by volume) of the air that we breathe (Dommergues 
et al., 1999). The nitrogen gas cannot be used directly by plants or animals to synthesize 
essential biological nitrogen-containing compounds such as amino acids and nucleotides 
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(Kahindi et al., 1997; Dommergues et al., 1999). First, it has to be converted into ammonia 
and, among the wide range of bacteria that could fix N2, legume-nodulating rhizobia (LNR) 
are of the most important for their potential in maintaining soil fertility (Graham, 2008; Noel, 
2009; Lindström et al., 2010). 

Mycorrhizal fungi are soil-dwelling microorganisms that form mutualistic relationships 
with over 80% of all vascular plants and affect plant fitness and competitive interactions 
(Johnson et al., 1997). They are commonly known not only to assist host plants with 
phosphorus uptake (Smith and Read, 2008), but may also to provide other benefits including 
protection from pathogens (Cardoso and Kuyper, 2006), assisting with the uptake of water 
and other nutrients such as nitrogen and copper (Smith and Read, 2008; Sene et al., 2010). 
Hyphae of arbuscular mycorrhizal fungi (AMF) also play a role in the formation and 
structural stability of soil aggregates (Rillig and Mummey, 2006), and contribute to the 
composition of plant community structures (van der Heijden et al., 2006). In return, LNR and 
AMF receive photosynthetic products from the host plant (Dommergues et al., 1999; Smith 
and Read, 2008). Various studies suggested that a specific interaction that influences both the 
nodulation and mycorrhizal colonization processes occurs between the LNR and AMF in 
legumes (Kahindi et al., 1997; Duponnois et al., 2005; van der Heijden et al., 2008; Sene et 
al., 2010). It is well documented that growth and productivity of the legumes were dependent 
on the combination of LNR and AMF, revealing that positive interactions between 
compatible symbionts could significantly increase growth and productivity. Container 
experiments with peanuts (Arachis hypogaea L.) demonstrated that under open air 
environmental conditions, biomass production and pod yield in dual inoculated plants with 
bradyrhizobia and mycorrhiza is generally greater than in non-inoculated plants, and more 
nodules were formed (Sene et al., 2010). Numerous other papers have also reported that both 
the nitrogen-fixing bacteria and the mycorrhizal fungi play important roles in nutrient 
relationships in natural forest stands (van der Heijden et al., 1998, 2006, 2008; Fortin et al., 
2008; Noel, 2009) and undoubtedly they will play significant roles in man-made forest 
systems. The LNR as well as the AMF are thought to play an important role in the 
establishment and succession of plant communities (Cardoso and Kuyper, 2006; van der 
Heijden et al., 1998, 2008; Oehl et al., 2010; Schnitzer et al., 2011). The natural indigenous 
population of these soil symbiotic microorganisms, if available, could therefore facilitate 
ecosystem resilience when faced with environmental disturbances. However, benefits of the 
tree plant-microbe symbiosis, whether the food, fodder, soil fertility, or forestry, will depend 
on the management of natural biodiversity of both the plant host and the symbiotic 
microorganisms present in the soils. Only when we better understand the factors regulating 
this biodiversity we will be able to conserve it for the future and exploit it fully in Sahelian 
ecosystems. In this chapter, we outline the ecological role of man-made forestry on the soil 
symbiotic microorganisms in the semi-arid Sahel region.  
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3. INFLUENCE OF THE MAN-MADE TREE SPECIES  
ON THE INDIGENOUS MICROBIAL COMMUNITIES 

 
The main prerequisites for choosing plant material is to select species which are adapted 

to the biotic (pests) and abiotic (climate, soil) environment of the specific site (Larsen, 1995; 
Diouf et al., 2002). Local species and populations usually ensure a certain degree of 
adaptedness, since the population genetic structure reflects the fluctuations in local 
environmental forcing functions (Forrester et al., 2006; Lemma et al., 2007). A recent study 
by Ndoye et al. (2012) in two contrasting rainfall sites of Senegal has indicated positive 
effects of Acacia senegal trees on soil mycorrhizal potential and enzyme activities. In 
contrast, there are some examples which have demonstrated the dangers of using unadapted 
plant species (Xingjun et al., 2005; Silva et al., 2007; Jordan et al., 2008; Mascaro et al., 
2008). To date, relatively few studies have investigated in this aspect in the semi-arid Sahel 
region, and they were only focused on exotic plant species. The main conclusions drawn from 
these studies were that the exotic tree species being propagated in this area apparently have a 
major influence on the soil belowground microbial communities and soil physic-chemicals 
(Kisa et al., 2007; Remigi et al., 2008; Faye et al., 2009). For instance, in a study in Senegal 
at Ngane, Remigi et al. (2008) showed that Acacia holosericea, an exotic tree species, 
induced strong modifications in soil microbial functionalities (assessed by measuring the 
patterns of in situ catabolic potential of microbial communities) and reduced soil resistance in 
response to increasing stress or disturbance (salinity, temperature, and freeze-thaw and wet-
dry cycles). The authors also indicated that A. holosericea strongly modified the structure of 
AMF communities. Such a trend of ecological effects of exotic tree plant introduction was 
further confirmed in a study by Bilgo et al. (2012), showing strong modifications in soil 
microbial functions. A recent study from Faye et al. (2009) also highlighted that A. 
holosericea plant species could modify the structure of Bradyrhizobium populations and their 
effectiveness on Faidherbia albida (Del.) a. Chev. (a native endemic Sahelian Acacia 
species) growth. It is worth noting that such a modification could contribute limiting the 
natural regeneration of F. albida. Indeed, it has been previously reported that some legume 
species require LNR to successfully coexist with other plants in natural and also man-made 
communities (van der Heijden et al., 2006, 2008). Therefore, disturbance of native LNR 
communities could alter plant competitive interactions, more particularly, decrease the 
capacity of legumes to out-compete other plants (Faye et al., 2009).  

A study in Burkina Faso at Gampela by Kisa et al. (2007) has also reported that the exotic 
tree species Eucalyptus camaldulensis significantly modified the soil bacterial community. 
The authors showed that both community structure (assessed by denaturing gradient gel 
electrophoresis profiles) and function (assessed by substrate-induced respiration responses 
including soil catabolic evenness) were significantly affected after 12 months of culture. They 
additionally showed that the changes in the bacterial structure and function were accompanied 
by disturbances in the composition of herbaceous plant species layer.  
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4. INFLUENCE OF THE MAN-MADE TREE SPECIES  
ON THE INDIGENOUS SOIL SYMBIOTIC MICROORGANISMS:  

CASE STUDIES FROM THE FOREST RESERVE OF BANDIA, SENEGAL 
 

4.1. Site Description 
 
To test the hypothesizes related to the ecological impacts of the man-made forest 

establishment on soils symbiotic microorganisms, Sene et al. (2012a, 2012b, 2013) conducted 
experiments in different habitats, i.e. planted forest reserve zones and their surrounding and 
deforested lands at Bandia (14°30’ N, 17°0’ W) in coastal Senegal (10 km from the Atlantic 
Ocean).  

 
Table 1. Summary of plant species composition for each vegetation patch: the deforested 

and man-made forest systems (adapted from Sene et al., 2012a) 
 

 Deforested land Man-made forest reserve land 

Families 
Genera 
(number) 

Relative 
Frequency 
(%) 

Species 
(number) 

Relative 
Frequency 
(%) 

Genera 
(number) 

Relative 
Frequency 
(%) 

Species 
(number) 

Relative 
Frequency 
(%) 

Acanthaceae 0 0 0 0 1 1.5 1 1.1 
Aizoaceae 1 2 1 1.8 0 0 0 0 
Amaranthaceae 4 8.2 5 8.9 5 7.2 3 3.4 
Ampelidaceae 0 0 0 0 1 1.4 1 1.1 
Anacardiaceae 0 0 0 0 1 1.4 1 1.1 
Anthericaceae 0 0 0 0 1 1.4 1 1.1 
Araceae 1 2 1 1.8 1 1.4 1 1.1 
Apocynaceae 1 2 1 1.8 1 1.4 1 1.1 
Asteraceae 2 4.1 2 3.6 3 4.3 3 3.4 
Balanitaceae 0 0 0 0 1 1.4 1 1.1 
Capparaceae 2 4.1 2 3.6 3 4.3 3 3.4 
Caryophyllaceae 1 2 1 1.8 0 0 0 0 
Combretaceae 1 2 1 1.8 1 1.4 2 2.2 
Commelicaceae 1 2 1 1.8 1 1.4 2 2.2 
Convolvulaceae 3 6.1 5 8.9 2 2.9 5 5.6 
Cucurbitaceae 3 6.1 3 5.4 2 2.9 2 2.2 
Cyperaceae 1 2 2 3.6 4 5.8 7 7.9 
Euphorbiaceae 3 6.1 4 7.1 3 4.3 3 3.4 
Fabaceae 9 18.4 10 17.9 11 15.9 16 18 
Lythraceae 0 0 0 0 1 1.4 1 1.1 
Malvaceae 2 4.1 2 3.6 7 10.1 7 7.9 
Meliaceae 1 2 1 1.8 1 1.4 1 1.1 
Myrtaceae 0 0 0 0 1 1.4 2 2.2 
Onagraceae 0 0 0 0 1 1.4 1 1.1 
Poaceae 9 18.4 10 17.9 10 14.5 15 16.8 
Rhamnaceae 1 2 1 1.8 1 1.4 1 1.1 
Rubiaceae 1 2 1 1.8 3 4.3 5 5.6 
Sapindaceae 1 2 1 1.8 0 0 0 0 
Solanaceae 1 2 1 1.8 1 1.4 2 2.2 
Ulmaceae 0 0 0 0 1 1.4 1 1.1 
Total 49 100 56 100 69 100 89 100 
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The climate is typical of semiarid lands of West Africa with mean temperature ranging 
from 25°C to 35°C, and an annual rainfall ranging from 400 to 700 mm, occurring mostly 
during a single short rainy season lasting for 2-3 months. Mineral compositions of the soils 
overly solid sand-clay base materials (Sene et al., 2012a). An inventory of plant species was 
carried out, and the summary of plant compositions for each vegetation patch is presented in 
Table 1.  

Briefly, the man-made forest land is a composed of 89 plant species including 15 
dominant arboreal plant species, 2 shrub species, and 72 herbaceous plant species. Trees are 
planted in monospecific stands of about 28 years and comprised 9 indigenous species: A. 
nilotica (L.) Willd. ex Del., A. senegal (L.) Willd., A. seyal Del., A. tortilis (Forsk.) Hayne, 
Celtis integrifolia Lam., Grewia bicolor Roth, Sclerocarya birea Hochst., Sterculia setigera 
Del., and Zizyphus mauritiana Lam.; and 7 exotic species: Azadirachta indica A. Juss., E. 
camaldulensis Dehnh., E. microtheca F. Muell., Cassia siamea Lam., Gliricidia sepium 
(Jacq.) Kunth, Hardwikia binata Roxb., and Prosopis juliflora (Sw.) DC. These species are 
commonly planted throughout the Sahel and were growing on the same soil type as at Bandia. 
They were established in 1980 with a spacing of 4.5 x 4.5 m. The shrub plant community is 
dominated by Bossia senegalensis. The common herbaceous plants at the time of sampling 
were: Mitracarpus villosus Cham. and Schltdl., Acalypha crenata Hochst. ex A Rich., 
Achyranthes aspera L., Cucumis melo L., Rhynchosia minima (L.) DC., Stylochyton 
hypogaeus Lepr., Commelina benghalensis L., and A. aspera; M. villosus have the more 
important patches beneath the tree plantations.  

In the deforested land, all woody plants were harvested about 30 years ago, resulting in 
the disturbed land vegetation cover being dominated by shrubs and annual plant species. This 
land is composed of 56 species including A. seyal and A. nilotica trees, which are isolated in 
individuals, Combretaceae shrubs and annual plant species. The most dominant herbaceous 
species at the period of sampling were: Cassia obtusifolia L., Brachiaria racemosa (L.) Stapf, 
Mitracarpus villosus Cham. and Schltdl., Digitaria ciliaris (Retz.) Koeler, Cyperus rotundus 
L., Fimbristylis exilis Roem. and Schult., Enteropogon prieurii (Kunth) Cl., and Cyperus 
esculentus L.; Cassia obtusifolia has the more important patch.  

 
 

4.2. Influence of the Man-Made Tree Species on the Indigenous LNR 
Populations 

 
Many studies have supported that tree plants provide a number of ecological advantages 

through increasing soil organic matter content, biodiversity conservation, and improving soil 
microbial activity and nutrient cycling rates (Munguai et al., 2005; Forrester et al., 2006; 
Peichl et al., 2006; Hobbie et al., 2006, 2007). Studies conducted at the Bandia ecosystem by 
Sene et al. (2012a, 2013) have shown that significant variability exists in the LNR 
populations estimated in different exotic and native tree plantations established in this area. 
The authors showed close positive correlations between the sizes of LNR populations 
estimated both in the dry and rainy seasons and the presence of legume tree hosts (Sene et al., 
2013). More importantly, they indicated significant increases in Rhizobium spp. (fast growers 
LNR) population densities in response to planting with Sahelian acacia species, and a high 
number of genotypes were fitted to these tree plantations, which undoubtedly suggest that 
enrichment of soil Rhizobium spp. populations is host-specific.  
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This result is consistent with the known influence of host legume-nodulating species on 
soil LNR. In fact, it is recognized that Sahelian acacia species may be nodulated by strains of 
Rhizobium spp. and/or by strains of Bradyrhizobium spp. (slow growers LNR) (Dreyfus et al., 
1988; Bala and Giller, 2006; Diouf et al., 2007). More interestingly, they develop extensive 
root systems near the soil surface (Gueye M. pers. com.), and usually have a large number of 
natural nodules during the rainy period (Diouf D. pers. com.). This could naturally facilitate 
the LNR multiplication and diversification through rhizosphere effects and senescence of 
nodules as well as provision of organic nitrogen, which could interact with soil organic 
carbon to enhance soil structural stability (Andrade et al., 2002; Wolde-Meskel et al., 2005; 
Mwenda et al., 2011). This recalls a study by Lawson et al. (1987), showing large differences 
in Rhizobium leguminosarum bv. trifolii population, which was caused by the presence of 
homologous legume hosts.  

By contrast, Sene et al. (2012a) have further indicated that infrequent or delayed 
nodulation still occurred in their different trap experiments for soil samples from the 
deforested lands. This suggests that a low number of LNR reside in these soils (Sene et al., 
2012a), and this is particularly worrisome for the LNR belonging to the fast grower groups 
(Rhizobium spp.). Moreover, the authors have indicated that the 16S rRNA sequences 
analyses have shown reduced diversity of sub-clusters. This pattern could be simply attributed 
to the scarcity of the tree plants, and the less diverse tree species available in this land use. 
Because of the limited energy and nutrient sources, only the LNR that could thrive with the 
few available tree plants could be present, and at low numbers. The authors also showed a 
low number of LNR populations in plantations where the tree plant does not form symbiotic 
association with the LNR (Sene et al., 2013), possibly attributable to the lack of homologous 
hosts, and/or a lower level of saprotrophic adaptation to the environmental conditions beneath 
these tree plantations. Compared with these studies, the legume-related effects as early 
observed by Woomer et al. (1988), and recently confirmed by Faye et al. (2009), appear to be 
an important way to maintain high levels of LNR populations.  

 
The Linkages between Plant Species Composition and Soil Microorganisms:  
What about LNR within Man-Made Tree Plantations?  

Because of the direct ecological linkages existing between plant species composition and 
soil symbiotic microorganisms (Bever et al., 1997; van der Heijden et al., 1998; 2006), most 
experiments suggest that disturbance or change in the environment that affect aboveground 
plants will also affect the soil microsymbionts (Woomer et al., 1988; Kisa et al., 2007; Silva 
et al., 2007; Remigi et al., 2008; Faye et al., 2009; Bilgo et al., 2012). However, in the case of 
the LNR as affected by man-made forestry, details of the results may depend on both the 
composition of natural LNR population and symbiotic characteristics of the present host 
legumes as reported by Sene et al. (2013). These authors have first revealed that the 
development of herbaceous vegetation was drastically inhibited in plantations of G. sepium 
and P. juliflora exotic species (Table 2), possibly attributable to allopathic and/or competition 
effects. As it appears to be mainly the case for the AMF (Kisa et al., 2007; Silva et al., 2007; 
Sene et al., 2012b), the observation mentioned for the herb vegetation compositions apply to 
the LNR as well (Bever et al., 1997; van der Heijden et al., 2006, 2008). However, Sene et al. 
(2013) have indicated a high genetic diversity of LNR for P. juliflora tree plantation, which 
did not support the hypothesis that above- and below-ground diversity could be causally 
related.  
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Since they have further shown with the cross-nodulation tests that a large spectrum exists 
for P. juliflora tree species, this indicates an extant diversity of compatible LNR across the 
study area.  

The authors have also shown a large spectrum for nodulation for A. seyal tree species and 
accordingly, this tree plantation harbored a high genetic diversity of soil LNR. A. seyal tree 
species is native to a broad belt across Africa between the Sahelian and moist forest zones, 
from Senegal in the west, to Sudan and Kenya in the east, suggesting adaptation to the LNR 
from this area. Likewise, the exotic P. juliflora was first introduced in Senegal, Africa, in 
1822 (Diouf et al., 2002). 

 
Table 2. Richness of shrub and herb species, diversity indexes [richness (R), diversity 
(H’) and evenness (1-D)] of the IGS-RFLP genotypes, and of the spore morphotypes 

recorded in each tree plantation (adapted from Sene et al., 2012b, 2013) 
 

Tree species 
Vegetation  Diversity index of LNR Spore diversity 
Richness of 
shrub species 

Richness of 
herb species 

R H’ 1-D R H’ 1 – D 

Indigenous         
A. nilotica 4 20 7 1.531 0.899 3 0.611 0.430 
A. seyal 4 17 15 2.963 0.962 3 0.530 0.405 
A. senegal 3 24 10 1.957 0.923 3 0.603 0.428 
A. tortilis 5 14 9 1.643 0.913 2 0.491 0.313 
C. integrifolia 4 37 5 1.228 0.754 4 1.04 0.799 
G. bicolor 3 19 3 0.747 0.585 2 0.488 0.307 
S. birrea 2 19 6 1.219 0.893 4 0.663 0.503 
S. setigera 3 17 6 1.283 0.831 4 0.709 0.580 
Z. mauritiana 4 27 3 0.786 0.532 2 0.489 0.352 
Exotic          
A. indica 2 15 2 0.455 0.336 4 0.880 0.575 
E. camaldulensis 2 12 5 1.095 0.787 3 0.679 0.442 
E. microtheca 4 29 6 1.382 0.893 2 0.386 0.228 
C. siamea 4 15 6 1.252 0.849 2 0.410 0.324 
G. sepium 3 8 3 0.841 0.548 3 0.359 0.264 
H. binata 4 14 4 0.987 0.723 4 0.747 0.506 
P. juliflora 3 8 9 1.943 0.911 3 0.669 0.441 

R Margalef (richness), H’ Shannon (diversity), 1-D Pielou (evenness) indexes. 
 
According to the authors, this old introduction may contribute to evolutionary adaptations 

between P. juliflora and native LNR strains, favouring symbiotic relationships that could 
explain the occurrence of compatible LNR with Prosopis species, highlighting the high 
genetic diversity of LNR recorded in P. juliflora plantations. It has been reported, however, 
that relative permissiveness of exotic plant species to the diversity of LNR may not guarantee 
infectiveness and effectiveness in N2-fixation (Faye et al., 2009). Thus, further work is 
needed to understand the functional significance of the genetic diversity pattern in P. juliflora 
plantations and its impact on soil quality and vegetation structure.  

In contrast, Sene et al. (2013) have indicated a restricted host range for the newly 
introduced G. sepium species, suggesting that this exotic legume species may have low 
compatibility with the native LNR. Moreover, the authors showed that G. sepium tree 
plantation harbored less genetic diversity of LNR. There is a large body of investigations 
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which has supported the idea that the introduction of a leguminous tree plant is capable of 
promoting the selection of particular LNR genotypes (Xingjun et al., 2005; Faye et al., 2009), 
by penalizing those fail to fix N2 (Kiers et al., 2003) and thus, reducing the diversity of soil 
LNR. However, in the case of the G. sepium plantation, Sene et al. (2013) have indicated that 
both the size and genetic diversity of soil LNR are still low; and this suggests that other 
factors to which the LNR populations are most sensitive could also be considered. One can 
therefore suspect release of toxins from the tree root exudation and/or leaf litters 
decomposition, which usually occur in the ecotone of exotic plant species (Kisa et al., 2007; 
Remigi et al., 2008; Faye et al., 2009; Sanon et al., 2009). These compounds, when 
accumulated into soil, could not only decrease the belowground herb vegetation, but also act 
as allelochemicals on LNR growth and survival.  

 
 

4.3. Influence of the Man-Made Tree Species on the Diversity of Indigenous 
Mycorrhizal Fungi 

 
Propagules of AMF in the soil normally take the form of spores, root fragments or hyphal 

networks and are sensitive to slight soil modifications by any degrading agent (Smith and 
Read, 1997; Sanon et al., 2009; Oehl et al., 2010). Since it has been recognized that land 
degradation can decrease AMF taxa richness (Duponnois et al., 2001), it could be expected to 
observe smaller numbers of AMF taxa in a deforested land in comparison with a reforested 
zone.  

However, Sene et al. (2012b) have reported that the deforested land ecosystem at Bandia 
has preserved higher mean spore richness compared to that associated with the man-made 
forest systems.  

More importantly, the larger-spored AMF (Scutellospora and Gigaspora) were lacking in 
soils sampled beneath the man-made tree plantations. The displacement of these larger-spored 
AMF species was further associated with a concomitant proliferation of small-spored 
(Glomus) species, indicating clearly that the community structure of soil mycorrhizal fungi 
was affected (Sene et al., 2012a, 2012b).  

AMF specialists and generalists have been identified before (Oehl et al., 2010), and the 
data from Sene et al. (2012a, 2012b) also suggest that this group of fungi differs in niche 
breadth. Therefore, one can hypothesize that factors such as the environmental conditions 
created by the management options could be responsible to the distribution pattern of AMF 
rather than the plant species themselves.  

In fact, while most experiments suggest that the tree presence induces an increase in soil 
microbial community (Ingleby et al., 1997; Diagne et al., 2001; Mwenda et al., 2011) details 
of the results may depend on how the plant species are managed and, if environmental 
conditions are not conductive, certain plants can favor the development of particular AMF 
taxa (Alguacil et al., 2010). Further stating such effects of vegetation changes on AMF 
communities are studies from Zhang et al. (2004), Guadarrama et al. (2008), and Stürmer and 
Siqueira (2011).  

On the other hand, the differences in the community composition of the AMF may be due 
to soil properties, such as soil P and N contents, that greatly differed between the two land 
systems (Sene et al., 2012a).  
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According to the authors, the higher levels in some soil chemical components they 
observed in the reforested plots may have a negative impact on the AMF species diversity 
independently of host plants. This statement recalls earlier reports from Johnson et al. (1991), 
and from Johnson (1993), and recent works by Egerton-Warburton and Allen (2000), and by 
Alguacil et al. (2010). These authors have reported shifts in AMF communities along 
gradients of N deposition, soil organic C, or N and P additions. In addition, it has been shown 
by Oehl et al. (2010) that C and N contents were important factors partitioning niche space 
within the AMF genera.  

 
 

4.4. Influence of the Man-Made Tree Species on the Mycorrhizal Inoculum 
Potential (MIP) of Soils 

 
As AMF are believed to be obligatory symbionts, changes in a vegetation cover should 

be expected to influence the activity and viability of their propagules (Zhang et al., 2004), and 
this can lead to a significant increase or reduce of the quantity of viable mycelium for 
colonizing and infecting plant roots (van der Heijden et al., 2006). At first sight, data from 
Sene et al. (2012b) indicated that most plants found in their field study areas could support 
the AMF symbiosis (Table 3), which is why AMF propagules were ubiquitous in all soil 
samples. Nevertheless, the authors showed that the soil MIP decreased in soil samples from 
the man-made forest systems though there is increase of tree plant covers. This result was not 
in agreement with the traditional view that MIP was greater around the tree plants (Duponnois 
et al., 2001), but it conforms with a number of recent studies reporting increased MIP after 
deforestation (Zhang et al., 2004; Guadarrama et al., 2008), or in different land use areas 
including mature forest and sites converted to pasture (Stürmer and Siqueira, 2011). 
According to the authors, the most striking difference between the deforested and man-made 
forest systems was that the former had fewer trees (mainly remnant to the ancient woodland 
that once blanketed the area), and less different tree species than those in the latter (Sene et 
al., 2012a). In such a degraded land pattern, once the tree vegetation was removed, carbon 
and nutrient cycles can be disrupted and soils exposed to intensive radiation. Nevertheless, 
the authors have indicated that the deforested land supports dense herbaceous vegetation 
comprised of plant species highly mycotrophic dominated by Cassia obtusifolia, that have 
certainly evolved distinct mechanisms such as mycorrhizal symbiosis for nutrient cycling and 
uptake. AMF usually have a positive influence on their host plants when soil resources are 
limiting, allowing the most efficient plant-AMF combination to eventually dominate and cope 
with stressful conditions (van der Heijden et al., 1998). If this was the case, the herb 
vegetation compositions may have, in turn, maintained high numbers of AMF propagules in 
the soil. These annual herbaceous plants are known to be very efficient in AMF propagules 
multiplication in the soil surface (Duponnois et al., 2001; Zhang et al., 2004; Guadarrama et 
al., 2008), and might encourage build up of AMF propagule numbers. This is in accordance 
with their observation on field AM colonization showing clearly that, root systems of the 
dominant herbaceous species out of the tree plantations (C. obtusifolia, D. ciliaris, 
Rhynchosia minima, Brachyaria racemosa etc.) were highly colonized (Table 3). This 
observation was also confirmed by data obtained in C. integrifolia plantation where there is a 
poor survival of the tree plants, and this has lead to an open canopy areas, and more ground 
vegetation with concomitant inputs of AMF propagules. These data confirm earlier studies, 
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where difference on spore concentrations between tree species was attributed to differences 
on the ground vegetation under these trees (Ingleby et al., 1997; Diagne et al., 2006). 
Research carried out in recent decades also corroborates such a statement and emphasizes the 
role of herbaceous species in sustaining soil mycorrhizal inoculums (Duponnois et al., 2001; 
Zhang et al., 2004; Diagne et al., 2006; Guadarrama et al., 2008). 

 
 

Table 3. Arbuscular mycorrhizal colonization of dominant plants from the deforested 
(ZHC) and man-made (RES) forest land (adapted from Sene et al., 2012a) 

 
  Deforested land Man-made forest land 

 Species  
AM 
colonization 

Confident 
limits P < 0.05

AM 
colonization 

Confident 
limits P < 0.05

Herb 
plants 

Acalypha crenata Hochst. 
ex A Ric. 

32.31A,def ± 6.27 37.83A,bcd ± 6.32 

 Achyranthes aspera L. 31.70A,ef ± 5.50 32.36A,cde ± 5.67 
 Brachyaria racemosa L. 47.24A,bc ± 6.96 13.90B,gh ± 3.79 
 Cassia obtusifolia L. 79.32A,a ± 11.71 61.63A,a ± 9.84 

 
Dactyloctenium aegyptium 
(L.) Wild. 

7.90A,g ± 2.86 6.40A,i ± 1.97 

 Digitaria ciliaris (Retz.) Cl. 62.20A,ab ± 10.72 46.65A,ab ± 5.39 

 
Enteropogon prieurii 
(Kunth) Cl. 

28.40A,f ± 5.04 25.04A,ef ± 4.50 

 
Mitracarpus villosus Cham. 
and Schltdl. 

41.42A,cde ± 5.30 32.92A,cde ± 4.51 

 Rhynchosia minima (L.) DC. 52.07A,bc ± 5.60 41.18B,bc ± 4.07 
Indigenous 
tree 
species 

Acacia nilotica (L.) Wild. 
ex. Del. 

5.01B,g ± 1.68 12.22A,ghi ± 4.86 

 A. senegal (L.) Wild. – – 14.01gh ± 3.40 
 A. seyal Del. 24.75A,f ± 5.98 20.45A,fg ± 5.74 
 A. tortilis (Forsk.) Hayne – – 19.87fg ± 5.09 
 Celtis integrifolia Lam. – – 8.95hi ± 3.06 
 Grewia bicolor Roth – – 27.8def ± 6.71 
 Sclerocarya birrea Hochst. – – 16.38fgh ± 5.45 
 Sterculia setigera Del. – – 8.22hi ± 3.61 
 Zizyphus mauritiana Lam. – – 11.83ghi ± 4.83 
Exotic tree 
species 

Azadirachta indica A. Juss. – – 50.18ab ± 11.84 

 
Eucalyptus camaldulensis 
Dehnh. 

– – 6.05i ± 1.78 

 E. microtheca F. Muell. – – 10.55hi ± 2.88 
 Cassia siamea Lam. – – 13.50gh ± 3.86 

 
Gliricidia sepium (Jacq.) 
Kunth 

– – 26.70ef ± 4.74 

 Hardwikia binata Roxb – – 10.42hi ± 4.14 
 Prosopis juliflora (Sw.) DC. – – 24.55ef ± 4.63 
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For each species, different capital letters (line) indicate significant differences between areas 
(Tukey multiple means test, P < 0.05); for each area, different lowercase letters (column) 
indicate significant differences between species. 

In contrast, the tree plants in the man-made forest systems grew close to each other, 
strongly limiting light penetration to the soil, reducing soil temperature and possibly limiting 
colonization and sporulation of obligate AMF (Sene et al. (2012a, 2012b). According to the 
authors, this could partially explain the poor colonization of the tree root systems and 
corollary, this may led to the decrease of soil MIP. Alternatively, high nutrient contents are 
also reported for soil samples from the man-made forest and this can generate “novel 
ecological niches”, which may have large negative effects on root plant colonization (Sene et 
al., 2012a, 2012b). This observation recalls numbers of studies, which have shown that the 
concentration of nutrients (mainly P) in plant tissues affects root colonization by AMF (Smith 
and Read, 2008), because the benefit of AMF may become relatively smaller than the C drain 
they create. Under such circumstances, the feedback from AMF is previously reported to be 
negative (Johnson et al., 1997). These observations interestingly point to the need of further 
models and ideas for the man-made forest managers, with special emphasis on the soil 
microbial ecologies.  

 
Why is There Slower Mycorrhizal Propagule during the Rainy Season?  

For several tree plantations, Sene et al. (2012b) showed that the AMF propagules were 
significantly reduced in soil samples at the wet season compared to that of the dry season. 
However, spore density increased with no change observed in AMF spores richness. 
Additionally, further comparison on the relative abundance of each spore morphotype had 
shown little variation between the two seasons (Sene et al., 2012b). Although there is a strong 
evidence of seasonality in AMF communities (Dumbrell et al., 2011), seasonal niche of the 
different sources of AMF propagules (mycelium, spore), owing to environmental factors to 
which these propagules are most sensitive, may be the driving force in regulating the 
temporal dynamics of AMF inoculums. One can tentatively explain this seasonal variability 
of AMF propagules by evoking distinct processes according to the tree species in question.  

For the first process, one can suspect release of toxins from the tree root exudation and/or 
leaf litters decomposition at the wet season. The chemical compounds of root exudation are 
not only different among species but can be modified according to the plant phenology 
(Cheng, 2008). The seasonal effect affects not only the plants but also the AMF community, 
altering the life cycle of different species (Oehl et al., 2009, 2010). These compounds, when 
accumulated into soil, could act as allelochemicals on AMF development (Stinson et al., 
2006). This could also affect mycorrhiza through decreasing the underground herbaceous 
vegetation, as host infection sites and rhizospheres are not available. Such allelopathic 
interferences usually occur in the ecotone of exotic plant species (Kisa et al., 2007; Silva et 
al., 2007; Remigi et al., 2008; Sanon et al., 2009).  

An equally consistent explanation is that during the rainy period, the factors influencing 
microbial activity in Sahelian areas were apparently promoted by the availability of water and 
decomposing cover residues in the plantations, leading to an increase in nutrient availability, 
as indicated by Sene et al. (2012a, 2013). As a consequence, this can reduce the membrane 
permeability of root cortex cells and root exudes and then can depress root colonization 
(Tawaraya et al., 1996). Accordingly, the nutrient availability together with the gap of light 
beneath the tree species (Sene et al., 20012b) can create parasitic associations between AMF 
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and the ground vegetation because the costs of the symbiosis exceed the benefits (Johnson et 
al., 1997), and this corollary decreases soil MIP through decreasing root herbs availability 
(Sene et al., 2012b). In addition, beyond a certain threshold, a more abundant nutrient 
availability should possibly result in a weaker dependence of plants on AMF for optimum 
nutrition (Mendoza et al., 2011). Such statements should be expected in plantations of 
Sahelian acacia species, where increasing soil organic matter, N and P content might generate 
a “novel ecological niche”, negatively effecting soil AMF propagules (Sene et al., 2012b). 
However, because both the soil chemical composition and the ground vegetation changed 
beneath these tree plantations, cause-and-effect relationships are difficult to attribute 
primarily to soil or ground vegetation characteristics, and data to date did not provided 
sufficient reasons to conclude on this. 

 
 

CONCLUSION AND FURTHER DIRECTIONS 
 
There is substantial evidence from the man-made forest systems in the semi-arid Sahel 

region that specific tree plantations can affect the natural LNR and AMF growth and 
diversities as well as the soil nutrients cycling. This chapter shows that the tree plantations of 
N2 fixing species are more efficient in enriching the soil with LNR organisms. It clearly 
indicated that high numbers and genetic diversity of Rhizobium spp. were best fitted to these 
tree plantations, which likely suggest that enrichment of soil Rhizobium spp. population is 
host-specific. Nevertheless, there are few plantations of exotic tree legumes that harbored less 
number and genetic diversity of LNR compared to those of non N2 fixing species. The chapter 
also highlighted that the man-made forest systems can greatly alter the AMF communities 
and thus keep soil MIP low. The scarcity of herbaceous layers beneath the tree plantations 
might account for the low number of AMF spores and the low soil MIP. These indicators are 
nonetheless insufficient to give all the information required by a man-made forest manager. 
Hence, more work will be necessary to elucidate how to maximize the biodiversity of soil 
LNR and AMF communities in man-made forest systems. To investigate this aspect, this 
chapter suggests that attention be given to the mixed-tree plantations, as recommended by 
Forrester et al. (2006), of N2 fixing species with non N2 fixing species. It will be interesting, 
therefore, to further investigate the processes and interactions that will affect the productivity 
in such mixed-species stands. An additional challenge with the man-made tree plantations is 
to elucidate how to maximize the above and belowground plant coexistence, with special 
emphasis on the herb legume hosts with a large spectrum for nodulation, and the herb plants 
having a high mycorrhizal dependency. This can lead to fully exploiting their potential uses 
by promoting the soil microbial communities. 
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ABSTRACT 
 

This research comprises a technical and economic feasibility study of 
geoengineering and revegetating 1,500 ha on an Indigenous-owned pastoral lease in an 
arid region (<250 mm mean annual rainfall) in the Mid West Region of Western 
Australia for forestry carbon biosequestration and bioenergy projects. A single tree 
species, Eucalyptus camaldulensis, an indigenous tree species of the region was used in 
two modeled scenarios. The carbon biosequestration and NPC (8% p.a. real discount rate) 
was modeled over 15 years, yielding an equivalent mitigation cost of AUD15.34 tCO2-e

-

1, assuming the total biosequestration (185,635 tCO2-e) was forward sold in year 0 in the 
first scenario. In the second scenario, the stand was the primary feedstock for a 
biorefinery producing activated carbon, renewable electricity, and biodiesel produced 
from 20 t day-1 (16% moisture) E. camaldulensis, with harvesting commencing in the 
sixth year after stand establishment. The final total biosequestration for both the 
unharvested and harvested stand scenarios were modeled as identical in the 15th year. The 
NPV of the biorefinery was modeled separately from stand biosequestration also 
discounted at 8% p.a. Depending on the mitigation assumptions, and the commercial 
costs/prices of inputs/outputs over the 15 years, the biorefinery NPV ranged from slightly 
below zero to AUD6.5 million, and mitigated a further 73,761 tCO2-e, based on modeling 
assumptions. 

 

                                                           
* Corresponding Author address Murdoch University, 90 South St Murdoch, Western Australia, 6150. Email: 

mpmchenry@gmail.com. 

Complimentary Contributor Copy



Mark P. McHenry and Julia Anwar McHenry 54

Keywords: Carbon; forestry biosequestration; bioenergy; arid; salt; pastoral plantations 
 
 

INTRODUCTION 
 
Livestock grazing land use activities on pastoral leaseholds occur on around 40% of the 

state of Western Australia (WA), representing approximately 98 million ha. Attempts to 
diversify pastoral leases since the 1800s into more intensive and/or productive uses other than 
grazing have been occurring in a minor sense over time, including agricultural and 
horticultural alternatives. However, most diversifications, apart from mining, have been 
commercially unsuccessful over time (Payne et al., 1998). The Land Administration Act 
1997, various other environmental legislation, and the Pastoral Lands Board limit leasehold 
activities, and any diversification, conservation, or sale of any product of a non-pastoral 
nature currently requires a permit from the Board. Penalties range from fines of a few 
thousand dollars to lease termination. In addition to bureaucratic barriers, active land 
regeneration may require expensive geoengineering techniques including earthworks, stream 
flow modification, and replanting of native species in suitable ecological niches, which are all 
dependent on local hydrology, vegetation, soils, land surface characteristics, existing land 
uses, and local capacity (Payne et al., 1998; McHenry, 2010, 2011, 2012a, 2012b, 2012c, 
2012d, 2013). Several regions are currently are overgrazed with considerable loss of perennial 
vegetation, biodiversity, and in places advanced degradation has resulted in loss of water and 
nutrient infiltration due to compacted soils (Curry et al., 2008). Therefore, there is a 
considerable challenge to achieving reasonable tree survival and growth rates in arid land 
rehabilitation, carbon (C) biosequestration, and bioenergy projects, quite separate from any 
commercially viable energy or conventional diversification alternative for pastoralists 
(Yamada et al., 1999; McHenry, 2009c, 2009a, 2009b, 2009d, 2012e). In arid lands of 
Australia, the availability of moisture and flows of water largely determine the growth and 
development of trees, which often uniquely utilize groundwater as a primary water source 
(Mensforth et al., 1994; Thorburn & Walker, 1994; Yamada et al., 1999; Shiono et al., 2004; 
Matsumoto et al., 2006; Tanouchi et al., 2006). As arid land rains are infrequent, irregular, 
and the majority of the volumes are lost by runoff and evaporation (Hirukawa et al., 2006), 
the soil and land characteristics are important determinants of improving soil water 
availability and water holding capacity for revegetation activities (Payne et al., 1998; 
Egashira et al., 2003). Locations with eroded soils and large siliceous layers (hardpans) 
inhibit tree growth as the hardpan barrier prevents root development for sourcing groundwater 
(Shiono et al., 2006), and a rapid recovery of the original vegetation may be impossible 
without mechanical intervention to break up the hardpans of around 1 m thickness (Yamada 
et al., 1999; Curry et al., 2008). In the main, the total biomass accumulation of native tree 
species in these region are low, with the exception of Eucalyptus species in niche ecologies, 
or geoengineered areas (Yamada et al., 1999). As tree growth in both natural and revegetated 
stands are related to the volume and specific path of water flows (Abe et al., 2003), small-
scale geoengineering offers an additional means to recreate soil water holding capacities akin 
to, or even surpassing pre-European periods, enabling high growth and survival rates for 
rehabilitation projects using selected local species. 
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Figure 1. Location of the 250 mm (mean) isohyet dividing semi-arid and arid climatic zones. Source: 
(Payne et al., 1998). 
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THE FOCUS REGION AND AVAILABLE BIOMASS GROWTH DATA 
 
The focus pastoral region for this research is within the Murchison bioregion, and is 

climatically arid (Curry et al., 2008) (Figure 1). Geologically, the sub-region lies on Archean 
rock, and is part of the Yilgarn Craton (Payne et al., 1998). Linear to arcuate belts of 
greenstone and local gneissic rocks intruded by granitoid rock of Archaean age are overlaid 
with alluvial, colluvial, Aeolian, and lacustrine deposits of Cainozoic age (Payne et al., 1998; 
Yamada et al., 1999). The extensive surface landscape is largely comprised of flat colluvial-
alluvial geologies that support various species, including dominant Acacia and Eucalyptus 
species (Payne et al., 1998). The region exhibits high annual rainfall variability, receiving 
between 60 to 500 mm, with higher rainfall years due to unpredictable summer storms. The 
area receives around 45% of the total annual mean rainfall of around 250-200 mm in the wet 
months and around 55% in the dry months (Payne et al., 1998; Yamada et al., 1999; Abe et 
al., 2003). The Cogla Downs pastoral station, Lat. (S) 27o 26’, Lon. (E) 118o 56’, at 500 m 
a.s.l., has 56 years of recorded rainfall observations. The lowest recorded rainfall was 69 mm 
in 1969, and the highest of 546 mm recorded in 1942 demonstrates the extreme variation from 
the median annual recorded rainfall of 191 mm (Payne et al., 1998). In terms of temperature, 
the mean monthly maximum and minimum temperatures of the hottest month (January) is 
around 37 and 22oC, respectively. The mean monthly maximum and minimum temperature of 
the coldest month (July) is around 18 and 6 oC, respectively (Yamada et al., 1999). Thus, 
evaporation dominates as an influence on flora and fauna systems of the region, often being in 
excess of 10 times the annual rainfall received (Payne et al., 1998). The technical and 
economic analyses in this research are based on longer-term research data derived from the 
Sturt Meadows pastoral lease, which were calibrated as a representative dataset using recent 
(2010) experimental tree plantings at Cogla Downs station to derive practical on-site planting 
information (Figure 2). Sturt Meadows is in the same Murchison bioregion and exhibits very 
similar geological, hydrological, and climatic conditions as Cogla Downs, and is located 
around 200 km SE from Cogla Downs, and 200 km N from Kalgoorlie (Figure 3). The total 
area of Cogla Downs pastoral station is 199,478 ha. 

Since 1996, a research partnership between Japan Science and Technology Corporation 
(JST) and Core Research for Evolutional Science and Technology (CREST) have conducted 
comprehensive intensive revegetation trials, sampling, field experiments, and associated 
atmospheric and ecophysical monitoring on several sites on the Sturt Meadows pastoral lease 
(Curry et al., 2008). Arial photographic analysis of the Sturt Meadows station (a total area of 
299,250 ha) in 1999 provided an estimate of 8.5 tDM ha-1 for the aboveground biomass and a 
total 10.5 tDM ha-1, assuming an average belowground root biomass component of around 
24% (Yamada et al., 1999). Most of the species in the region exhibit slow growth, with the 
notable exception of the E. camaldulensis trees which can grow at around 30-35 kg DM yr-1. 
This is around 9-10 times greater growth rates than other local species, which is attributed to 
both a species and research site difference (Yamada et al., 1999) (Table 1). Table 1 shows 
estimating average C biosequestration of tree species in arid regions is complicated by age 
uncertainty, often due to the episodic growth, germination, and plant establishment in years of 
above average rainfall (Yamada et al., 1999). Nonetheless, an average total potential natural 
biomass growth C biosequestration post-destocking for the Sturt Meadows lease was 
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estimated at approximately 2.126 tC ha-1 (Abe et al., 2003)1. Whilst a simple multiplication of 
the large lease area yields a final additional potential biosequestration of around 2.3 million 
tCO2-e, destocking activities are ineligible as a mitigation activity in existing C market 
accounting methodologies, including the Kyoto Protocol. Therefore, active revegetation work 
was undertaken at the Sturt Meadows sites to determine several aspects of active revegetation 
of arid lands in WA. 

A range of selected local tree species growth data were generated in revegetation trials on 
the Sturt Meadows pastoral lease, including total biomass and tree height for range of soil 
preparation methods and land topographies (Tables 2 and 3). The interaction of soil and 
nutrient flow and accumulation was found to have a major influence on biomass growth (Abe 
et al., 2003), with deeper soil layers created mechanically enabling additional water holding 
capacities and resulting in increased tree growth rates (Takahashi et al., 2003). In terms of 
topography, Abe et al. (2003) found that higher biomass densities were associated with very 
gentle slopes, and lower biomass levels were associated with steeper slopes, although this was 
not always the case. For the most part, the local biomass levels were maximized in gradients 
around 0.1%, and the local biomass minimum was in gradients around 1%.  

 

 

Figure 2. Experimental tree planting preparations at Cogla Downs station. Note the poor condition of 
the existing degraded vegetation, and no perennial ground cover. 

 

                                                           
1 See Abe et al. (2003) for an extremely detailed quantification methodology. 
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Figure 3. Map of Kalgoorlie, Sturt Meadows (bottom right) and Cogla Downs (top left). Source: 
Department of Land Administration, Western Australia. 

Table 1. Estimated aboveground DM, C content, and C productivity for a selected range 
of tree species and estimated ages. Source: (Yamada et al., 1999) 

 

Species 
Aboveground 

DM (kg) 
Carbon 

(%) 

Age 
(yrs) 

 

Mean DM 
Productivity  

(kg yr-1) 

Mean C 
Productivity

(kg yr-1 ) 
Eucalyptus camaldulensis  682.4 47.7 19-22 31.0-35.9 14.8-17.1 
Malaleuca sheathiana 286.35 49.9 43-83 3.5-6.7 1.8-3.3 
Acacia aneura (specimen a) 4.4 48.6 23-26 0.17-0.19 0.08-0.09 
Acacia aneura (specimen b) 97.2 47.0 42-55 1.8-2.3 0.8-1.1 
Acacia aneura (specimen c) 280.8 51.7 61-123 2.3-4.6 1.2-2.4 
Acacia ramulosa 64.9 43.3 22-34 1.9-3.0 0.82-1.3 
Acacia tetragonophylla 27.4 46.0 24-31 0.8-1.14 0.4-0.5 
Eremophila macmillaniana 0.72 47.8 10 0.07 0.03 

 
 

EUCALYPTUS CAMALDULENSIS GROWTH, C, AND WATER USE DATA 
 
E. camaldulensis stands commonly grow in open woodlands where the top soil is thick 

and in small closed forest stands adjacent to creeks (Yamada et al., 2003; Suganuma et al., 
2006). E. camaldulensis plantations in the region are able to biosequester around 16 kg C tree-

1 yr-1 or around 10 tC ha-1 yr-1 at 625 trees ha-1 spacing in the aboveground biomass (Yamada 
et al., 1999). However, this was based on a destructive analysis of a single tree, and does not 
include belowground C biosequestration. Further work by (Suganuma et al., 2006) on existing 
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Sturt Meadows E. camaldulensis stand destructive analyses found very large differences in 
total biomass in different E. camaldulensis sites, although very similar ratios of trunk/branch 
to leaf and root biomass (Table 4). The belowground proportions of trees in arid regions tend 
to be greater than wetter climates, although when arid trees are irrigated the root component is 
known to decrease as a consequence of greater water access. Furthermore, E. camaldulensis 
root components increase as trees age because of an increase in small roots, especially at the 
surface to exploit episodic rains (Barton & Montagu, 2006). 

 
Table 2. Approximate average heights of tree plots planted at ages 14 months (August 

1999), 24 months (June 2000), and 36 months (June 2001), all against control plots with 
no mechanical soil preparation. Source: (Yamada et al., 2003) 

 

Species 
Height at 14 
months (cm) 

Height at 24 
months (cm) 

Height at 36 
months (cm) 

Eucalyptus camaldulensis  160 280 450 
Control 20 130 285 
Eucalyptus lesouffei 20 120 210 
Control 15 70 195 
Eucalyptus torquata 120 150 195 
Control 70 90 140 
Eucalyptus salubris 30 110 190 
Control 20 70 175 
Eucalyptus griffithsii 30 100 190 
Control 75 90 140 
Acacia aneura 10 75 165 
Control 10 80 150 

 
Table 3. Tree stems ha-1 and biomass ha-1, differentiated by height (Yamada et al., 1999) 

 

Hydrology/ Site Topography 

<4m 
Height 
Tree 
Stems 
(kg ha-1) 

>4m 
Height 
Tress 
Stems 
(kg ha-1) 

Total 
Stems 
(ha-1) 

<4m 
Height 
Tree 
Biomass 
(kg ha-1) 

>4m 
Height 
Tree 
Biomass 
(kg ha-1) 

Total 
Biomass 
(kg ha-1) 

Stream bank 155 205 360 1,068 86,807 87,875 
Run on/natural depression 1,719 672 2,391 1,233 86,230 87,463 
Run through/run off 6,750 0 6,750 610 0 610 
Drainage line/run off 3,488 263 3,751 8,766 38,725 47,491 
Road drain diversion 4,013 175 4,188 7,914 21,750 29,664 
Broad drainage floor 1,500 1,825 3,325 14,553 87,396 101,949 

 
The biomass C factor determined by Saito et al. (2004) and Yamada et al. (1999) for each 

component of the tree was generally around 450 mgC gDM-1 (or 45% by DM) for species 
Casuarina obesa, E. camaldulensis, Eucalyptus torquate, Eucalyptus lesouffei, Acacia 
aneura, and Acacia tetragonophylla. This research used a Yamada et al. (1999) E. 
camaldulensis C factor of 47.7% C DM-1 to approximate total project C biosequestration 
potentials. Whilst over a 20 year period E. camaldulensis species are able to biosequester 
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around 300 kg of C tree-1, or around 10,000 kg of C ha-1 yr-1, this growth is highly dependent 
on local water availability, especially groundwater. Sap flow through trunks is related to the 
volumes of water obtained by the roots and transpired from leaves. Unlike many arid tree 
species in the region, E. camaldulensis trees avoid water stress by securing deep water 
sources, rather than a reducing sap activity in dry conditions (Tanouchi et al., 2006). 
Groundwater generally comprises in excess of 50% of the E. camaldulensis trees long-term 
water needs (Mensforth et al., 1994; Thorburn & Walker, 1994; Matsumoto et al., 2006). 
Whilst arid trees with some seasonal access to stream flows or periodic flooding generally 
vary their water use efficiency with the availability of variable stream flows, this does not 
occur with E. camaldulensis trees growing at distances greater than 15 m from the seasonal 
streams. These trees survive solely on groundwater, and surprisingly do not increase their 
water uptakes even during several weeks of inundation from flood events (Mensforth et al., 
1994; Thorburn & Walker, 1994). The higher the C-to-water ratio, the higher the plants water 
requirements are, and Eucalyptus species generally require more water than Acacia species, 
which in turn require more than Casuarina species in the region to fix the same quantity of C 
in the biomass (Saito et al., 2004). Water use efficiency of E. camaldulensis was found to 
average 5 gDM kgH2O

-1 over the year, and decreased during wet periods and higher soil 
water contents (Takahashi et al., 2003). Tanouchi et al. (2006) determined the C 
biosequestration-to-water use efficiency (gC kg-1H2O) of E. camaldulensis trees of 2.68 ± 
1.14 and 1.32 ± 1.47 in the wet and dry season, respectively. This was approximately 15% 
and 90% more efficient in the wet and dry seasons than the C. obesa trees in the sample plots, 
respectively. However, very large trees in the region nevertheless require large root 
structures, which are often limited physically by minimal soil depths. 

 
Table 4. Destructive analyses of ten (10) E. camaldulensis plots, showing relative the DM 

proportion variability in small plots from the region. Source: (Suganuma et al., 2006) 
 

E. camaldulensis plot 
no. and area 

Trunk and 
branch DM 
(t ha-1) 

% Leaf 
DM 
 (t ha-1) 

% Root 
DM 
(t ha-1) 

% Total DM 
(t ha-1) 

Plot 1 (0.25 ha) 69.339 53.99 5.572 4.34 53.516 41.67 128.427 
Plot 2 (0.40 ha) 85.672 57.40 4.372 2.93 59.201 39.67 149.245 
Plot 3 (0.25 ha) 57.120 55.86 3.658 3.58 41.469 40.56 102.247 
Plot 4 (0.25 ha) 64.647 55.90 3.880 3.36 47.116 40.74 115.643 
Plot 5 (0.25 ha) 72.691 55.22 4.496 3.42 54.453 41.37 131.640 
Plot 6 (0.25 ha) 54.970 55.26 4.139 4.16 40.373 40.58 99.482 
Plot 7 (0.25 ha) 47.208 57.47 2.657 3.23 32.275 39.29 82.140 
Plot 8 (0.25 ha) 28.857 55.34 2.178 4.18 21.109 40.48 52.144 
Plot 9 (0.25 ha) 22.925 54.48 1.675 3.98 17.479 41.54 42.079 
Plot 10 (0.25 ha) 11.473 56.77 0.512 2.53 8.225 40.70 20.210 
% Averages  55.77  3.57  40.66  

 
 

SITE GEOENGINEERING AND BLASTING RESEARCH RESULTS 
 
An issue in the focus region is the inability for the E. camaldulensis roots to penetrate 

past the hardpan layers which exist fairly close to the surface of the soil. This prevents the 
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survival and growth of smaller trees into large trees which biosequester more C per unit area 
(Yamada et al., 1999). The use of soil conditioners such as calcinated bauxite to increase 
water holding capacities by increasing the soil surface area, was trialed in the area with some 
success (Hamano et al., 2000b). Research by Hamano et al. (2000a) also explored soil 
preparation methods that included drilling and fracturing the soil layer to break the hardpan 
and to fill the hole with larger particles with high permeability and smaller intraparticles for 
water retention. Ground preparation research by Yamada et al. (2003) simply using 
explosives and the results described the growth and survival rates of trees planted for C 
biosequestration in plots with the tree holes (5 m diameter blast and a 5 m blast depth) created 
by dynamite against a control plot with no blasting. The researchers found that the additional 
CO2-e emission created from the dynamite blast was only around one fortieth of the emissions 
expected to be absorbed by the trees by maturity. Hardpan blasting research was also 
undertaken by Shiono et al. (2006) with the equivalent of around 200 blast holes per ha, with 
one tree planted per blast hole. Each blast was created with approximately 10 kg of 
ammonium nitrate fuel oil explosive, and the resulting cracked hardpan blasted zone diameter 
was on average 2.4 m, and the average depth penetration was around 2.6 m (Shiono et al., 
2006; Tanouchi et al., 2006). The survival ratios for the E. camaldulensis after blasting were 
approximately double that of the control plots, and the growth rates were also found to be 
improved (Shiono et al., 2006). Further geoengineering methods to increase water availability 
include surface water diversion to create water harvesting embankments which also capture 
eroded soil and nutrient runoff. Whilst series of embankments may reduce flows downstream, 
it may mitigate the occurrence of flood events commonly caused by degraded upstream land 
in the region while retaining local nutrients upstream (Abe et al., 2003). In terms of direct 
geoengineering of lands to restore water infiltration and root penetration, additional trials are 
needed to quantify the variety and impact of each mechanical manipulation for rehabilitation 
of arid regions (Yamada et al., 1999). 

 
 

C BIOSEQUESTRATION EXTRAPOLATIONS 
 
The model used 200 surviving trees ha-1 as the basis behind the biomass and associated C 

biosequestration potential. This was based on a tree planting density of around 300 ha-1 at an 
estimated (medium-to-high) survival rate of 66%. The model assumed a more conservative 
growth rate than the Yamada et al. (1999) research, and 8 kg C tree-1 yr-1 over the 15 year 
interval was selected for the model2. This gave an average of 24 tC ha-1, or 87.984 tCO2-e ha-1 
of aboveground biosequestration at 200 surviving stems ha-1. Assuming 40.66% belowground 
biomass based on research by Suganuma et al. (2006), and a consistent C content of both 
below and aboveground biomass of 47.7% based on the Yamada et al. (1999) results, the total 
biosequestration projection was 123.758 tCO2-e ha-1 over the 15 year interval. As the growth 
and associated biosequestration of the stand would not be a constant 8 kgC yr-1, the author 
introduced a standardized tree growth model suitable for the tree species which sums to an 
annual average biosequestration of 8 kg C tree-1 yr-1 over the full 15 year interval. Figures 4 
and 5 show the sum of the above and belowground dry biomass and C biosequestration 

                                                           
2 This is half of the growth rate of the Yamada et al. (1999) research. 
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projection profile of the tree stand over the 15 year interval on a per ha basis. The total 
projected biosequestration for the 1,500 ha stand was 50,637 tC, or 185,635 tCO2-e. 

 
Table 5. The model in table form of the projected scheduled annual discounted cashflow 
calculations for establishing, maintaining, and verifying C biosequestered in a 1,500 ha 

stand. (Total project NPC is in bold) 
 

 
 

The 1,500 ha tree stand represents around 0.75% of the total area of the Cogla Downs 
lease. These growth rates are based on soil geoengineering using only deep ripping using a 
bulldozer to break up the hardpan to a depth of 1-1.5 m, and trees planted in holes dug to a 
depth of slightly below the surrounding ground level as shown in Figure 6. Post planting 
watering regimes were modeled to occur at planting, and twice each dry season for the first 
two years to achieve the estimated 66% survival rates. These survival rates will be heavily 
dependent on the season, and significantly less survival rates, even zero, may occur with 
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insufficient watering regimes or grazing fencing. Figure 7 represents the same tree stand over 
the 15 year interval with harvesting of an average of 3.27 t ha-1 of dry biomass (equivalent to 
around 1.56 tC ha-1) from the stand annually, commencing in the 6th year. The annual stand C 
biosequestration rate remains relatively high compared to the unharvested stand scenario due 
to reduced tree competition approximated in the model. The annual harvest rate was chosen to 
fulfill the requirements of the 20 t day-1 (16% moisture content) biorefinery demand, and is 
roughly half of the total maximum potential harvest from the stand each year after the sixth 
year. Figure 8 shows the dry biomass growth projection of the tree stand over 15 years, with 
harvesting commencing in the sixth year.  

 

 

Figure 4. Annual modeled changes in stand dry biomass growth rate (light grey, t ha-1 yr-1), and total 
dry biomass (dark grey, t ha-1). 

 

Figure 5. Annual modeled changes in stand C biosequestration rate (light grey, tC ha-1 yr-1), and total C 
biosequestration (dark grey, tC ha-1). 
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Figure 6. Tree tubers planted slightly (~100 mm) below ground level on Cogla Downs. 

The straightforward economic model consists of a spreadsheet detailing all scheduled 
costs and income on an annually averaged basis. All prices are based on actual costs in 2010 
as determined by on site preliminary trials, works, and site characteristics of the Cogla Downs 
pastoral lease. The author was careful to avoid infringing the diversification, conservation, 
and clearing legislation imposed on WA leaseholder by designing the revegetation trial as a 
four ha fenced stock holding paddock near the existing yards and homestead. This enabled the 
primary establishment data to be collected, and after research completion, the vegetation 
which survives will be a suitable shade in the holding pen, maintaining the integrity of the 
grazing-only land use. The generous AUD10 land lease included in the model for each ha 
(totaling AUD15,000 p.a.) is a much higher return from land in the region than grazing, and 
can be viewed as the opportunity cost of not utilizing the land for conventional purposes. 
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Leasing of pastoral land also currently requires a permit from the Pastoral Lands Board. 
Where not available, prices were estimated using conservative costs based on the generally 
high cost of transport, capital, and acquiring both skilled and unskilled labor in the region. 
Table 5 shows the major activities occurring in each year in column two, and concisely 
describes the assumptions behind each costing. 

 

 

Figure 7. Annual modeled changes in the harvested stand C biosequestration rate (light grey, tC ha-1  yr-

1), and total C biosequestration (dark grey, tC ha-1). 

 

Figure 8. Annual modeled changes in the harvested stand dry biomass growth rate (light grey, tC ha-1 
yr-1), and total dry biomass accumulation (dark grey, tC ha-1). 
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Figure 9. The cumulative costs of the 1,500 project, discounted at a real 8% p.a. 

Using a large bulldozer to deep rip the tree lines at around 1-1.5 m depth on the land 
contour (to capture runoff and prevent erosion) required a speed of around three km hr-1. 
Ripping the rows at average widths of seven meters between rows and avoiding existing 
vegetation where possible lead to the completion of one ha approximately every 15 minutes 
of continuous operation, costing around AUD50 ha-1 at a AUD200 hr-1 contract rate (inc. 
GST). Trees planted at approximately 4-5 m apart in the row, mostly in bare patches, yields 
approximately 300 stems ha-1. The planting cost ha-1 included using a stand-on “kanga 
digger” articulated drilling arm to break up the ripped clods of generally dry earth to create a 
soft soil hole of approximately 0.45 m diameter and 0.2 m deep in the deep ripped line. The 
hole preparation makes the use of a hand held tube tree planter feasible, conservatively taking 
two people around 3.5 hrs to prepare and plant one ha of E. camaldulensis tubers using the 
“kanga digger” and tree planter in combination. The assumed time included “watering-in” of 
trees using a standard ute-mounted fire-fighter tank and petrol-powered pump. The modeled 
planting regime was based on four teams of two workers, working 37.5 hrs in a week, taking 
around 36 weeks to complete the entire 1,500 ha revegetation site, avoiding working in the 
hottest months (December to February). All establishment emissions were excluded from the 
project mitigation potential calculations, as they are relatively minor. The planting costs 
occurred in year zero in the model, and were based on a simple AUD210 payment ha-1, 
reflecting the above calculations paid at the equivalent of a AUD30 hr-1 wage. The fertilizer 
calculations were based on two applications (in year one and two) of 775 g MAP per tree, 
scattered slightly away from the stem in the hole. The fertilizer cost was assumed to be 
AUD800 t-1 delivered, based on the scale of the requirements of around 700 t total MAP for 
the applications over the two years delivered to the remote site. Figure 9 shows the 
cumulative discounted costs of the project over the 15 year interval.  

The market potential of the project was calculated by dividing the projected total NPC 
(AUD2,847,916) by the total projected mitigation potential (185,635 tCO2-e) for the 
unharvested 1,500 ha stand to determine a C credit price that the project will require to break 
even. Assuming all C biosequestered was forward sold in year zero, the minimum breakeven 
price of AUD15.34 tCO2-e

-1 is required by the project proponent. Any additional C price, 
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biosequestration yield, or cost increase/decrease is to the advantage/detriment of the project 
proponent and/or investors. This relatively low C price required, combined with the relatively 
conservative biomass growth yields when compared to the peer-reviewed literature is a 
promising finding. Furthermore, many of the “costs” involved in the tree propagation, stand 
establishment, and land management are themselves opportunities for small-scale business 
operators, which require only moderate capital outlays, skill and labor requirements 
appropriate for many remote arid areas of Australia, which may not require full-time on-site 
involvement. 

 
 

BIOREFINERY MODELLING RESULTS AND DISCUSSION 
 
In contrast to the relatively clear-cut task of establishing and maintaining a tree 

revegetation project, developing and operating a bioenergy facility requires highly skilled 
individuals, maintaining system logistics and input/output flows full-time, and entails high 
CAPEX, and medium OPEX. The modeled system was designed to displace current fossil 
fuel-based mineral diesel fuel, and fossil fuel electricity demand of a theoretical facility in the 
region with 100% renewable biodiesel and electricity. Additional investment value was 
derived from Renewable Energy Certificates (RECs), representing 1 MWh of certified 
renewable electricity production, and activated C sales. The technology proposed for the 
model was based on technical specifications provided to the author by the technology 
supplier3. The technology, sometimes known as a biorefinery, can utilize various biomass 
inputs other than vegetative forestry or agricultural wastes, including municipal solid waste, 
plastics, tyres, paper, animal products (etc.), in addition to the active removal of contaminants 
(usually heavy metals) from the direct processing of soils. Technologies such as these would 
enable processing of waste materials co-fired alongside the primary input of harvested, 
chipped, and dried E. camaldulensis biomass, derived from sustainable harvesting of the 
1,500 ha revegetation project. If alternative waste/biomass sources are used as inputs, this will 
displace the equivalent wood requirement, as each alternative waste source will exhibit a 
different LHV. 

The specific biorefinery selected for this research was based on a two-step process of 
anaerobic gasification to produce syngas, which is converted to a commercial grade biodiesel 
by Fischer-Tropsch synthesis. The offgas from the Fischer-Tropsch process is used for direct 
electricity generation. See Figure 10 for a basic flow diagram of the system. The model 
assumed 20 t day-1 wood-only input at 16% moisture content, representing 16.8 t day-1 DM 
biomass input. On an annual basis at a capacity factor of 0.8 (or 292 days yr-1) a total average 
of 4,905.6 t of DM biomass, or 3.27 tDM ha-1 year-1 from the 1,500 ha project was harvested 
for bioenergy. In the model, the 20 t day-1 wood chips, yield around 3,470 L day-1 of 
biodiesel, a net export of 350 kW of electricity, 0.4 t day-1 solid residues consisting of 
activated C produced at 1,100 oC with steam, alongside some inactivated C and minor ash 
components. The thermal waste exhaust energy of 64,601 MJ day-1 was used to dry the wood 

                                                           
3 Since this research was undertaken, the technology provider no longer offers this commercial unit, and has asked 

to remain anonymous. Whilst this technically renders this research hypothetical rather than a pre-commercial 
feasibility study, this experience is indicative of many relatively immature renewable energy systems at present. 
Nonetheless, many new scalable bioenergy conversion technologies are currently under development, and have 
the potential to reduce capital costs and increase conversion efficiencies significantly. 
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chips to a 16% moisture content from the initial freshly harvested E. camaldulensis moisture 
content from around 38% found in the region (Yamada et al., 1999). The continuous 
operation of the biorefinery would provide a relatively smooth operating schedule. As the 6th 
year of the biosequestration stand was the first year of the biorefinery project, both of the 15 
year projects could theoretically be successively undertaken in a 20 year period. 

The quoted full system CAPEX included design, fabrication, and supervised test runs and 
commissioning. Additional costs included site works, installation labor, utility connection, 
and transport to site. The system installation lead times for these technologies were around 
one year after order placement, including the one month of on-site installation. All prices, 
factors, costs, and outputs for the system are noted in Table 6. Table 6 also includes all 
discounted cashflows, estimated on an annual basis, and also introduces current market prices 
for labor, electricity, diesel, and activated C, and also emission factors for the displaced fossil 
fuel electricity and diesel consumption for the region. Furthermore, the intrinsic C content 
remaining in the activated C was included in the spreadsheet model to enable a full market-
based direct mitigation potential specific to the operation of the biorefinery. The model 
included the assumption of the remaining C sequestered in the activated C was used as a 
biochar soil amendment, and incorporated an estimate of a 70% stable C percentage in the 
activated C after undergoing decomposition in the soil. The biorefinery model included an 
identical real discount rate of 8% p.a. over the 15 year interval as the revegetation project 
model. 

 

 

Figure 10. A simple biorefinery system sizing and daily average output flow chart. 
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Table 6. The biorefinery discounted cashflow and mitigation potential projections for a 15 year operation, and decommissioning  
(NPV is in bold) 
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With the above assumptions, the biorefinery investment returned approximately 8% to 
the project proponent, or a NPV of close to zero (Figure 11). Furthermore, the reliance on 
four separate income streams (displacing diesel and electricity requirements, and selling 
RECs and activated C) exposes investors to several market price reduction risks. Thus, the 
risk tolerance of potential investors must be relatively high when attempting to integrate 
several bioenergy production streams into one system, and the unique circumstances of 
particular regions will likely determine the risk profile and general feasibility of the system 
for specific applications. For comparative interest, a AUD2 million (19.4%) CAPEX subsidy 
was introduced into the model (theoretically, this could occur from a direct investment from 
forward selling of the C credits in the revegetation project, or by government contribution), in 
addition to the estimate of a further AUD2 million in remaining value of the biorefinery post 
decommissioning. The resulting discounted NPV of the investment yields AUD6,648,680. 
With these assumptions the NPV of the new scenario becomes zero by year seven (Figure 
12.) In a simple manner, these NPV comparisons demonstrate the medium-to-high investment 
sensitivity to the CAPEX, OPEX, timelines, and cashflows of biorefinery facilities generally. 
In the model, the most sensitive factor which primarily determined the cost-effectiveness of 
the investment is the price of diesel. As the model excluded fuel tax (AUD0.38143 L-1), a 
potentially high cost-component if required to pay, potential investors would require prior 
knowledge of their specific circumstances relating to claiming fuel tax rebates. 

 

 

Figure 11. The discounted cumulative cashflow of the biorefinery over the 15 years. 

Research by Matsumoto and Kojima (2006) indicated that wide-scale salt accumulation 
problems in regions with the average rainfall regime of around 217 mm yr-1 may occur in 
around 70 years, inhibiting vegetative growth of tree species such as E. camaldulensis. 
However, with additional average rainfall (561 mm yr-1), the projected interval increases to 
around 90 years, although with less rainfall (54 mm yr-1) this period decreases to around 50 
years. Nonetheless, E. camaldulensis is known for its salt-tolerance (Nasim et al., 2008), with 
the maximum saltwater tolerance of around 20,000 mg L-1 (Peter & Glen, 1993), as cited by 
Matsumoto and Kojima (2006). Therefore, access to freshwater streams are not required for 
E. camaldulensis survival, even in areas with moderate groundwater salinity (Thorburn & 
Walker, 1994). However, the hydrology/salinity changes from extensive E. camaldulensis 
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revegetation will require significant research, and future options to reduce of NaCl and other 
minerals from harvested pastoral areas will also require investment to reduce these 
considerable uncertainties associated with these enormous parcels of land. 

 

 

Figure 12. Biorefinery discounted cashflow over 15 years, with new assumptions of AUD2 million 
capital subsidy, and AUD2 million in system salvage value at decommissioning. 

As the areas associated with arid pastoral production are large, it is wholly impractical to 
undertake individual tree measurements, and alternative methods to determine stand C 
biosequestration and biomass growth are required (Shiono et al., 2004). However, 
quantitative data regarding rangeland vegetation growth and C biosequestration is rare (Curry 
et al., 2008). Available Landsat imagery provides a medium spatial resolution, although 
estimation accuracy is relatively low (Suganuma et al., 2006). Canopy projected cover only, 
or canopy projected cover and tree height regression functions were both found to be a good 
predictor of stand biomass for the E. camaldulensis forests in the region (Suganuma et al., 
2004; Curry et al., 2008). The canopy projected cover is able to be determined accurately 
even with aerial photographs (Suganuma et al., 2004). Shiono et al. (2004) found a high 
positive correlation between canopy projected cover and stand biomass growth with a co-
efficient of determination ranging from 0.68 and 0.82, and field measurements of plant 
growth and C fractions can be used to calibrate the Landsat imagery (Curry et al., 2008). 
These monitoring activities will likely be improved by using data from the Western 
Australian Rangeland Monitoring System (WARMS). WARMS is comprised of around 1,600 
fixed monitoring sites, and the database maintains around 5,400 records and photos (Watson 
et al., 2001). These records, while often incomplete, may enable an estimation of original 
vegetative quality as a potential baseline reference for biosequestration activities. The 
WARMS data may also improve the regional understanding of medium-term salinity 
influences on vegetation. Collation of these disparate sources of information and on-ground 
experiments will reduce the uncertainties faced by investors and governments when assessing 
the prospects of extensive revegetation of arid lands for effective C biosequestration and 
bioenergy projects and for achieving mitigation targets. 
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CONCLUSION 
 
Assuming grazing lands in WA are able to biosequester 8 tC ha-1 yr-1 for 15 years, a 

mitigation potential of 121,275,000 tCO2-e can be achieved if only 1% of the 98 million ha of 
grazed pastoral lands were revegetated. The average annual WA emissions over the next 15 
years are projected to be approximately 80,000,000 tCO2-e, and a 1% land use change from 
grazing to revegetation in pastoral WA could roughly mitigate 10% of the total WA state 
emissions over the 15 years. At an approximate value of AUD15 tCO2-e

-1, this potential 
represents around AUD1.8 billion in gross revenue flowing into remote and pastoral regions 
over the 15 years, a major new source of income for regional WA. This opportunity, 
especially for understocked Indigenous owned pastoral leases like Cogla Downs, is an 
entirely new means of increasing productivity, enabling many small-scale synergistic 
entrepreneurial opportunities and associated meaningful jobs outside of social welfare system. 
Many of these land management activities are synergistic with existing Indigenous cultural 
tourism development initiatives in remote Australia. Finally, this research indicates that 
further research and development is required to reduce technical and economic uncertainties 
by focusing on the impacts of major changes to physical flows of C, energy, water, and 
elemental compositions in pastoral ecosystems of WA. However, as all WA pastoral leases 
expire on the 30 June 2015, the fate of new lease activities and lease holders themselves 
remains uncertain, and a decrease in administrative barriers to pastoral diversification may 
facilitate greater local innovation.  
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ABSTRACT 
   

Leveraging limited environmental monitoring and management funding using 
landholder knowledge and capacity can reduce total costs of implementing plantation 
forestry environmental market mechanisms by both reducing duplication and enhancing 
on-ground activities to assimilate environmental and production system decisionmaking. 
This chapter explores the integration of high accuracy on-site vegetative and ecological 
methods and metrics (on-site verification, allometrics, expansion factors, carbon factors, 
root-to-shoot ratios, etc.) into landscape and macro-scale plantation carbon and land 
monitoring models to assist the development of innovative ecosystem service markets 
derived from forestry plantation and carbon sequestration developments. Several 
limitations of current methods and policies are outlined, requiring primarily information 
tools and communication pathways to redress, opening the possibility for formally 
capturing lifetimes of local landholder knowledge of forestry land use and environmental 
system changes. This work suggests parallel advancements of on-site landholder and 
remote land monitoring and management has the potential to achieve a multitude of 
efficiencies. These include: cost-effective skilled environmental management jobs in 
regional and remote areas; streamlined administration and research expenditures for on-
site environmental monitoring and supporting costs (transport, accommodation, etc.); 
locally appropriate conservation activities sustained over time, and; direct communication 
between landholders, researchers, and policymakers. 

                                                           
* Corresponding Author address Murdoch University, 90 South St Murdoch, Western Australia, 6150. Email: 

mpmchenry@gmail.com. 
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INTRODUCTION 
 
Emerging climate change, carbon (C), biodiversity, and water markets bring to attention 

the multitude of functions that ecological systems perform (Fromm, 2000; Griffiths et al., 
2000; Nunes & van den Bergh, 2001; Australian Greenhouse Office, 2006). While 
afforestration, reforestation, or revegetation seem to offer a simple prescriptive solution to 
achieve environmental and climate change objectives from a policymakers perspective, those 
on the land must manage a range of complex biological processes that compete for limited 
resources (Van Vreeswyk et al., 2004). By aiming to simultaneously improve land 
productivity, biodiversity, water quality (etc.), and mitigate greenhouse gas (GHG) emissions, 
progress can be made where transdisciplinary government and landholder objectives overlap 
(Antheaume, 2004). 

On-site physical ecological accounting by inhabitants at the landscape level provide 
calibration and verification of satellite monitoring and model assessment methods, enhance 
quantitative analyses of vegetative physical characteristics, and offer first-hand 
multigenerational knowledge of the land (Landsberg & Crowley, 2004; Balilla et al., 2012). 
Landholder on-site accounting presents a relatively simple method to monitor changes in 
complex ecological functions that bolster effective environmental market development. For 
example, biomass, C, surface or groundwater, vapour, heat, or endemic species (etc.) fluxes 
may be used as proxy indicators that markets can deem to represent functional ecosystem 
changes at the landscape level. However, such deeming mechanisms may be imprecise, 
exhibit many approximations, assumptions, and conceal uncertainty in complex biological 
responses to change, and high uncertainties in real values generally result in lower market 
values for deeming activities and products (McHenry, 2009b, 2010, 2011). Nonetheless, the 
two crucial points in relation to deeming are essentially economic in nature: the net value of 
deeming market participation to private landholders, and the administrative efficiency of 
‘soft’ approaches that capture landholder capacity to protect public goods at the landscape 
scale. Essentially, deeming may be an imperfect mechanism, but it need not be inaccurate or 
an expensive market mechanism to tip the balance towards better land use policy outcomes.  

In terms of new C markets, to effectively engage landholders to invest in changing the 
productive balance of their land requires knowledge of the sequestration potential of specific 
species and the likely costs and benefits to their existing production systems (McHenry, 
2009a). New suites of tree species will influence the lands groundwater tables, stream flows, 
weed and fauna management regimes, fire control measures, and the landowner’s economic 
situation (Clifton et al., 2007). Planning for new complex activities requires a very high 
resolution of often site-specific biological, geological, sociological, and economic 
information. While larger regional or landscape scale site models can broadly inform land use 
change (LUC) policymakers and researchers regionally, in practice there is often little 
reciprocal communication with those who actively manage and live on the land. Such 
inhabitants will likely be able to enhance the appropriateness of input data, assumptions and 
refine resulting policy outputs and conclusions.  
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To sustainably operate at the landscape scale, landholders require very high resolution 
and extremely reliable information with a focus on seasonal fluxes and environmental 
extremes, rather than annually averaged data. Of particular interest to landholders are the 
maintenance and thresholds of critical systems that sustain productivity, and often use 
specific indicator species characteristics to monitor biological responses to seasonal and 
annual landscape change. Thus seasonally differentiated functional ecosystem change datasets 
are a fundamentally appropriate foundation for researchers and policymakers to develop and 
maintain (Landsberg & Crowley, 2004; Stoneham, 2009). While potentially more costly 
initially, information systems and models with multiple utilities will have a greater reciprocal 
value to land managers, government planners, and industry security generally in periods of 
increased climatic variability than much of the annually averaged data currently generated 
and used. Market mechanisms can be harnessed to attract new investment to either directly or 
indirectly assist the ability of governments to initiate the collaborative development of 
monitoring and verification activities. However, investors will require certainty a priori 
(Stoneham, 2009). 

New markets will likely create new land ownership rights to maintain investor certainty. 
Thus, landholders will also require long-term certainty regarding possible claims of rights to 
the land from governments, ecological product holders, and how a diversified ownership 
structure may influence their livelihood. In 2003, the Western Australian Parliament passed 
the Carbon Rights Act 2003, which gave landowners a statutory basis to register, and trade 
the C rights earned since 1 January 1990 as a separate interest in the land (The Parliament of 
Western Australia, 2003). At present, what transpires on the land after C trading is dependent 
on the legal obligations imposed under transfer of such rights, which are in-turn dependent on 
each particular trading mechanism design. New markets will likely require similar new 
property rights, and will thus require a similar legislative basis, although the monitoring and 
verification regimes will likely require much additional but complimentary ecological input 
data. While quality datasets enable the development of stable and sustained markets with a 
high level of transparency, such datasets require an additional level of resolution, 
transparency, and efficiency in combining regional models and on-site verification than is 
available today. However, analogous developments have enabled the development of C 
markets, which with augmentation, may be a suitable foundation for various ecological 
markets. 

 
 

THE INTERFACE BETWEEN C MODELS AND  
ON-SITE VERIFICATION  

 
The development of the Australian National Carbon Accounting System (NCAS) was 

required to decrease uncertainty, improve transparency, and improve verification of national 
land use, land-use change, and forestry (LULUCF) assets and fluxes under the United Nations 
Framework Convention on Climate Change (UNFCCC) and Kyoto Protocol commitments 
(Australian Greenhouse Office, 1999b, 1999a; Turner et al., 1999; Polglase et al., 2000; 
Snowdon et al., 2000; Richards, 2001; Australian Greenhouse Office, 2002; Furby, 2002; 
Furby & Woodgate, 2002; Paul et al., 2002; Richards et al., 2002; Booth et al., 2003; 
Australian Greenhouse Office, 2005b, 2005a). The NCAS methodology was developed to be 
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more rigorous than the minimum requirements of the Intergovernmental Panel on Climate 
Change (IPCC) guidelines for forest C monitoring. The IPCC guidelines were based on 
forests of trees with the potential to reach a minimum of 2 metres in height at maturity, a tree 
crown cover (or equivalent) of more than 20% and a minimum area of 0.2 ha (Australian 
Greenhouse Office, 2002, 2005b). To quantify the total amount of C in woody tissue both the 
volume and density of tissue must be known (Ilic et al., 2000). (See Table 1 for an example of 
vegetative class partitioning and density data).  

 
Table 1. Partitioning of biomass and wood density values  

by major vegetation group class 
 

 
Source: (Australian Greenhouse Office, 2002) 

 
The NCAS is based on resource inventories, site specific studies, multi-temporal remote 

sensing, and sequential modelling land cover change, LUC, soil type, forest type, 
management, climate, biomass growth, and litter inputs to scenario projections of the C 
balance of LUC projects, or at the national level (Booth et al., 2003; Australian Greenhouse 
Office, 2005b). The NCAS includes C quantification verification, which is based on the Full 
Carbon Accounting Model (FullCAM), that provides a 25 m grid resolution of C fluxes over 
monthly time steps (Richards, 2001; Australian Greenhouse Office, 2002; Booth et al., 2003; 
Australian Greenhouse Office, 2005b, 2006). FullCAM is capable of C accounting for 
afforestation, reforestation, revegetation, and deforestation, as well as agroforestry systems, 
and is comprised of a combination of Excel-based accounting tools that model biological 
processes. Many of the model parameters are user-defined to reflect land management 
decisions and rates of C transfer between pools, or the atmosphere (Richards, 2001). The 
various modelled biological processes include land cover change, land use and management, 
climate input, crop growth and plant parameters, biomass stock and growth incremements, 
tree parameters, forest parameters, soil C, and the model framework (Australian Greenhouse 
Office, 2002, 2005b). The five sub-models incorporated into FullCAM are 3-PG (forest 
physiological growth model), CAMFor (forest C accounting model), CAMAg (cropping and 
grazing C accounting model), GENDEC (microbial decomposition model), and the Roth-C 
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(soil C model) (Richards, 2001; Australian Greenhouse Office, 2002). The CAMFor 
component assists C accounting and projections by calculating the C flows associated with 
forest and tree stand changes, and also any wood product harvesting activities (Brack et al., 
2002; Brack & Richards, 2002). CAMFor converts annual changes in stem wood using 
parametrics that approximate annual changes in tree components alongside C content. The 
parametrics of importance are stem wood density and the variation of other tree components 
relative to the stem, which vary with species, age, size, and on-site conditions (Booth et al., 
2003). Growth in the bark, branch, leaf, twig and root pools are modelled as an age dependent 
increase relative to stem growth (Brack & Richards, 2002). FullCAM incorporates these and 
other biological processes in relation to biogeographic information in the FullCAM database 
(Booth et al., 2003). 

To generate emissions and removals estimates for reforestation projects, a component of 
the NCAS, the Carbon Accounting Toolbox (NCAT) was collaboratively developed by the 
Australian Greenhouse Office, CSIRO, and the Australian National University. NCAT uses 
the same data and models as the NCAS to generate net GHG removals and emission estimates 
without requiring input data relating to stem volume and wood density. Thus, forest entities 
using NCAT only require forest data such as tree species, years of establishment, thinning 
measures, rotation intervals and any fertiliser applications as input data. While the Australian 
Government does not yet prescribe the use of the NCAT, they do recommend its use for 
forestry C emission and removal modelling to utilise the continually updated climate, 
management activity, remote sensing, soil data, and forest type databases (Department of 
Climate Change, 2008). Crucially, much of this updating incorporates on-site assessment, as 
it is important that local data sets are not solely reliant on satellite imagery as to limit 
interpretive errors. The on-site data greatly increases image interpretation and validation of 
remote sensing results (Furby & Woodgate, 2002; Clifton et al., 2007). 

 
 

ON-SITE VERIFICATION TO IMPROVE MODEL EFFECTIVENESS 
 
Some on-site measurement methods are expensive, but accurate, while others are 

inexpensive and less accurate. Remote sensing is one relatively inaccurate method, but has 
the advantage of being inexpensive (Richards et al., 2002). Physiological models based on 
remote sensing require relatively expensive field calibration from a network of quality audited 
permanent plots (Australian Greenhouse Office, 1999a; Turner et al., 1999; Richards, 2001; 
Richards et al., 2002). Researching economically efficient means to calibrate and verify 
models through longitudinally maintained site-specific plot data sets is an important area for 
policymakers to facilitate. The temporal distinction between calibration and verification 
practices and data enable a longer term comprehension of changes in ecosystems from 
historically continuous data. One serious gap in environmental inventories for verification and 
calibration purposes relates to the dearth of private land information held in the public sphere. 
This restricts the reliability of the increasingly important land use policy (Richards, 2001).  

Development of systems such as the NCAS are undertaken recognising the imperfect 
nature of the input data and the output. The system focuses on functional aggregated accuracy 
and objectivity rather than attempt to pursue an ultimate level of precision of biomass growth 
(Australian Greenhouse Office, 2002). The net primary productivity (NPP) of forests is the 
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rate at which solar energy is converted to biomass, and its quantification is essentially the 
objective of such models. Destructive sampling is one method of determining NPP, and while 
it is suitable for individual plots of grass and shrub vegetation, it is rarely used for forest 
ecosystems (Snowdon et al., 2002; Kesteven et al., 2004). There are two basic methods for 
destructively estimating aboveground biomass of individual trees: the complete harvest 
method, and; the partial harvest methods (Snowdon et al., 2002). However, determining the 
biomass and C in standing, unharvested trees is accomplished by using calculations that 
model the tree components such as stems, crowns, roots and tops for different sizes, ages and 
tree spacing (Australian Greenhouse Office, 1999a; Ritzon & Sochacki, 2002; Bi et al., 2004). 
Using easily measured tree characteristics to estimate tree biomass is called allometry, and 
thousands of allometric equations for individual species in specific areas have been developed 
using slightly different methods (Australian Greenhouse Office, 1999a; Eamus et al., 2000; 
Richards et al., 2002; Specht & West, 2003; Bi et al., 2004). 

 
 

ALLOMETRICS AND EXPANSION FACTORS:  
UTILITY AND LIMITATIONS FOR NEW MARKETS 

 
Allometric equations are an important technique to estimate tree and forest biomass and 

sufficient information is available to estimate growth rates for forests (Australian Greenhouse 
Office, 1999a; Turner et al., 1999; Richards et al., 2002). Relatively few allometric equations 
are required to adequately describe the aboveground biomass of some vegetation types, 
especially where one or two species dominate site basal area (the cross sectional area of trees 
in a forest in m2 ha-1) (Australian Greenhouse Office, 1999a; Richards et al., 2002). On-site 
sampling of basal area tree height, and volume are currently used to refine NCAS estimates of 
mature forest and regrowth of various ages (Australian Greenhouse Office, 1999a, 2006). 
Basal area is often recommended as a standard measure for allometric equations as it was 
often the only forestry variable recorded (Richards et al., 2002). Aboveground biomass can be 
estimated from stand basal areas using ratios established for major Australian forest types 
(Australian Greenhouse Office, 2006). However, basal area only allometric equations are less 
useful than those that incorporate diameter at breast height (DBH) measurement (Richards et 
al., 2002). Stem diameter can include DBH, or DBHOB (diameter at breast height over bark), 
which are generally 130 cm from the ground unless stated otherwise (Brokaw & Thompson, 
2000; Eamus et al., 2000; Keith et al., 2000; Snowdon et al., 2002; Zianis & Mancuccini, 
2004). If possible all diameter measurements should be undertaken for both over and under 
the bark. This can either be undertaken by removing the bark, or using a bark depth gauge to 
estimate the under bark diameter. One use of measuring stem diameters both over and under 
the bark is to estimate dry weight of dead trees and also to determine biomass information 
about the bark itself. It is possible to get a good indication (generally within 2% difference) of 
stem bark thickness by measuring only two opposite points on the stem. Other common stem 
measurements are diameters at 10 cm (d10) and 30 cm (d30), which are used for small trees or 
shrubs prone to forking. When there is more than one stem on the sample tree, calculating the 
diameter of a circle of area equal to the sum of the cross-section areas of all stems at the same 
height is known as the diameter equivalent (de) (Snowdon et al., 2002). Average biomass 
estimates across a wide range of sites can be adequately estimated when using two variables, 
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such as height and stem diameter for specific species and their sizes (Snowdon et al., 2000). 
Tree height estimation on standing trees commonly use trigonometric or hypsometers at right 
angles from any lean with two measurements from the opposite side of the tree (Snowdon et 
al., 2002). 

A study by Ritzon and Sochacki (2002) developed a model for predicting the biomass 
and C for Pinus pinaster (Maritime pine) in the southwest of WA. This included destructive 
sampling of trees aged between 1 and 47 years to determine dry matter biomass and C content 
to develop allometric equations. Similar to comparable research, the study found that the 
aboveground biomass of the tree contained very close to 50% C and the belowground tree 
mass C content was around 48%, and that using more than one measurement provided the 
most reliable allometric estimations (Ritzon & Sochacki, 2002). They developed equations 
that predicted biomass and C for each component of the Maritime pines adequate for various 
management practices, such as pruned for sawlogs, unpruned single paddock trees, or grown 
in a windbreak. 

 
Table 2. Linear regressions of the form Y = a + bD tables to estimate physical attributes 

of 10 four year old Eucalyptus astringens (Brown Mallet) trees using DBHOB 
measurements 

 

 
Source: (Eamus et al., 2000) 
 

 

Figure 1. Linear regression functions derived from 30 Eucalyptus astringens (Brown Mallet) trees of 
four and twenty years of age to approximate height from DBHOB. 
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Table 3. Selected available regression analyses of the form ln(M) = a*ln(DBH)+b of tree species grown in WA 
 

 

Source: (Eamus et al., 2000) 
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The fundamental importance of biomass estimation for C and other ecological markets 
necessitates a comprehensive suite of predictive equations for landscapes and species 
(Australian Greenhouse Office, 1999a). It is possible to find simple linear allometric 
equations of the form Y = a + bD, where a and b are the scaling coefficients, Y the total 
aboveground tree dry biomass or tree height, and D is the DBH (See Table 2 and Figure 1). 
However, the most commonly used form for biomass studies is M = aDb (Zianis & 
Mancuccini, 2004). The variability of M is largely related to variability of D measurement, 
while values of a and b vary with species, stand age, site, climate, and stand density. As the 
relationship between M and D corresponds well to a power function, the raw data is usually 
transformed logarithmically (Zianis & Mancuccini, 2004). (See Table 3 for a list of 
logarithmically transformed linear allometric equations). Coefficients a and b are usually 
determined by least-square regression of log-transformed data for DBH, and M measured 
from destructive sampling (Eamus et al., 2000; Zianis & Mancuccini, 2004).  

Unfortunately, there are fundamental issues with much of the available allometric data 
and collection methods. Uncorrected estimates of biomass derived from least squares 
regression on logarithmically transformed data should not be used to estimate biomass as they 
seriously underestimate biomass without correction factors (Eamus et al., 2000). If available, 
correction factors allows landholders to accurately quantify tree biomass from allometric 
equations by measuring the relevant variables in the equations, such as the DBH (Eamus et 
al., 2000; Bi et al., 2004). However, without correction factors biomass is likely to be 
underestimated due to the DBH being relatively large and being skewed by the 
antilogarithmic transformation1 (Eamus et al., 2000). The primary untransformed data is of 
much greater utility to landholders and new markets, although very little original data exists, 
and/or is available. Furthermore, allometric equations technically only apply to the forest 
stand where they were derived, and equations will likely be unsuitable outside of the tree 
species, tree size class, and the region of which they were obtained (Snowdon et al., 2000; 
Richards et al., 2002). Despite these fundamental limitations, the primary source of error with 
available biomass estimation equations derives from regression analyses. Statistical 
comparisons and the combination of equations is constrained by a lack of standard 
mathematical form, differences in independent variables, lack of statistical transformation 
information, and deficiency in details of the original data (Australian Greenhouse Office, 
1999a). 

For larger areas of trees there are a range of what are called ‘expansion factors’, which 
are used with sample results to more accurately determine biomass and sequestration of larger 
numbers of trees in accordance with NCAS protocols (Snowdon et al., 2002). Expansion data 
assist accurate useful for modelling when the location and volumes are known, and must be of 
sufficient detail, which may impinge on commercial sensitivities (Australian Greenhouse 
Office, 1999a). Expansion factors vary according to species, canopy cover, region (etc.) 
(Australian Greenhouse Office, 1999a; Furby, 2002). There are also differences between 
commercial forest and unmanaged forests in terms of allometric regression expansion factors 
(Australian Greenhouse Office, 1999b). These differences in land use should be reflected by 
differences in allometric and expansion factor data. However, the main source of error in 
upscaling biomass estimates using expansion factors relates to the number and adequacy of 
sampled representative plots and the level of natural heterogeneity of particular forest species 

                                                           
1 Research by Eamus et al. (2000) includes a useful overview of allometric correction factors. 
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(Australian Greenhouse Office, 1999a). Conversion of measurements to total forest biomass 
requires wood density measurements and expansion factors that account for the stem as a 
proportion of the total tree including stem, bark, branches, twigs, leaves and root data 
(Australian Greenhouse Office, 1999a; Keith et al., 2000). Non-destructive sampling methods 
at a site commonly entails removing 0.12 cm increment core from 110 cm aboveground to 
ascertain whole tree density. The assessment of wood density also requires recording of the 
location, altitude, age, and species of the tree, the height of the tree and sample points, 
diameter over bark at the sampling point, compass direction of the sample, median and 
seasonal distribution of rainfall, soil type, and a measure of site quality (Ilic et al., 2000). 
Such details are rarely available, especially in primary form, free from statistical 
transformation. 

 
 

CARBON CONTENT AND COMPLEXITIES IN  
BELOWGROUND BIOMASS ESTIMATION  

 
Biomass estimates are converted to C by applying C factors, and in contrast to 

allometrics and expansion factors, turn out to be remarkably consistent between species and 
regions (Australian Greenhouse Office, 2006). (Table 4 shows general C content and turnover 
rates). Australian research by Gifford (2000a) found that overall C contents of all tree tissues 
and species was 50%, while leaves exhibit slightly higher C content of 52.8%, and leaf litter 
C content was 54.3%. Gifford recommended for when a single %C value is required to 
represent all aboveground components of all species, a value of 50±2% be used. When leaves 
were analysed separately a value of 53±2% be adopted, and for Australian native species, a 
value of 50±2% for woody components is appropriate. Deep wood near the centre of the trunk 
exhibited around 2% higher C contents than sapwood due to lower mineral contents (Gifford, 
2000a). Gifford (2000b) also obtained an averaged value for the C content of coarse wood 
root of 49±1%, based on an analysis of 23 species. The range of these 23 species was 46.7 to 
51.2%. When a continental value for forest roots including fine roots, 48±2% is suggested, 
and when a single figure is required that represents the C content of all woody components 
above and belowground (including branches and coarse roots), 49±2% is suggested. 
Significantly, there is often less variability between tree species than between tissues 
(Gifford, 2000b). While carbon factors themselves add little uncertainty to C estimates, the 
errors of biomass carried through assessments remain the greatest source of uncertainty. 

Biomass estimation through allometric relationships can be complicated by seasonal and 
annual variability in NPP, unique underground vegetative structures, harvesting, fire, or 
unusual environmental conditions (Turner et al., 1999). In mallee vegetation (low growing, 
multi-stemmed Eucalypt species) individual lignotubers may be very large and coppicing or 
fire can stimulate lignotuber growth as the tissues grow and the lignotuber merges with the 
stem base (Kalin Arroyo et al., 1995; Snowdon et al., 2002). In southern Australia, the soil 
water holding capacity over the period in summer and autumn (December to May), often 
determines the growth and survival of trees (Hingston et al., 1998). In water limited regions 
the relationship between age and biomass may not be strong due to the opportunistic growth 
rate of vegetation in the more arid systems (Turner et al., 1999; Van Vreeswyk et al., 2004). 
As root biomass growth patterns generally reflect water availability, sampling for minimum 
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root biomass should correspond to the driest period of the year and vice versa (Snowdon et 
al., 2002). Species and regional variability will undoubtedly require on-site sampling to refine 
estimations for many forest and ecological market requirements. This is especially so in 
relation to belowground biomass, often estimated using ‘root-to-shoot’ (RS) ratios (Australian 
Greenhouse Office, 1999a; Turner et al., 1999; Richards et al., 2002).  

 
Table 4. Carbon contents and annual turnover rates of tree components 

 

 

Source: (Eamus et al., 2000; Australian Greenhouse Office, 2002) 

RS ratios are used to estimate belowground biomass from aboveground data (Australian 
Greenhouse Office, 2006). The availability and resolution of appropriate RS ratio allometric 
equations and expansion factors will determine both the costs and the accuracy of total 
biomass measurement and estimation. Unfortunately, there is variable availability of 
allometrics and expansion factor details for RS ratios and for larger trees over 50 cm DBH 
(Australian Greenhouse Office, 1999a; Richards et al., 2002). Australian native species are 
renowned for their high variability of RS ratios within and between forest types, which is 
attributable to species, age, soil and climate (etc.) conditions (Snowdon et al., 2000; Richards 
et al., 2002). Temporal variations in fine root biomass for Eucalyptus marginata (Jarrah) 
forests in Western Australia can vary up to four-fold between summer and winter months, 
which is around 20% of the total root biomass (McKenzie et al., 2000; Snowdon et al., 2002). 
This complexity is also compounded by the relationship between above and belowground 
biomass from fires, coppicing, and seasonal variation (Snowdon et al., 2002).  

 
 

MANAGEMENT COMPLEXITIES AND OPPORTUNITIES FOR 

INTEGRATING LOCAL KNOWLEDGE  
 
There is also a paucity of data regarding Australian tree harvest characteristics in 

privately managed forests and environmental plantings. As fuelwood is often sourced from 
state forests, obtaining data regarding these activities can only occur at the retail and 
landholder level (Australian Greenhouse Office, 1999a). These woody C flows into various 
product classes and physical residence times needs be quantified, as the total net Australian 
pool of C sequestered as wood in the national housing stock alone is estimated to be around 
10 MtC (Australian Greenhouse Office, 1999a; Jaakko Poyry Consulting, 2000). As 
policymakers seek to refine the accuracy and precision of national C accounting, there is 
likely to be a growing need for reliable data of this nature, and its collection will require the 
involvement of both researchers and local landholders (Australian Greenhouse Office, 
1999a). Regional information of this nature can also be used to calculate the energy available 
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for use in the expanding renewable energy markets in relation to woodheater demand, for 
cofiring in conventional generators, or the growing market for small bioenergy units 
cogenerating useful electricity and heat in regional areas (McHenry, 2009a). 

In relation to environmental markets attributed to vegetative management, identifying the 
timing and implementation of any land use activity will likely require very detailed biological 
modelling, especially when concerning fire management. This quantification will require both 
the concurrent agents of change, and the separated impact of change to be determined 
(Richards, 2001). However, modelling data in inappropriately high resolutions may presume a 
sense of false precision for market participants, and a balance between market value, 
transparency, and practicality should evolve (Australian Greenhouse Office, 1999a).The most 
likely form that individual landholders will be able to take part in future environmental 
markets will be through ‘pooling’. In a similar manner to supply market quantities of niche 
products, or more recently, C pooling involves combining a number of small registered areas 
in order to generate sufficient marketable product volume to obtain a positive return by 
sharing costs of technical measurement, certification and marketing of the credits (The CRC 
for Greenhouse Accounting & Tony Beck Consulting Services Pty Ltd, 2003; McHenry, 
2012a). 

Documented evidence required to establish eligibility of C sequestration projects 
generally include restrictions on land uses where the project resides, a regime of maintenance 
for ongoing compliance, and a risk management strategy (Independent Pricing and 
Regulatory Tribunal, 2008). Aerial photographs or satellite imagery with on-site data are 
required as a bare minimum to enable landowners to register land use and land management 
changes. Accredited forestry sequestration activities and verification are often allowed to be 
undertaken roughly every five years, with a corresponding credit for each period. C 
assessments are calculated using models consistent with a corresponding standard, and 
sometimes include an appropriate uncertainty analysis. Uncertainty analyses are often used to 
reduce the final amount to ensure a conservative estimate (The New South Wales 
Government, 2005). Vegetation that involves rotational harvesting at some point requires a 
more sophisticated C modelling and accounting system than simple conservation plantings. 
Eligible certificate creation for rotational harvesting usually requires C stocks never to fall 
below the threshold of certificates created (Independent Pricing and Regulatory Tribunal, 
2008). 

 
 

ENVIRONMENTAL AND LAND-USE  
CHANGE POLICY AMBIGUITY  

 
The final forest C offset rules that will apply in Australia’s climate change mitigation 

policies are yet to be determined. The Commonwealth Government has indicated its intention 
to review the development of longer term arrangements (The New South Wales Government, 
2008). The previously proposed CPRS White Paper stated that offsetting will be likely 
allowed from sectors outside C policies (Cosier et al., 2009), and this is likely to be the 
approach followed by successor policies. As the agricultural sector will likely be excluded 
from the C policy liabilities, landholders will be eligible to create C offsets for captured 
sectors. Landholders, certain leaseholders and C property rights holders can apply to become 
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accredited forest entities, which will be published by any scheme regulator. To be eligible for 
the first Kyoto Protocol (KP) commitment period permit entitlements, forests were to be 
registered before 1 January 2013 (Cosier et al., 2009).  

There is likely to be continued developments occurring in the creation on new forest and 
ecological management markets, of which have some precedence in the KP requirements for 
LULUCF inclusion into national inventories. The COP 13 in Copenhagen secured further 
interest in market mechanisms to improve forest management under the Reducing Emissions 
from Deforestation and Forest Degradation in Developing Countries (UN-REDD 
Programme). Forest management is defined as “a system of practices for stewardship and use 
of forest land aimed at fulfilling relevant ecological (including biological diversity), economic 
and social functions of the forest in a sustainable manner” (United Nations Framework 
Convention on Climate Change, 2002) p 58. The KP’s Article 3.4 includes the option of 
accounting for forest management, revegetation, cropland management, and grazing land 
management to be included in national targets. Of particular interest in Australia is ecological 
market developments relating to grazed woodlands and rangelands, which are accounted 
under the Grazing Lands component of Article 3.4 (Richards, 2001). As Australia currently 
chooses not to account for article 3.4 emissions, there is a possibility that some of these 
management activities will become involved in future markets under international 
frameworks. Thus, it is only logical to compile and develop monitoring and quantitative 
methods of proxy ecological indicators of such expanding management and conservation 
policies in addition to simply biomass and C NPP. It is interesting to contrast how far land 
use policies have come in Australia over a relatively short space of time. This may also be a 
source of concern to landholders seeking to undertake long-term commitments, as Australian 
policymakers, even in the same jurisdiction, have tended to provide little consistency over 
time (McHenry, 2012a). 

 
 

LESSONS LEARNED FROM HISTORY:  
LAND-USE MARKET RISKS 

 
The WA Government’s Conditional Purchase (CP) crown land release scheme was first 

introduced in early WA settlement, but was reinvigorated in 1961 and continued until 1982. 
Each property in the CP scheme was purchased for only around 35 cents per ha (in 2010 
Australian dollars), which included the government provision of land surveys, road access, 
and telephone services. This attracted many unfamiliar with land management to implement 
the minimum conditions of the CP scheme, which were to clear two-thirds of the property and 
fence the boundary within a given period. This resulted in high rates of farm failure, and a 
resultant over-clearing from successful neighbours to recover costs of overextending 
themselves by acquiring the failed properties. Despite the known soil, biodiversity, 
productivity losses and associated salinity issues at the time, the amount of clearing facilitated 
by the WA Government between 1980 and 1990 in four significant bioregions totalled 
between 80,000 and 160,000 ha each year (Australian Greenhouse Office, 2000). (Table 5) 
The combined impact of government land development schemes, tax incentives and easy 
finance lead to a scarcity of uncleared arable land. Thus, native vegetation clearing policies 
were replaced by staunch clearing control legislation. The WA Government policy now 
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favours conservation and a greater landholder involvement (Australian Greenhouse Office, 
2000; Van Vreeswyk et al., 2004).  

 
Table 5. Clearing in four significant Biogeographic regions (IBRA) 

 between 1980 and 1990 
 

 
Source: (Australian Greenhouse Office, 2000). 

 
 

ENVIRONMENTAL MARKET DEVELOPMENT GUIDANCE FROM 

CARBON MARKET LAND-USE EXPERIENCE  
 
An indication of the order of value of future environmental markets can be approximated 

by expected values for C sequestration. The Cooperative Research Centre for Greenhouse 
Accounting (CRCGA) undertook a case study of the profitability of ‘C farming’ in Western 
Australia. The CRCGA used a 60 year discounted cashflow analysis that included the 
commercial wood products produced, the additional potential value of C, and the 
administration and other costs associated with C forestry. The study combined the local 
government regional data for average productivity per ha with a forestry project analysis to 
obtain an ‘operating return per effective ha’ for landholders engaging in a C sequestration 
activities. The results for the high rainfall areas (900 mm of annual rainfall) were encouraging 
with Australian dollars (AUD) 10 per tonne C credits supplementing the net present value 
(NPV) timber income by 16% for a Eucalyptus globulus (blue gum) plantation, 62% for a 
Eucalyptus saligna (Sydney blue gum) plantation, and AUD560 ha-1 for unidentified native 
forest species revegetation (The CRC for Greenhouse Accounting & Tony Beck Consulting 
Services Pty Ltd, 2003). However, the range of monitoring, verification and certification cost 
estimates for C farming from some selected studies show the great variability in potential 
expenditures. Specht and West (2003) included information on the likely costs associated 
with a sampling program of the type required for C trading using professional measurements 
teams. To achieve the required level of sequestration confidence on the 350 ha of estates 
would require assessment of around 150 tree plots and 80 soil sites. This would cost around 
AUD5,000 or AUD240 ha-1, which included the team’s accommodation costs (Specht & 
West, 2003). However, the CRCGA chose in their modelling that an appropriate cost would 
be in the range of AUD12.50 ha-1 per analysis. Whatever C accounting costs become, they 
will need to be assessed every five years, or at the start and end of each commitment period 
(Booth et al., 2003; The CRC for Greenhouse Accounting & Tony Beck Consulting Services 
Pty Ltd., 2003). The CRCGA study stated that while the C price is AUD5 to AUD10 tCO2-e, 
it is not profitable to establish C sinks in their own right anywhere in WA. At AUD15 tCO2-e 
the CRCGA found it would be profitable to establish trees for conventional timber products 
and C, even across the highly productive agricultural lands in Great Southern and into the 
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Southwest regions, only when the cost of land is not taken into account. The study concluded 
that C farming/forestry activities could not compete commercially with current landholder 
activities, but may be complementary to such activities or offset potential losses from 
establishment costs of windbreaks and revegetation (The CRC for Greenhouse Accounting & 
Tony Beck Consulting Services Pty Ltd., 2003). Effectively achieving this complementarily 
will require low C accounting costs, an intimate knowledge of the land, and its productive 
potential (McHenry, 2013).  

 
 

BIOLOGICAL COMPLEXITY AND ENVIRONMENTAL  
MARKETS USING A FORESTRY EXAMPLE 

 
At the landscape scale, soil types, soil texture, local topography, water availability and 

the condition and exposure of individual trees influence many aspects of vegetative NPP 
(Kort & Turnok, 1999). Open-spaced trees are subjected to greater mechanical wind stress 
and respond by increasing the thickness of stems, branches, and particularly the root system 
(Ritzon & Sochacki, 2002). The proportion of total tree biomass in roots is generally between 
30 - 50% of aboveground biomass (Kort & Turnok, 1999). However, it is known that planting 
trees in higher densities, such as in a windbreak or plantations, reduce the percentage of tree 
biomass in root systems. The amount of aboveground biomass also increases as the trees age 
relative to the biomass in roots. This is more pronounced with open spaced trees than close-
spaced trees (Ritzon & Sochacki, 2002). For reasons of practicality, estimating the biomass of 
smaller shrubby plants is best related to shelterbelt volume; as the space occupied by the total 
leaf area available for photosynthesis is independent of the number of trees in the windbreak 
because the lateral growth is limited by their neighbours (Kort & Turnok, 1999).  

Additional intricacies discovered by site analyses are the variability of soil organic C 
(SOC) below plantations and adjacent land. Short-term declines in SOC following LUC from 
pasture to plantation in wetter regions requires landholders and modellers to account for these 
losses in particular bioregions. The SOC levels would be expected to recover and possibly 
exceed the pre-plantation level (Kirschbaum, 2000; Specht & West, 2003). Such assumptions 
require on-site verification to refine models that aggregate data for market mechanisms and 
formal accounts, such as Australia’s National Greenhouse Gas Inventory (NGGI) (Brack & 
Richards, 2002; Booth et al., 2003). 

There are significant biological complexities in establishing large vegetative stocks for 
new markets which are poorly understood by markets and current biometric models. 
Although external to any C market transaction, negative environmental consequences may 
occur in relation to water availability in sensitive catchments due to large reforestation 
activities consuming sizeable quantities of water (Department of Climate Change, 2008; 
Cosier et al., 2009; McHenry, 2012b). This will require estimation, planning and management 
by local and state governments if such activities are projected to become widespread within 
their planning horizons. The development of transparent mechanisms to quantify the 
performance of activities will be crucial. 

All biological conservation-based projects are subject to additional market risk, but are 
also impacted by physical risks associated with fire, drought, or pests, which must be 
reasonably accounted for (The CRC for Greenhouse Accounting & Tony Beck Consulting 
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Services Pty Ltd., 2003). Compounding these issues are the policy change concerns for 
landholders, including permanence issues arising from participation in conservation activities, 
most of which are likely to be around 100 years or even permanently on titles or leases 
(Booth et al., 2003; The CRC for Greenhouse Accounting & Tony Beck Consulting Services 
Pty Ltd., 2003; Independent Pricing and Regulatory Tribunal, 2008). The risks of limiting 
future management options is crucial for landholders, which may result in future 
compensation payments to carbon rights holders if contractual obligations are annulled by 
landholders (if this is possible) in addition to associated transaction costs (Booth et al., 2003; 
The CRC for Greenhouse Accounting & Tony Beck Consulting Services Pty Ltd., 2003). 

 
 

CONCLUSION 
 

The integration of high accuracy on-site vegetative and ecological data into landscape 
and macro-scale land monitoring models will enable new market mechanisms that internalise 
environmental externalities from land management activities by providing both accurate and 
precise on-site accounting and verification. This approach has the potential to achieve several 
efficiencies including new skilled conservation jobs in remote areas, reduced capital and 
infrastructure duplication for on-site environmental monitoring, streamlined government 
administration and research ancillary expenses, locally appropriate conservation activities that 
are sustained over time, and direct communication between landholders, academic 
institutions, and land management policymakers. 

Striking an operative balance between the accuracy of market product value, the genuine 
value of on-ground activities, and the associated market administrative and monitoring costs 
will necessitate on-site activities on both private and government lands. Policymakers should 
be aware that landholders, due to their relationship with the land, generally hold the majority 
of high resolution data regarding the efficacy and nuances of particular land use and 
management alternatives (Stoneham, 2009). Experience has shown that land management 
activities undertaken by governments or external entities in regional areas often under-
perform, and initiatives are rarely funded sufficiently to be sustained effectively (Van 
Vreeswyk et al., 2004; Stoneham, 2009). The option of subcontracting landholders who live 
and work in such regions may be a more effective solution to increasing travel and 
accommodation costs of centralised contractors. An open relationship between policymakers 
and landholders will therefore assist the development of appropriate management practices 
that provide private landholder security, public good protection and enhancement, alongside 
efficiency in terms of administering limited environmental funding. This will more effectively 
harness the considerable existing knowledge and capacity in rural, regional, and remote 
Australia and assist the generation of detailed knowledge of ecosystem functional change. 

Pressures from industry expansion, urban encroachments, and conservation objectives on 
existing regional food production systems and culturally sensitive lands will likely intensify 
over-time. Improving the interface between landholders and policymakers through rigorous 
monitoring mechanisms provides a much needed additional communication channel between 
landholders and those not on the land, but with an external interest in it. With sufficient 
knowledge and resources, private on-site landholders are often best placed to quantify the 
productive potential of their land, and develop appropriate and cost-effective management 
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activities. An internalisation of non-monetary land systems can generate a more effective and 
sustained land management and environmental outcome that do not require acquisition or 
expensive maintenance regimes by governments. Therefore, it will be prudent for 
policymakers and researchers to work more transparently with private long-term landholders 
to maximise benefits and minimise costs from new market opportunities, maintain ecological 
services, and retain food productive capacity. 
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ABSTRACT 
 

Sedimentary organic carbon (SOC) was quantified in two mangrove plantations and 
a nearby barren site based on measurements of C and C isotopes in sediment cores. 
Relative to the barren site, the native Kandelia candel plantation and the exotic 
Sonneratia apetala plantation greatly affected values for SOC content, 13C, and 14C age 
from 0 to about 60 cm but not at greater depths. SOC densities to a 60-cm depth were 155 
and 174 Mg ha-1 in the native and exotic plantation, respectively. Change of SOC 13C 
with depth was similar in both plantations, and the new contributions to the total SOC in 
the upper 16 cm were also similar (45–47%). At 16–60 cm, however, the new C 
contributions were only 9% in the native plantation but as high as 31% in the exotic 
plantation, i.e., the exotic S. apetala stored more mangrove-derived new C in its 
anaerobic sub-surface than the native K. candel. From the perspective of SOC storage, S. 
apetala rather than K. candel is recommended for restoring the degraded coastal area in 
Southern China. 
 

Keywords: Mangroves, sedimentary organic carbon, carbon isotope 
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INTRODUCTION 
 
In coastal ecosystems, mangroves provide significant ecological services, such as storm 

and cyclone buffering, timber and fisheries production, and prevention of coastal erosion 
(Barbier et al. 2008; Shaifullah et al. 2008). Despite these values, mangroves are seriously 
threatened worldwide (Alongi 2002; Yanagisawa et al. 2009). About 35% of mangrove 
forests have been degraded or lost over the past several decades (Barbier et al. 2008). Most 
mangroves along the shorelines of China are threatened or degraded as a result of pollution, 
aquaculture, over-cropping for timber, and coastal urbanization (Benfiled et al. 2005; Ren et 
al. 2008). Recently, the establishment of mangrove plantations for sustainable coastal 
development has attracted widespread attention (Matsui et al. 2008). Attractive characteristics 
of mangroves forests/plantations include high productivity and a low ratio of decomposition 
to net primary production (Gonneea et al. 2004; Jennerjahn and Ittekkot 2002). Consequently, 
mangroves sequester significant amounts of carbon (C) in biomass and sediment (Bouillon et 
al. 2008; Fujimoto 2004; Twilley et al. 1992), and are regarded as potentially efficient pools 
or sinks for decreasing the concentration of atmospheric CO2 and mitigating global warming. 

Over the past two decades, many studies have increased our knowledge about the 
dynamics of C in mangrove forests. We still lack, however, a complete understanding of the 
dynamics of sedimentary organic carbon (SOC) in the mangrove forests because SOC 
dynamics are controlled by a large number of physical, chemical, and biological factors at a 
variety of timescales (Aller and Blair 2004; Kristensen et al. 2008).  

Two powerful tools for studying ecological processes like SOC dynamics in mangrove 
forests are stable and radioactive C isotopic analyses (Bouillon and Bottcher 2006; Staddon 
2004; West et al. 2006). For instance, the alteration in SOC 13C values caused by C decay 
provides clues for separating stages of SOC decomposition and thereby helps clarify SOC 
dynamics (Chen et al. 2002). Radiocarbon measurement of SOC reflects the mixture of new 
and old organic materials. When used with a simple two-source mixing model, 14C 
measurements are helpful for detecting and quantifying the contributions of new and old C 
components to the total SOC (Rethemeyer et al. 2004). Unfortunately, few studies have 
simultaneously reported SOC content and its stable and radioactive C isotopic signatures 
from mangrove sediments (Kristensen et al. 2008). 

The east coast of the Leizhou Peninsula, Southern China, presents a unique opportunity 
to compare SOC dynamics in two mangrove plantations. The native mangrove Kandelia 
candel and the exotic mangrove Sonneratia apetala were planted on initially barren flats to 
restore the degraded coastal area. K. candel was planted in one plantation in 1993, and S. 
apetala was planted in the other plantation in 2001. Relative to K. candel, S. apetala is highly 
adaptable and grows rapidly (Ren et al. 2008). It was introduced into China in 1985 and has 
been planted on over 1000 ha in China since 1991 (Ren et al. 2008). Because the introduced 
S. apetala grows faster than the native K. candel, we hypothesized that S. apetala plantation 
would store more SOC than the native K. candel plantation but that the vertical patterns 
(depth patterns) of dual C isotopes in both plantations would be similar. To test this 
hypothesis, we (1) quantified SOC accumulation in both plantations and in a reference barren 
flat located between the plantations; (2) separated SOC decomposition stages in both 
plantations based on vertical variations of 13C values; and (3) estimated the contributions of 
new C to the total SOC in both plantations. 
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MATERIALS AND METHODS 
Study sites 

 
The study area is located along the east coast of Leizhou Bay and is part of the Zhanjiang 

Mangrove National Nature Reserve, which is the largest mangrove reserve in China. One 
sediment core was collected from each of three sites: the K. candel plantation, the S. apetala 
plantation, and a reference barren flat located between the plantations (Figure 1). The 
reference barren flat was considered to be representative of the initial pre-plantation 
sediments, assuming negligible tidal flushing of organic matter. For all sites, the average 
annual precipitation is 1711 mm, and precipitation usually falls as rain from April to October. 
The average annual temperature is 22.9 °C, and the average temperature in the coldest month 
(January) is 15.5 °C. Average annual relative humidity is 80%. The tidal regime is diurnal, 
and the average tidal amplitude is 2.52 m. The soil is mangrove acid soil with three typical 
layers (0–10 cm: black, with organic matter, 10–40 cm: grey, and >40 cm: yellow or mixed 
colour). The pH value for top soils is 6.9. The typical vegetation is the Kandelia candel - 
Avicennia marina (Forsk.) community (He et al. 2007). 

 

 

Figure 1. Locations of soil cores in the native Kandelia candel plantation, the exotic Sonneratia apetala 
plantation, and the reference barren flat in Zhanjiang, Southern China. 

 

Sediment Sampling 
 
During ebb tide in June 2006, one sediment core (11 cm in diameter and 100 cm in 

length) was excavated in the barren flat, the native plantation, and the exotic plantation. The 
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three cores were divided into segments based on depth and the sediment characteristics. In 
order to get detailed vertical distribution data, the sampling interval was 2 cm at 0–20 cm 
depth, 5 cm at 20–50 cm depth, 10 cm at 50–80 cm depth, and 20 cm at 80–100 cm depth. 
The collected sediment segments were transported to the Carbon Isotope Laboratory of the 
Guangzhou Institute of Geochemistry, where they were frozen at -26 °C for later analyses. 

 
 

C Isotope Analyses 
 
C isotope analyses of all samples were conducted in 2006. The frozen sediment segments 

were thawed to room temperature. After visible roots and fragmentary stones were removed, 
a subsample (20-35 g) of each segment was freeze-dried under vacuum for 48 h, ground using 
a mortar and pestle, and then passed through a 1-mm screen to remove rootlets and coarse 
sand. The samples were treated with 2 M HCl to remove carbonate and then rinsed repeatedly 
with distilled water until a neutral pH was reached. Water was removed by oven-drying at 90 
°C for 24 h (Stuiver and Polach 1977). 

Samples were then loaded into sealed, evacuated quartz tubes and combusted with CuO 
at 860 °C for 2 h. The CO2 thus generated was cryogenically purified with dry-ice and liquid 
nitrogen. SOC content was calculated from the quantity of CO2 generated from the 
subsamples. 13C values were determined in one portion of the generated CO2 with a 
Finnigan MAT-251 (Finnigan Mat, Germany) mass spectrometer with a precision of 0.2% at 
the State Key Laboratory of Loess and Quaternary Geology, Chinese Academy of Sciences. 
Results were reported in per mil deviations from the International Pee Dee belemnite standard 
as: 13C = [(13C/12C) sample / (

13C/12C) standard -1] × 1000. The other portion of the generated CO2 
was catalytically reduced to graphite Accelerator Mass Spectrometry targets using the method 
of Vogel et al. (1987). Radioactive C isotope ratios were determined in the generated graphite 
using AMS at the Institute of Heavy Ion Physics of Peking University. 14C data were all 
normalized for isotopic fractionation of 13C with 13C assuming to be -25‰. Results were 
reported as the conventional radiocarbon ages (yr BP) (Stuiver and Polach 1977). 

 

 
The two-Source Isotope Mixing Model 

 
First, based on the definition of the conventional radiocarbon age, F14C can be calculated 

by the radiocarbon age as: 
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and t is the conventional radiocarbon age and y is the measuring year, which was 2006 in this 
study. 

The two-source isotope mixing model (Rethemeyer et al. 2004; Trumbore 2000) was 
used to calculate the contributions of new C to the total SOC in each of the sediment 
segments based on F14C values. The F14C value can be expressed as: 

 

)1(141414 fCFfCFCF oldnewsample     (3) 

 
where F14Csample is the F14C of the sample; F14Cnew is the F14C of the new C component; f is 
the contribution of new C to the total SOC; and F14Cold is the F14C of the initial C substrate 
(Levin and Kromer 2004). 

Assuming the new C component is fresh litter derived from the mangrove plantation, we 
took the average F14C value of atmospheric 14C concentration at the period of mangrove 
growth as F14Cnew, and we took the F14C value at the reference barren flat as F14Cold. Based 
on the recorded annual atmospheric 14C concentration (see Levin and Kromer 2004; Levin et 
al. 2008), we calculated the average F14C values of atmospheric 14C concentration at the 
growth period, which was 1.093 for the native plantation and 1.077 for the exotic plantation. 
The value of f was obtained once the above three F14C values (sample, new, and old C) were 
put into Eq. (3). 

 
 

RESULTS 
 
Neither the native nor the exotic plantation affected SOC content below 60 cm, i.e., SOC 

content below 60 cm was similar in the plantations and in the barren flat (Figure 2). At 0-60 
cm depth, SOC contents in the barren flat, the native plantation, and the exotic plantation 
ranged from 0.18 to 0.83%, 0.46 to 1.82%, and 0.66 to 1.63%, respectively. SOC contents at 
0-16 cm depth fluctuated greatly in the native plantation but were relatively stable in the 
exotic plantation. SOC contents gradually decreased between 16 to 60 cm depth in both 
plantations.  

Neither the native nor the exotic plantation affected SOC 13C values below 70 cm, i.e., 
SOC 13C values below 70 cm were similar in the plantations and in the barren flat (Figure 3). 
At 0-70 cm depth, however, SOC 13C values were smaller in the plantations than in the 
barren flat. At 0-70 cm depth, SOC 13C values in the barren flat changed only slightly with 
depth, with an average value of -21.98‰. In contrast, SOC 13C values in both plantations 
were relatively stable from 0 to 18 cm but increased from 18 to 70 cm. At 0–70 cm, SOC 
13C values ranged from -27.37 to -23.38‰ in the native plantation and from -26.66 to -
23.18‰ in the exotic plantation. 
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Figure 2. Changes in SOC content as a function of depth in the native Kandelia candel plantation, the 
exotic Sonneratia apetala plantation, and the reference barren flat, Southern China. Data at 6–8 cm in 
the native plantation and at 70–80 cm at the barren flat are missing due to experimental problems. 

Table 1. The contributions of new C to the total SOC in the native Kandelia candel and 
exotic Sonneratia apetala plantations, Southern China 

 

Depth (cm) 
New C contribution (%) 
Native K. candel Exotic S. apetala 

0-2 41 55 
2-4 49 54 
4-6 53 52 
6-8 46 52 
8-10 38 46 
10-12 49 39 
12-14 46 41 
14-16 36 37 
16-18 11 44 
18-20 20 43 
20-25 4 29 
25-30 11 13 
30-35 8 33 
35-40 2 36 
40-50 11 27 
50-60 3 20 
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Relative to the reference barren flat, neither plantation affected SOC 14C ages below 
about 60 cm (Figure 4). At 0–60 cm, however, SOC 14C ages in the barren flat, the native 
plantation, and the exotic plantation ranged from 1397 to 2608 yr BP, 255 to 2247 yr BP, and 
391 to 1657 yr BP, respectively. In both plantations, SOC 14C ages fluctuated without obvious 
trend at 0-16 cm but increased with depth from 16 to 60 cm. 

Table 1 summarized the contributions of new C to the total SOC as affected by sediment 
depth and plantation. The new C contributions in the plantations were relatively similar in the 
upper 16 cm, with 45 ± 5% in the native K. candel and 47 ± 6% in the exotic S. apetala. At 
16–60 cm, however, the new C contribution was much greater in the exotic S. apetala 
plantation (31 ± 8%) than in the native K. candel plantation (9 ± 4%).  
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Figure 3. Changes in SOC 13C as a function of depth in the native Kandelia candel plantation, the 
exotic Sonneratia apetala plantation, and the reference barren flat, Southern China. The value of SOC 
13C at 6–8 cm in the native plantation is missing because of experimental problems. 

 

DISCUSSION 
 

SOC Accumulation in the Mangrove Plantations 
 
SOC contents in most soil layers between 0–60 cm were dramatically higher in both 

plantations than in the reference barren flat (Figure 2), indicating substantial input and 
accumulation of C in the mangrove plantations. SOC density can be calculated by multiplying 
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SOC content by the bulk density and thickness of the sediment segment. The bulk densities of 
three cores differed only slightly at all soil layers. Based on the average bulk density of all 
soil cores, which was 2.65 × 103 kg m-3 (unpublished data), SOC densities at 0–60 cm in the 
reference barren flat, the native plantation, and the exotic plantation were 57, 155, and 174 
Mg ha-1, respectively. After the initial SOC density (the density in the barren flat) is 
subtracted, the SOC densities increased by 98 Mg ha-1 in the native plantation and by 117 Mg 
ha-1 in the exotic plantation, representing increases of 173% and 206%, respectively, of the 
initial SOC density of the pre-plantation sediments. The results therefore demonstrate that the 
mangrove plantations can accumulate significant quantities of SOC in their sediments. As 
reported by others, the production of substantial quantities of leaf litter and root litter 
combined with the slow decomposition of litters and organic matter in sediments all 
contribute to high SOC accumulation in plantations (Fujimoto 2004; Kristensen et al. 2008; 
Zan et al. 2001). Moreover, the current study found that the exotic S. apetala could store 
slightly more C than the native K. candel in the plantation sediments. 
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Figure 4. Changes in 14C age as a function of depth in the native Kandelia candel plantation, the exotic 
Sonneratia apetala plantation, and the reference barren flat, Southern China. 

SOC densities (Mg ha-1) in the mangrove plantations in this study were lower than those 
in the natural mangrove forests within the same climate, and those in the Asia-Pacific region. 
SOC densities to a depth of 50 cm were 432 Mg ha-1 in an Aegiceras corniculatum pure 
natural forest and 244 Mg ha-1 in a Bruguiera gymnorrhiza + K. candel mixed natural forest 
in the Zhanjiang Mangrove National Nature Reserve (Zhang et al. in press). This difference 
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probably reflects age, i.e., the two natural forests were more than 80 years old when sampled 
(Zhang et al. 2009) whereas the two plantations in the current study were less than 16 years 
old when sampled. In the sediments of various types of mangroves from different sites of the 
Asia-Pacific region, the average SOC density was 887 Mg ha-1 with a range of 220 to 4200 
Mg ha-1; many of these sediments were sampled as deep as 100 cm and some even as deep as 
200 cm (Fujimoto 2004). Because our estimates of SOC densities in sediments are based on 
data only from the top 60 cm, the SOC densities in this study were underestimated relative to 
the estimates based on greater depths. 

 
 

SOC Decomposition in the Mangrove Plantations as Indicated by 13C 
Values 

 
The vertical patterns of SOC 13C (the changes in SOC 13C with depth) were similar in 

the two plantations but differed greatly between the plantations and the reference barren flat 
(Figure 3). At 0–70 cm, SOC 13C values were generally enriched with depth probably as a 
result of C isotope fractionation during SOC decomposition in both plantations, but the values 
were relatively stable with depth in the barren flat. SOC 13C values in both plantations were 
more negative than those in the barren flat at each soil layer possibly because the input of 
13C-depleted mangrove-derived organic matter lowered the 13C value of the total SOC in 
the plantations. 

In most terrestrial soil ecosystems, SOC 13C usually shows enrichment with depth, i.e., 
the values become less negative as soil depth increases (Balesdent et al. 1993; Boutton 1996; 
Ehleringer et al. 2000; Wynn et al. 2006; Wynn 2007). The pattern is different in peat soils, 
however, in that SOC 13C values tend not to change with depth (Agren et al. 1996; Chen et 
al. 2002; Collins et al. 1997). The pattern was also different in the mangrove sediments in the 
current study in that SOC 13C values were relatively stable in the top 18 cm and then became 
gradually enriched as the depth increased from 18 to 70 cm (Figure 3). High productivity and 
rapid organic matter deposition in mangrove forests might account for the relatively stable 
pattern at the surface. The increase in SOC 13C values between 18–70 cm, which probably 
reflected decomposition, could be divided into two stages: (1) from 18 to about 35 cm, SOC 
13C values increased sharply probably as a result of C isotope fractionation resulting from 
the decomposition of the labile SOC components; (2) from about 35 to 70 cm, SOC 13C 
values increased slowly probably because of the slow but steady decomposition of the 
moderately resistant SOC components. 

The enrichment of 13C with depth has been related to increases in SOC decay and SOC 
age with depth (Balesdent et al. 1990; Stout et al. 1981). Our results are consistent with this 
statement in that the increases in SOC 13C value with sediment depth (between 18–70 cm) 
were associated with decreases in SOC content and increases in SOC 14C age (see Figure 2–
4). Balesdent et al. (1993) reported that the enrichment in SOC 13C with depth was similar in 
eutrophic soils with rapid C decay and in oligotrophic soils with slow C decay. Our study 
suggests that the increase in SOC 13C with depth in mangrove plantations is independent of 
mangrove species (see Figure 3). 
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Contribution of New C to the Total SOC in the Mangrove Plantations as 
Indicated by 14C Age 

 
The contributions of new C to the total SOC ranged from 2 to 53% in the native K. 

candel plantation and from 13 to 55% in the exotic S. apetala plantation (Table 1). From 0 to 
16 cm, the contributions of new C differed slightly between the plantations (45 ± 5% in the K. 
candel plantation and 47 ± 6% in the S. apetala plantation) but from 16 to 60 cm, the 
contributions differed markedly between two plantations (9 ± 5% in the K. candel plantation 
and 31 ± 8% in the S. apetala plantation). In other words, much higher contributions of new C 
were transported and stored at depths between 16 and 60 cm in the S. apetala plantation than 
in the K. candel plantation. Thus, from the perspective of C sequestration, S. apetala rather 
than K. candel should be recommended as a key reforestation species in Southern China. Our 
results are consistent with those of Ren et al. (2009), who pointed out that because S. apetala 
grows rapidly and readily adapts to poor habitats, S. apetala plantations could sequester 
significant amounts of C in their sediments.  

Our results and inferences have some limitations. First, the calculated new C 
contributions in the mangrove plantations were approximate because we assumed that the 
SOC was a mixture of only new organic material (C in the mangrove-derived fresh litter) and 
old organic material (C in the pre-plantation sediment). This simplification, i.e., the 
partitioning of SOC into only two components, ignores the input of C from exogenous, tide-
eroded oceanic organic matter. Next we will take into account control plots to reduce the over 
simplification. A second limitation is that, because of the high cost of dual C isotope 
measurements, we sampled only one soil core in each plantation. Sampling with replication 
will be necessary to draw more convincing conclusions. 

 
 

CONCLUSION 
 
The results of this paper, which were based on C and C isotopic measurements of the 

sediment cores in a native plantation, an exotic plantation, and in an adjacent barren flat in 
Southern China, indicated that establishment of the mangrove plantations resulted in the 
accumulation of a large amount of SOC. The exotic S. apetala plantation stored slightly more 
SOC than the native K. candel plantation. The change in SOC 13C values with depth was 
similar in both plantations, indicating that the processes of C decay are similar in the native 
and exotic plantations. However, much larger quantities of mangrove-derived new C were 
stored at 16–60 cm in the S. apetala plantation than in the K. candel plantation based on a 
two-source isotope mixing model. Our study demonstrated that from the perspective of C 
storage, S. apetala was a better plantation species than K. candel in Southern China because 
the S. apetala plantation stored more labile, new C in its anaerobic sub-surface sediments. 
Additional sampling and long-term monitoring are needed to increase our understanding of 
SOC dynamics in these and other mangrove plantations. 
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ABSTRACT 
 

Agroforestry systems have been considered an important tool in the mitigation for 
climate change. The conversion from forests to any other land-use is currently placing the 
forest sector as the second with greatest emission of carbon dioxide worldwide (larger 
than the transportation sector) and thus contributing to climate change. Actions to 
contain/reverse/minimize carbon losses from the conversion from forests to any other 
land-uses are furthermost important as can influence temperature rise in magnitude, 
velocity (gradual increase gives ecosystems greater chances to adapt, less mortality), and 
impacts (e.g., biodiversity, ecosystem functions and services). Where forest lands are in 
high demand and or have been permanently changed to other land-uses, agroforestry may 
be the only option available to restore to certain extent the original biome and recover the 
carbon stocks lost to the land use conversion that took place in the past (from forests to 
agriculture). Saskatchewan is the main agricultural province in Canada and is also the 
case where many farms have been developed on previous forest soils (Gray Luvisolic and 
Dark Gray Chernozemic/Luvisolic). The Boreal Forest is one of the world´s carbon 
richest ecosystems, especially in the soils. Carbon stock change or carbon sequestration 
potential was estimated for agroforestry systems type of wood fiber plantations adopted 
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for Saskatchewan Boreal forest soils, in the nearby areas to wood processing facilities 
(converted into products). Carbon stocks were estimated for aboveground and 
belowground compartments, and in forest products. Research gaps were also identified to 
improve future estimations. Carbon sequestration estimations were carried out for future 
scenarios of approximately 500 years, for different species, adoption rates, carbon pools 
considered, and approaches to the forest products accounting system. The time-step used 
was the rotation length. 

Above- and belowground C sequestration potential calculated in 10-ha farms 
converted to single species wood fiber plantation was higher for hybrid poplar (91.3 Mt 
C) than for trembling aspen (19.1 Mt C) and white spruce (17.8 Mt C). When the forest 
products pool) was considered (three pools), C sequestration potential was higher for 
both trembling aspen and white spruce (0.4 Mt C) than for hybrid poplar (-9 Mt C). The 
three- pools calculation was reproduced for hybrid poplar using the production approach, 
which tends to penalize exporting countries by accounting emissions for the forest 
products pool. This resulted in greater deficit/emission (-2.3 Mt C) due to Canada´s great 
exports. The most important research needs identified included growth curves, 
conversion and expansion factors, and soil organic carbon measurements. These 
data/measurements are required for each cultivated species, agroforestry design and 
silvicultural conditions (spacing, site quality, and stand management, etc). 
 

Keywords: Climate change, carbon, carbon sequestration, carbon model, agroforestry, boreal 
forest 
 
 

INTRODUCTION: CLIMATE CHANGE AND THE FORESTRY SECTOR 
 
Global warming is expected to cause both short-term and long-term effects, with earlier 

impacts closer to the poles where most warming is predicted and observed (Intergovernmental 
Panel on Climate Change, 2007), where carbon rich ecosystems and specially the boreal 
forest can play a critical role both in mitigating or aggravating the issue through positive 
feedback (the more temperature increase, the faster the decomposition rates and carbon 
dioxide emissions feeding further to the temperature increases through increase in greenhouse 
gas accumulation to the atmosphere). 

All predictions indicate that temperature will increase, and increase more in the winter 
than in the summer, however, not all places will experience a steady increase in temperature, 
and locations with minimum and maximum temperature anomalies will change with time 
(Stewart et al., 1997; Singh and Wheaton, 1991). The increase in temperature is expected to 
lead to an increase in precipitation (Stewart et al., 1997; Singh and Wheaton, 1991). However 
the increase in precipitation would not compensate for the increased evapotranspiration and 
droughts would occur (Herrington et al., 1997). For the Prairies, the same authors reported 
that the drought of the late 1980s resulted in reduced volume growth, increased seedling 
mortality, and increased disturbances compared to the previous 50 years´ diseases (tent 
caterpillar and spruce budworm) and fires. The boreal forest vegetation growth and 
regeneration are predicted to be positively affected in some areas, while negatively affected in 
other areas (Stewart et al., 1997; Herrington et al., 1997). 

As the geographical distribution of boreal forest species is controlled by temperature and 
precipitation, the boreal forest is also predicted to shift to new species composition as a result 
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of climate change Singh and (Wheaton, 1991; International Institute for Applied Systems, 
Analysis Future climate change and carbon budgets, 2000). 

In the next century, with suitable conditions, the boreal forest is migrating northwards 
into areas suited to sub-arctic and tundra ecosystems; and the climate at the southern edge of 
the boreal forest is changing towards conditions more suitable to temperate forests and 
grasslands. The boreal forest would then shrink considerably from its present size, as a result 
of its southern boundary migrating faster northwards than its northern boundary (Stewart et 
al., 1997). 

This would result in a decreased forest carbon storage capacity. Wetlands and peatlands 
could also dry out as a result of climate change, losing their ability to maintain carbon stocks 
and releasing great amounts of carbon dioxide and methane into the atmosphere, thus 
contributing to further climate change/global warming (Singh and Wheaton, 1991). So far, the 
effects on the northern portion of the boreal forest are evident. A receding permafrost zone 
and a noticeable warming in permafrost temperatures have been observed in forest and tundra 
regions (Stewart et al., 1997). As the same authors report, there is evidence to the increase in 
vegetation productivity between 45 and 70 degrees north, improved seed production by boreal 
tree species along the northern boreal forest; increased disturbances related to fire compared 
to prior periods; and accelerated phenological development in spruce. 

Despite most predictions agree on the consequences of climate change at the global scale, 
climatic parameters such as precipitation, temperature, and solar radiation intensity are still 
difficult to predict (International Institute for Applied Systems, Analysis Future climate 
change and carbon budgets, 2000; Waring and Running, 1998). Difficulties arise due to the 
current limitations of understanding and representing climatic changes and also in transferring 
global information to regional or local scales (Waring and Running, 1998). These, in turn, 
result in uncertainties about the timing, location, and rate of projected changes as well as the 
potential benefits of the climate change impacts (Stewart et al., 1997). Nevertheless, more and 
more observations and evidences have been collected and these to confirm much prediction 
ranges and all trends (Intergovernmental Panel on Climate Change, 2007). 

The Canadian economy depends greatly on forestry. And the Canada’s balance of trade 
has benefitted much in the past from the contribution of forest products exports (Canadian 
Forest Service, 1999). A loss of the current area due to the shrinkage of the boreal forest then 
would greatly affect the Canadian economy. Forest companies would be forced to move 
northwards and, if the boreal forest continues to shrink, the forestry sector may no longer be 
able to operate in this region sometime in the future. The market for forest products has 
shifted induced by the exports from lumber, wood pulp and printing paper to composite 
panels and prefabricated buildings (Canadian Forest Service, 1999). Saskatchewan, with only 
6.9% of Canadian forestlands exports almost 2% of Canada´s exports as wood pulp, paper 
and paperboard, softwood lumber, and waferboard; and the main export markets for these 
products are the US, European Union, Japan, Central and South America (Canadian Forest 
Service, 1999). The market for export is growing for Saskatchewan, as well as for Canada 
and, according to Mistik Management (Mike Martel, personal communication) and 
Weyerhaeuser Corporation (Darryl Sande, personal communication), a shortage of wood is 
predicted within 20 years from now. According to predictions, the Meadow Lake, Prince 
Albert and Hudson Bay areas will see a reduction of the wood supply over the coming 5 to 10 
years (Mak et al., 1999). Climate change forecasts are therefore highly incompatible to supply 
this growing market for forest products. 
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Adaptation and mitigation strategies include managing stands to reduce fires, prescribed 
burning, managing forest fuel, preserving and enhancing biodiversity, and managing forest 
landscapes that are becoming increasingly fragmented (Herrington, 1997). Forestry 
companies can replace natural species by planting better adapted species when the natural 
species die, or move to locations where timber becomes more abundant; however the 
adaptation of wildlife would be more difficult (Herrington, 1997). 

Agroforestry can help to mitigate climate change directly through its carbon sequestration 
potential; or indirectly if through releasing the harvesting pressure over natural forests. They 
also include agricultural land use (potential to adopting agroforestry systems) that is in areas 
that are both accessible and highly productive in Canada (Mak et al., 1999). With only 6% of 
the forested area within agricultural rural Canada this supplies 19% of all round timber 
harvested in the country, 79% of maple products, 79% of firewood and 100% of Christmas 
trees. Furthermore difficulties in the forestry sector (economic downturns and diseases) can 
turn into opportunities to the new agroforestry sector. As a result, And the unprecedented 
combination of climate change and disturbances (e.g. flooding, drought, wildfire, insects, 
ocean acidification) and other global change drivers (e.g. land-use change, pollution, 
fragmentation of natural systems, overexploitation of resources) (Intergovernmental Panel on 
Climate Change, 2007), may yet bring additional problems together which can prove difficult 
to the Canadian forestry industry to overcome. And currently, the few mitigation options that 
can contribute to reducing risks (highest rate of carbon stock change) for the short term 
include stopping land-use conversion from primary forests to other land uses, and the 
restoration of forestlands previously converted to other land uses. 

 
 

METHODS TO ACCESS CARBON SEQUESTRATION IN  
THE FOREST COMPONENT OF AGROFORESTRY SYSTEMS 

 
Two methods are currently accepted under the Kyoto Protocol to be used for carbon 

accounting in terrestrial ecosystems: the stock change and carbon flux approaches (Tipper and 
De Jong, 1998; Watson et al., 2000). In the stock change approach, the carbon stocks in 
vegetation tissues and in the soil are measured at different times, and the difference in the 
carbon stock is the net ecosystem productivity (Watson et al., 2000). As these authors report, 
carbon stock change receive a positive value when carbon stocks increase overtime 
(sequestration) and a negative value when carbon is released or lost from the ecosystem. 

The carbon flux approach is based in periodic measurements of carbon fluxes into and 
out an ecosystem (Watson et al., 2000). As the same authors report, the carbon flux is usually 
based on chambers and the eddy correlation/covariance technique. Estimates of carbon 
sequestered with this method vary greatly due to climatic fluctuations and occasional insect 
outbreaks, and also are highly affected by inter-annual variations in climate (Kostela et al., 
2000). Although this method is considered the most realistic, following forest carbon balances 
on a yearly basis, it is more difficult and costly (Kostela et al., 2000; Watson et al., 2000). 
Also, this method can be at best applied to local scales and short-term research (Kostela et al., 
2000), as research stations capable to measure fluxes are currently not numerous enough to 
represent larger areas (Watson et al., 2000). 
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Although methods exist to measure stocks as well as the fluxes of carbon in all 
components of the terrestrial ecosystems (Watson et al., 2000), the stock change approach is a 
lower cost and easier method and is less influenced by short-term fluctuations in the carbon 
balance (Kostela et al., 2000; Watson et al., 2000) This method is normally applied for whole 
rotation periods, with data more readily available and therefore more representative of the 
ecosystems’ heterogeneity (Watson et al., 2000). For this reason the stock change approach is 
used most extensively to predict changes to the carbon cycle. 

As research stations or field data to predict changes in the carbon cycle for agroforestry 
ecosystems are currently not available, no other accounting method could be considered in 
this study other than the stock change approach. Therefore, the stock change approach was 
used for the forest component of the agroforestry ecosystem. 

Within the stock change approach, the forest component of the agroforestry ecosystem 
can be further divided as follows: (1) the aboveground C component which includes stem, 
top, branches, foliage and stump; and (2) the belowground C component which includes roots 
and sometimes soils (Bonnor, 1985). For a particular forest ecosystem, the amount of biomass 
and therefore carbon allocated in aboveground components is primarily influenced by the soil 
capability, nutrient status, and available moisture (Fisher and Binkley, 1999). Better soils, 
nutrient status and moisture conditions will require trees less allocation of resources to root 
development and sooner development of trees aboveground biomass (and carbon) (Fisher and 
Binkley, 1999). 

Different species of a given ecosystem may have particular allocation patterns, as a result 
of different characteristics, such as photoperiod, nutrient and moisture requirements, and root 
systems (Fisher and Binkley, 1999; Peterson and Peterson, 1992). Carbon allocation is also a 
function of tree age, which determines young trees to have higher proportion of roots in 
relation to the aboveground biomass, while the inverse occurs with mature trees (Fisher and 
Binkley, 1999; Kurz, 1992; Peterson and Peterson, 1992). 

 
 

STUDY AREA 
 
The study area included the rural areas of Meadow Lake, Prince Albert and Hudson Bay. 

These communities were chosen due to their heavy economic reliance on the forestry industry 
(Canadian Forest Service, 1999; Mak, 1999). These communities have two pulp mills and a 
paper mill, two OSB mills, a plywood mill, and over 130 sawmills (Brady and Appleby, 
2000; Acton et al., 1998). These mills produce a wide range of marketable products, such as 
lumber, plywood, wood chips, OSB, pulp and paper (Brady and Appleby, 2000). Therefore a 
market for wood produced already exists, and regional deficits of softwoods are predicted for 
Prince Albert and Hudson Bay (Mak, 1999). 

Another important aspect to consider selecting the study within the distance range which 
forestry companies, are willing to purchase and transport wood from. 

From the carbon sequestration perspective, it is important that there is an incentive to 
harvest trees when they are highly productive (before declining in productivity and carbon 
sequestration potential), and that the carbon in the merchantable wood is be transferred to the 
products pool and therefore stored/sequestered for longer (specially in longer lived products 
such as for housing, but also in shorter lived products such as printing paper and recycling) 
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before they are disposed and the carbon is returned to the atmosphere (through immediate 
release when burned for instance and or by decomposition where consumed by 
microorganisms which release carbon back through respiration) (Watson et al., 2000; Kurz et 
la., 1992; Canadian Climate Change Secretariat, 1999). The distances considered by the 
existing wood processing facilities to purchase and transport wood from consist in the 
following ranges: within a 150 km radius from the city of Meadow Lake (Mike Martel, 
personal communication); within 50 km south, 50 km north, 100 km east, and 150 km west 
from the city of Prince Albert; and within a 150 km radius from the city of Hudson Bay 
(Darryl Sande, personal communication). Another important aspect considered in selecting 
the study area is to work within the boundaries of the Boreal forest ecosystem. In such way, 
the benefits produced by the restoration to the biome and ecosystem´s functions and services 
(habitat, wildlife corridors, water quality, soil protection, etc.) can be maximized (Canadian 
Climate Change Secretariat, 1999). The Boreal forest is nevertheless a highly rich carbon 
biome (among the richest in the world). If carbon depletion is stopped and the lost C restored, 
this could potentially recover about 30% of carbon stocks lost in the first few years after the 
land-use conversion to agriculture (and other land uses), assuming that the maximum storage 
in native forest conditions can be fully restored and maximum storage does not surpass 
(Watson et al., 2000). Soils where these lands use changes (to agriculture) occurred (i.e., Gray 
Luvisolic and Dark Gray Chernozemic/Luvisolic) were included in this study. Thirty-five 
rural municipalities (RM’s) were selected to take part in this study (figure 1). Each individual 
RM was included only if simultaneously met 2 criteria: (1) the RM area had minimum of 
50% cover of forest soils (Gray Luvisolic and Dark Gray Chernozemic/Luvisolic) and (2) RM 
was within the distance range from wood processing facilities (information compiled from 
questionnaires sent to the main facilities). Maps were used in GIS from the Saskatchewan 
Land Resource Centre/University of Saskatchewan and agricultural land-use data for RM´s 
was compiled from Statistics Canada (Statistics Canada, 1996). Ecozones and Ecoregions 
maps were provided by the Saskatchewan Land Resource Centre/University of Saskatchewan. 
The analysis indicates that 7,206 farms (383.68 ha in average) have the potential to be 
converted to agroforestry systems, where each farm had an average area. The methods and 
assumptions are further described in (Lac, 2002). 

The study area was characterized in Acton et al. (1998). Its elevation ranges from 500 m 
in its eastern part to 600 m in its western part, with generally a gradual break from plains to 
uplands. It has a humid continental climate at lower elevations and in the southern part of the 
study area, and sub-arctic climate at higher elevations and in its northern part, with 
temperatures generally decreasing from south to north and from east to west. Total 
precipitation is variable and low, increasing from southwest to northeast the study area. The 
area has long and cold to very cold and snowy winters and short, warm and moist summers. 
There is a gradual increase in wildlife productivity and diversity from north to south in the 
study area, as the vegetation diversity increases. Aspen forests and their understory vegetation 
provide habitat for many wildlife, such as beaver, deer, snowshoe, white tailed rabbit, etc. 
The main human activities in the study area described by the same authors are forestry, 
agriculture, hunting, trapping outdoor recreation, tourism, oil and gas exploration and 
production, and mining. Forestry operations focus on pulp and paper production, with some 
panelboard and saw mill operations, and less than 9% of the study area is within some form of 
park or protected area, the majority of which are Wildlife Habitat Protection Act lands (Acton 
et al., 1998). 
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Figure 1. Study area, area available for the adoption of agroforestry systems in Saskatchewan. 

 

FUTURE SCENARIOS RESULTS 
 
Future scenarios of approximately 500 years were produced (Table 1). The time scale 

was selected by the research team as the most reliable since using past records to estimate 
future conditions is inherently limited. 

Two native species (trembling aspen and white spruce) were considered to maximize 
benefits (biodiversity, wildlife habitat and corridors, etc.) and according to best ecozones and 
ecorregion maps and soil types inference for vegetation; using GIS and further described in 
Lac (2002). A fast growing species was considered to maximize production and shorter term 
income to farmers. 

Thus, hybrid poplar varieties Walker and Assiniboine were included in this study as they 
show best performance currently in the study area, according to the PFRA Shelterbelt Centre 
and their publications, further described in the author´s M.Sc. thesis (Lac, 2002) which this 
article is largely a summary. Due to the lack of information to different types of agroforestry 
systems in the study area, block-arrangements/wood fiber plantations were considered to 
resemble natural stands from which data could be used for next best substitute. A complete 
description for methods, conversion and expansion factors used and assumptions is available 
in Lac (2002). 

Hybrid poplar growth curves (models for trees growth in the forestry sector, expressed in 
volume per hectare yearly and for commercial use to specific forestry products) adapted 
curves (Peterson et al., 1999), available for the Prairies (pulpwood) were used, assuming an 
intermediate quality site, 3x3m tree spacing, no mortality, and medium intensity 
management- site preparation, some cultivation and weed control. 
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Table 1. Future scenarios considered for carbon sequestration in wood fiber plantations 
 

Hybrid 
poplar 

Scenario 1: All farms currently without agroforestry systems convert 10 ha to 
hybrid poplar wood fiber plantations. The projection was done for 495 years, 
included 2 carbon pools (aboveground and belowground), and rotation periods of 
15 years [19]. Result: 91.3 Mt C (sequestration). 
Scenario 2: All farms currently without agroforestry systems convert 10 ha to 
hybrid poplar wood fiber plantations. The projection was done for 495 years, 
included 3 carbon pools (aboveground, belowground, and forest products), and 
rotation periods of 15 years. Result: - 9 Mt C (emission). 
Scenario 3: All farms currently without agroforestry systems convert 10 ha to 
hybrid poplar wood fiber plantations. The projection was done for 495 years, 
included 3 carbon pools (aboveground, belowground, and forest products), and 
rotation periods of 15 years. In this scenario, all sequestration in the forest 
products pool was accounted for Canada (production approach). Result: -2.3 Mt C 
(emission). 
Scenario 4: 360 farms convert 10 ha to hybrid poplar wood fiber plantations over 
15 years (average adoption of 24 farms per year), until all farms currently without 
agroforestry systems are converted. The projection was done for 495 years, 
included 2 carbon pools (aboveground and belowground carbon stocks), and 
rotation periods of 15 years. Result: 65.5 Mt C (sequestration). 

Trembling 
aspen 

Scenario 5: All farms currently without agroforestry systems convert 10 ha to 
trembling aspen wood fiber plantations. The projection was done for 490 years, 
included 2 carbon pools (aboveground and belowground), and rotation periods of 
70 years. Result: 19.1 Mt C (sequestration). 
Scenario 6: All farms currently without agroforestry systems convert 10 ha to 
trembling aspen wood fiber plantations. The projection was done for 490 years, 
included 3 carbon pools (aboveground, belowground, and the forest products), and 
rotation periods of 70 years. Result: 0.4 Mt C (sequestration). 
Scenario 7: 1,680 farms convert 10 ha to trembling aspen wood fiber plantations 
over 70 years (average adoption of 24 farms per year), until al farms currently 
without agroforestry systems are converted. The projection was done for 495 
years, included 2 pools aboveground and belowground), and rotations of 70 years. 
Result: 15 Mt C (sequestration). 

White 
Spruce 

Scenario 8: All farms currently without agroforestry systems convert 10 ha to 
white spruce wood fiber plantations. The projection was done for 490 years, 
included 2 carbon pools (aboveground and belowground carbon stocks), and 
rotation periods of 70 years. Result: 17.8 Mt C (sequestration). 
Scenario 9: All farms currently without agroforestry systems convert 10 ha 
to white spruce wood fiber plantations at once. The projection was done for 490 
years, included 3 carbon pools (aboveground, belowground, and the forest 
products), and rotation periods of 70 years. Result: 0.4 Mt C (sequestration). 
Scenario 10: 1,680 farms convert 10 ha to white spruce wood fiber plantations 
over 70 years (average adoption of 24 farms per year), until al farms currently 
without agroforestry systems are converted. The projection was done for 495 
years, included 2 carbon pools (aboveground and belowground carbon stocks), 
and rotations of 70 years. Result: 13.9 Mt C (sequestration). 
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The marketable wood volume was converted to biomass using a wood basic density/ 
conversion factor of 0.358 t/m3 (Shroeder, 1996) an expansion factor of 1.454 was applied to 
include all aboveground non-merchantable components (Peterson et al., 1999), and all 
aboveground biomass was converted to carbon using a conversion factor of 0.42 (Horwath et 
al., 1994). Soil carbon sequestration values are adopted from north central US (Hansen, 
1993). 

For trembling aspen, the state level forest government agency (Saskatchewan 
Environment- Phil Loseth, personal communication) provided with growth curves from 
natural stands (Golder Associates Ltd. Report on Construction of Yield Curves for Inventory 
Zones C20, C30, C40, and C50 in Saskatchewan, 2001). The provincial growth curves for 
trembling aspen are a compilation of data from various local inventories, which were part of 
the Volume Sampling Program carried out between 1970 and 1990. The median of these 
growth curves (C20, C50 and C60) was taken, which produced one growth curve for each of 
the four crown density classes (i.e., crown cover of >10% <30%, >30% <55%, >55% <80%, 
and >80%). 

Second, the average between the two growth curves for the intermediate crown density 
classes was taken and assumed representative of the study area. Marketable volume was 
converted to biomass using a wood basic density/conversion factor of 0.408 t/m3 (Singh, 
1987), an expansion factor of 1.18 was applied to include all aboveground non-merchantable 
components (Singh, 1987), and a conversion factor of 0,502 was applied to convert all 
aboveground biomass to carbon (Tillman, 1981). 

For white spruce, growth curves were also provided from Saskatchewan Environment for 
natural stands (Golder Associates Ltd. Report on Construction of Yield Curves for Inventory 
Zones C20, C30, C40, and C50 in Saskatchewan, 2001), and data was processed in the same 
manner as for white spruce whereas intermediate crown density classes was used and 
assumed representative. The marketable volume was converted to biomass using a factor 
(wood basic density) of 0.364 t/m3 (Wang and Micko, 1984), an expansion factor of 1.20 was 
applied to include all aboveground non-merchantable components [28], and a conversion 
factor of 0.527 was applied to convert biomass to carbon (Tillman, 1981). 

The belowground carbon stocks for trembling aspen and white spruce were calculated 
using values compiled for the carbon for the entire soil profile (Siltanen, 1997), because often 
forestry methods used result in great soil disturbance and mixing of in the entire soil profile. 
The best available soil organic carbon database which also permitted simultaneous queries for 
soil zones, species (at mature age), ecoclimatic provinces or provinces, and also soil organic 
carbon measurements for the entire soil profile, was the “Soil Profile and Organic Carbon 
Data Base for Canadian Forest and Tundra Mineral Soils” (Siltanen, 1997). 

The assumption therefore was that all carbon lost to the land-use conversion to 
agriculture (30%) is fully recovered within the first rotation (70 years) to the maximum 
potential for carbon storage, although few sources are available for long term records to 
confirm this assumption (Siltanen, 1997). 

Nevertheless it is expected that the maximum potential for carbon storage in agricultural 
soils is unlikely to exceed that of their native condition (Yanai, et al., 2000; Nagle, 1990; 
Janzen et al., 1998; Bruce et al., 1999). Values for soil carbon are assumed to include roots as 
a conservative approach to avoid double accounting issues. 

Due to difficulties in distinguishing the sources of soil organic carbon when sampling, 
adding estimations of carbon stocks in roots biomass to estimations of carbon stocks in the 
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soil organic matter and mineral soil horizons is likely to cause double accounting for the 
belowground carbon pool according to re-known soil scientists in the research team (Dan 
Pennock and Marie Boehm), and therefore one of these should be chosen. 

However, this can underestimate the C in the soil compartment. This is not addressed 
directly (in other accounting methods such as the Carbon Budget Model for the Canadian 
Forest Service (Kurz, 1992; Bruce et al., 1999). 

For the forest products pool, it was possible to estimate future use of the species, in 
consultation with the wood processing facilities and expert’s opinion. Using the stock change 
approach, the exports were estimated, together with the selection of an end disposal for 
products and tree parts resulting from the industrial process. Half-lives (Skog, 1999) (time 
that takes for half carbon to be released) were applied for each product when disposed to 
decompose, and carbon was accounted as instant release when burning is used. Very long 
carbon sequestration periods are considered in cases such as sawdist piles, whereas partial 
decomposition is negligible (Price et al., 1996). Hybrid poplar end use is mostly to oriented 
strand board- OSB; trembling aspen end use is mostly OSB and pulp and paper; and white 
spruce end-use is to lumber, panels, and paper. The production approach was also used for 
comparison (where all carbon sequestration/emission is accounted from the ecosystem). 
Further details for accounting methods are available in (Lac, 2002). 

Results indicate that the highest carbon sequestration potential will be reached for future 
scenarios considering single species established on gray soils (Gray Luvisolic and Dark Gray 
Chernozemic/Luvisolic) of Saskatchewan (10 ha per farm), and accounting for 2 
compartments only (i.e., including aboveground and belowground C and excluding the forest 
products compartment from the accounting). Total ecosystem carbon sequestration will be 
91.3 Mt C for hybrid poplar (scenario 1), 19.1 Mt C for trembling aspen (scenario 5), and 
17.8 Mt C for white spruce wood fiber plantations (scenario 8). 

Under these scenarios, hybrid poplar had the highest carbon sequestration potential, 
followed by trembling aspen and white spruce. This result can be largely explained by the 
high rate of accumulation in the aboveground carbon pool of hybrid poplar, which 
compensates for low levels of sequestration in the belowground carbon pool. 

Future 500 years projections also including forest products (stock change approach) 
indicate a total carbon sequestration of -9 Mt C for hybrid poplar (scenario 2), and 0.4 Mt C 
for both trembling aspen and white spruce single species wood fiber plantations (scenarios 6, 
9). Although the only difference between scenarios 2, 6, and 9 and scenarios 1, 5, and 8 was 
the inclusion of forest products, results diverged from those previously calculated. They 
showed the largest carbon sequestration for trembling aspen, followed by white spruce and 
hybrid poplar wood fiber plantations. 

This diverging result can be explained by a sum of factors, such as the end use of each 
species in products, the number of rotations in these simulations for each species, and the 
storage capacity in the carbon pools considered. The lower C sequestration in scenarios 
including the forest products pool can be partially attributed to the method used for 
accounting (stock change method). This method results in higher emissions in the producing 
country (Canada), and higher sequestration in the consuming country. The scenario 3 was 
similar to scenario 2, with the exception of using the production approach for the products 
pool (i.e., carbon sequestration and emissions are accounted for the producing country). This 
resulted in a total carbon sequestration (after 500 years) of -2.3 Mt C. As expected, scenario 3 
resulted in lower carbon sequestration than scenario 2. 
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DISCUSSIONS AND CONCLUSIONS 
 
Results from this study suggest that including forest products pool shows distinct results 

from the non-inclusion of this important pool, and would result in a different species selection 
for the future simulations on wood fiber plantations and within the considered time length. 
Wood fiber plantations with higher carbon sequestration potential (scenario 1) had the 
potential to offset 5.6 years of Saskatchewan carbon dioxide emissions, i.e., 1.2% of total 
emissions in 495 years, assuming Saskatchewan emissions continue at same rate (Pembina 
Institute for Appropriate Development, 2000). 

Likewise, a similar scenario would result in 1.3 times higher total marketable volume at 
the end of each rotation in the context of the Saskatchewan annual allowable cut (Canadian 
Forest Service, 1999). 

Through applying conversion and expansion factors that have been extensively used for 
Canada (Lemprière and Booth, 1998; Robinson et al., 1999) to the growth curves considered 
in this study, the aboveground carbon sequestration at harvesting age was found to be 
overestimated for hybrid poplar by 43%, for trembling aspen by 29%, and for white spruce 
36%; as compared to results from this study. 

Finally, the quality of estimates is so good as the quality of the data sources available. A 
higher amount of data and information is likely to allow improving the quality of these 
estimates. 

 
 

RESEARCH NEEDS 
 
The most important research gaps resulting from this analysis are: 
 
● Specific growth curves for each species, compiled for each soil and ecological zones. 

Within them, compiled for each agroforestry design and growth conditions, such as 
spacing, site quality, and stand management; 

● Soil organic carbon measurements for the entire soil profile (due to the mixing at soil 
preparation for planting trees) from planted stands in agricultural or former 
agricultural soils, for each species, for each agroforestry design, and growth 
conditions (such as spacing, site quality, and stand management); and, within those, 
could be compiled by either soil zone or other ecological framework; 

● Conversion and expansion factors for each species, agroforestry design, and growth 
conditions (such as spacing, site quality, and stand management); and, within those, 
could be compiled by either soil zone or other ecological framework; 

● More field data collection, preferably from long-term plots (or else from 
chronosequential studies) for each agroforestry design and growth conditions (such 
as spacing, site quality, and stand management); 

 
Furthermore, the standardization of sampling, measurement and laboratory techniques 

and technologies would greatly enhance the chances of field data to be compared and 
compiled. 
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ABSTRACT 
 

Plant productivity is severely constrained by the inadequate soil nutrient supply, 
particularly in highly weathered tropical soils. One of the most relevant strategies of 
plants to grow in these soils is the formation of arbuscular mycorrhizal association with 
soil fungi.  

The plant supplies carbonaceous compounds to the fungus, while the fungus 
provides nutrients, particularly diffusion-limited ones such as phosphate (Pi), Cu2+, and 
Zn2+. Roots can absorb available Pi from distances not exceeding a few millimeters (mm) 
away from their surface, while mycorrhizal hyphae can extend to several centimeters 
(cm) from the root surface, exploring a greater volume of soil. Mycorrhizal hyphae have 
a higher affinity for absorbing Pi than roots. However, plant species exhibit different 
degrees of mycorrhizal dependency (MD) to produce maximum growth at a given level 
of soil nutrient availability. The MD of several tropical plant species used in forestry and 
agro-forestry has been determined in relation to plant root characteristics and 
environmental conditions.  

This chapter explores the importance of the mycorrhizal association to plant nutrition 
and growth of seedlings in the establishment of forestry/agro-forestry ecosystems and 
vegetation restoration in degraded lands. 
 

Keywords: Mycorrhizae, mycorrhizal dependency, soil phosphate, tropical agro-forestry, 
degraded lands 
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INTRODUCTION 
 
Plant productivity is severely constrained in soils from the tropical humid area due to 

strong soil acidity (pH <5.0), high levels of exchangeable and soluble aluminum (Al) and low 
nutrient bioavailability (Brady and Weil, 2002). Al ions not only cause toxicity in plants but 
also reduce soil microbial activity (Lindsay, 2001). Given the intense precipitation in some 
tropical areas (>2000 mm yr-1), nutrients such as nitrogen, potassium, calcium, and 
magnesium have been leached out from the soils leaving them depleted (Uphoff et al., 2006). 
On the other hand, plant nutrients such as phosphate (Pi), sulfate, and boron are converted 
into plant-unavailable forms by soil constituents (Havlin et al., 1999). For this reason, soil 
soluble Pi concentration is commonly low in most tropical soils (0.001-0.01 mg L-1) (Fox, 
1979; Barber, 1995). The behavior of Pi in tropical soils has received much attention because 
its deficiency is quite common and this limits plant performance in agriculture and forestry 
ecosystems (Turner et al., 2006). 

Plants exhibit different strategies to grow in Pi deficient soils that include: (i) 
development of an elongated root system with fine roots and abundance of root hairs; (ii) 
exudation of phosphatase enzymes capable of releasing Pi from organic compounds, (iii) 
release of organic acids that dissolve Pi compounds, and (iv) formation of a symbiotic 
association with soil fungi called mycorrhiza (Sylvia, 1999; Smith, 2002; Smith et al., 2003). 
Mycorrhiza association occurs in the roots of most plants, however, there are different kinds 
of mycorrhizae (Harley and Smith, 1983) and two types are commonly formed in forests and 
plantation: arbuscular-mycorrhiza (AM) and ectomycorrhiza (ECM) (Smith and Read 1997; 
Sylvia, 1999). The former mycorrhiza is formed by fungi of Glomeromycota (Schübler et al., 
2001), while the latter is formed by fungi of Ascomycota and Basidiomycota. The structure, 
physiology and ecology are variable between these two types of associations (Smith and 
Read, 1997). The arbuscular mycorrhiza is globally widespread in different types of plants 
(herbaceous, trees, crops, etc.), while the ECM is more restrictive to conifer trees and other 
species of forestry plants. Although little is known about mycorrhizal symbiosis for a large 
number of tree species, it has been widely accepted that this association is not only important 
for plants and trees survival in nutrient-poor soil (Read, 1991), but also plays a key role in 
nutrient cycling and retention of nutrients in the soil (Medina and Cuevas, 1993; Rilling et al., 
2001). The arbuscular micorrizal fungi (AMF) provide also protection against drought stress 
and pathogens pressure on the roots (Dehne, 1982; Harley and Smith, 1983; Langley and 
Hungate, 2003) in addition to impacting on the composition of plant communities (Allen et 
al., 1995; Van der Heijden et al., 1998; Kottke, 2002).  

In this chapter, our aim is to discuss the importance of AMF as a key element in the 
growth and Pi nutrition status of plant species used in tropical forestry, agroforestry, and 
vegetation restoration programs of degraded lands. 

 
 

Abundance and Functional Aspects of Arbuscular Micorrizal Fungi  
in Natural Forests and Plantations  

 
The mycorrhizal association is important for the growth of tropical trees, its dynamics in 

the establishment of plantations and forest restoration has been acknowledged (Janos 1980a, 
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1980b, 1988; Huante et al., 1993). Tropical forests rich in plant species of different families 
are dominated by trees capable of forming AMF, whereas temperate and boreal forests, 
eucalyptus forests and dipterocarp forests are dominated by a few genera or species of trees 
on which the ectomycorrhizal association is established. However, ECM forming trees have 
also been found in patches or large spaces between trees that form AM in the humid tropics 
(Farsi and Fontana 1962; Hogberg and Nylund, 1981; Hogberg, 1982; Onguene and  
Kuyper, 2001). 

Perhaps one of the most important aspects of mycorrhizae in tropical ecosystems is 
related to nutrient recycling. Particularly, mycorrhizal associations represent for tropical tree 
species a key strategy to overcome the shortage of soil nutrients (Read, 1991), especially for 
Pi. This is one of the most serious limitations to plant development and productivity in the 
humid tropics. Studies on terrestrial ecosystems, have determined the abundance of spores 
forming mycorrhizae in soils, given their importance in the nutrient supply to the host plant in 
exchange for carbohydrates (Trappe, 1987). 

The study of biogeochemical cycling of Pi in Andean forests of Colombia was conducted 
by Barreto (2005) who determined the abundance of AMF spores (Brundrett et al., 1996) in 
samples of the A-horizon of Andisols (Fulvudands and Hapludands, US Soil Taxonomy 
System; Buol et al., 1997). The aim was to determine the differences between native mature 
forests of oak (Quercus humboldtii) and mature plantation of cypress (Cupressus lusitanica) 
(> 50 years-old). Eight different AMF spore morphotypes were detected, but two were most 
common; higher abundance was recorded in cypress plantations (131 spores per 100 g) than 
in oak forests (79 spores per 100 g). This difference may be associated with a higher amount 
of fine roots found in the first 30-cm soil depth of cypress plantations (14.8 Mg ha-1) than in 
oak forest (4.2 Mg ha-1) (Barreto and León, 2005). Also, this may reflect the differences in 
nutrient supply in each ecosystem from litter decay; in cypress plantation the annual 
decomposition rate was k= 0.37, while in oak forests was k= 1.02 (León, 2007). In cypress 
plantations in the same region, Alvarado (1988) found in all collected soil samples spores of 
the AMF such as Glomus sp. and Entrophospora sp.; likely, the abundance of AMF spores 
was associated with the increase in the density of fine roots and decrease in soil acidity 
(Picone, 2002).  

Some authors have suggested that Pi resorption just before leaf abscission may have an 
adaptive significance for plants in soil Pi-deficient soil (Vitousek and Sanford, 1986). In the 
case of cypress, León et al. (2009) determined lower Pi re-uptake (37%) than in the oak 
(43%). Furthermore, in accordance with Medina et al. (1990), the values of the ratio Pi: N in 
mature leaves (0.03) indicated a low availability of soil Pi to oak, while the cypress would be 
slightly above the threshold value (0.05). Hence, the difference in AMF spores may be 
associated with Pi recycling and availability in these ecosystems.  

Reports on abundance of AMF spores from different tropical forests are numerous. For 
instance, in forests of Nicaragua and Costa Rica, Picone (2002) found 110-770 AMF spores 
per 100 g of dry soil, while in tropical rainforests of Cameroon, Musoko et al. (1994) found 
approximately 250 AMF spores per 100 g. Wilson et al. (1992) found in Ivorian forests 100-
300 AMF spores per 100 g of dry soil. Louis and Lim (1987) reported between 100 and 500 
spores per 100 g in Singapore forests. Allen et al. (1998) reported 100-280 and 30-90 AMF 
spores per 100 g of soil in red and yellow tropical deciduous forest of Mexico, respectively.  

On the other hand, plantations have also been used to remediate degraded soils; one of 
the plant species most used for this purpose has been Acacia mangium, a fast growing tree, 
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native from Australia, widely planted in Asia and Africa (Lee and Nguyen, 1991; Ren and 
Yu, 2008). An advantage of A. mangium is its tolerance to degraded soils conditions and 
capability to establish association with soil microorganisms such as nitrogen-fixing bacteria 
(Bradyrhizobium group) (Galiana et al., 1994), AMF (Ba et al., 1996), and ECM (Anino 
1992; Duponnois and Ba, 1999). 

Local experience with plantations of A. mangium (11 years old) established on degraded 
land by alluvial mining in Colombia (León et al., 2008) allow us to determine the presence of 
AMF spores in its rhizosphere (19000 AMF spores per 100 g of soil) and AM mycelia inside 
the roots. This value is comparable to that reported by Johnson and Wedin (1997) for humid 
forests of Costa Rica (12000 spores/100 g). Biogeochemical cycling studies in these 
plantations (Castellanos-Barliza and León, 2010; León et al., 2010) indicated an extreme 
shortage of soil Pi supply characterized by low soil Bray II-Pi (<3 mg kg-1), foliar Pi content 
(0.04%), high leaf litter N:Pi ratio (124) and low return of Pi in the litter fall (0.5 kg ha-1 yr-1) 
(Swift et al., 1979; Aerts, 1997). The results indicated abundance of AMF spore, despite 
records of high degree of human disturbance of that soil (Stahl et al., 1988; Jaramillo et al., 
2004). The development of mycorrhizae observed was a clear indication that the plant-
mycorrhizal fungus association was formed in plantations of A. mangium as well as other 
associated plants such as Vismia sp., Piper sp. and Ceiba pentandra and several grass species.  

Despite the abundance, there was low diversity with a clear dominance of a morphotype 
that later was tentatively identified as G. microaggregatum (Medina et al., 1999). Likely, its 
dominance is due to its adaptability to unfavorable soil conditions (Taylor, 2000), such as 
poor soil structure, extreme acidity, and Hg presence. It needs to be determined whether the 
presence of AMF spores is the result of its ability to persist despite the mining activities or 
due to invasion of mycorrhizal propagules (e.g., spores and hyphae) from surrounding land by 
runnoff. Indeed, field observations at these sites suggest that both processes may occur (León 
et al., 2008). In any case, the presence of these spores and the mycorrhizal colonization 
clearly indicate the ability of these fungi to infect A. mangium roots and presumably promote 
plant growth (as shown later in this chapter based on the results of Daza and Osorio, 2011). 
Presumably, the benefits to plant growth and performance of A. mangium in these soils are 
also the result of N2-fixing bacteria found associated with the roots, which offers a 
competitive advantage to the plant in those environments (Andrade et al., 2000), and 
facilitating nutrient recycling process towards the support of ecosystem productivity (fine 
litter fall 3.10 t ha-1 yr-1) (Castellanos-Barliza and León, 2011). 

 
 

Soil Phosphate Deficiency as a Constraint for Plant Growth 
 
Soil Pi is constituted by organic and inorganic compounds of variable nature and 

complexity (Havlin et al., 1999). Soil inorganic Pi can be in different pools that are at 
chemical equilibria: (i) primary minerals mainly apatites [Ca5(PO4)(OH,F)]; (ii) secondary 
minerals forming precipitates of iron-, aluminum-, and calcium-phosphates; (iii) strongly or 
weakly adsorbed Pi on the surface of soil minerals, which depends on the type mineral; (iv) 
soluble in the soil solution as H2PO4

- in acid soils or HPO4
2- in alkaline soils. When plant 

roots and soil microbes absorb Pi from the soil solution, this breaks the equilibria among 
these Pi-pools and triggers a series of dissolving or desorbing reactions from the solid-phase 
that slowly replenishes the concentration of soluble Pi in the soil solution (Lindsay, 2001). On 
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the other hand, soil organic Pi is forming compounds of variable nature (some of them 
unknown) that are decomposed by plant and microbial enzymes (generically called 
phosphatases) that breaks ester-links and slowly release Pi ions into the soil solution 
(Stevenson, 1986). 

The low bioavailability of Pi in tropical soils is caused by the chemical stability of soil Pi 
compounds and the strength which Pi is retained on minerals surfaces. As a consequence, 
most of Pi in these soils is unavailable and only a little portion called labile-Pi (≤ 1.0% of the 
total-Pi) can be easily absorbed by plant roots (Table 1).  

This is particularly evident in highly weathered soils of the tropics (Oxisols and Ultisols) 
and in volcanic-ash soils (Andisols) (Sanchez and Uehara, 1980; Parfitt, 1989; Shoji et al., 
1993). Sanchez and Logan (1992) estimated that 1018 billion hectareas (ha) in the tropical 
zone have high Pi retention capacity; 659 million are in the Neotropics. In agroecosystems, 
the only significant source of Pi to plants roots is from the addition of Pi inputs (fertilizers or 
organic amendments).  

The long-term production without the application of Pi progressively will reduce the soil 
Pi availability and exhaust the natural reserves in the soil (Smeck, 1985; Clark and Paul, 
1989; Barber, 1995; Havlin et al., 1999). Soil Pi losses are represented by the removal in 
cropping products and erosion, leaching is negligible in most soils (Smeck, 1985).  

The immediate source of Pi for plant roots is the soil solution, which usually contains a 
low soluble Pi concentration (Pi: 0.001-0.01 mg L-1) (Fox, 1979; Barber, 1995). When Pi is 
removed from the soil solution by roots, soil microbes and/or by Pi fixation reactions, a 
gradient of Pi concentration is created between the solid phase and the soil solution around 
the roots. Adsorbed Pi on the soil solid surfaces must desorb in order to replenish Pi in the 
soil solution (Do Carmo Harta and Torrent, 2007).  

Hence, Pi diffuses from the solid phase, where it is more concentrated, to the soil solution 
around the root surface where its concentration is continuously being depleted. However, the 
rate of Pi diffusion is quite slow (10-12-10-15 m2 s-1) (Schachtman et al., 1998) which limits the 
Pi supply and creates a depletion zone of Pi around the roots of approximately 1-2 mm 
(Barber, 1995). Pi ions beyond the zone of depletion cannot be accessed by the root surface 
(Barber, 1995).  

Phosphate ions that slowly diffuse into the soil solution originate mainly from Pi weakly 
adsorbed on soil colloids and from those freshly precipitated (Sanchez, 1976; Stevenson, 
1986; Lindsay, 2001).  

Soil Pi supply depends on the Pi buffering capacity of soils (Pypers et al., 2006), which 
can be estimated from the relationship between the concentration of Pi in soil solution and the 
quantity of labile Pi in the solid phase (Barber, 1995; Holford, 1997). 

Soil Pi sorption capacity and soluble Pi fertilizer requirement can be estimated through 
the use of isotherm of sorption (Hue and Fox, 2010). Briefly, this consisted of the use of a 
little aliquot of soil (2-3 g) that received grading amounts of Pi (0-2000 mg kg-1) in plastic 
centrifuge tubes. The most common source of Pi for this procedure is KH2PO4 dissolved in 
0.01 M CaCl2.  

Then, the tubes are frequently shaken during six days at room temperature (25ºC). After 
that, the solution is separated by centrifugation 5000 rpm (2500xg) for 15 min and the soluble 
Pi concentration measured by the molybdate-phosphate method (Murphy and Riley, 1962). 
The data results are presented as a figure and regression model fitted the relationship between 
adsorbed and soluble Pi (Figure 1). 
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Table 1. Fractionation of inorganic soil phosphate (Pi) compounds in tropical soils of 
Colombia (COL) and Hawai’i (HI) (USA). Source: Osorio (2012) 

 
Soil Labile-Pia (%) Al-Pi (%) Fe-Pi (%) Ca-Pi (%) 
Lowly weathered:      

Vertisol (Lualualei,HI) 0.5 16.7 27.7 55.0 
Mollisol (Neira, COL) 0.6 35.4 11.1 52.9 

     
Highly weathered:     

Oxisol (Molokai, HI) 0.03 32.6 58.2 9.1 
Oxisol (Wahiawa, HI) 0.5 24.0 67.8 7.7 
Oxisol (Carimagua, COL) 0.3 10.3 87.6 1.8 
Ultisol (Caucasia, COL) 0.2 8.8 90.9 0.0 

     
Volcanic ash soils:     

Andisol (Guarne, COL)  0.4 71.3 2.4 25.9 
Andisol (La Selva, COL) 0.4 71.0 9.2 19.4 
Andisol (Naranjal, COL) 1.0 79.7 7.5 11.8 
Andisol (Tantalus, HI) 0.3 16.5 69.0 14.2 

Fractionation of mineral was made following the procedure of Kuo (1996). a Labile-Pi = soluble and 
weakly adsorbed.  
 

 
Source: Osorio (2012). 

Figure 1. Pi sorption isotherms of three tropical soils from Colombia. The dashed line-intercept 
indicates the amount required in each soil to achieve a soil soluble Pi concentration of 0.2 mg L-1. 

 

Arbuscular Mycorrhizal Association as an Alternative to Enhance Plant 
Growth in Tropical Soils 

 
Arbuscular mycorrhizal fungi (AMF) form fine hyphae that grow inside and around the 

cells of the root cortex and form arbuscules. These are fine hyphae highly branched and 
exchange materials between the plant host and the fungus (Figure 2). The plant supplies 
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carbonaceous compounds to the fungus, while the fungus provides nutrients, particularly 
diffusion-limited ones such as Pi, Cu2+, and Zn2+ (Lynch and Ho, 2005; Hamel, 2004; Habte 
and Manjunath, 1991; Barber, 1995; Marschner, 1995). 

 

 
Source: Osorio (2012). 

Figure 2. Diagram showing on the right side the arbuscular mycorrhizal association in the root tissues 
and the mycorrhiza-free tissue on the left. 

AMF only can absorb nutrients from the soil solution and then transport them to the roots 
to which they associate (Gerdemann, 1975; Tinker and Gildon, 1983; Bolan, 1991; Habte and 
Fox, 1993; Newsham et al., 1994; Cardoso et al., 2006). The most appreciated effect of AMF 
on plant performance is the enhancement of Pi, Cu, and Zn uptake (Pacovsky, 1986; 
Manjunath and Habte, 1988). This is particularly relevant in plant species whose root system 
is morphological and/or physiologically inefficient in plant Pi uptake due to lack or scarcity 
of root hairs (Koide and Schreiner, 1992; Manjunath and Habte, 1991). For this reason, the 
influence of AMF on plant growth is associated in most cases to the amelioration of the Pi-
nutritional status (Bolan, 1991) as well as the balance uptake of other nutrients (Cu, Zn,  
and Mn). 

AMF increase plant Pi uptake by several mechanisms that include enhanced rhizosphere 
microbial activity (Bago and Azcon-Aguilar, 1997), increases in root phosphatase activity 
(Gavito and Miller, 1998; Radersma and Grierson, 2004; McCully, 1999; Hetrick, 1991), 
excretion of chelating agents (Gohre and Paszkowski, 2006), and particularly a higher 
exploration of the soil (Jacobsen et al., 1992, 1994). In Pi-deficient soils the plant nutrient 
requirement exceeds the rate at which Pi diffuses to the root surface, which produces a Pi 
depletion zone of 1-2 mm that surrounds the root system. On the other hand, AMF can 
vigorous extend their perennating hyphae up to 10–12 cm from the root surface, which is 
beyond of the Pi depletion zone. In this way, the mycorrhizal hyphae explore a greater 
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volume of soil for P uptake than the root alone (Hattingh et al., 1973; Mosse, 1981; Hayman, 
1983; Jacobsen et al., 1994; Jeffries et al., 2003). Some authors have estimated that the AMF 
hyphae can explore 100-1000 more soil volume than the mycorrhizal-free roots (Sieverding, 
1991). Also, the fact that the hyphae have a small diameter than roots can penetrate through 
soil micropores that are not available for root systems (Bolan, 1991). 

In addition, mycorrhizal hyphae have a higher affinity for absorbing Pi than roots 
(Howeler et al., 1981). Schachtman et al. (1998) reported that the hyphae of Gigaspora 
margarita had an affinity constant for Pi (Km) of 2.5 M (Pi: 0.077 mg L-1), while many 
plants usually exhibited a Km of 6-44 M (Pi: 0.19-1.36 mg L-1), particularly those highly 
dependent on mycorrhizal association (Nye and Tinker, 1977; Barber, 1995). In addition, 
Barber (1995) affirmed that due to the small radius of the mycorrhizal hypha (1-3 m) there 
is no Pi depletion zone around the hypha.  

This allows the mycorrhizal hypha to take up Pi more effectively due to a higher and 
more constant Pi concentration. However, Li et al. (1991) found a very narrow Pi depletion 
zone around the mycorrhizal hypha. In contrast, roots with a greater radius (150 m) generate 
a zone of depletion of at least 1 mm, resulting in low Pi concentration around the root surface. 
Smith and Read (1997) reported P influx in mycorrhizal roots of 3 to 5-fold higher than non-
mycorrhizal roots (10-11 mol m-1 s-1).  

For the reasons mentioned above, the mycorrhizal association can reduce the requirement 
of soluble Pi concentration of plants. In this way the rate of Pi fertilizers can be significantly 
reduced (up to 40 times) as reported by Habte and Osorio (2001) for Leucaena leucocephala. 
This represents not only an economical advantage but also an environmental benefit because 
soil with high levels of soluble Pi can pollute surface waterways when soil particles are 
eroded and deposited in them causing eutrophication (Culley et al., 1983;  
Sharpley et al., 1992).  

When plants rely on the mycorrhizal association and low Pi fertilization rather than heavy 
Pi fertilization, the risks of water pollution are reduced (Miyasaka and Habte, 2001). 
Therefore, AMF can be included in soil nutrient management programs oriented to reduce 
environmental pollution (Habte and Osorio, 2001). 

AMF have also been studied for their contribution to plant health because they can reduce 
the negative impact of plant pathogens such as Phytophtora spp., Pythium spp., Fusarium 
spp. and nematodes, among others (Linderman, 1988; Cooper and Grandison, 1986; Hooker 
et al., 1994; Newsham et al., 1994; Trotta et al., 1996).  

Similarly, AMF can improve the stability of soil aggregates, which is highly relevant for 
the bioremediation of degraded soils (eroded, compacted, and mined) (Bethlenfalvay, 1992; 
Wright and Upadhyaya, 1996, 1998; Rilling et al., 2001). It has been demonstrated that AMF 
can also improve plant tolerance to water stress, salinity, soil acidity, and heavy metal toxicity 
(Bethlenfalvay et al., 1988). 

 
 

Mycorrhizal Dependency of Tropical Plants Used in Forestry  
and Agroforestry 

 
Despite multiple benefits that plants can derive from the mycorrhizal association, not all 

plants depend on AMF. In fact, plant species exhibit different degrees of mycorrhizal 
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dependency (MD) (Plenchette et al., 1983). Mycorrhizal dependency is a measure of the 
degree to which a plant species relies on mycorrhizal association for nutrient uptake and 
growth (Habte and Osorio, 2001).  

The earliest definition of this concept was made by Gerdemann (1975) who stated that 
the dependency of plant species on mycorrhizal condition is a function of soil fertility. This 
definition has since been modified to make it more operational by replacing the imprecise 
term “soil fertility” with “soil solution Pi concentration” (Habte and Manjunath, 1991). It is 
well established that plant species vary in their response to AMF inoculation (Plenchette et 
al., 1983; Pope et al., 1983; Hetrick et al., 1988; Khalil et al., 1999).

 
Most of the variation has 

been related to different ability of plant species to take up Pi at very low soil-Pi 
concentrations in the absence of the mycorrhizal association (Baon et al., 1993). Habte and 
Manjunath (1991) found that the MD of several plant species was determined by root 
characteristics of the host species (root length, root density, root surface area, incidence and 
length of hair roots), which determine their capacity to explore and absorb Pi from the soil 
solution. Other authors found that the seed size and seed Pi reserve also control the value of 
MD (Jaramillo and Osorio, 2005). 

According to Plenchette et al. (1983) the MD should be calculated as the percentage of 
the difference between the dry matter of inoculated and uninoculated plants over the dry 
matter of inoculated plants: 

 
MD = [(Inoculated plant dry matter - Uninoculated plant dry matter) ÷ Inoculated plant 

dry matter] x 100 
 
On the other hand, when soil soluble Pi concentration is < 0.02 mg L-1, most plant species 

will respond significantly to mycorrhizal colonization (Figure 3). As soil soluble Pi increased 
from 0.02 to 0.1–0.2 mg L-1, the dependency of plants on AMF for Pi uptake diminishes 
progressively (Figure 4). Thus, at 0.2 mg L-1 only very highly mycorrhizal-dependent species 
respond significantly to mycorrhizal colonization. Since MD is significantly affected by soil 
solution Pi level, Habte and Manjunath (1991) proposed that MD should be estimated at 
different levels of available Pi, particularly at the soil solution Pi of 0.02 mg L-1. Based on the 
value of MD five categories have been proposed to classify plant species (Table 2). In Table 3 
some plant species used in tropical forestry and agroforestry are presented according to their 
MD category. Some examples of contrasting MD are presented in Figure 3 with Nageia 
rospigliosii (romeron-pine) and Calophyllum brasiliense (barcino) inoculated or not with G. 
aggregatum at three levels of soil soluble Pi.  

 
Table 2. Categories of mycorrhizal dependence of plant species measured at a soluble Pi 

level of 0.02 mg L-1. Source: Habte and Manjunath (1991) 
 

Category MD (%) Further considerations 
Independent 0 Plant species do not form the mycorrhizal association 
Marginal 0-25 - 
Moderate 25-50 - 
High 50-75 Plant dry matter does not increase by AMF inoculation at 0.2 mg L-1  
Very high >75 Plants dry matter increases by AMF inoculation at 0.2 mg L-1 
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Sources: Sierra (2006) and Diez (2006). 

Figure 3. Shoot dry weight of seedlings of Calophyllum brasiliense (independent) and Nageia 
rospigliosii (moderately dependent) as a function of G. aggregatum inoculation at three levels of soil 
soluble Pi. 

 
Source: Diez et al., 2008. 

Figure 4. Foliar Pi concentration of Nageia rospigliosii either uninoculated (AMF-) or inoculated with 
G. aggregatum (AMF+) at three levels of soil solution Pi. 

 

Mycorrhizal Effectiveness in Tropical Soils 
 
Soils differ highly in AMF diversity, population structure, and capacity to enhance plant 

performance (Kottke, 2002; Langley and Hungate, 2003). Although AMF are present in most 
soils, they may be absent if the soils have been degraded, sterilized, severely deforested, 
frequently burnt, Pi-over-fertilized, mono-cultured with non-mycorrhizal plant species, 
maintained for long periods of time in fallow (with non-mycorrhizal plant species) and 
intensively exposed to fungicides (Habte, 1989; Kabir et al., 1999). The lack of low density of 
AMF propagules may be a limiting factor for crop plant productivity, land restoration, and 
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forestry if the target plant species are mycorrhizal dependent and the soil is soluble Pi-
deficient (Habte and Osorio, 2001). 

 
Table 3. Mycorrhizal dependency of tropical plants used in forestry and agroforestry 

 
MD category Plan species Reference 

Independent 

Calophyllum brasiliense Cambers Sierra et al., 2012 

Platyciamus regnellii Benth., Ormosia aborea (Vell.), 
Platypodium elegans Vog., Macheria stipitatum (DC), 
Myroxylon peruiferum L.f., Hymenaea courbaril L., 
Dendropanax cuneatum (DC), Ceiba speciosa (St.Hil), 
Tabebuia roseo-alba (Rid.). 

Siqueira and Saggin-
Junior, 2001 

Marginal 
Sesbania formosa, S. pachycarpa, S. sesban 
Cassia reticulata Willd, Chloris gayana Kunth. 

Habte and Manjunath, 
1991 
Habte and Turk, 1991 

Moderate 

Acacia mangium Willd., Gliricidia sepium (Jacq.) Miyasaka et al., 2003 

Leucaena retusa, Sesbania grandiflora 
Habte and Manjunath, 
1991 

Acacia koa (Gray) Miyasaka et al., 1993 

 
Laurel (Ocotea sp.) 
Chamaesenna colombiana (Britton and Killip) 

Sierra et al., 2009 
Sierra, 2006 

 Nageia rospigliosii (Pilger) Diez et al., 2008 

High 

Sophora crhysophylla Miyasaka et al., 1993 

Cassia siamea Habte, 1995 

Leucaena diversifolia, Leucaena trichodes 
Habte and Manjunath, 
1991 

Sesbania tormentosa Gemma et al., 2002 

Albizia ferruginea, Allium cepa L., Azadirachta indica A. 
Juss, Cajanus cajan, Enterolobium cyclocarpum Jcq., 
Paraserianthes falcataria (L.), Sauropus androgynus (L.) 

Habte, unpublished 

Aspidosperma parvifolium A.DC., Solanum granuloso, 
Lithraea molleoides (Vell.), Trema micrantha (L.) 

Siqueira and Saggin-
Junior, 2001 

Very high 

Luehea grandiflora Mart., Senna spectabilis (A.DC.), 
Croton floribundus Spreng, Tibouchina granulosa Cogn., 
Cecropia pachystachya Trec., Cordia trichotoma (Vell.), 
Senna macranthera (Collad), Cedrela fissilis Vell., 
Caesalpinia ferrea Mart., Myrsine umbellata Mart., 
Tabebuia impetiginosa (Mart.), Sapindus saponaria L., 
Tabebuia serratifolia (Vahl), Copaifera lagsdorffii Desf. 

Siqueira and Saggin-
Junior, 2001 

Leucaena leucocephala 
Habte and Manjunath, 
1991 

Bidens sandvicencis  Gemma et al., 2002 

 
Knowing the effectiveness of AMF in a soil is important because the extent to which 

plant species respond to inoculation of soils with known AMF fungi will depend, among 
other factors, on the host species, the Pi status of the soil, and the infectivity and effectiveness 
of indigenous AMF populations (Habte and Osorio, 2001). A reliable method of determining 
the effectiveness of indigenous AMF fungi contributes significantly to the use of soil as well 
as known AMF inocula with predictable outcomes (Habte et al., 1987). 
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Commonly the presence of mycorrhizal propagules in soils is quantified by the number of 
AMF-spores, which is unfortunately not completely reliable (Osorio and Habte, 2001). AMF 
spores can be unviable or exhibit a period of latency (Abbot and Robson, 1984; Allen et al., 
1995). For this reason, the presence of AMF spores is not a good indicator of AMF 
effectiveness (Brundrett et al., 1996). The mycorrhizal effectiveness is directly related with 
the amount of infective mycorrhizal propagules, not only viable spores but also extraradical 
hypahe, and infected root fragments present in the soil (Brundrett et al., 1996).  

The method used to measure mycorrhizal effectivenes of indigenous soil AMF consists of 
the inoculation with aliquots of the soil (25 g) into a substrate conducive for optimal 
mycorrhizal activity (soluble Pi level= 0.02 mg L-1, pH 6.0), which is then planted with 
seedlings of a plant species that exhibit high mycorrhizal dependency (e.g., Leucaena 
leucocephala). Since plant growth and Pi uptake consistently increase as a result of AMF 
infection, one of the best ways to determine the symbiotic effectiveness of soil AMF is to 
monitor the Pi status of host plants as the symbiosis develops (Habte and Osorio, 2001). To 
this aim the pinnule technique developed by Habte et al. (1987) is a rapid, nondestructive, and 
precise technique for monitoring the development of symbiotic effectiveness in the arbuscular 
mycorrhizal association.  

In the next paragraphs we described two experiments carried out to determine 
mycorrhizal effectiveness of indigenous AMF in (i) soils degraded by alluvial mining and 
intensive cropping, and (ii) soils subjected to different uses such as forestry, fallow, crops and 
grassland. 

 
 

Mycorrhizal Effectiveness of Degraded Soils 
 
This investigation was conducted under greenhouse conditions at the Universidad 

Nacional de Colombia (6° 15´ N, 75° 35´ W and 1495 m altitude). The substrate was a B-
horizon from clay-loam Ultisol which was air-dried, sieved at 4 mm, autoclaved (120ºC, 0.1 
MPa, 2h), and then limed with CaCO3 to reach a soil pH of 6.0. Later the soil fertilized with 
KH2PO4 (350 mg of P kg-1) to obtain soil soluble Pi concentration of 0.02 mg L-1, which is 
optimal for mycorrhizal activity. To this purpose a Pi sorption isotherm was previously 
conducted as explained before (Fox and Kamprath, 1970). 

Then, 600g of the substrate were transferred into plastic pots and later inoculated 
separately with either 15 g of a degraded soil by alluvial mining, 15 g of a degraded soil from 
an oil-palm plantation (Elaeis guineensis, 30 year-old), or 15 g of an effective mycorrhizal 
inoculum composed by 17 infective propagules of Glomus aggregatum per g (Table 4). An 
uninoculated control was included for comparison purposes. After that, the substrate was 
planted with germinated seeds of Leucaena leucocephala, previously scarified with H2SO4 for 
20 min. Plants were grown for 49 days and frequently watered to maintain 60% of the 
maximal water holding capacity. A Pi-free Hoagland solution was added weekly.  

Foliar Pi content was monitored as a function of time from the fourth pinnule counting 
from the base in youngest pinna fully expanded as explained by Habte et al. (1987), Aziz and 
Habte (1987), and Habte and Fox (1993) (Figure 5). Mycorrhizal colonization of plant roots 
were measured by the grid-line method (Giovannetti and Mosse, 1980) after clearing with 
KOH (Phillips and Hayman, 1970) and staining with fucsin acid (Kormanik et al., 1980). The 
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experimental design was completely randomized with three treatments, each treatment had 
four replicates. Data were subjected to ANOVA and Duncan tests (P≤ 0.05).  

The results indicated that leucaena plants grown in the substrate inoculated with the 
degraded soils did not develop the mycorrhizal association. Consequently, they exhibited 
poor growth accompanied with visual symptoms of Pi deficiency, i.e. chlorosis, defoliation 
(Smith et al., 1992), which was also observed in uninoculated control plants. By contrast, 
plants inoculated with G. aggregatum exhibited a high mycorrhizal colonization (74%) and as 
a result vigorous growth and pinnule Pi contents significantly higher after the 28th day (Figure 
6). At harvest (49th day), uninoculated control plants and those inoculated with the degraded 
soils has a mean pinnule Pi content of 1.5 µg/pinnule, while those inoculated with G. 
aggregatum had 8.9 µg/pinnule that was significantly higher (P ≤ 0.001) and represents an 
increase of 6-fold. 

The shoot dry weight and Pi content of Leucaena grown in the substrate inoculated with 
G. aggregatum were significantly higher (by 1.96 and 6.40-fold, respectively) than those 
plants in either uninoculated or inoculated with degraded soils (Table 5). The latter treatments 
did not have significant differences among them. 

 
Table 4. Soil and crude inoculum of G. aggregatum used as source of indigenous 

mycorrhizal inoculums 
 

Inoculum source Mycorrhizal 
propagules/ga 

pH  
(w, 1:1) 

SOMb  
(g kg-1) 

Cac Mg K Soluble Pid 
(mg L-1) (cmolc kg-1) 

Oil palm 
plantation-soil 

0 4.6 50 1.0 0.3 0.16 0.011 

Alluvial mined-
soil 

2 5.1 14 1.1 0.5 0.11 0.008 

G. aggregatum 17 6.2 20 2.4 1.0 0.25 0.020 
a determined by the most probable number technique (Porter, 1979); b Soil organic matter determined 

by Walkley and Black method; c Ca, Mg, and K were extracted by 1 M ammonium acetate; d 
determined in 0.01 M CaCl2 soil extract 1:10. 
 

 

Figure 5. View of the youngest –mature pinna of a seedling of leucaena, the arrow shows the location 
of the pinnule to be collected. Original photo. 
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Table 5. Leucaena shoot dry weight and shoot Pi content as a function of inoculation 
with two degraded soils and G. aggregatum. Means with different letter are significant 

different (Duncan test, P ≤ 0.05). Source: Jaramillo et al. (2004) 
 

Treatment Shoot dry weight (g/plant) Shoot Pi content (mg/plant) 
Uninoculated 0.59 c 0.43 b 
Oil palm plantation-soil 0.60 c 0.60 b 
Alluvial mined-soil 0.66 b 0.73 b 
G. aggregatum 1.20 a 3.76 a 

 

 
Source: Jaramillo et al. (2004). 

Figure 6. Leucaena pinnule Pi content as a function of inoculation with two degraded soils and G. 
aggregatum over time after transplanting. Each point is the mean of four replicates. 

 

Mycorrhizal Effectiveness of Soils with Different Uses (Forestry Plantations, 
Fallow, Crops, and Grassland) 

 
A procedure similar to above mentioned was used. In this case the soils used as source of 

indigenous AMF were collected from the A horizon (0-20 cm) under different plant coverage 
in the region of the Eastern of Antioquia (Table 6). Soil samples were identified according to 
plant coverage (CP= conifer plantation; BS= secondary forest; FL: fern-land; HF= high 
fallow; CB= common bean; PT= potato crop; GL= grassland of kikuyu grass).  

Mycorrhizal inoculation was carried out separately with 20 g of each soil samples per pot 
(900 g) and were mixed thoroughly with the substrate. A crude inoculum of Glomus 
aggregatum (20 g/pot) was used as a positive control, as well as an uninoculated negative 
control that received washing of the crude inoculum filtered by Whatman No.1 filter paper. 
The number of indigenous mycorrhizal infective propagules in each soil was detected 
following the procedure proposed by Porter (1979). 
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Table 6. Location, altitude, dominant plant species, and soil chemical properties of the soils used as source of indigenous AMF 
 

Soil/coverage Location Altitude 
(m) 

Dominant plant species 
pH w,1:1 

SOMa 
(%) 

Alb Cac Mg K Pid Fee 

----------cmolc kg-1---------- mg kg-1 
Conifer 
plantation (CP) 

6º15´38´´N, 
75º27´19´´W 

2390 Cupressus lusitanica, Pinus 
patula 

4.4 28 5.7 0.2 0.3 0.41 3 139 

Secondary 
forest (SF) 

6º06´41´´N, 
75º32´46´´W 

2500 Hedyosmum bomplandianum, 
Billia rosea, Clethra fagifolia, 
Viburnum anabaptista, 
Alchornea verticillata, 
Schefflera sp., Hedyosmum sp., 
Turpinia heterophylla, Miconia 
sp., Myrsine coriaceae 

3.2 52 11.3 0.4 0.8 0.75 23 399 

Fern-land (FL) 6º16´04´´N, 
75º27´53´´W 

2400 Pteridium aquilinum (fern) 4.4 37 10.2 1.3 0.5 0.52 7 247 

High fallow 
(HF) 

6º06´41´´N, 
75º32´46´´W 

2500 Miconia sp., Brunellia 
subsessilis, Solanum sp., 
Palicourea angustifolia, 
Tibouchina lepidota, Meriania 
nobilis, Cecropia angustifolia, 
Vismia sp., Clusia sp. 

3.3 68 15.0 0.4 1.1 0.93 40 235 

Common bean 
(CB) 

6º11´43´´N, 
75º22´05´´W 

2135 Phaseolus vulgaris 5.7 15 - 11.7 0.9 1.32 10 66 

Potato crop 
(PT) 

6º11´43´´N, 
75º22´05´´W 

2135 Solanum tuberosum 5.8 12 - 13.8 0.6 0.33 11 73 

Kikuyu grass 
(GL) 

6º11´43´´N, 
75º22´05´´W 

2135 Pennisetum clandestinum 5.9 14 - 11.7 1.5 0.38 1 65 

Source: Sierra (2006). 
a Soil organic matter contente determined by Walkley and Black method; b Al extracted by 1 M KCl; c Ca, Mg, and K were extracted by 1 M ammonium acetate; 

d Pi extracted by the Bray-II method; e extracted by Olsen-EDTA. 
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Leucaena leucocephala was used as indicator plant and was growing for 90 days under 
greenhouse conditions and treated as explained before. Similar variables (pinnule-Pi content, 
shoot dry weight, and mycorrhizal colonization) were considered in this study and data 
analyzed in the same way. 

Pinnule Pi content of Leucaena was significantly affected by treatments, in uninoculated 
substrates this was decreasing over time until the level of 0.63 µg of Pi per pinnule at harvest 
(Figure 7). Similar behavior was observed in plants inoculated with soils taken from the 
conifer plantation, the secondary forest, the fern-land, and the high fallow and their pinnule Pi 
contents were statistically comparable to that of uninoculated plants. 

 

 

  
Source: Osorio et al. (2008). 

Figure 7. Leucaena pinnule Pi content as a function of inoculation with soils with different plant 
coverage and variable number of propagules of indigenous AMF over time. 
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These results suggest an ineffectiveness of the indigenous AMF population in these soils. 
The most probable number technique allow us to detect that these soils had a low number of 
AMF propagules (Table 6), which fluctuate between 100 to 650 per kg of soil, which 
developed a low AMF colonization in the roots (3%).  

Consistently, the plant growth was significantly constrained by the low infection in the 
roots; the values of shoot dry weights were statistically similar to those of the uninoculated 
plants (Table 6). By contrast, a higher mycorrhizal effectiveness was found in the soils with 
crops and grass as illustrated in Figure 4. The behavior of pinnule Pi content with these 
treatments followed overtime the pattern of plants inoculated with G. aggregatum. This was 
associated to high number of propagules of indigenous AMF (3950-27000 per g of soil), 
higher values of mycorrizal colonization (10-25%), and, consequently, higher shoot dry 
weights; 80-94 % of the relative dry growth (Table 7).  

The low amount of indigenous AMF propagules is consistent with soils with extreme 
acidity (pH<5.0), high levels of exchangeable Al (> 2 cmlc kg-1), and low content of 
nutrients, particularly Ca and Mg (Table 6). Such conditions may impair plant performance 
and, consequently, reduce the mycorrhizal activity (infectivity, effectiveness, spore 
production) or perhaps it has direct effects on these fungi (Hayman 1982; Sieverding, 1991; 
Soedarjo and Habte, 1995).  

Conversely, the high mycorrhizal effectiveness found in the soils cultivated with crops 
and grass was observed with higher values of soil pH (5.7-5.9), lack of Al, and high levels of 
Ca and Mg. These conditions are the outcome of historic liming and fertilization programs in 
these soils. Likely, the enhanced soil fertility has improved plant performance and thus 
favoring the nutrition, multiplication and activity of AMF. Note that the soil cultivated with 
potato crops and common bean had even more AMF propagules than the inoculum of G. 
aggregatum. 

 
Table 7. Leucaena shoot dry weight (SDW) and its mycorrhizal colonization as a 
function of inoculation with soils containing different number of propagules of 

indigenous AMF. Source: Sierra (2006) 
 

Soil/coverage Number of propagules of 
indigenous AMF kg-1 

Mycorrhizal 
colonization (%) 

SDW  
(g/plant) 

Relative 
SDW (%) 

Control 0 0 0.58 f 39 
SF 100 3 0.93 de 63 
CP 100 3 0.79 e 53 
HF 200 3 1.07 cd 73 
FL 650 3 0.78 e 53 
GL 3950 10 1.39 ab 94 
PT 24500 19 1.18 bc 80 
CB 27000 25 1.39 ab 94 

G. aggregatum 8400 24 1.48 a 100 
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Plant Response to Mycorrhizal Inoculation in Soils with Variable Number  
of Indigenous AMF 

 
The results obtained in the previous section encouraged us to evaluate the plant response 

to mycorrhizal inoculation in soils that exhibited contrasting mycorrhizal effectiveness 
(variable number of indigenous AMF propagules). To this purpose and in separate 
experiments we selected soils with low and high effectiveness. In the first experiment, plastic 
pots were filled out with 2 kg of a degraded soil by alluvial mining from Taraza, Colombia. 
Previously, the soil was air-dried and sieved at 4 mm. Soil chemical properties were pH 
(water, 1:2) 5.9, O.M. 0.7%, Bray-Pi 13 mg kg-1; Ca, Mg and K 8.3, 4.6, and 0.04 cmolc kg-1, 
respectively.  

The potted soil was amended with Huila rock phosphate at the rate of 300 mg of Pi kg-1 
of soil. Later, the soil was either uninoculated or inoculated with an AMF inoculum that 
contained 500 spores of G. microaggregatum, an indigenous fungus found in this soil that 
was multiplied for this study in corn and brachiaria-grass as host plants. The soil was planted 
with germinated seeds of L. leucocephala, our indicator plant of reference. Plants were grown 
for 90 days under greenhouse conditions, watered if required to maintain 50-60% of the 
maximal water holding capacity.  

At the end of the period of growth the plant height, shoot and root dry weight, and shoot 
Pi content were measured as explained above. Data were subjected to ANOVA and LSD for 
mean separation (P ≤ 0.05). 

The results indicated that the mycorrhizal inoculation significantly increased plant height 
by 92%, shoot and root dry weight by 120 and 156 %, respectively, and shoot Pi uptake by 5-
times (Figure 8). For these reasons, AMF inoculation is a highly recommended practice to 
promote plant in degraded soils subjected to bioremediation projects.  

A second experiment was carried out to evaluate the plant response to mycorrhizal 
inoculation in soils with different levels of indigenous AMF propagules: 100, 3850 and 4300 
per g (Table 6 and 7) (Paternina, 2006).  

 

 
Source: Daza and Osorio (2011). 

Figure 8. Response of leucaena in plant growth and Pi uptake to G. fasciculatum inoculation in a 
degraded soil by alluvial mining. Different letters on the columns indicate significant differences (LSD 
test, P ≤ 0.05).  
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To this aim, leucaena plants were grown under greenhouse conditions in three potted 
soils (900 g per pot) either uninoculated or inoculated with the mycorrhizal fungus G. 
fasciculatum (25 g kg-1) that contained 43000 AMF propagules per kg. We measured the 
plant response in terms of the relative plant Pi uptake and growth with and without the 
inoculation.  

The results also showed that the magnitude of the response to the mycorrhizal inoculation 
decreased as the number of indigenous propagules of AMF in the soil increased (Figure 9). 
When the soil had 100 AMF propagules per kg the response was highly significant (P<0.01) 
and nil when the soil had 4300 propagules per kg. These results confirmed the hypothesis 
derived from the experiment conducted by Sierra (2006) (Figure 7 and Table 7). In this way, 
plant derived benefits from the AMF inoculation if the target plant is mycorrhiza-dependent, 
the soil had a low level of available Pi, and the soil had a low number of indigenous AMF 
propagules. 

 

 
Source: Osorio et al. (2008). 

Figure 9. Relative response of leucaena in plant growth and Pi uptake to G. fasciculatum inoculation in 
three soils with different levels of indigenous AMF propagules.  

 

CONCLUSION 
 
Our study reaffirms the importance of mycorrhizal association in the establishment of 

plant species in tropical soils. The roles that AMF play in plant growth and Pi uptake are so 
relevant that their use through biofertlization is feasible and cost-effectively practice in 
tropical cropping, agroforestry, and forestry systems. Mycorrhiza-forming plants can grow 
with only a fraction of the Pi required for growth compared to mycorrhizal-free plants. 
Maximal benefits of AMF inoculation can be obtained with inoculum of good quality and 
when plant and soil conditions are favorable for AMF functioning. The use of AMF is 
recommendable if: (i) the target plant species exhibits mycorrhizal dependency, (ii) the soil 
soluble Pi level is low, and (iii) the effectiveness of soil indigenous AMF is low. The 
potential role of mycorrhiza at the ecosystem-level is significant; particularly in the 
reestablishment of soil Pi cycling in degraded soils as well as in forestry and agroforestry 
ecosystems.  
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ABSTRACT 
 

A study was carried out to evaluate the use of Acacia mangium plantations in 
reactivating biogeochemical cycles of soil nutrients in a soil degraded by alluvial gold-
mining. Fine litterfall production was 10.4 Mg ha-1 yr-1 and it was dominated by the leaf 
fraction 5.7 Mg ha-1 (55%). The highest nutrient return found corresponded to nitrogen 
(N) (69 kg ha-1) and the lowest to phosphorus (P) (0.5 kg ha-1). 

The results of a litter-bag study indicated that the annual decomposition constant (k) 
ranged from 1.25 to 1.80. Chemical composition of the leaf litter (e.g., N and P 
concentrations, C/N and N/P ratios, and phenols content) and rainfall play an important 
role in the decay process, which was characterized by a slow release of N, Ca, and Mg 
from the leaf litter, while P was immobilized. The C return to soil from the 
decomposition of the leaf litterfall oscillated between 2.0 and 2.4 Mg ha-1, which was 
lower than expected, likely because the mesh size of the litter bags restricted our 
observation only for the leaf fraction. The A. mangium plantations showed a great 
potential in the reclamation of these degraded soils due to the high values of fine litter 
production and nutrient return, which contributed to the reactivation of biogeochemical 
cycles. 
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Therefore, the soil under this plantation showed significant increases in chemical and 
physical properties respect to unplanted soil: nitrogen content (0.24 vs. 0.5%), available P 
(2.48 vs. 6.53 mg kg-1), cation exchange capacity (6.12 vs. 11.19 cmolc kg-1), organic 
matter content (6.14 vs. 18.66%, and aggregate stability (73.0 vs. 85.35%). A. mangium 
plantations have a high potential to remediate soils degraded by alluvial gold-mining. 
 

Keywords: Soil bioremediation, biogeochemical fluxes, soil physics, Acacia mangium, soil 
degradation 
 
 

INTRODUCTION 
 
In tropical forests the fine litterfall production is the main process that determines the 

potential return of organic matter and nutrients onto the soil, which support plant 
development and soil biota (Proctor 1983, Spain 1984, Vitousek and Sanford 1986, 
Landsberg and Gower 1997; Norgrove and Hauser 2000, Kumar and Agrawal 2001). 
However, nutrient recycling is achieved when the leaf litterfall is decomposed by soil biota, a 
key process in forestry systems that determines soil fertility and forest primary productivity 
(Wang et al. 2008). If the nutrients are quickly released, they could be lost by leaching or 
volatilization (Palma et al. 1998, Schlesinger 2000). If the decomposition occurs slowly, the 
nutrient supply to plant roots will be insufficient, thus limiting plant growth and development 
(Jordan 1985, Swift and Anderson 1989, and Bubb et al. 1998, Montagnini and Jordan 2002). 
For these reasons, the rates at which litter decomposition and subsequent nutrient release 
occur constitute key factors of the ecosystem functioning. 

In the case of degraded lands by superficial mining activities, the lost of plant coverage 
on the soil surface disrupt these biogeochemical cycles (León et al. 2008). Land reclamation 
of these soils may be achieved by establishing forestry species, which must chosen based on 
their ability to adapt to extreme and restrictive soil conditions. Several studies have 
demonstrated that forestry plantations play an important role in the improvement of soil 
fertility, due to their capacity to induce ecological and physicochemical changes in the soil 
(Lugo et al. 1990, Parrota 1992, Lugo 1997, Garten 2002, Singh et al. 2002). 

Species of the Acacia genus such as A. albida, A. Senegal and A. mangium are commonly 
employed for forestry and land reclamation in the tropics (Laclau et al. 2000). A. mangium 
grows quickly and has a high capacity to adapt to nutrient-poor acidic soils, due to its 
capacity to establish symbiotic associations with N2 fixing bacteria (Ribet and Drevon 1996, 
Higa and Higa 2000, Garay et al. 2004) and mychorrizal fungi (Lim 1988, Duponnois and Ba 
1999). In extremely nutrient-poor soil A. mangium has exhibited an outstanding growth rate 
higher than other plant species such as Eucalyptus sp. and Gmelina arborea. 

In Colombia, at the beginning of the 1990s, A. mangium was succesfully introduced in 
the Bajo Cauca Antioqueño region (Departments of Cordoba and Antioquia, Colombia) for 
forestry use and land restoration (Torres and del Valle 2007, León et al. 2008). Although, 
several plantations were established and currently they cover more than 700 ha, little is 
known about the functioning of these restored ecosystems. 

The main purpose of this chapter was to evaluate the nutrient dynamics in the fine 
litterfall and its decomposition in established A. mangium plantations in soils degraded by 
alluvial mining. 
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MATERIALS AND METHODS 
 

Site Description 
 
The study took place on 11-year-old A. mangium plantations over the course of one year. 

The plantations were established by the regional environmental authority (Corporación 
Autónoma Regional del Centro de Antioquia, CORANTIOQUIA) to restore degraded lands 
by alluvial-gold- mining in the Bajo Cauca region, northwest of Colombia (Figure 1). 

The study was performed in the last foothills of the central Andean range, in the 
sourrondings of Rio Rayo (Tarazá; 07°31’44”N, 75°21’04”W) and Jardin (Cáceres; 
07°45’30”N, 75°14’26”W) villages. In Tarazá and Cáceres the annual average temperature 
and the annual average rainfall is 27 and 28°C and 3133 and 2771 mm, respectively (IGAC 
2007). The soil erosion produced by mining activities has been so severe that the first soil 
horizons were completely removed; the surface residual material lacks soil organic matter, 
natural seed bank, and soil biota (Osorio 2000). 

Due to the strong surface compaction that occurs after the end of mining activities, the 
land was ploughed with a subsoiler-till (at 60-70 cm depth) before plantation establishment, 
thus favoring plant root development. Aside from the serious physical limitations of this land 
has for an adequate plant growth, the remaining soil was very acidic, poor in macronutrients, 
rich in iron content, and with high levels of mercury (Hg) that limited agronomical production 
activities (León et al. 2008) (Table 1). 

On this soil an A. mangium plantation was established, but it did not undergo a 
comprehensive plan of forest management. The stand had a mean diameter at breast height 
(DBH) of 16.9 cm, mean tree height of 17.1 m, and basal area of 22 m2 ha-1 (Table 1). 

 

 

Figure 1. Study area in Bajo Cauca, Colombia. 
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Table 1. Stand characteristics of A. mangium and soils characteristics into the studied 
zones in the Bajo Cauca Antioqueño, Colombia 

 
Structural Stand parameters 

Site N (trees ha-1) DBH (cm) G (m2 ha-1) V (m3 ha-1) B (t ha-1) H (m) 
S1 1133 19.21 32.25 241.13 204.61 21.44 
S2 1026 14.29 16.92 84.68 82.63 12.79 
N1 826 20.48 29.10 211.30 185.81 20.83 
N2 760 13.67 12.30 62.28 58.77 13.28 
Mean 936 16.91 22.64 149.85 132.96 17.08 

 
Soil chemical parameters 

Sites 
pH OM N C C/N Ca Mg K Al Cu Fe Mn Zn P 
 -----------%---------  ---cmol(+) kg-1--- ------------------mg kg-1--------------------- 

S1 4.5 6.22 0.69 3.60 5.22 5.65 3.28 0.84 0.70 1.42 34.48 41.14 2.45 4.67 
S2 4.5 6.06 0.40 3.51 8.78 5.49 3.23 0.85 0.67 1.56 34.32 41.27 2.89 4.04 
N1 4.4 5.36 0.40 3.10 7.77 6.41 3.07 0.77 0.67 1.28 28.77 41.60 2.14 7.35 
N2 4.6 9.34 0.52 5.41 10.41 8.22 3.56 0.68 0.63 2.40 33.00 42.07 5.99 8.38 
Mean 4.5 6.75 0.50 3.91 8.05 6.44 3.29 0.78 0.67 1.67 32.64 41.52 3.37 6.11 
N: density G: Base area, DBH: diameter at breast height (1.3 m), H: high, V: volume of wood, B: 

biomass, pH: determined with a soil/water suspesion 1:2. S1: Plots with good tree development: 
Subsoiling, S2: Plots with general poor tree development: Subsoiling, N1: Plots with general good 
tree development: No-till, N2: Plots with general poor tree development: No-till (Universidad 
Nacional de Colombia - CORANTIOQUIA 2008, unpublished data). 
 
 

Return of Organic Matter and Nutrients Via Leaf Litterfall 
 
The plots were classified according to: (i) the general state of the plantation: good plant 

development (G1) and poor plant development (G2), and (ii) the tillage treatments received at 
the time of plantation establishment: ‘subsoiling’ and ‘no-till’. The treatments consisted of 
four groups: in G1 (subsoiling -S1- and no-till –N1-) and in G2 (subsoiling -S2- and no-till -
N2-). All plots were at the same substrate (alluvial-mining residual soil) and the same 
environmental and silvicultural conditions. In the plantation, 12 circular plots were 
established with an area of 250 m2, allowing three replicates per treatment (S1, N1, S2, N2). 
On each, nine plot traps at 1 m height from the soil surface were installed to monitor the fine 
litter production. The traps used consisted of a circular receptacle of 0.5 m2 on fine mesh, 
used to avoid the loss of fine material (Ramírez et al. 2007). The collection of material was 
performed twice each month for a year (March 2007 to March 2008). Rainfall was registered 
using rain gauges close to the plantations, which were monitored weekly on each site. 

 
 

Fine Litterfall, Leaf Litter Decomposition and Nutrient Release 
 
The litter bags technique was employed with a plastic mesh of 2 mm aperture size, which 

allowed us to avoid material loss by fragmentation and at the same time to retain some 
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important undecomposed materials (Wieder and Lang 1982, Sundarapandian and Swamy 
1999). On each study site, 18 bags (20 x 20 cm size) containing 10 g of oven-dried leaf litter 
were distributed in three groups, with six bags per tree (a total of 54 sample bags). To 
evaluate the first factor (subsoiling), different sites were established with the same climatic 
conditions, but different soil pre-treatments (JS: Jardin subsoiling; JNS: Jardin no-till). To 
evaluate the impact of rainfall, the study was divided into sites with different pluviometric 
registers (RS: Río Rayo subsoiling; JS: Jardín subsoiling). 

Each month, three bags were removed, with a total of nine bags per sampling. The bags 
were opened and the litter materials were air dried, brushed gently to remove soil particles, 
oven-dried at 65ºC, and weighed. The residual dry matter (RDM) was estimated at each 
sampling date. 

 
 

Soil Sampling 
 
The soil samples were taken at a 20 cm depth on each study site in order to analyze some 

soil physical and chemical properties. Subsamples were taken in a zig-zag pattern, making a 
diametric trajectory in a northerly direction (Osorio and Casatmijana 2011). Samples of 
undisturbed soil were taken as well, in order to analyze aggregate stability. Six sites were 
selected as control plots where A. mangium was unplanted and without interventions. The 
samples were conserved hermetically and cooled at 5ºC in the field until they were processed 
in the laboratory of biogeochemistry of the Universidad Nacional de Colombia at Medellin. 

 
 

Laboratory Analysis 
 
The collected material was separated into several components: leaves of A. mangium (L), 

leaves of other species (OL), woody fraction (W), reproductive material (RM), and other rests 
(OR). The litter bag material was extracted and cleaned manually to eliminate roots, 
invertebrates, and soil. Subsequently, the material was dried at 65ºC until reaching constant 
weight.The leaves were milled and heated to 600ºC for elemental analysis (Ca, Mg and K 
content per dry dissolution and atomic absorption spectrophotometry); leaf P content was 
determined using acid dissolution and visible spectrophotometry; N content by micro-
Kjeldahl (Benton et al. 1991); C content was determined by dry combustion by means of an 
analyzer LECO CNS-2000; lignin content was determined by acid detergent and KMnO4 
(Horwitz 2003, Tejada 1992). Phenols were extracted by means of methanol over the course 
of five days, and were analyzed with the colorimetric Folin-Ciocalteu assay (Singleton and 
Rossi 1965). Results were expressed as mg of Gallic acid per 100 g of extract. 

Soil samples were air dried and sieved (≤ 2 mm). Soil pH was measured in a soil: water 
suspension (1:2 ratio) with a pH electrode (Beckman 601). Labile soil P was determined 
according to the method of Kalra and Maynard (1991) using spectrophotometry (Baush and 
Lamb Milton Roy 601) at 660-nm wavelength. Exchangeable Ca, Mg, and K were extracted 
with neutral 1 M ammonium acetate and measured with atomic absorption spectrophotometry. 
Total N was measured using the micro-Kjeldahl method. 

Additionally, the mean weight diameter (MWD) of soil aggregates and the soil aggregate 
stability (AE) were determined by the Yoder method. 
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Data Analysis 
 
Nutrient return per treatment was calculated based on fine litter production values and 

elemental concentrations. The residual amount of nutrients at each sampling was calculated as 
the product of the RDM and the elemental concentration, and then divided by 100. The 
residual dry matter (RDM) evolution or remaining dry matter in the litter bags and the 
nutrient release dynamics were compared among sites through a one-way ANOVA, checking 
the statistical normality and the data homocedasticity beforehand. 

When the treatment had significant effects, the mean separation was made using the 
Tukey test (P≤0.05). 

To determine the association between RDM and other factors such as total rainfall, 
subsoil treatment, and substrate quality, Pearson correlation coefficients were obtained 
(P≤0.05). To describe RDM evolution, the negative exponential simple model (nonlinear), 
was adjusted according to Equation 1 (Olson 1963). 

 
Xt / Xo = e-kt (1) 
 

where, Xt: dry weight of the remaining material at time t (g), Xo: initial dry weight (g), k: 
decomposition constant, t: time spent (days). 

From this constant, we calculated the mean life or necessary time to reach leaf litter 
decomposition of 50% (t0.5) and 99% (t 0.99): t0.5= -0.693/k and t0.99= -4.605/k (Olson 1963, 
Arunachalam and Singh 2002). 

The indicators used to choose the model were: the determination coefficient (R2), the 
Durbin-Watson statistic, and the sum of squares of error. The Mann-Whitney test was used 
between two groups (P≤0.05) to check the soil parameter values between unplanted plots 
(control) and plantations (Wilcoxon). The statistical analysis was performed with Statgraphics 
Centurion XV (StatPoint Technologies, Inc). 

 
 

RESULTS 
 

Fine Litter Production 
 
Annual fine litterfall was 10350 kg ha-1 yr-1, the monthly amount lessening during the 

rainy months. Among treatments the greatest values were represented by S1 and N1. Fine 
litterfall was dominated by leaf fraction (5543 kg ha-1 yr-1) and reproductive materials (2462 
kg ha-1 yr-1). The values registered in OR and OL fractions were 577.7 and 153.3 kg ha-1 yr-1, 
respectively. The annual fine litter production did not show significant differences among 
treatments (P=0.21) (Figure 2). 

On the other hand, significant correlations (P≤0.05) between total rainfall and fine 
litterfall were not detected in any treatment. The variation coefficients were quite low in all 
the fractions under all treatments, with the exception of the OL fraction (Table 2). 
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Figure 2. Mean values of monthly rainfall (P) and fine litterfall in A. mangium plantations in the Bajo 
Cauca region, Colombia. Bars represent standard deviation. 

Table 2. Annual production of fine litter (kg ha-1), separated by fractions and 
treatments, in A. mangium plantations in Bajo Cauca, Colombia 

 

Treatments 
Fractions 

L OL RM W OR Total 

S1 
6454.98 
(2.17) 

30.29 
(9.92) 

2790.11 
(6.37) 

2229.26 
(6.73) 

596.75 
(5.03) 

12101.39 
(3.11) 

S2 
4520.36 
(2.62) 

0.57 
(20.75) 

1811.07 
(5.38) 

1048.85 
(6.40) 

446.30 
(6.40) 

7827.15 
(2.75) 

N1 
5957.14 
(2.03) 

571.97 
(5.00) 

2871.94 
(5.43) 

1893.76 
(5.62) 

672.66 
(4.78) 

11967.47 
(2.40) 

N2 
5239.83 
(2.43) 

10.18 
(12.23) 

2373.07 
(4.59) 

1277.88 
(6.20) 

595.02 
(5.32) 

9495.97 
(2.43) 

Mean 5543.08 153.25 2461.55 1612.44 577.68 10348.00 
Values between brackets represent the variation coefficient (%). L: A. mangium leaves; OL: Other 

species leaves, W: Woody material, RM: Reproductive material, OR: Other rests. 
 
 

Potential Nutrient Return from Leaf Litterfall 
 
Leaf litterfall of A. mangium showed high N content and low P content (Table 3). The 

greatest N and P values were registered with the N1 and S1 treatments (N: 1.32% and 
0.012%). 

The lowest values of both nutrients were found under the S2 treatment (N: 1.16% and P: 
0.007%). P concentrations were found to be significantly different (P=0.0001) among the S1, 
N1 and S2, N2 treatments. The variation coefficient of P concentration was greater in the 
subsoiling sites (S1 and S2), than in the non-subsoiling sites (N1, N2). N concentration 
showed relatively low variation coefficients among treatments (Table 3). Ca, Mg and K 

Complimentary Contributor Copy



Juan D. León, Jeiner Castellanos, Maria Casamitjana et al. 162 

concentrations decreased considerably beginning in September and increased gradually until 
February; this trend was due to the transition between rainy periods and drier periods (Figure 
3). N and P concentrations showed consistent trends under all treatments; however, some 
peaks in concentration were observed in N during September, coinciding with a decrease in 
rain (Figure 2). 

P concentration peaked during June and September, months which also corresponded to a 
drier weather; the increase was most evident under the S1 treatment. The highest potential 
nutrient return via leaf litterfall were observed with N (69.1 kg ha-1 yr-1) and Ca (30.0 kg ha-1 

yr-1), and the lowest with P (0.6 kg ha-1yr-1). 
Non-significant differences in nutrient return among treatments were observed in the 

following nutrients: N, Ca, Mg and K. In contrast, significant differences were observed in P 
return among the S2, S1 and N1 treatments. 

 
Table 3. Mean values of leaf nutrient concentration (%± SD) and annual nutrient return 

via leaf litterfall (kg ha-1 yr-1± SD) in A. mangium plantations in Bajo Cauca region 
(Colombia) 

 
Nutrient concentration (%) 

Treatments ---------P-------- --------N--------- -------Ca------ -------Mg------- --------K--------

S1 
0.012±0.005 b 
(40.86) 

1.245±0.148ab 
(11.86) 

0.511±0.152a 
(29.68) 

0.131±0.031a 
(23.54) 

0.147±0.054a 
(36.78) 

S2 
0.007±0.002a 
(23.35) 

1.158±0.095a 
(8.22) 

0.493±0.152a 
(30.83) 

0.118±0.027a 
(23.01) 

0.141±0.075a 
(53.10) 

N1 
0.011±0.002b 
(16.95) 

1.316±0.131b 
(9.94) 

0.489±0.138a 
(28.23) 

0.123±0.030a 
(24.40) 

0.203±0.075a 
(36.85) 

N2 
0.009±0.001a 
(16.82) 

1.249±0.121ab 
(9.72) 

0.525±0.167a 
(31.78) 

0.121±0.026a 
(21.36) 

0.164±0.059a 
(35.89) 

Mean 0.010 1.242 0.505 0.123 0.164 
 

Nutrient return (kg ha-1 yr-1) 
Treatments --------P--------- ---------N------- --------Ca----- -------Mg----- ---------K-------

S1 
0.8±0.036ac 
(4.76) 

80.5±2.790a 
(3.46) 

35.1±1.623a 
(4.62) 

8.9±0.360a 
(4.06) 

9.9±0.418a 
(4.21) 

S2 
0.3±0.012b 
(3.82) 

52.2±1.576a 
(3.02) 

23.9±1.121a 
(4.69) 

5.6±0.213a 
(3.81) 

7.0±0.411a 
(5.89) 

N1 
0.7±0.025acd 
(3.80) 

78.0±2.416a 
(3.09) 

31.4±1.486a 
(4.74) 

7.7±0.319a 
(4.16) 

12.8±0.548a 
(4.29) 

N2 
0.5±0.015bd 
(3.32) 

65.8±2.031a 
(3.08) 

29.7±1.444a 
(4.86) 

6.6±0.244a 
(3.72) 

9.3±0.421a 
(4.51) 

Mean 0.5 69.1 30.0 7.2 9.7 
Variance coefficient (%) shown in brackets. SD: Standard deviation. For each nutrient, means followed 

with different letters are significantly different (P≤0.05). S1: Plots with generally high tree 
development: Subsoiling, S2: Plots with generally low tree development: Subsoiling, N1: Plots 
with generally high tree development: No-till, N2: Plots with generally low tree development: No-
till. 
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Figure 3. Nutrient concentration of leaf litter deposited in litter bags in A. mangium plantations in Bajo 
Cauca region (Colombia). S1: Plots with generally high tree development: Subsoiling, S2: Plots with 
generally low tree development: Subsoiling, N1: Plots with generally high tree development: No-till, 
N2: Plots with generally low tree development: No-till. 

 

Leaf Litter Decomposition 
 
In all sites, the tendency was that litter bag material lost weight over time (Figure 4.). 

With reference to the initial material in the litter bags, the residual dry matter (RDM) at the 
end of the study was found 0.55 in JS, 0.41 in JNS, and 0.42 in RS. 

The annual decomposition rates of the simple exponential model (Table 4) followed the 
decreasing sequence RS (k=1.80)>JNS (k=1.72)>JS (k=1.24). 
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Table 4. Regression models adjusted to residual dry matter at different times of 
decomposition in A. mangium plantations in the Bajo Cauca region (Colombia) 

 
Site Model t 0.5 (years) t 0.99 (years) k (1/year) R2 (%) SSE D-W 

JS 10x e(-0.0034127*t) 0.56 3.70 1.25 89.44 3.95 2.19 

JNS 10xe(-0.00471566*t) 0.40 2.70 1.72 86.82 8.29 1.07 

RS 10xe(-0.00493899*t) 0.38 2.60 1.80 96.20 2.10 2.71 
Xo: Initial dry weight (10 g), k: annual decomposition rate, R2: determination coefficient, SSE: Sum of 

squared error, D-W: Durbin-Watson statistic, t0.5 = necessary time to decompose 50% of the litter, t 

0.99 = necessary time to decompose 99% of the litter. JS: Jardín subsoiling, JNS: Jardín no-till, RS: 
Río Rayo subsoiling. 
 

 

Figure 4. Residual dry matter (Xo/Xt) of leaf litter in the three sites in A. mangium plantations in Bajo 
Cauca region, Colombia. JS: Jardín subsoiling, JNS: Jardín no-till, RS: Río Rayo subsoiling. Bars 
indicate a 95% confidence interval. 

 

Nutrient Release from Leaf Litter 
 
The most and least abundant nutrients in RDM were, respectively, N and P. In all the 

studied sites, increasing P concentration over time was found to be the predominant pattern. 
At the end of this study, N and P concentrations increased 25-52% and 150-325%, 
respectively (Table 5). N release was slow on the three sites until day 113, and became faster 
at the end of the study (Figure 5). Ca and Mg clearly showed trends similar to N in JNS and 
RS. Regarding P, the immobilization and increase of RDM were found to be dominant trends, 
with the increase at the end of the study being (169 day) 150% higher in JNS and RS. K and 
Mg were released throughout the study in JS and RS, but not in JNS. 

 
 

Quality Evolution of Leaf Litter 
 
Parameters such C/N, N/P, and total phenol content showed a strong decrease from the 

beginning to the end of the study (37.1-23.1, 169.0- 69.7, 67.1-11.0%, respectively), with 
similar tendencies in JNS and RS (Table 6). 
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Table 5. Nutrient concentration dynamics in the RDM of leaf litter in the sites studied in 
A. mangium plantations in Bajo Cauca region (Colombia) (values in percentage) 
 

Time 
(days) 

Sites 
-------------------JS---------------- -------------------JNS-------------- -------------------RS---------------- 
P 
(a) 

N 
(a) 

Ca 
(a) 

Mg 
(a) 

K 
(a) 

P 
(b) 

N 
(a) 

Ca 
(a) 

Mg 
(a) 

K 
(b) 

P 
(b) 

N 
(a) 

Ca 
(a) 

Mg 
(a) 

K 
(a) 

0 0.008 1.347 0.398 0.161 0.083 0.008 1.347 0.398 0.161 0.083 0.008 1.347 0.398 0.161 0.083
28 0.009 1.297 0.388 0.170 0.084 0.020 1.410 0.386 0.194 0.120 0.015 1.310 0.417 0.178 0.075
56 0.012 1.251 0.426 0.183 0.091 0.023 1.503 0.467 0.188 0.136 0.023 1.492 0.475 0.203 0.074
85 0.013 1.288 0.484 0.196 0.080 0.022 1.568 0.434 0.180 0.079 0.030 1.568 0.559 0.229 0.089
113 0.018 1.568 0.558 0.207 0.085 0.027 1.680 0.600 0.225 0.116 0.032 1.876 0.536 0.208 0.086
141 0.020 1.480 0.614 0.222 0.072 0.033 1.680 0.617 0.215 0.130 0.032 1.616 0.619 0.222 0.045
169 0.020 1.680 0.670 0.219 0.087 0.034 2.044 0.649 0.188 0.116 0.031 2.044 0.559 0.214 0.065

Columns with different letters for the same nutrient are significant different among sites (P<0.05). JS: 
Jardín subsoiling, JNS: Jardín No-till, RS: Río Rayo subsoiling. 
 

Table 6. Quality parameters of leaf litter placed into litter bags on the three sites studied 
in A. mangium plantations in the Bajo Cauca region (Colombia) 

 
Initial values (%) 

Sites C N P C/N N/P Lignin Lignin/N Total phenols* 
JS, JNS and RS 50.01 1.35 0.008 37.14 169.04 12.40 9.21 67.14 

Final values (%) 
Sites C N P C/N N/P Lignin Lignin/N Total phenols* 
JS 44.51 1.68 0.02 26.49 83.17 19.40 11.55 10.17 
JNS 39.60 2.04 0.03 19.37 60.51 21.30 10.42 16.63 
RS 47.92 2.04 0.03 23.44 65.56 19.9 9.73 6.26 
Mean values 44.01 1.92 0.03 23.10 69.75 20.20 10.57 11.02 

*Expressed as % equivalent of tannic acid. JS: Jardin subsoiling, JNS: Jardín no-till, RS: Río Rayo 
subsoiling. 
 
At the end of the study, lignin concentration increased (12.4-20.2%) with higher values in 

JS and JNS. The majority of the quality parameters in litter were associated significantly to 
RDM values (Table 7). The Pearson correlation coefficients showed a positive association 
between RDM and C/N, N/P and total phenols. Rainfall showed an inverse correlation 
(P<0.05) with RDM in all sites. N/P ratio and total phenols decreased abruptly at the 
beginning of the study (day 28), with a reduction in phenols of up to 70% (Figure 6). 

 
 

Soil Parameters 
 
Soil parameters were improved by the 11-years old plantations (Table 8). By comparing 

soil conditions between unplanted sites and under A. mangium plantations, we detected 
significant (P<0.05) increases in soil N content (0.24 vs. 0.5%), soil available P content (2.48 
vs. 6.53 mg kg-1), and soil cation exchange capacity (CEC) (6.12 vs. 11.19 cmolc kg-1). 
Additionally, significant increases in soil organic matter content (OM) (6.14 vs. 18.66%) and 
soil aggregate stability (AS) (73.0 vs. 85.35%) were also found. 
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Table 7. Pearson correlation coefficients between RDM, rainfall and quality parameters 
of the leaf litter in the three sites studied on the A. mangium plantations in the Bajo 

Cauca region (Colombia) 
 

Parameters JS JNS RS 
N -0.76 -0.87 -0.83 
P -0.94 -0.93 -0.93 
C/N 0.81 0.91 0.89 
N/P 0.86 0.72 0.78 
Lignin -0.74 -0.89 -0.78 
Lignin/N -0.24* -0.38* 0.04* 
Total phenols 0.71 0.64 0.74 
Total rainfall -0.70 -0.75 -0.46 

*No significant (P>0.05). JS: Jardín subsoiling, JNS: Jardín no-till, RS: Río Rayo subsoiling. 
 

Table 8. Mean values of the soil parameters of the plots located in the stands and outside 
the stands (unplanted plots) of A. mangium plantations in the Bajo Cauca region, 

Colombia. (Standard deviation is shown in brackets) 
 

Parameters 
Sites 

Plantation (n=12) Unplanted (Control) (n=6) 
pHa (1:1) 4.50 (0.18) 5.39 (0.53) 
OMa (%) 18.66 (7.60) 6.14 (0.67) 
ASa (%) 85.35 (7.49) 73.00 (12.78) 
MWDb (mm) 2.85 (0.64) 2.12 (0.78) 
Na (%) 0.50 (0.17) 0.24 (0.05) 
Pa (mg kg-1) 6.53 (3.57) 2.48 (0.23) 
CECa (cmolc kg-1) 11.19 (2.64) 6.12 (0.35) 

OM: Organic matter content, AS: Aggregate stability, MWD: mean weight diameter of soil aggregates, 
N: nitrogen, P: phosphorous, CEC: Cation Exchange Capacity. a and b denote the existence and 
inexistence, respectively, of significant differences (Mann-Whitney, P<0.05). 

 
 

DISCUSSION 
 
The fine litter production in the sites studied was relatively high compared with the 

values found in plantations of tropical lowlands (Parrotta 1999, Goma-Tchimbakala and 
Bernhard-Reversat 2006, Barlow et al. 2007), but comparable with those reported in degraded 
and poor soils (Lim 1988, Bernhard-Reversat 1993).  

The greatest fine litterfall values occurred with the high quality treatments (SH and NH), 
as well as the highest basal area. Biomass values in the stands were similar to those reported 
by Brown and Lugo (1982), who found a positive lineal correlation between total litterfall and 
stand biomass. In addition, the absence of significant differences between high quality 
treatments (SH and NH) indicates the low influence of the subsoiling practice on fine litterfall 
(Table 2).  

Total fine litterfall was composed mainly of leaf fraction (54%), followed by 
reproductive material (RM: 24%) and in minor proportion by other rests (OR: 6%) and leaves 
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from other species (OL: 1.5%). Similar tendencies in fine litterfall composition have been 
reported in other plantations and tropical forests (Proctor et al. 1983, Weaver et al. 1986, Lim 
1988, Proctor et al. 1989, Veneklaas 1991, Swamy and Proctor 1997, Saharjo and Watanabe 
2000). 
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Figure 5. Residual dry matter of nutrients in the leaf litter of A. mangium deposited in litter bags during 
the period studied. Bars indicate a 95% confidence interval. JS: Jardín subsoiling, JNS: Jardín no-till, 
RS: Río Rayo subsoiling. 
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Figure 6. Evolution of RDM quality parameters in the three A. mangium plantation sites in the Bajo 
Cauca region (Colombia) during the period studied. JS: Jardín subsoiling, JNS: Jardín no-till, RS: Río 
Rayo subsoiling. Bars indicate a 95% confidence interval. 

However, although a high fine litter production was registered during the drier periods 
(March-June 2007), rainfall did not significantly correlate to litterfall in any treatment. Since 
rain water was available along the year, even in the driest months, likely other factors 
determined fine litter production (soil conditions or stand structure) in these plantations (Mall 
et al. 1991). 

The high leaf litter N concentration reflects the ability A. mangium to form symbiosis 
with N2 fixing bacterica, particularly in a soil with low contents of N at the time of the 
plantation establishment. N concentrations in leaf litterfall coincided with the values reported 
in forests and plantations in tropical lowlands. However, our values were low compared to 
those reported by Seneviratne et al. (1998) and Ngoran et al. (2006) in young and mature A. 
mangium plantations in India and Africa, respectively. In general, leaf concentrations of P, K 
and Mg were lower than the reported values in forests and plantations in tropical lowlands. 
This situation could reflect a low nutrient demand by the species and/or low soil nutrient 
availability. In particular, low leaf concentrations of P represent a major limiting factor in 
nutrient cycling and plant nutrition. 
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According to Aerts (1997) the critical value of the N/P ratio in leaf litterfall is 11.9, in 
this study it was considerably higher (N/P= 124), which indicates a serious deficit in P. This 
confirms the experimental findings regarding the biological immobilization of this nutrient 
and its retranslocation in the trees (Castellanos-Barliza and León 2010). The leaf P 
concentration differed between the S1-N1 treatments and the S2-N2 treatments, indicating the 
influence of plantation quality on plant P concentration. 

Significant differences were observed in N leaf litter concentration between treatments 
S1 and N1; however, neither the subsoiling influence nor the plantation quality influence was 
completely clear (Table 3). K showed higher variability among treatments, likely as a result 
of its high mobility this is easily removed from leaf organs by rainfall (Hagen-Thorn et al. 
2006). N concentration had a minimum variability, which implies a higher stability and 
suggests that its presence in the leaves fluctuated in a narrow rank during this study. Also, the 
variability found in leaf litter P concentration was high. Leaf litter nutrient concentrations 
were generally higher during the drier months, a time period that also corresponded to the 
peak of fine litter production. The highest nutrient return was found with the high quality 
treatments (S1 and N1). With respect to N, Ca, Mg and K returns, no significant differences 
were found, but a correspondence between high quality treatments (S1 and N1) and high 
values of these nutrient returns was evident. Nutrient return had low variability in all 
treatments; N, Ca, and K returns corresponded to those reported in forests and plantations in 
low tropical lands, in contrast with P and Mg returns, which presented lower values. 

RDM evolution in the three sites showed a first stage in which the loss of weight was 
higher until day 141. A higher weight loss in the first stages of the decomposition process was 
also reported by Arellano et al. (2004) and Goma-Tchimbakala and Bernhard-Reversat 
(2006). These losses were produced as a result of the splitting and use of labile compound in 
litterfall by decomposers. The k values in these degraded soils were higher than the values 
reported by McGrath et al. (2000) in Theobroma grandiflorum plantations in the Brazilian 
Amazon (k=0.4). The mean life (t0.5) found here was similar to that reported by Singh et al. 
(1999) in India with Dalbergia sissoo leaf litter (t0.5=0.41 years). The time needed for 99% of 
the leaf litter to disappear (t0.99) was about 2.6-3.7 years, which is similar to the reports of Del 
Valle (2003) in the Colombian Pacific flood forests, considered to be intermediate tropical 
forests. 

This first stage was followed by a second stage in which decomposition was slower, 
likeley occasioned by the dominance of recalcitrant materials. In searching for a possible 
association between rainfall and material weight loss in the litter bags, an inverse correlation 
was found being this stronger in Jardin sites with lower rainfall regime (JS and JNS) (Table 
7). However, this relatioship was not found in the ANOVA with previous subsoiling 
treatments. This likely means that other factors such as: weather, chemical litter composition, 
and microorganism activity influenced litter decomposition on these sites (Swift et al. 1989, 
Aerts and Chapin 2000). 

We found that litter quality indexes (lignin, phenols N, C, P content, C/N and C/P ratios) 
were good predictors of litter decomposition as reported by several authors (Xuluc-Tolosa et 
al. 2003, Ngoran et al. 2006, Martínez-Yerízar et al. 2007, Prause and Fernández 2007). 
Organic substrate mineralization generally can be predicted from the N content and the C/N 
ratio. For instance, when the N content are between 1.0 and 2.5% and the C/N ratio is < 25-
40, organic matter decomposition and N mineralization occur rapidly (Seneviratne et al. 
1998, Torreta and Takeda 1999, Ngoran et al. 2006), particularly when the lignin contents are 
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low (Ribeiro et al. 2002). The values of these parameters in the leaf litter, led us to expect a 
low decomposition rate and scarce N release (Bubb et al. 1998). 

However, this relative rapid decomposition rate did occur. In other complementary 
studies (León et al., 2008) found active soil functional groups that play an important role in 
the biochemical cycle (N2 fixing bacteria in rhizobial nodules, phosphorous solubilizing 
microorganisms, and mycorrhizal arbuscular fungi). 

N and P concentration showed a strong inverse correlation with RDM (Table 7), which 
denote their individual influence on decomposition. Leaf litter P concentration was lower than 
in other tropical leguminous plants (Palm and Sánchez 1990), which probably indicates its 
low circulation in the plant-soil systems due to (i) scarce availability in these mining-
degraded soils and (ii) a high mobility inside the plants. 

On the other hand, lignin content in the litter bag materials was lower than that reported 
in other tropical and subtropical plantations of A. mangium (Bernhard-Reversat and Schwartz 
1997, Kadir et al. 2001). Although lignin content may regulate the decomposition rate 
(Bernhard-Reversat 1993), this did not ocurr in our study. The negative correlation between 
lignin and RDM suggests that a higher decomposition rate leads to higher lignin content, 
which contrasts with the recalcitrant character of this compound; making the degradation of 
organic matter more difficult to achieve (Meentemeyer 1978, Arunachalam and Singh 2002, 
Prause and Fernández 2007). In fact, at the end of this study we detected an increase in 
lignine concentration respect to intial values (Table 6). This suggests that recalcitrant 
compounds increase over time. Despite of that, this apparently did not affect the leaf litter 
weight loss in the litter bags (Figure 4). 

Palm and Sánchez (1990) indicated that low soluble phenol concentration in a leaf litter 
produced a faster decomposition than materials with high phenol values. The phenol content 
found in this study was higher than that reported by Kadir et al. (2001) and Palm and Sánchez 
(1990) in A. mangium and other tropical leguminous plants (Table 7). Decomposition rates 
obtained on this study according to the simple exponential model corresponded to 
intermediate values of the reported interval in tropical forest and plantations (k=0.1-4.8) 
(Sundarapandian and Swamy 1999, Singh et al. 1999, Kurzatkowski et al. 2004). These 
results could have important repercussions from the perspective of degraded land restoration, 
since the decomposition rates found indicate that litterfall contribute in the process with high 
levels of organic matter and nutrients, which in turn contributes to the reestablishment of the 
soil physicochemical properties as well as biological activity (León et al. 2010). 

RDM nutrient concentration showed a decreasing sequence: N>Ca>Mg>K>P, which is 
coincident with previous reports regarding A. mangium plantations (Ngoran et al. 2006; Singh 
et al. 2004). Among other factors, this situation may be found to be the result of atmospheric 
depositions washed from the canopy on the soil surface, leaf washing, mycelial invasion, and 
abundant microorganism presence in the topsoil. Nutrient release followed the decreasing 
sequence K>N>Mg>Ca>P (Figure 5). Rapid release of K is widely reported due to its mobile 
condition. For example, Villela and Proctor (2002) reported that in tropical forests in Pará 
(Brasil), K loss of 70% was found in Ecclinusa guianensis leaves. Similar tendencies were 
reported by Ngoran et al. (2006) in A. mangium, reaching a K loss over 80%. 

Three phases were distinguished in N release: an initial slow phase (until day 113), a fast 
phase (day 141) and a final phase dominated by immobilization (Figure 5). This N release 
pattern was different than that found in other studies (Bubb et al. 1998) and suggests that N 
release are regulated by site conditions, fundamentally by microbial activity and litterfall 
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quality (Gallardo-Lancho 2000). A slow N liberation possibly resulted from low soil microbe 
levels. 

It is outstanding the increase in the soil organic matter, N, and P contents; as well as the 
improvement in soil physical parameters. N concentration in the soil was quite high in the 
plantations (with a mean of 0.5%), more than two times the values found on the unplanted 
plots, likely as a result of symbiotic associations established by the species with bacteria 
fixing atmospheric nitrogen. Undoubtedly, these changes in soil parameters, after 11-years, 
support our hypothesis that A. mangium plantations help to remediate soil conditions in these 
degraded lands. 

The positive effect of the N content of leguminous species on soil has been highly 
recognized (Pearson and Vitousek 2001). In the Acacia genus, there have been reports on A. 
albida in arid soils in the Oriental Africa and Center-Sur Africa, where Acacia has often been 
introduced as part of desertification control programs. There, Dunham (1991) encountered N 
concentrations from 0.08% to 0.15% on sites outside the plantations, with all of these values 
being inferior to the findings of this study. The species’ capacity to establish symbiotic 
relationships with bacteria-fixing atmospheric nitrogen offers edaphic N the independency to 
grow and develop, reaching higher leaf concentrations with a mean value of 6.4% (León et al. 
2010). P increased significantly in the soils in the plantations in front of the unplanted plots 
(Table 8). Dunham (1991) found statistically significant increases in soil P under Acacia 
albida plantations – as much as 60% higher than on unplanted plots. The limited availability 
of P in the soil was reflected in its concentration in leaves, especially in the plantation’s 
mature leaves, which according to León et al. (2010) ranged between 0.036% and 0.047%. 

Soil organic matter and aggregate stability were improved by the plantation’s 
development. This was likely produced as a result of (i) a better aggregate soil structure by 
fine roots that occupy the top soil, and (ii) contributions of organic matter derived from fine 
litter decomposition. 

As a consequence of the later process, higher soil acidity can be developed as found in 
the plantation soils, due probably to the fact that during the decomposition process organic 
acids are liberated and acidic compounds are also produced by the roots (Marschner 1997). 

 
 

CONCLUSION 
 

The results of this study clearly show that A. mangium plantations have a great capacity 
to reestablish the biogeochemical cycles in soils degraded by mining activities and to improve 
soil physicochemical and biological parameters. The large amount of fine litterfall in these 
plantations represented a potential source of organic matter and nutrients. Litter 
decomposition was considered rapid and may be predicted at least partially from some litter 
quality indexes and rainfall. The annual decomposition constant (k) ranged between 1.25 and 
1.80, the C return onto the soil fluctuated between 2.0 and 2.4 Mg ha-1. These return rates 
measured were probably lower than the real values, due to the restrictive conditions imposed 
by the litter bags and because only the leaf fraction of the fine litterfall was considered in this 
estimate. The contributions of organic matter, carbon, and nutrient release from fine litter 
decomposition substantially improved some soil properties (soil organic matter, N and P) by 
2-3 times respect to unplanted sites. In general, effective release of Ca, Mg and K was 
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registered with similar patterns. P was the most restrictive element in the decomposition leaf 
litter and plantation productivity. 

The high contributions of organic matter and nutrients via fine litterfall and 
decomposition indicate that even without forestry management practices, the biogeochemical 
cycles could be reactivated and soil improved. 
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ABSTRACT 
 

Furcraea species are native to the Andes mountain region of Colombia and 
Venezuela, and are known by the names hemp, sisal, stalk, cabuya, or maguey. These 
species grow at any altitude, but they grow best between 1000 and 2000 meters above sea 
level. Furcraea spp. are considered effective at rehabilitating poor-quality and eroded 
soil, at retaining moisture in their fleshy leaves, thus requiring little water, and at 
capturing CO2. However, the process of extracting the long fibers of Furcraea spp. 
produces a high volume of biomass waste with high concentrations of saponins, 
sapogenins, and steroids, substances that are toxic to some organisms. Therefore, it is 
important to evaluate the specific effects of incorporating biomass waste into soils 
according to the region where it is grown and processed. This chapter evaluates the 
effects of incorporating Furcraea spp. biomass generated during the artisanal extraction 
of long sisal fibers on the physical and microbiological properties and chemical 
conditions of andisols. The biomass was analyzed for its composition, and significant 
amounts of lignin and cellulose, both of which are important in the generation of labile 
organic matter, were found. The experiment was conducted in separate reactors with 
biomass mixtures and sisal soils in proportions ranging between 10% and 40% (w/w). 
The tests showed that biomass generates a positive change in soil porosity, organic matter 
levels, and cation exchange capacity (CEC), with mean increases of 40%, 6% and 10 
CEC Cmol kg-1, respectively. 
 

Keywords: Furcraea spp., Biomass, Andisol, Soil properties, Native forest 
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INTRODUCTION 
 
Plants of the genus Furcraea originate from tropical regions of South and Central 

America, with the Furcraea andina species originating in the Andean region of Colombia and 
Venezuela. The plants have long been used by indigenous inhabitants as living fences, for the 
production of alcoholic beverages, and as medicine (Aristizabal & Zapata, 1990). The genus 
Furcraea includes nearly 20 species and belongs to the family Agavaceae, the calss 
Monocotyledonae and the Angiosperm (Montoya & Tobón, 1979). These rugged plants can 
adapt to many climates. They are found from 0 to 3000 meters above sea level and grow in 
soils derived from volcanic ash, as well as gravelly and loose soils, although they prefer 
porous and moderately acidic soils. Furcraea species have deep perennial root systems that 
bind loose soils together, allowing them to fix atmospheric nitrogen and to assist in the 
regeneration of eroded soils with low fertility (Bonilla et al., 2000, Jimenez, 1968). Furcraea 
leaves are persistent, lanceolate, and generally ten times longer than they are wide, often with 
entire margins serrated or festooned. When the leaves are developed, they are fleshy, with 
parallel veins, and in their mature stage some species exhibit leaves that can measure up to 
three meters in length and produce long, commercially attractive fibers (SDAFE, 2002) 
(Figure 1). 

 

 

Figure 1. Sisal cultivation in the Andean region of Colombia. 

From the sisal leaf, known colloquially in Colombia as “fique”, a long, natural and 
biodegradable fiber known locally as “cabuya” is extracted and used in the manufacture of 
nets, ropes, bags, and facial tissues. Besides having a positive effect on mitigating soil 
erosion, the plant retains soil moisture and fixes atmospheric CO2. In the plant biomass, the 
stored carbon is transformed into substances such as lignin, cellulose, hemicellulose, protein, 
and sugar. During the process of manufacturing products, a significant amount of biomass 
waste is generated, including the approximately 96% of leaf biomass that is discarded after 
defibration. This can generate environmental hazards (particularly for aquatic organisms) due 
to the waste’s high content of sapogenic substances, proteins, steroids, and toxic minerals 
(MAVDT, 2006). 

Biomass production and decomposition are two important processes that aid soils by 
providing organic matter, regulating nutrient cycling, improving physical properties and 
providing protection against the effects of climatic changes and land degradation (Singh et al., 
1999; Weltzin et al., 2005). Biomass quality and composition vary among species and 
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locations depending on the soil’s physio-chemical properties, climatic conditions, and 
microbial activity in the soil (Polyakova and Billor, 2007; Wang et al., 2008). Differences in 
these factors influence biomass pools. Forest ecosystems have been widely recognized as a 
key factor in nutrient cycling in global terrestrial ecosystems (Meentemeyer, 1978; Vitousek, 
1982; Van Vuuren et al., 1993; Vitousek et al., 1994; Aerts and De Caluwe, 1997; Aerts and 
Chapin, 2000). In Colombia, large expanses of the Andean forest highlands have been 
removed for agricultural land use (Etter et al., 2006), and forestry plantations have altered 
both biodiversity and endemism in the region (Gentry & Dodson, 1987; Henderson et al., 
1991). 

Some of the current problems of applied ecology include a lack of effectiveness and 
environmental safety in the process of waste reduction and disposal, as well as the 
environmental impact of the waste. In this regard, the “fique” crop’s plantroot provides 
physical environmental benefits that increase the soil’s ability to retain the low-mobility 
carbon present in the lignocellulosic material originating from the leaf biomass. Additionally, 
the plantroot can improve the physical and chemical properties of these soils. 

This study examines the effect of applying Furcraea Andina Trel biomass produced 
during the manual extraction of natural fibers to acidic andisols. The biomass, as an important 
source of fixed carbon originating from atmospheric CO2, was analyzed to determine its 
chemical composition and cellulose, hemicellulose and lignin contents. Changes in physical, 
chemical and biological properties in an andisol (source of the test) as a result of biomass 
application were studied for a period of four months under controlled conditions. 

 
 

METHODS 
 
This study used an andisol located in the northern region of the Central Cordillera of the 

Colombian Andes at 2230 meters above sea level (6º 22’ 2019,75’’N – 75º 21’ 38,91’’W). 
The study took place in the municipalities of San Vicente and Barbosa in the Antioquia 
department. The annual average temperature is 25°C and the annual average rainfall is 2800 
mm (IGAC, 2007) (Figure 2). The soil of this region is characterized as acidic, and was 
physically, chemically and biologically analyzed to determine its initial conditions. The 
residual biomass resulting from fiber extraction was supplied by farmers from the same 
region, and its chemical composition was analyzed as well. Physical, chemical, 
microbiological, bromatolological and infrared analyses, as well as scanning electron 
microscopy, were carried out in the laboratories of the National University of Colombia-
Medellín and the Engineering School of Antioquia (UN-EIA). 

The experiment consisted of five tests that used superficial soil mixtures and fique 
biomass in different proportions. The tests were based on a univariate experimental design 
(analysis of variance). Four samples consisting of fique biomass proportions of 10, 20, 30 and 
40%, were analyzed. The tests, which were carried out over the course of four months, 
assessed changes in the soil properties. The average temperature throughout the test was 27 ± 
2°C. For each sample, a control corresponding to the soil was used with no addition of fique 
bagasse. All tests were performed in triplicate. 
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Figure 2. Study area in west central Antioquia, Colombia. 

As a complement to the laboratory analysis of the biomass, an analysis was carried out 
using Fourier Transform Infrared Spectroscopy (FTIR) to determine the main functional 
groups of the fibers analyzed. Additional images of the surface material were generated using 
Scanning Electron Microscopy (SEM). 

 
 

RESULTS 
 
Due to the fact that biomass waste consists not only of short fibers but also of remaining 

parts of the leaf parenchyma and its juice (which explains why the lignocellulosic content 
percentages are not very high; 51.1% in total), organic solvent extractibles, proteins, sugars 
and starches, as well as other organic and inorganic products of low molecular weight, can 
constitute a significant proportion of the raw material (Barba, 2002). 

The biomass content consisted of 8% lignin, 41.5% cellulose and 1.6% hemicellulose, 
values comparable to those of soft wood or plant fibers such as those of coconut (David & 
Hon, 2003). The fixed carbon content found in lignocellulosic sisal compounds can be 
disposed of in the soil, becoming part of labile carbon. The lignocellulosic characteristics are 
verified through the infrared biomass spectrum (FTIR), as shown in Figure 3, where the band 
located at 3264 cm-1 corresponds to alcohol groups, the band at 2916 cm-1 to vibration 
characteristic C-H methyl and methylene groups, the band at 1609 cm-1 to carbonyl groups  
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C=O and groups C=C in aromatic rings which can also generate vibrations in bands near 1412 
cm-1. The bands 1412 and 1316 cm-1 are assigned to -CH3, CH2, double bonds, aldehydes, 
ketones, organic acids, esters and amides, as well as secondary alcohols and CO carboxylate 
groups. The 1025 cm-1 band can be assigned to groups of alcohols (R-OH). These functional 
groups are typical of the structures of cellulose (CH, R-OH, CH2), hemicellulose (CH, R-OH, 
CH2) and lignin (C=C, C=O, CO), which are important components of sisal fiber. 

 

 

Figure 3. Fourier Transform Infrared (FTIR) Analysisof Biomass. 

Analysis of the functional groups using Boehm titration (Table 1) confirmed the 
existence of basic structures that allow fixing of atmospheric carbon, as well as an increase in 
CEC values, as a result of the application of the biomass. 

 
Table 1. Content of functional groups in the biomass of sisal 

 

 Basic (Meq H+g-1) Acid (Meq H+g-1) 

 Carboxylic Lactonic Phenolic 

 1.119 ± 0.047 0.574 ± 0.075 0.235 ± 0.0240 0.910 ± 0.198 
 
Scanning electron microscopy analysis (SEM) (Figure 4) shows the surface structure and 

porosity of the biomass fiber, which provided the soil mixtures with enough empty spaces to 
improve porosity and dry density, and also generated stable and enduring structures during 
the tests. The chemical composition of the biomass is shown in Table 2, the elemental 
contents supplied by the material when it is added to the surface of a degraded soil can be 
observed. The effect of this contribution was demonstrated through subsequent evaluation of 
the mixtures. 

The initial soil (shown in Table 3) displayed moderate acidity, low CEC, high bulk 
density (BD) and low porosity, the last of which is characteristic of andisols. Changes that 
occurred during the disposal of biomass were observed to be positive in all cases. 
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Figure 4. Biomass sisal, scanning electron microscopy (SEM) with approach of the fiber. 

Table 2. Results of residual foliar fique biomass analysis 
 

N P S Ca Mg K Fe Mn Cu Zn B 
% g g-1 
1.92 0.21 0.10 4.27 0.30 2.91 394 18 5 17 23.31 

 
Table 3. Physical and chemical analysis of soil 

 
DD Porosity Texture pH O.M Al Ca Mg K CECE P 
g cm3 % A % L % Ar % Clase  % Cmolc kg-1  Mg kg-1

2,32 11,54 84 8 8 AF 4,8 14 1.1 3,4 0,2 0,18 4,9 7 
 
Soil without biomass showed a coloration of 10YR2/1 (black). Soils with 10 and 20% 

proportions of bagasse, on the other hand, displayed a lightening in color, to 2.5Y3/1 (dark 
gray). This tone remained constant for the duration of the study. The same situation occured 
in the soil samples with 30 and 40% proportions of bagasse, which changed color to 2.5Y3/2 
(very dark grayish-brown). It is important to note that the color was measured with air dried 
samples. The variations in color may be explained by the oxidation process of organic acids 
present in the biomass. 

Decreases in the soil’s dry density corresponded to the proportion of biomass in the soil. 
This change occurred in all the mixtures, with the 30% biomass sample presenting the most 
significant reduction. In general, a reduction in dry density is related to porosity and soil 
aeration and is observed with an increase in pore spaces required for aerobic organisms. 
According to Jaramillo (2002), the reduction in dry density correlates with the content of 
organic matter, and it can improve soil structure by increasing particle aggregation. This 
characteristic has been shown in physical degradation and resource degradation studies. The 
biomass/soil mixtures showed dry density reductions of approximately 40%, as can be seen in 
Figure 5. 

Changes in density were indirectly correlated to the percentage of porosity, indicating 
that a direct supply of sisal biomass may increase an andisol´s porosity from 11.54% to 
56.82%. Good porosity development of soil micro- and macrobiota requires values close to 
50%, as suggested by Jaramillo (2002). The test results are shown in Figure 5. 
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Figure 5. Changes in a) dry density of soil (g/cm3), b) porosity of soil (%), c) CEC of soil (cmol/kg), d) 
pH of soil and e) O.M. of soil (%) applying different percentages of biomass. 

The tests also showed an increase in the Cationic Exchange Capacity (CEC) of the 
mixtures when sisal biomass was applied. Using the initial soil CEC as a reference, Figure 6 
shows the level of change with respect to the percentages of biomass applied. The soil with 
10 and 20% biomass proportions maintained CEC values between 8 and 10 cmol kg-1 over 
time, while the values for soil with 30 to 40% proportions varied between 16 and 26 cmol kg-

1, a figure consistent with the greater amount of organic matter added. Carboxylic groups and 
amino and OH radicals present in biomass (Figure 3) provide a significant quantity of pH-
dependent negative charge, which can increase a soil´s total CEC. This change enhances the 
absorption of elements by biota and the retention of nutrients needed to maintain the 
environmental conditions of the soil as a natural resource. 

One of the most important results of this study was the change in soil pH following the 
addition of sisal biomass. On average, pH increased from an initial value of 4.8 to a post-
biomass addition value of 6.5 units. In the mixtures with 30 and 40% residual biomass, soil 
pH appeared to increase by almost 30% compared to its initial value. As in the case of the 
CEC, the pH of the mixtures tended to stabilize over time during the tests, depending on the 
buffering capacity of the soil (SCCS 2000). Figure 4 shows the magnitude of pH change. 
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Figure 6. Changes in the levels of component nutrients depending on biomass percentage: a) changes in 
Ca; b) Changes in Mg; c) Changes in K, d) Changes in P. 

Soil changed from acidic to slightly acidic or neutral as a result of biomass incorporation. 
This change is considered agronomically beneficial, because most elements can easily be 
absorbed by plants at a pH of 5.5 to 6.7 (Jaramillo, 2000). Additionally, in conditions close to 
neutral pH, the decomposition process of organic matter helps to increase the availability of 
nutrients, positively influencing biota development. The percentage of organic matter in the 
samples increased, as anticipated, following the application of biomass, from 14% in the 
initial samples to an average of 20% in the biomass samples (Figure 5). 

The levels of Ca, Mg, K and P increased with biomass incorporation, compared to the 
initial values found in the soil. This change was most evident in the sample with the highest 
proportion of biomass, which is consistent with that sample’s higher level of organic matter 
(Figure 6). 

With respect to the toxin content of the biomass and the environmental hazards posed by 
it, an initial microbiological analysis was performed. The fungi in the soil were identified as 
gram-negative Mucor sp., Fusarium sp. and Rhizopus sp. At the end of the test, results 
showed that no inhibition of microbial biomass distribution had occurred and that the 
microbial composition of the soil was similar to that of the original soil. The results also 
showed an increase in gram-positive bacterias, filamentous fungi and Candida sp. yeasts. 

Through an analysis of variance in the physical and chemical soil conditions, a 
statistically significant difference was found between the initial soil and soil mixed with the 
residual biomass of manually extracted sisal fiber. In the case of dry density, a value of p = 
0.58 was established, with confidence levels of 95%. This is greater than the predetermined 
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significance level a = 0.05, meaning that no statistically significant difference was found 
between mean values of dry density based on biomass proportion (Figure 7). 

CEC analysis showed a p valued of 0.000, which is lower than the predetermined 
significance level, a = 0.05; therefore, at least two of the sisal biomass samples analyzed 
exhibited a statistically significant difference between CEC mean values for the samples 
analyzed. Based on the analysis of two homogeneous groups containing 10-20% and 30-40% 
biomass, it can be assumed that the effect of biomass application on CEC will be similar 
between the 10 and 20% and the 30 and 40% biomass samples (Figure 7). 

In the pH analysis, a p-value of 0.000 was obtained. This leads to the conclusion that 
homogeneous groups do not exist. Additionally, the confidence intervals of the proportions 
do not overlap, evidence that there are statistically significant differences between all biomass 
samples.  

Similarly, the analysis of organic matter showed a p-value of 0.0022, indicating that the 
proportions of 10% and 20% biomass present a statistically significant difference between 
their mean values (Figure 7). 

 

  

  

Figure 7. Graphs of statistical significance with LSD method. 
 
 

CONCLUSION 
 
The commercial cultivation of Furcraea spp. native to the Colombian Andes generates a 

solid waste, or biomass, that, when incorporated into soils, improves the physical and 
chemical conditions of poor-quality soils. Based on the present study, the best results appear 
to occur when 30% biomass is mixed into the soil. Due to the characteristics of the biomass 
composition, incorporating it into soil has the potential not only to contribute to an increase in 
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organic matter content, but also to provide a carbon retention mechanism present in the 
lignocellulosic structure of this residue. Based on the results obtained, the use of 30% and 
40% proportions of biomass appear to cause the most significant positive changes in the 
properties analyzed, creating benefits such as green manure, soil recovery and the fixing of 
atmospheric carbon. 
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ABSTRACT 
 

Forestry management effects has been studied by means of radiotracking 21 wild 
adult tortoises Testudo hermanni hermanni on three different forestry treatments during 6 
months (July 2009 - January 2010). During the study, the main characteristics of the 
home range, as well as the interactions between individuals, vegetation, and climate were 
studied. Results show that tortoises were present in open areas (pastures, sparse corks) for 
30 % of locations, whereas mostly (70%) in dense forest and heath scrubland. Tortoises 
mortality for manual forestry methods was found to be lower than mechanized forestry 
practices, both of which are lower than mortalities associated with forest fires. 
 

Keywords: Forest Management, Mountain tortoises, Biodiversity, Conservation, Ecological 
Interaction 
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INTRODUCTION 
 
Hermann’s tortoise (Testudo hermanni hermanni) has an isolated distribution in several 

Mediterranean countries: Spain, France, Italy, Balearic Islands, Corsica, Sardinia and Sicily 
(Sos et al., 2008). Several studies have determined population distributions, densities and sex-
ratios of this species (Fèlix et al., 1990, Franch and Oller, 1998, Budo et al., 2003; Bertolero, 
2010), as well as the size of its home range (Hailey, 1989; Calzolai and Chelazzi, 1991; 
Bertolero, 2010). Complete population estimates are difficult to compile, particularly in some 
areas such as the Albera Natural Park, due to their crypsis and that a high percentage of the 
year they are neither active nor visible, as they dig themselves in for hibernation (winter), or 
for a period of aestivation when hot in midsummer (Franch and Oller, 1998, Budo et al., 
2003, Bertolero, 2010). Key to the conservation of some species is a requirement to retain an 
ability to detect a trend (usually a decline) in a population over time (Anon, 2002). The 
Hermann’s tortoise has survived probably due to the fact that some areas were an effective 
refuge for Testudo during periods of climatic shifts (Morales and Sanchis, 2009). The only 
remaining native populations of the tortoise in the Iberian Peninsula are found in the Albera 
massif, a protected area in the Eastern Pyrenees, Catalonia, Spain (Llorente et al., 2002; 
Vilardell et al., 2008). At present, in the Albera mountain range, it is estimated that the 
population of Hermann’s tortoise is between 6000 and 7000 specimens (Martinez and Soler, 
2005). As a result of human pressure (land use changes, wildfires, illegal harvesting, and 
forest management) and predation, the subspecies T. h. hermanni has disappeared from most 
regions, and is currently considered to be globally endangered (Madec, 1996; Guyot and 
Clobert. 1997; Budo et al., 2003). Egg predation by junior tortoises or adults can occur, or by 
several mammals and bird species (Budo et al., 2003; Vilardell et al., 2008; Bertolero, 2010). 

One factor affecting the recovery of this species is of the effect of forest fires (Cheylan, 
1981), as well as the development of dense scrub in forestry zones (Bertolero, 2010). Some 
studies in the south of France report up to 85% of tortoise mortality associated with forest 
fires (Cheylan, 1984). Studies in a northern Greek zone (Alyki Lake) report fire mortalities of 
46 % and 70 %, respectively (Stubbs et al., 1981; Hailey, 2000). During the forest fires in the 
summers of 1986 and 1994 in the Albera Natural Park and in the Garraf massif in Spain, a 
mortality of 30.4% and 76 % were estimated respectively (Fèlix et al. 1990; Martínez and 
Soler, 1998). The high mortality of Testudo species after a fire is because of difficulties of 
thermoregulation, land aridification, deforestation, burrow absence, food scarcity, inhalation 
of toxic fumes and some with burns (Merchán and Martínez, 1999; Martinez and Soler, 
2005). 

On one hand, Mediterranean forests need appropriate silvicultural and management 
strategies for effective forest conservation in the region; otherwise it is impossible to control 
forest fires and landscape degradation (Scarascia et al., 2000). 

On the other hand, studies particularly in mountainous areas showed that forestry 
management practices have negative impacts on amphibians and reptiles (Ash 1997; 
deMaynadier and Hunter 1998; Yahner et al., 2001). The direct influence of forestry practices 
on Hermann’s tortoise and its influence on his home range have not been studied. 

The primary aim of this chapter was to determine the effect of the change of vegetation 
on tortoises home range, (resulting three different vegetation treatment plots: bushes totally 
cut plot, scrub cut only 3m around the trees and no actuation plot). To achieve this radio 
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tracking was used to know the tortoises’ weekly movements, and to evaluate the impact of 
forestry practices on the tortoises. The secondary aims were to compare the effect of forestry 
practices; mechanical (tractor) and hand cutting treatments on Hermann’s tortoises, studying 
the response of tortoises to the different machines used, as well as the tortoise mortality 
associated directly with the respective forestry practices. 

 
 

MATERIALS AND METHODS 
 

Study Site 
 
Hermann’s tortoise was studied in La Balmeta valley, Spain (grid ref). This was on land 

administered by the Spanish government named Mas Guanter (GI-3002), belonging to the 
municipality of Llançà in the Oriental Pyrenean mountains area in the Northeast of Spain, 
(Figure 1). Mas Guanter is 57857 ha, with 35907 ha wooded forest and 2195 ha scrubland 
and pastures. Study plots were established on the mountainside of the highest part of the 
Balmeta mountain stream area, with a total area of 1113 ha. The area has a Mediterranean- 
type climate with the last 17 years having a mean annual rainfall of 563 mm. Mean 
temperature during summer is 22.5ºC and 6.4 ºC during winter. 

The relief is has a V-shaped valley with pronounced slopes. 85% of the studied zone 
(agronomical terraces and fields) have slopes often higher than 30% with an altitude ranging 
from 104 to 605 m. The substrate consists of graywacke, ocher sandstorm, limonites, and 
some pelites and psammites, with a low metamorphism degree. 

 

 

Figure 1. Location of the study zone into the public forest Mas Guanter, the underlined zone indicates 
the study site. 
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The soils at the experimental sites are classified as Lithic and Typic Dystroxerepts (SSS, 
2006). The forestry practices to avoid forest fires included firebreaks, elimination and crush 
of scrublands in the roadsides (25 m close to the way), forestations with cork (Quercus suber) 
and reforestations with pine. 

In the wooded forests (cork) pruning was undertaken to improve tree form. To analyse 
the effect of different management practices, the study area (111,3 ha) was divided into 
different zones with different forestry treatments, controlling and analysing the effect of these 
treatments on the tortoises populations. One zone (30 ha) had total elimination of bush below 
trees (manual), and pruning of trees. 

The second witness plot “untreated” (20 ha), and the third had micro plots (30 ha), where 
bushes 3 m around cork trees were removed to create open zones for tortoises to sunbathe. 30 
ha of firewalls (total elimination of bushes but mechanized) and river forestry clearance 
practice (1.3 ha). Distribution of the treatment plots preserved the witness plot in the center of 
the study zone as a possible refuge for tortoises. Percentages of the different forestry 
treatments in the study zone are shown in Figure 2. 

Before the start of the forestry work began, forest workers received an induction about 
how to cut the bushes reducing the risk of damage to a tortoise, by first cutting horizontal 15 
cm above the soil to check for tortoise presence. To ensure food zones and refuge zones for 
tortoises in the valley, some protection zones were preserved mostly near elm leaf blackberry 
(Rubus ulmifolius). These zones were identified as tortoise refuges (Observed data). 

 
 

Capture Techniques and Radio Tracking 
 
Radio tracking techniques were used to monitor tortoises during the implementation of 

the different forestry practices with fire prevention an objective, from July 2009 to January 
2010. Twenty one wild tortoises were located (June 2009) and captured by hand by walking 
the forest area along mammal pathways. Tortoises were usually encountered in open grassy 
areas and old mix forest (cork and shrubs). 

 

 

Figure 2. Percentage distribution of the different forest treatments realized on the study site (111,3 ha). 

Complimentary Contributor Copy



Effects of Forest Practices on Tortoises Wild Population in a Forest Area 193

Most individuals were captured mainly during the first hours of the day and from half 
afternoon till it get dark (maximum activity moments during the summer period), in humid 
zones and under blackberry bushes. 52% of individuals were males and the rest females. Each 
tortoise was distinctly marked with combinations of notches on the marginal scales (Cagle, 
1939). 

All animals were sexed, and measurements including length, width and weight taken and 
age estimated from the growth annuli on the scutes of the carapace, being one growth annuli 
per year. We drew and photograph the marks and anomalies of the carapace, mainly due to 
forest fires and predators. After tortoises were marked, a transmitter was attached on each, 
located subsequently with a 216 MHz receptor (Panasonic, SL, PLACE). Each transmitter 
(Ayama, PLACE) had a durability of 6 - 8 months, 20 mS having 40 pulsations/minute and 
216 MHz frequency. Transmitters were attached with resin used for the treatment of hooves 
(Demotec 90, PLACE). Location on the carapace was selected so as not to disturb the 
different biologic activities of the wild tortoises (survival, reproduction, foraging, 
hibernation), being between the second and third costal scute in females and on the last costal 
scute in males. On 31 July 2009, the 21 studied tortoises were released with seven tortoises 
per treatment (microplots, no actuation and total elimination of bushes), closest to their initial 
location. Radio tracking consisted of one or two locations weekly, according to the proximity 
of the forestry practice, to avoid possible damage and to evaluate the reaction of the tortoises. 
Per each location were recorded type of vegetation, habitat, activity of the tortoise and the 
geographical location (coordinates UTM) using a global positioning system (GPS, type, 
PLACE). 

 
 

Home Range 
 
To estimate tortoises use of habitat (before the change of vegetation due to the respective 

forestry practices) the fix Kernel methodology was used because approaches more than other 
methodologies the reality (Powell, 2000; Kernohan et al., 2001). Location data were weighted 
having more importance the values close certain value and less weight to the remote values. 
On the polygons drawn on a map that resulted from this GIS technique application, is where 
there is more probability to found the studied animal. The technique is based on the locations 
approximation to the Kernel Gaussiana function, based on the h parameter, which determine 
the data dispersion. The polygons where found using a probability function of normal 
bivariant standart (equation 1), according the coordinates X, Y, founded: 

 

1
6

var var

2
x y

mfh n
 

  (1) 

 
Between the informatics tools that could calculate Kernel polygons, stands out Animal 

Movement Extension, Biotas, Hawth’s Tools, Home Range Extension (HRE, Supplier, 
PLACE), and Kernel Home Range (Kernohan et al. 2001). Between these options the chosen 
tool was HRE, due to its efficiency determining contours of home range probabilities, due to 
project adjusted home ranges according to a determined h (Mitchell, 2006). 
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To execute HRE program Arc Map3 (Supplier, Place) was used. In the studied zone 
different Kernel polygons were done per monitored individual as well as per groups of 
tortoises that shared partially the same zone and home range, studying the nucleous area 
(kernel 50% and 70%) and the representative zones (kernel 95%). The kernel 95, 70 i 50% 
determinate the area where the animal spends 95, 70 and 50% of the time, respectively, in 
other words is the probability to found the animal on this surface. According to this polygons 
obtained (Figure 3) the home range of the Hermann’s tortoise was analysed to establish the 
parameters needed to their conservation (vegetation, slopes, state of the vegetation) 
(Longepierre et al., 2001). 

 

 

Figure 3. Home Range distribution of the 21 monitored tortoises by means of radiotracking in Mas 
Guanter Forest on the Albera Natural Park. The 95% and 50% of the localizations were in 70.89 ha and 
17. 40 ha, respectively. 
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Evaluation of Damage to Tortoises by Forestry Practices 
 
To determine the effects of the different machines used for the respective forestry 

practices and their direct impact on tortoises, 60 plaster tortoises were made using mould with 
similar dimensions and approximate weight to a real tortoise adult. The durability of moulds 
allowed marking and damage to be registered. A statistical design was realized to evaluate the 
effect of the different forestry practices (manual with brush cutters and mechanized by 
tractor), as well as the influence of the vegetation and the slope as a possible parameters 
correlated with the impact degree. Each sampling plot had an area of 200 m2. It was 
considered three different treatments as manual work crushing the remains into small parts, 
manual work cutting up into 0.5 m pieces, or mechanized work with chain tractors, 
considering 3 plots per treatment. On the manual treatment the studied parameter was 
according the vegetation cut, considering one plot of elm leaf blackberry, brierroot (Erica 
arborea L.) and remains of mediterranean falsebrome (Brachypodium retusum), having 9 
repetitions per plot. In the mechanized forestry practice with chain tractor, relief was 
evaluated with one plot with gentle slope and another with moderate slope, having 9 
repetitions in each. In total 24 plots with 9 repetitions each being 216 repetitions was used 
with tortoise models. 

In each plot the 9 model tortoises were hidden under the vegetation as a wild tortoise 
does. After the workers cleared the undergrowth from the plot, according the equipments 
used, an analysis of the damaged model tortoises was done, considering different levels of 
damage. Data were subjected to analysis of variance (ANOVA) and Duncan test to compare 
effect of the different forestry practices as well as the influence of the vegetation and the 
slope as possible parameters correlated with the impact degree using a significance of 0.05. 
Statistical analyses were conducted with the software Statgraphics Centurion XV (StatPoint. 
Inc). 

 
 

RESULTS AND DISCUSSION 
 

Home Range 
 
Hermann’s tortoise had a mean home range area of 4.35 ha (SD 3,07), being higher in 

males than in females. The values to Swihart Slade (2,25) and Schoener (0,22) indexes were 
related to home ranges overlapped, uniform distribution and coincident localization (Figure 
2). The home range area of the transmitter individuals according to the sex are showed in 
Table 1. In most of cases the home ranges overlapped, resulting in 8 groups of tortoises 
(Table 2). Density from home range was 0.18 (95% probability) and 0.80 tortoise per hectare 
(50% probability). 

The obtained data were compared by seasons, determining a seasonal effect in home 
range and habitat use. Home range according to the season (summer and autumn) was 36.83 
ha and 33.00 (95% probability), and 9.82 and 7.80 (50% probability), respectively. In summer 
there was more movement and consequently a greater home range. In summer tortoises 
concentrated in the lowest parts of the valley, whereas in autumn individuals moved to the 
slopes of the valley. 
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Table 1. Home range surface, according to sex 
 

 Home range representative Nucleus area 
 mean SD mean SD 
Males 5,70 3,42 1,24 0,83 
Females 3,24 2,36 0,66 0,51 
Total invidious 4,35 3,07 0,92 0,71 

Representative zone 95% Kernel (ha); Nucleus area 50% Kernel (ha); SD: standard desviation. 
 

Table 2. Tortoises group having coincident home range 
 

Group Kernel 95% (ha) Density (tortoises/ha) 
Totoises (%) 

Male Female 
1 5,70 0,18 0 53 
2 9,24 0,32 105 53 
3 3,50 0,57 0 105 
4 6,22 0,80 53 21 
5 9,53 0,31 105 53 
6 10,87 0,18 53 53 
7 1,25 0,80 0 52 
8 2,90 0,69 105 0 

 
 

Habitat Use 
 
According vegetation home range of Hermann’s tortoises was mainly (33.7%) heather 

(Erica arborea), and (33.7 %) sparse cork forests while 20.2 % was open areas under B. 
retusum and pasture and the remainder (8.5%) under elm leaf blackberry and river vegetation. 
During the active period, vegetation used to hide was 47% under elm leaf blackberry, 28% 
under heather and 25% under B. retusum and dead vegetation. During summer, when 
temperatures were high (26.7ºC mean temperature) and the rainfall low (70 mm per 3 
months), tortoises chose the river zones (without water but cooler) and the blackberry to hide 
in 53.8% of cases, under heather 30.3 % of cases and 15.9% of cases were in open areas with 
B. retusum or herbaceous, where the insulation was higher. In comparison during autumn 
tortoises sought shelter in herbaceous and more open spaces with greater sunlight, preparing 
the space to hibernate. The deep hibernation (from November) was classified depending on 
vegetation used: 41.7 % under B. retusum and herbs, 19.4% under E. arborea, 25% under R. 
ulmifolius, and 13.9% hibernated in cleared areas as a result of forestry clearing practice. 
According to sex, there was no difference between the selected vegetation in summer. In 
autumn males had higher occurrence in open areas out of the river-bed, whereas most females 
hibernated under R. ulmifolius, (Figure 4). Higher and lowest temperatures affect tortoises 
displacements and precipitation favoured it, Figure 5. The individuals developed their activity 
between 148 and 299 masl and 30 to 50% slope correspond to 77% of the area (optimal rank 
of slopes), this confirming the results found by Llorente et al. (1995). However, the females 
have a slight trend to go up during autumn resting there till the hibernation (lower slope sites 
2%). During summer, the tortoises move on zones with a mean slope of 33,9% (SD 16,3) 
whereas in autumn and winter the rank oscillates between 41,3% and 39,3% (SD=13,2 and 
14,5 respectively), it doesn’t exist significant differences between sexes. 
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Figure 4. Hiding vegetation used according to the sex and seasons along the study zone. 

 

Figure 5. Temperature, rainfall and tortoises displacements relationship, during the studied period. The 
most influent climatic parameters into the tortoise ethology and activity had been temperature and 
rainfall. 

 

Movements of Tortoises 
 
Analysing the activity of the tortoises it has taken into account the accumulated 

displacement and the mean daily movement (Table 3). Mean total distance covered during the 
study time, was 752.6 m having a daily mean distance covered of 7.7 m. Due to excessive hot 
days in summer, tortoises started an inactivity period reducing their activity and movement, 
resting in a semi lethargic state during mid-morning and early afternoon or that could be 
extended for some days (Observed data), but even so in summer the activity was slightly 
higher due to a second mating period (males increased the activity searching females) and 
some late lays, because the females have to search an adequate oviposition zone. Total 
movement and size of home range of 80% of tortoises was correlated (R2 = 0.92). 
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Table 3. Accumulated displacement values and average daily displacement, according to 
the sex and different seasons studied 

 

 
Accumulate displacement (m) Average daily displacement (m/day) 
Males Females Males Females 

Summer 
mean 642,0 477,8 14,1 10,1 
SD 334,6 354,7 7,4 7,7 

Autumn 
mean 142,9 132,8 3,7 3,6 
SD 61,3 67,2 1,9 3,0 

Hibernation 
mean 73,0 31,9 2,3 1,0 
SD 97,4 24,4 3,7 0,7 

Total 
displacement 

mean 857,9 642,4 8,3 7,0 
SD 324,9 408,1 12,4 14,0 

Global 
displacement 

mean 752,6 7,7 
SD 370,4 13,2 

Displacement global: Total displacement mean (males and females), SD: standard deviation. 
 

Table 4. Accumulated turn angle between displacements according to the different 
studied periods and sex 

 
 Males Females Total tortoises 

Summer 
mean 660,4 602,3 631,3 
SD 208,1 273,6 238,5 

Autumn 
mean 642,1 681,4 661,7 
SD 249,6 154,2 202,9 

Hibernation 
mean 239,1 246,7 242,9 
SD 160,1 163,9 157,7 

 
There was a direct relation between the length of the movements and a higher explored 

area. The 20 % remaining tortoises (mostly females), showed a high activity in a reduced 
area. Certain movement and change in movement direction of tortoises was associated with 
forestry practice (Table 4). 

 
 

Forestry Practice Effects 
 
Considering the parameters to compare different tortoise habitat established by Bertolero 

(2002), the effect of the forestry practices on change of habitat was low (Table 5). The 55% 
of radio monitored individuals showed no effect to forestry practice in the proximity, whereas 
the other 45% did small displacements in the opposite direction of the workers. In most of 
cases the rhythm of work moved forward faster than the the tortoises could. During forestry 
practices, 15 tortoises were found killed with one injured that survived after healing. 

Also 8 old carapaces were found without any impact, possibly due to predation. 
Simulation with mould tortoises showed slight damage 5% - 10% in manual crushing remains 
and serious damages 4% - 11% on manual cutting remains under B. Retusum, E. arborea and 
Rubus ulmifolius, respectively. It is important to emphasize that in manual work any mold 
was crushed into parts (which would equal to the death of a real individual). 
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Table 5. Habitat evaluation of the Hermann tortoise according to Bertolero (2002) 
methodology 

 

Analyzed factors 
Valuation 

Before Forest work Immediately after forest work 
1 Food possibilities Very good Bad 
2 Sunbath possibilities Good Very good 
3 Nest zones Bad Very good 
4 Refuge sites Very good Bad 
5 Habitat area Good Good 
6 Barriers between favorable habitats Bad Very bad 
7 Number of potential depredators Very bad Very bad 
8 Density of potential depredators Bad Bad 
9 Depredation probability Bad Very bad 
10 Associated human activity risk Good Bad 
11 Natural catastrophe risk (forest fires) Very bad Very good 
12 Habitat legal protection Very bad Very bad 
Total 29 27 

Very good : 4; Good: 3; Bad: 2; Very bad: 1. 
 
 

DISCUSSION 
 
According to the advance of the active phase of the tortoise, the movements decreased, 

linked to a decrease in temperature. The optimal rank of slopes of the home range fluctuated 
between 30 and 50%, corresponding to 46.9% of the study area. Optimal height rank 
fluctuated between 150 and 300 masl, not affected by sex of tortoise, but slightly linked to the 
season, being lower altitudes in the summer. In terms of habitat, T. Hermanni was founded 30 
% in open areas (pastures, sparse corks), whereas the remainder (70%) was in dense forest 
and heath scrubland. The vegetation used as refuge depended on the year season, being under 
R. ulmifolius on summer, and B. retusum and forestry litter. During the execution of the 
forestry practices on the hibernation period, 55% of tortoises showed no reaction. 

Tortoises moulds showed that manual work had an impact of 4% (Slight damages), 
whereas the mechanical work caused 22% of mortality and 6% of serious damages. Tortoises 
models showed that mechanized work by chain tractor had a mortality of 37% on flat zones, 
with less damage (19 %) on irregular reliefs with slow slopes (Table 6). The impact of 
mortality of manual work is much less than the mortality associated with forest fires on the 
Albera massif (30.4%) (Fèlix et al., 1990). It was verified that the mechanical work with 
chain tractors in flat zones had a higher effect than on the irregular slopes. The forestry 
practices had negative impacts at the time for T. hermanni, yet a positive impact several 
months later due to renovation of vegetation, open areas, and nest sites. Considering that the 
studied tortoise population has a home range under 300 masl, it is recommended to avoid 
mechanized forestry work with chain tractors under this range, and to exclude mechanized 
work on the river-bed. The implementation of manual forestry work (by experienced and 
trained workers) are recommended, due to an increase in favourable habitat and decrease in 
risk of forest fires. To minimize the impact of the forestry intervention it is recommended to 
implement vegetation strips between forest work areas. 
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Table 6. Affection degree on tortoises according to the different forest work 
 

Forest work 
Affection degree (%) 

No touch Sd Ss Died 

Manual work (cutting remains 
0,5 m, with brush cutters) 

Brachipodium 
retusum 

85 11 4 0 

Erica arborea 95 5 0 0 
Rubus ulmifolius 90 10 0 0 
mean 90 9 1 0 

Manual work (crushing 
remains with brush cutters) 

Brachipodium 
retusum 

89 7 4 0 

Erica arborea 96 0 4 0 
mean 92 4 4 0 

Mechanized work (chain 
tractor) 

Slope 67 15 0 19 
Flat zones 56 7 11 26 
mean 61 11 6 22 

Sd: Slight damage, Ss: Serious damage. 
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ABSTRACT 
 

The Amazonia rainforest is the most complex biome on earth, both in its structure 
and species diversity, besides it plays an important role in the regulation of regional and 
global climate. Ecohydrological studies of Amazon rainforests may serve different 
purposes: to understand the transfer processes between soils, vegetation and atmosphere, 
to assess the effects of deforestation on the local, regional and global climate and 
biodiversity, and to evaluate the effects of deforestation. This study represents the first 
long-term hydrological study for the western part of Amazonia, thus the main objective 
was the assessment of the ecohydrological functioning of four forest types, representative 
for this part of the Amazonia. This is achieving by describing and quantifying the 
temporal and spatial dynamics of the hydrological fluxes inside forest, through a 
monitoring program carried out for five years (1995-1997, 2003 - 2005) on climate and 
water fluxes through the forest. Collected data showed that average annual rainfall for the 
western part of the Amazonia was3400 mm, the average annual temperature 26 °C and mean 
relative humidity 87%. Net precipitation appeared to be dependent on both gross rainfall 
and forest structure. The presence of thick litter layer and the concentration of fine roots 
determine the net rainfall partitioning into water uptake and total drainage to mineral soil. 
Results pointed to differences between ecosystems in the forest floor water storage 
capacity, water content and water uptake dynamics and amounts. Results indicated that 
water availability in studied soils is low; however, soil water storage is high and almost 
constant over the period of study. The rainfall distribution and the high water storage of 
the mineral soil appeared to be the most important parameters in maintaining water 
uptake or actual transpiration very similar to reference transpiration. The annual water 
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balances during the four year period showed that the fraction of evaporation of 
intercepted gross rainfall was about constant over this period and that there are 
differences between ecosystems in their net evaporation. It is the compartment approach 
which enables to identify the ecosystem compartments and processes involved in such 
changes in the overall water balance. 
 

Keywords: Ecohydrology, Amazonia forest, forest floor, soil moisture, droughts 
 
 

INTRODUCTION 
 
Amazonia rainforests are estimated to host around half of the world’s undisturbed 

tropical forest with a high level of biodiversity (Leopoldoet al., 1987), and because of its 
magnitude the amount of fixed CO2 is very high. As such, conversion of Amazonia vegetation 
to pastures or crops may exert a large influence on hydrology, global climate, and 
biogeochemical cycles (Gash et al., 1996; Shuttleworth, 1988). The special ecohydrological 
significance of this forest is due to its high total evapotranspiration, resulting largely from the 
large proportion of incident rainfall that is intercepted and evaporated after interception by the 
canopy (Tobón, 1999; Tobón et al., 2000a). 

It is expected that the disappearance of the Amazonia forest may have important effects 
on the hydrology and climate in those ecosystems lying in the eastern slope of the Andes 
(Tobón et al., 2000a). Andean mountains act as a barrier blocking most of the humidity 
coming from the Amazonia, which produces high precipitation on parts the Andes,which 
returns water to the Amazon via the Andean river corridors (Tobón, 1999). This is a feedback 
mechanism: the Andes benefits from high precipitation and partly depends on the existence of 
the Amazonian forest, and at the same time acts as a barrier to prevent evaporated water 
leaving the basin (Tobón et al., 2000a). 

Ecohydrological studies of the Amazonia rainforests are of broad relevance: to evaluate 
effects of deforestation and incorporate the hydrological forest characteristics in global 
models (Salati and Vose, 1984; Sukla et al., 1990, Lesack, 1993), to understand 
biogeochemical fluxes through the forest (Tobón, 1999; Tobón et al., 2000a, Vorosmarty et 
al., 1989), and to analyze appropriate land uses and management. Although the Amazonia has 
been the focus of global circulation model research (Nobre et al., 1991), the lack of field data 
has largely restricted their application to predict local, regional, and global consequences of 
deforestation (Lesack, 1993; Shuklaet al., 1990; Salati and Vose, 1984). Consequently, field 
data collection research is needed to characterize important parameters and fluxes that play a 
role in the regional and global climate (e.g. Gash et al., 1996). 

Most of the water balance studies in the Amazonia basin have been concentrated in 
central Amazonia (Ubarana, 1996; Leopoldoet al., 1995; Lesack, 1993; Shuttleworth, 1988), 
although some have been carried out in eastern Amazonia (Hölscher et al., 1997; Jetten, 1996; 
Wright et al., 1992). However, little attention has been paid to the forest hydrology of 
ecosystem types in northwest Amazonia and the effects of forest structure on water dynamics. 
This chapter describes a study designed to address this lack of knowledge by measuring 
precipitation, its spatial variation and the partitioning after entering the forest canopy in four 
undisturbed rainforest ecosystems in the Middle Caquetá, Colombian Amazonia. The focus is 
on the analysis of long term hydrological measurements of rainfall, throughfall, stemflow, 
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and water dynamics in the forest floor and in the mineral soils in four forest ecosystems. 
Understanding water fluxes, as the key factor in physical, chemical, and biotic processes, is 
vital to understand nutrients dynamics in these ecosystems. Thus, this hydrological study at 
compartment level allows for a detailed study of nutrient fluxes, contributing to the overall 
understanding of the ecohydrological functioning of ecosystems. 

In the northwest Amazonia (e.g. Colombian Amazonia), forest structure and tree species 
composition vary considerably between ecosystems in different landscape units (Milliken et 
al., 2010; Sala, 2002; Vasconcelos et al., 2000; Duivenvoorden and Lips, 1995). The structure 
of the tree canopy and patterns of lower layers play a decisive role in the partitioning of gross 
rainfall into throughfall, stemflow, and evaporated water (Longman and Jenik, 1990). 
Amazonian soils are highly weathered and leached, with a very low cation exchange capacity 
(Chauvel et al., 1991), most of which is located in the litter layer covering the mineral soil 
(Lesack and Melack, 1991; Pitman, 1989). In these impoverished ecosystems, the litter layer, 
here referred to as the forest floor, is the main compartment with respect to nutrient stocks 
and nutrient cycling (Tobón et al., 2000b; Tiessen et al., 1994; Salati et al., 1979). Apparently 
related to the concentration of available nutrients in the forest floor, fine roots of trees often 
concentrate in this compartment to form a “root mat” (Jordan, 1989; Cuevas and Medina, 
1988; Golley, 1983). Accordingly, the main objective of the chapter is the assessment of the 
ecohydrological functioning of pristine forests in Colombian Amazonia. This was undertaken 
by describing and quantifying the temporal and spatial dynamics of hydrological fluxes 
through the forest compartments, identifying the parameters controlling these fluxes and 
storage, and the relationship with the vegetation. 

 
 

GENERAL METHODOLOGY 
 
The study area:The study area is part of the undisturbed forest located in the Middle 

Caquetá Colombia, (0 37' 23´´ N and 70 43' 18´´ W). The research sites lay approximately 
200m.a.s.l. to 250m.a.s.l. The research plots are located in the four main landscapes units in 
the area: the Tertiary sedimentary plain, the upland terraces of the River Caquetá (high and 
low terraces), and the flood plain (Duivenvoorden and Lips, 1993). The climate of the Middle 
Caquetá is wet tropical, classified as Afi(SelvaAmazónica) according to Köppen (1936). The 
average annual rainfall is approximately 3400 mm; the daily average temperature is 26°C and 
the mean relative humidity is 87%. Two main seasons can be distinguished: a relatively dry 
period between December and February, and the rainy season lasts from March until 
December. 

Soils in this part of the Amazonia have a very low chemical fertility, low pH, and very 
low base saturation, except for soils on the flood plain of Andean rivers, which have a 
somewhat higher base saturation and are higher in weatherable minerals (Lips and 
Duivenvoorden J. F. 1990). Main soil types in the research plots (according to Keys to soil 
taxonomy) are: typicPaleudults, typicHapludults, typicKandiudults, and typic and 
aquicfluventic Dystropepts (USDA, 2010). 

The entire area is covered by mature rainforests classified by the FAO as belonging to the 
group of ombrophilous tropical forest (Milliken et al., 2010; Sala, 2002; Vasconcelos et al., 
2000; Duivenvoorden, 1995). The canopy reaches to about 25 to 30 m above the forest floor 
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with some emergent trees reaching up to 45 m in the rarely inundated flood plain. There are 
differences in the total standing biomass, species diversity and tree density between the 
landscape units (Duivenvoorden and Lips, 1995). Species richness can be referred to 
Leguminosae, Lauraceae, Sapotaceae, Melastomataceae and Rubiaceae, Annonaceae, 
Moraceae and Araceae (Londoño, 1993, Alvarez, 1993). A more detailed description and 
vegetation classification of the research sites is given by Duivenvoorden and Lips (1995), 
Alvarez (1993), and Londoño (1993). The main Indigenous land use in this part of the 
Amazonia was and still is “shifting cultivation”, where only small areas of native forest, 
mostly less than one hectare, are cut and used for crop plantations during two or three years, 
depending on the aggregated soil fertility (ashes from the burning litter). Several other types 
of land use can be distinguished, part of which are connected with colonization and new 
techniques: grassland and some crop plantation (Botero, 1984). 

Methods: To measure the meteorological variables, an automatic weather station 
(Campbell Scientific Inc.) was installed in an open area of about 20 ha, on the bank of the 
River Caquetá. Parameters measured in the open were gross rainfall (mm), air temperature 
(°C), air humidity (%), global solar radiation (W/m2), wind speed (m/s), wind direction and 
Class A pan evaporation (mm). A CR10 datalogger (Campbell Scientific Inc.) was 
programmed to measure the instruments each 30 seconds and to register mean and total 
values each 20 minutes. Gross rainfall in the open area and at each forest site was measured 
by means of a tipping bucket rain gauge with a resolution of 0.2 mm, giving information on 
the number and duration of showers and the total precipitation. 

For the ecohydrological research we selected representative areas with natural vegetation 
in the main physiographical units in this part of the Amazonia basin, according to 
Duivenvorrden and Lips (1993). Three subplots were selected in the Tertiary sedimentary 
plain (SP) and two subplots in the high terrace (HT), the low terrace (LT) and flood plain 
(FP), to measure gross rainfall above the forest canopy, throughfall and Stemflow, litter flow 
and soil moisture. Throughfall was measured by means of 20 rain gauges randomly located in 
each subplot of 50 by 20 m (1000 m2). Because of the large variability in throughfall due to 
the forest structure, rain gauges were randomly relocated each month over the entire period. 
Stemflow was measured on 15 randomly selected trees in each subplot. Collars, constructed 
from 8 mm thick black polyethylene plastic, were sealed to the stems in an upward spiral 
pattern and the water diverted into rain gauges on the forest floor. 

Water fluxes through the forest floor (FF) were studied in the four forest types. To 
determine the water storage capacity of the FF, three plots of one m2 were randomly selected 
within each forest type. Plots were in-situ saturated during three consecutive days and 
covered with a plastic sheet (to avoid evaporation). Subsequently, after 24 hours total FF 
samples were collected and immediately weighed for wet weight. Samples were air dried until 
constant weight and finally weighed, for dry weight Tobón et al., 2000b). In total 78 samples 
were collected during four samples periods. The thickness of the layer was measured at 
different points within the plots and the mean value was used as the best estimate. To evaluate 
the FF drainage or litterflow, flux plates were used to measure the proportion of net 
precipitation that passes through the FF and enters the mineral soil. Plates with an open area 
of 683.5 cm2 and 5 cm depth were installed horizontally in the contact zone between the FF 
and mineral soil (Tobón et al., 2000b). In the SP plot, 45 plates were installed in three 
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subplots (i.e. 15 per subplot) and in the HT plot, 30 plates in two subplots. Plates were 
measured manually on daily basis, as were gross rainfall, throughfall, and stemflow. 

For the characterization of the FF water content and the spatial and temporal FF storage 
dynamics, Time Domain Reflectometry, TDR technique (Campbell Scientific Inc) was used. 
Measurements were daily performed at three different depths, depending on the thickness of 
the FF. In total, 31 three wire TDR sensors (50 cm length) were installed horizontally in the 
FF of soil profiles where soil water content was also monitored. FF water content in the SP 
was measured at six locations. In the other landscapes units, it was measured at four locations. 

To measure soil moisture TDR Probes were horizontally installed in the upsweep of pits 
(2.0x1.5x1.5 m). Three plots (pits) were excavated at each landscape unit. In total eight 
sensors were installed in each plot at different soil depths. In the sedimentary plain and high 
terrace, probes were installed at 0.1, 0.15, 0.2, 0.3, 0.5, 0.8, 1.2 and 1.6 m depth. In the low 
terrace and floodplain, probes were installed at slightly different depths - 0.1, 0.15, 0.2, 0.3, 
0.4, 0.6, 0.8 and 1 m. After installing the TDR probes, the pits were covered by the removed 
soil, keeping the same order of soil horizons, as they were. Next to the TDR pits, eight 
tensiometers were vertically installed at the same depths as the TDR probes. Plots were 
randomly chosen and after one year of continuous measurements, the TDR sensors and 
tensiometers were relocated. TDR travel time measurements were translated into volumetric 
water content applying a calibrated regression equation deduced by Tobón (1999). 

The water balance of the forest ecosystems is approached through the equation: 
 
ௌ

௧
ൌ ܲ െ ሺܧ  ܶ  Sff	  	Ss	  	Dr	ሺQሻ 	)+L)   (1) 

 
Where Pg is the gross rainfall above the forest, E is the amount of water intercepted and 
evaporated from the forest canopy, T is the forest transpiration, Sff is the forest floor 
moisture changes, Ss is the soil moisture change, Dr is the drainage from the catchment and 
L represent the amount of water as deep percolation. Basic methods for the calculation of a 
water balance on a catchment basis require accurate measurements of rainfall and runoff. For 
the compartment approach of the water balance see Tobón (1999). The evapotranspiration 
(ET), namely evaporation of water intercepted by the forest canopy and transpiration, were 
evaluated separately through the Penman Monteith equation (Monteith, 1965). 

 
 

RESULTS AND DISCUSSION 
 
Rainfall distribution differs between plots, within a landscape unit, when examining 

separate storms, although annual totals are rather similar. Mean annual precipitation was 3400 
mm yr-1 with storms ranging from 0.4 to 161.6 mm and durations between 20 minutes to 13 
hours. Most showers (63%) fell during the afternoon and at night. Comparing our data on five 
years rainfall with data from earlier years in Colombian Amazonia (Duivenvoorden and Lips, 
1995) rainfall characteristics are similar to the long-term average in the studied area. 

The variability of throughfall within a subplot was large and between forest type. Larger 
variability was observed in small rainfall events than with major events. Throughfall 
percentage ranges from zero, with events below 2 mm, to 95% in storms larger than 100 mm, 
but mean throughfall varies from 50% to 93% depending on gross rainfall amounts and the 
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type of forest ecosystem, being larger in the SP. Average percentage of throughfall ranges 
from 82 to 87% in the four ecosystems. Throughfall was calculated as the percentage of gross 
rainfall for five different rainfall sizes and from the totals of measured daily gross rainfall and 
throughfall during the study (Table 1). Fractions of throughfall depend, among others, on the 
rainfall size. Moreover, it is clear from the analysis of throughfall and storm size, that the 
high standard deviation (SD) of throughfall is the result of the large variability in rainfall 
classes. 

 
Table 1. Throughfall percentage relative to gross rainfall for 5 storm classes in four 

forest ecosystems and their standard deviations (SD): SP, HT, LT, FP, 
ColombianAmazonia 

 
Rainfall 
ranges 
(mm) 

 
Throughfall % 

 
 
SP 

 
SD 

 
n 

 
HT 

 
SD 

 
n 

 
LT 

 
SD 

 
n 

 
FP 

 
SD 

 
n 

             
< 5 58.7 11.4 41 56.2 12.1 34 52.3 9.6 32 47.4 13.2 27 
5 – 20 81.4 6.3 78 80.5 5.6 68 79.8 6.8 71 74.5 6.9 57 
20 – 40 88.9 2.8 39 87.9 2.6 36 87.7 3.4 41 83.0 2.5 32 
40 – 80 90.6 2.1 19 90.0 1.9 19 88.8 2.5 17 84.6 3.1 19 
> 80 92.8  1 92.2 0.8 3 92.4 1.0 2 88.5 1.2 5 
Total 87.2 2.4 178 86.7 2.4 160 85.8 1.2 163 81.9 1.0 140 

 

 

Figure 1. Trends of average throughfall amounts against gross rainfall in a forest ecosystem (SP, as an 
example) in Colombian Amazonia. 

Regressions of throughfall versus gross rainfall were computed separately for the four 
forest ecosystems from the single storms. Average throughfall per plot was highly correlated 
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with gross rainfall in all ecosystems (Figure 1). ANOVA analysis shows that the ratio of 
mean throughfall and gross rainfall in the FP is significantly different from the other 
ecosystems (significant at 0.05 level). Contribution of stemflow to the net rainfall was very low, 
with large differences in the amount of stemflow between forest types. Although stemflow 
amounts seem to be related to rainfall (Figure 2), the percentage of stemflow in all plots varied 
from 0.2 to 3.2% of gross rainfall. Total average percentage of stemflow relative to gross rainfall 
was 0.85% ( 0.46) in the SP, 0.94 ( 0.51) in the HT, 1.45 ( 0.88) in the LT and 1.12 ( 0.56) 
in the FP. Differences are primarily due to the higher contribution of tree palms to the total 
stemflow per plot. 

Variability of throughfall and stemflow in undisturbed Amazonia rainforest ecosystems has 
been attributed to the high species diversity (Hutjes et al., 1990; Hertwitz, 1985) and forest 
structure, which in the present study renders the estimation of stemflow difficult to assess on an 
areal basis. Although the percentage of contribution of stemflow to the net rainfall is very low, it 
probably represents an important input of solutes, to the forest floor concentrated around the base 
of the tree. Moreover, results suggest that little water is stored in excess on the stems, as indicated 
by the very small stemflow quantities collected once rainfall has ceased. 

Net precipitation at the forest floor at each forest type, is the result of throughfall plus 
stemflow. The net precipitation in the studied forest ranged from 6 to 47% depending on rainfall. 
However, average net precipitation for the studied forests ranged from 83% to 89%, indicating 
that the Amazonia forest interception was about 11 to 17%. 

Average water storage capacity of FF’s in the ecosystems studied was 16.3 mm at the SP, 
7.6 mm in the HT, 8.1 mm in the LT and 4.6mm in the FP. 

 

 

Figure 2. Average values of stemflow against gross rainfall in a forest ecosystem (SP) in Colombian 
Amazonia. 
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This gives an average of 1.51 ( 0.30) mm kg-1, expressed as the weighted mean storage 
capacity per unit dry mass. The differences between ecosystems in FF water storage capacity 
can be accounted for by the differences in amounts of FF mass: the FF in the SP had the 
lowest storage per unit FF thickness (0.99 mm cm-1), which may be explained by the loose 
structure of this FF and its composition, i.e. only a thin layer of fresh litter and many very fine 
and fine roots. The FF in the other ecosystems is rather compact and has far less fine roots, as 
in most part of the Amazonia (Wittmann and Parolin, 2005). 

When comparing the storage capacity of the FF of Amazonia ecosystems with that of FF’s in 
Coniferous, Douglas Fir, and Bracken forests, it appears that the value found is lower than 4.83 
mm kg-1, as reported by Pitman (1989) for Bracken forest, and slightly higher than the 1.30 mm 
(0.32) found by Pradham (1973) and 0.97 mm found by Putuhena (1996) for a Eucalyptus 
plantation in the U.K. Noting these differences, the authors clarify that the amount of FF dry 
mass per unit area in the Colombian Amazonia is higher than most values reported by Pitman 
(1989) and Perkins et al. (1978) for temperate forests. 

Water draining from the FF varies considerably between sites, which appeared to be related 
to the thickness of the litter layer and amount of litter. Although litterflow was not observed for 
most gross rainfall events lower than 5mm, some litterflow was collected upon small throughfall 
values (about 2mm). The daily average percentage of litterflow ranged from 25% to 93% of net 
precipitation, depending on rainfall characteristics and antecedent litter wetness (Figure 3). The 
trend points to a logarithmic relation between net precipitation and its interception by the FF’s for 
small rainfall events and a linear relation for larger events are shown in Figure 3. The tendency of 
litter interception is related to the asymptotic nature of the wetness curve: FF’s retain higher 
percentages of water during the earliest stage of the rainfall event.However, if the event lasts long 
enough, the FF storage capacity reaches its maximum value, and total drainage and uptake rates 
become equal to net precipitation. 

 

 

Figure 3. FF water interception, as calculated from the difference between daily measurements of net 
rainfall and litterflow, versus net precipitation in a forest ecosystem (SP) in Colombian Amazonia. 
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Figure 4 shows the measured FF water content in the four forest ecosystems. The FF in the 
SP exhibited the lowest water content over the whole period, while in the LT and FP water 
content were highest. Furthermore, the FF in the SP and HT dried out to lower values than in 
the FP and LT. As a general tendency, the dynamics of the FF water content in the different 
forest ecosystems showed a clear response to rainfall events: increases in water content in the FF 
were only observed after rainfall events. During the period of measurements, FF water depth 
ranged from 7.0 mm to 23.1 mm in the SP, 3.9 to 12.4 mm in the HT, 3.8 to 11.4 mm in the 
LT, and 2.7 to 8.1 mm in the FP. 

Assuming that there is no evaporation from the FF, water in this compartment can either be 
taken up by roots or drain to the mineral soil. Water depletion from the FF’s was analyzed 
during the two dry periods (from day 384 to 403 and from day 445 until 461), when drainage 
was zero since water storage in the FF’s remained below the measured storage capacity, 
where water uptake was the only hydrological process active during these periods. In both 
periods and all ecosystems the water content decreased, implying that the forests took up a 
certain amount of water from the FF. This uptake differs between forest ecosystems and between 
periods. Depletion rates during the dry periods were 0.51 and 0.61 mm d-1 in the SP, 0.20 and 
0.34 mm d-1 in the HT, 0.21 and 0.40 mm d-1 in the LT, and 0.19 and 0.24 mm d-1 in the FP. The 
relatively high uptake rate in the SP may be related to the relative high proportion of fine roots in 
the FF. 

 

 

 

Figure 4. Temporal dynamics of measured forest floor (FF) water content (TDR) in four forest 
ecosystems in the Colombian Amazonia (SP, HT, LT, and FP). 
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Soils from northwest Amazonia show very dynamic soil moistures through space and 
time. Water content dynamics in the SP clearly differ from those in the other ecosystems 
withsmaller changes in water content and smaller differences with soil depth (Figure 5). Field 
observations and laboratory data indicate that these differences can be ascribed to the textural 
change (increasing clay content) in the soil profiles and to differences in water availability 
and root distribution in each ecosystem. Overall results clearly indicate that alluvial soils of 
an Andean river (Caquetá River) have a higher available water capacity than the soils of the 
Tertiary Sedimentary plain. 

Soil water content dynamics in the soils are shown in Figure 6. The mineral soil had a 
high water content during most of the studied period in all ecosystems, with water availability 
relatively low, primarily in the SP. Soil moisture slightly decreased during droughts (1997 
and 2005), with the largest decrease occurring in the SP ecosystem. Measurements of soil 
water pointed to the existence of high macroporosity, mainly in the upper part of the soil 
profiles in all ecosystems (Tobón, 1999). Soils developed from the SP present lower water 
availability and higher water content throughout the study period than soils from the alluvial 
system of the River Caquetá, except for those in the FP which have the highest water content. 
There are no considerable differences in water storage between identical depths among sites 
within the same ecosystem, with exception of the SP, which exhibits large differences 
between both sites and depths. Differences can be explained by the variations in soil texture 
and position of plots on the slope. The eight depths at which water content was measured 
allow the calculation of soil moisture depth. 

 

 

Figure 5. Profiles of maximum (■) and minimum (●) measured soil water content during the 
monitoring period in four forest ecosystems in Colombian Amazonia. 
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Figure 6. Soil water content dynamics at two soil depths (0.1 and 1.2 m) in a forestecosystem (SP), in 
Colombian Amazonia. 

As an example, Figure 7 presents the temporal dynamics in soil moisture for three soil 
layers in the SP and HT. Water depth during the wet periods were almost similar for all 
ecosystems with a slightly higher values in the FP. However, during dry periods, water depth 
in the SP was higher than in the other ecosystems, which is consistent with the property of 
these soils retaining high amounts of water at low matric potential. 

Changes in water uptake from the soil among forest ecosystems were found to differ: 
During the two dry periods (days 384 to 403 and days 445 until 461), the highest water 
depletion was observed in the FP with 54.1 and 65.4 mm in each period.Differences in water 
storage between soil layers within the same plot were observed during the dry periods when 
the upper part of the soil profiles dried out differently in each ecosystem. In the SP 
ecosystem, the upper 0.5 m of the crest profile showed the highest storage, and that in the 
valley bottom the lowest. 
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Figure 7. Profiles of soil water depth in soil layers of 0.5 m at three different depths intwo forest 
ecosystems (SP and HT) in Colombian Amazonia. 

In contrast, storage at 1.0 to 1.5 m was higher on the slope and bottom profile than on the 
crest. From the soil survey and texture analysis, it is likely that differences are due to a 
combination of the different topography, soil texture, and water uptake by trees (Bruno et al., 
2006). 

Soil water fluxes were examined depending on the dynamics of soil moisture through the 
soil profiles. In rainfall events smaller than 10 mm, soil water fluxes were noticeable up to 
0.15 m deep, while only large rainfall events (larger than 25 mm) produced fluxes throughout 
the soil profile. Nevertheless, small storms during wet seasons induced vertical water fluxes 
through the profile. In general, high fluxes were observed from the upper soil layers in all 
ecosystems, with the highest value in the SP, which is consistent with the observed high 
macroporosity in these soils (Tobón, 1999). Decreasing water fluxes were similarly observed 
for all ecosystems in soils layers deeper than 0.5 m, decreasing to a very low values at 3.0 m. 
Low upward fluxes (up to 0.002 m d-1) were found for the soil layers between 0.1 m and 0.5 
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m in all ecosystems, except for the dry periods when considerable amounts of upward fluxes 
were observed up to 0.8 m. This shows the role of deep soil layers supplying water as the 
topsoil becomes dry. Upward fluxes were found to be negligible at lower depths than 0.9 m. 

Calculated actual forest transpiration was of similar magnitude as reference transpiration 
during most of the studied period. This implies that there is no significant reduction in 
transpiration in the studied forest ecosystems over the period. However, a considerable 
reduction of the actual transpiration occurred in all ecosystems during the short dry periods, 
up to 60% (Figure 8). Although the soils showed to have low water availability, results 
indicate that the forest is supplied with sufficient water during most of the year. 

During most of the studied period, the soil layers in all ecosystems presented a relative 
constant contribution of water uptake, which was higher from the first 0.5 m of the soil than 
from the deep soil layers, in agreement with the root distribution (Figure 9). 

This indicates that water uptake during the wet periods strongly depended on root 
distribution through the soil profile. Changes were observed during the dry periods when the 
fraction of water uptake from deep soil layers increased, but immediately after the first 
rainfall following a dry period, the uptake fraction from upper layers peaks considerably, 
while it decreases at lower layers. 

 

 

Figure 8. Temporal dynamics of the ratio between soil water uptake or actual plant transpiration and the 
reference transpiration (Monteith, 1965) in four forest  ecosystems in Colombian Amazonia. 
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Figure 9. Vertical variation of total water uptake by the forest ecosystems (SP, HT, LT, and FP) as 
calculated from soil moisture depletion. 

This suggests that at the start of the dry periods, the forest uptakes available water from 
the FF and from the surface soil horizons. Subsequently, when the water content in the upper 
part of the soil profile decreases beyond a certain limit, increases of water uptake from the 
sub-surface soil horizons, as the preferential water uptake. 

During the studied period, the relative contribution of water uptake from the mineral soils 
to forest transpiration was 64.8% of the reference transpiration in the SP, 70.6% in the HT, 
74.2% in the LT and 82.7% in the FP. 

In all ecosystems, these percentages increased during the droughts and decreased 
immediately after the first rain storm following a dry period. These results agree with those 
from the analysis of water storage dynamics, which showed a higher storage in the SP during 
the droughts and the strongest depletion in the FP. This explains why the uptake from the 
mineral soil is highest in the FP: in this ecosystem the FF is very thin and contributeslittle to 
forest transpiration. 

Mean annual transpiration values were 1193 mm in the SP, 1198 mm in the HT, 1214 
mm in the LT and 1217 mm in the FP. The largest differences between actual and reference 
transpiration was observed in the SP, given that transpiration by the SP forest largely depends 
on the FF water availability (up to almost 30% of reference transpiration) when water storage 
capacity is low. 

During the short dry seasons in 1997 and 2005, transpiration was somewhat suppressed, 
i.e. by a factor of 0.43 and 0.53. In other periods the depletion rate of stored soil water was 
significantly lower than total rainfall surplus and enabled the actual transpiration to be at the 
potential rate. 

ET values from Colombian Amazonia are higher than those reported for some areas in 
Central Amazonia (Fisher et al., 2008; Lesack, 1993; Shuttleworth, 1988), including those 
reported by Bruijnzeel (1990) in one of the most comprehensive studies on the available 
information for ET in tropical lowland forests. 

Moreover, results from this study concerning trends of ET contradict the conclusion by 
Lesack (1993) who concluded that actual ET may decline significantly during wetter than 
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normal years. Our results show that transpiration can indeed be lower, but this is fully 
compensated by evaporation of intercepted water. Our results also confirm the conclusion of 
Bruijnzeel (1990), in the sense that values of ET can be substantially higher during wettest 
years or in areas with high rainfall. 

Our results point to a reduction in forest transpiration during the dry periods, while 
available water capacity seems to be low, mainly in the SP. However, there are no clear 
indications for any significant physiological effects caused by water deficits such as leaf 
shedding or wilting. This is probably due to the short duration of the dry periods. Several 
authors found that Amazonia forest withered during the drought in 2005 (Tomasella, et al., 
2011; Phillips, et al., 2009; Fisher, et al., 2008; Marengo et al., 2008a; Fisher, et al., 2007). 
However, the research results did not yield any differences in leaf shedding from studied 
forests, implying that in the systems studied, large soil water deficits are unlikely to occur. 

Results of the quantification of the water balance for each compartment are presented in 
Table 2. Comparing the water balances shows differences both between compartments and 
among ecosystems in their water evaporation, uptake, and drainage. When considering results 
of each individual ecosystem, a primary observation is that the percentage of evaporation 
relative to gross rainfall was relatively constant over the years, although net values of 
evaporation differ. 

An exception is the years 1997 and 2005where this percentage increased in all 
ecosystems. As to the forest canopy compartment, Table 2 shows that although the storage 
depth of this canopy is low, in terms of intercepting incoming rainfall, the net annual 
interception is considerably high and differs between ecosystems. Annual average 
evaporation of intercepted water was 366 mm in the SP, 361 mm in the HT, 405 mm in the 
LT, and 508 mm in the FP. 

The water balance for the four forest ecosystems indicated that transpiration was 
relatively constant through the studied period in all ecosystems. This is not surprising since 
rainfall is well distributed, and FF and soil water storage was showed to be a sufficient 
reservoir to meet forest transpiration demands during most of the studied period. This actual 
transpiration appeared to be larger in the FP than in the other ecosystems, while in the SP it 
was lowest. 

Comparison of the temporal dynamics of discharge with incoming net rainfall indicates 
that the fraction of discharge differs between years, with the highest value during 1996 in all 
ecosystems, and between ecosystems, ranging from 52% to 58% with the lowest value for the 
FP, in agreement with the highest interception and transpiration in this ecosystem. These 
percentages are higher than most values reported for the Amazonia forests (Elsenbeer and 
Cassel, 1991; Poels, 1987), but similar to that by Lesack (1993). However, we have to 
consider that gross rainfall is considerably higher in the Colombian Amazonia. 

It is clear from Table 2 that the water balance surplus is almost zero, which is explained 
by the nature of the calculations applied, which balance inputs and outputs, and by the 
changes of FF and soil water storage. 

Additionally, soil water storage did not change considerably over the years, while in FF 
relatively large changes occurred. Larger changes could be expected to occur in the forest 
floor and the mineral soil at the end of the dry period. 
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Table 2. Summary of the water balance data for four forest ecosystems in the Middle Caquetá, Colombian Amazonia. All units are 
expressed as a depth of water in mm yr-1. ET is calculated as the sum of evaporation and actual transpiration 

 

 
 
 

 
Ecosystem 
 

 
Year 

 
Gross 
rainfall 

 
Throughfall 

 
Evaporation 

 
Reference 
transpiration 
 

 
sff 

 
Ff water 
uptake 

 
Ff drainage 

 
s 

 
Soil water 
uptake 

 
Transpiration 

 
Total drainage at 
1 m 

 
Evapo- 
Transpiration 

     
SP 1996 3308 3008 300 1321 -10 392 2626 -12 785 1177 1854 1477 
 1997 2300 1981 319 1276 -2 236 1746 -5 496 732 1255 1052
 2004 3112 2831 281 1188 -4 342 2478 -6 743 1085 1741 1366 
 2005 2480 1880 392 1292 -3 214 1657 -6 532 756 1131 1098
              
HT 1996 3466 3081 385 1321 -4 307 2778 -15 897 1204 1896 1589 
 1997 2341 2029 312 1276 -4 175 1858 -4 541 716 1319 1029 
 2004 3356 3023 333 1188 -3 289 2737 -13 845 1134 1995 1467 
 2005 2390 1991 399 1292 -1 192 1800 -5 550 742 1255 1141
              
LT 1996 3404 3022 382 1321 -3 282 2742 -13 903 1185 1850 1568
 1997 2393 2046 347 1276 -1 168 1879 -5 569 737 1314 1084 
 2004 3350 3011 339 1188 -4 257 2758 -11 922 1179 1847 1518
 2005 2355 1929 426 1292 -2 167 1764 -3 617 784 1150 1210 
              
FP 1996 3418 2965 453 1321 -2 162 2804 -14 1030 1192 1789 1645 
 1997 2289 1892 397 1276 0 95 1798 -3 650 745 1151 1141 
 2004 3220 2843 377 1188 -3 254 2592 -9 869 1123 1735 1500
 2005 2540 2042 498 1292 -1 102 1941 -2 719 821 1224 1319 
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CONCLUSION 
 
Average annual rainfall in Northwest Amazonia was found to be around 3,400 mm yr-1, 

mostly falling in small showers during the afternoon and at night, with events of short 
duration. The hydrological functioning of forest ecosystems showed that the SP ecosystem 
has the highest percentage of net precipitation relative to gross rainfall, and the FP the lowest 
of the studied forests. The observed differences in throughfall, stemflow, and evaporation 
between ecosystems can partly be attributed to differences in forest structure: In the canopy 
this study clearly demonstrated that rainfall interception is a function of structural forest 
characteristics e.g. canopy cover and LAI. Ecosystem forest floors results showed similar 
drainage dynamics, but amounts of water retained were found to be different for each ecosystem. 
The FF in the SP consistently had the lowest water content and dried out to a greater extent than 
other ecosystems. In terms of water storage, the SP showed the highest values during the studied 
period, while the FP showed the lowest. Differences between ecosystems in FF water storage 
amounts areprimarily the result of differences in the FF thickness and to a lesser extent their 
moisture conditions. 

Measured forest floor and soil water content dynamics indicate that there are high vertical 
water fluxes from the FF to the mineral soil, with the highest in the SP. On average, 34% of 
the SP forest transpiration was supplied by the FF, whereas in the FP, the FF contributed 
toonly 14% ofthe forest transpiration. The contribution of the mineral soil to the total forest 
transpiration during the study period differed between ecosystems, ranging from 63% to 79% 
of the reference transpiration. Differences are explained by the differences in the root 
distribution between ecosystems and the respective contribution of the forest floor to 
transpiration. Though rainfall reduces considerably in 2005, there was no long shortage of 
water for the vegetation in this part of the Amazonia. Thus, rainfall distribution is the key 
factor to maintain forest transpiration at the potential rate, and the FF and soil water storage 
capacity of undisturbed forests is high enough to meet forest ET demands during most dry 
periods. 

Recent research demonstrated the important role played by deep roots to supply water to 
the forest in central Amazonia (Hodnett et al., 1996; Nepstad et al., 1994). This raises the 
question to whether such a phenomenon is more widespread. This research suggests that this 
is not the case in the study area. A truly dry period was found to not exist, and the short dry 
period (January to February) did not last long enough to significantly affect forest 
transpiration. Moreover, fine roots appeared to be concentrated in the FF and on top of the 
mineral soil in ecosystems studied. As to the substrate, water supply to the forests is largely 
determined by the moisture conditions in the FF and mineral topsoil. Therefore, neither lack 
of moisture stress nor lack of oxygen can explain the concentration of fine roots in the FF and 
top of the mineral soils. It is therefore concluded that root distribution most probably is 
determined by soil chemistry, notably gradients in nutrient availability rather than by 
moisture. 

This research indicates that the impact of deforestation onchanges the hydrology of a 
system at the local scale remains largely unclear, and will be very site dependent. For 
example, trends in changes of transpiration due to land-use changes are diverse and difficult 
to predict without comparable data, or without making broad assumptions. Results from this 
research indicate that at least in the short term, removal of forest will cause increases in 
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streamflow. For the research sites, although some bare soil evaporation can be expected, 
streamflow is expected to be about 1,600 mm yr-1, larger than at the present, simplydue to the 
reduction in interception and transpiration. The situation, however, can be complex, as for 
example with the effect of large scale land-use changes on the eastern slopes of the Andes. 
The seasonal distribution of rainfall in the east is reflected in the fluctuations of the water 
level of the River Caquetá (changes of about 10m). Any change in the river discharge in the 
upper part of the basin of the River Caquetá, whether induced by changes in climate resulting 
from changes in land use in the Amazon basin, or by changes in hydrology of the Andean 
slopes, will directly affect the hydrological functioning of large areas in Andean rivers. 
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