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Summary

Globally, wetlands occupy about 18.96 x 106 km2, of which 2% is made up of organic soils. In Asia, about 2.2 million km2 (~ 1.0%) of the land surface comprises peat or Histosols. The current global approach to agriculture places considerable emphasis on environmental quality, conservation of biodiversity and preservation of ecosystem while striving to achieve sustainable production in agroecosystems. In Asia, land use on the peatlands is low-input subsistence-based systems. In a few countries, such as Malaysia and Indonesia, rubber and oil-palm are cultivated on a plantation scale. Subsistence-based agricultural systems, understandably, would not be able to provide the level of input required for sustainable management of peat lands. The knowledge base for such systems is highly traditional in nature and is therefore vulnerable to the uncontrolled changes that occur in the evolution of the agro-ecosystem. Commercial-based agricultural systems appear to thrive in areas dominated by shallow peat. This system is technology-based, has a greater control over changes that may occur within the system but is perhaps still not in harmony with nature. Ignorance of the functions and value of such areas has lead to many forms of degradation. Therefore, sustainable development of the peat soils requires not only a holistic approach to the management but also dictates the need for a paradigm shift in resource characterization, research trends and land use policies. The paper elaborates on the paradigm shift in sustainable land management system and advocates a holistic approach wherein agronomic factors, environmental considerations as well as the much de-emphasized socioeconomic aspects, are all integrated into new research approaches. Research strategies needed to ensure sustainable agricultural development of organic soils include the urgent need for innovative measures to characterize the resource, evaluating and monitoring soil quality, assessing the potential of peat lands to release methane and other greenhouse gases upon drainage, and assessing the integrity of the ecosystem. Issues pertaining to productivity, assisting in the design of rational policies for development, promoting preservation of heritage, inculcating the ownership concept and developing better methods to gauge the economic viability of such projects are additional important factors that ensure sustainability. The most important factor differentiating peatlands from their mineral counterparts is microvariability; this, specifically in the context of small farms had not been addressed adequately and requires innovative approaches and technologies. Conventional soil surveys must be augmented with more innovative techniques as current methods suffer from various kinds of limitations. 

Introduction
Peat lands are fragile ecosystems. Non-sustainable use of peat lands results in a decline or loss in productivity with a significant impact on the ecosystem. Numerous technical problems have been identified in trying to manage peat lands in a sustainable manner. Technically, agriculture is possible in such soils. Several factors have emerged in the last decade that questions the use and management of many ecosystems, especially in the context of the environmental quality, protection and preservation of biodiversity, and commitment of governments to the tenets of AGENDA 21 (UNCED, 1992). This paradigm shift in agricultural practices is very challenging due to rapid increases in population in many countries, rampant land degradation with concomitant reduction in the production capacity of lands, and a continuing increase in the cost of production.

The basic premise in the management of any system is the ability to minimize risk (Eswaran et al., 1995) and to maintain the integrity of the agro-ecosystem (Virmani et al., 1994). The risks include changes in ecosystem with impacts on functions, extinction of species, impacts on land productivity and on aquatic systems within the watershed. At current levels of conversion of natural habitats to agricultural and other uses, about 25% of the world's plant species will disappear in the next 50 years (IDRC, 1992). 

Detailed and systematic soil resource assessment of peatlands is lacking in the tropics. Accessibility, difficulties in characterizing the material, short-range variability in depth and composition and the lack of understanding of such systems contribute to this situation.

The Ecosystem

Distribution and physiography

There are about 18.96 million km2 of global wetlands. Estimates of the kinds of wetlands are given in Table 1 (Eswaran et al., 1999). The organic soils (Histosols) or the peatlands comprise about 13.34 % of the total area of wetlands and about 2 % of the global landmass. This includes about 1.01 million km2 of peats in the tundra area, which are a part of the permafrost-affected lands (Table 1). In the tropics, there are about 3.18 million km2 of peatlands (12.6% of the global peats). The area of peatlands and specifically the area within countries are subject to change. Table 2 provides the areas of Histosols in the countries of southern Asia. Indonesia has the largest extent, not only in Asia but also in the tropics as a whole.

Table 1. Global distribution of wetlands.

	Wetland Type
	Area

(x 1,000

 km2)
	Percent

Total Land

Area
	Percent

Wetlands

	Inland
	5,415
	4.15
	28.55

	Riparian or ephemeral
	3,102
	2.38
	16.35

	Organic (Peatlands)
	2,530
	1.94
	13.34

	Salt affected
	2,230
	1.71
	11.75

	Permafrost affected
	5,686
	5.13
	29.98

	Non-wetlands
	111,613
	85.47
	

	Total land surface
	130,576
	100.0
	

	Total Wetlands
	18,963
	
	100.0


Peat or Histosols (Padmanabhan, 2002; Soil Survey Staff, 1999; Eswaran, 1986) in the tropics are found in two geomorphic positions; topogenous peats are formed at high elevations where the temperatures are low and extreme humid conditions prevail, whereas, ombrogenous peat form in basin-shaped topographic conditions favoring rainwater accumulation. 

The geo-genesis of peat domes has been quite well studied (Driessen et al., 1975). The growth of the peat dome is rapid initially and after a certain stage it slows down (Anderson, 1964). The growth dynamics are well enunciated by the study of Driessen and Subagio (1975). Biodiversity changes accompanying peat dome formation and subsequent degradation have not been fully documented. 

	Table 2. Area of Histosols in Southern Asia.

	
	
	
	
	

	COUNTRIES
	Total Land Area (Km2)
	Percentage Histosols
	HISTOSOLS

	
	
	
	Hemists
	Saprists

	
	
	
	(km2)

	AFGHANISTAN
	647,500
	0
	
	

	BANGLADESH
	133,910
	2.68
	
	3,595

	BHUTAN
	47,000
	0.00
	
	

	BRUNEI
	6,627
	26.95
	
	1,786

	CHINA
	9,326,410
	0.31
	23,999
	5,138

	INDIA
	2,973,190
	0.27
	
	8,013

	INDONESIA
	1,826,440
	7.42
	
	135,440

	JAPAN
	374,744
	0.00
	
	

	KAMPUCHEA
	176,520
	0.00
	
	

	LAOS
	230,800
	0.00
	
	

	MALAYSIA
	328,550
	11.24
	
	36,913

	MONGOLIA
	1,565,000
	0.00
	
	

	MYANMAR
	657,740
	0.00
	
	

	NEPAL
	136,800
	0.00
	
	

	NORTH KOREA
	120,410
	1.04
	1,257
	

	PAKISTAN
	778,720
	0.00
	
	

	PAPUA NEW GUINEA
	452,860
	0.77
	
	3,480

	PHILIPPINES
	298,170
	0.00
	
	

	SINGAPORE
	638
	0.00
	
	

	SOUTH KOREA
	98,190
	0.02
	
	23

	SRI LANKA
	64,740
	0.00
	
	

	TAIWAN
	32,260
	0.00
	
	

	THAILAND
	511,770
	0.11
	
	544

	VIETNAM
	325,360
	0.00
	
	1,093

	  TOTAL
	21,115,069
	1.04
	25,256
	194,933


Physical-Chemical Properties

The parent material for peat is either wood or soft tissues such as the roots of reeds, leaves and twigs (Hwai et al., 2001). Consequently, there are differences in the bulk densities of the sapric material developed from wood (~ 0.4-0.8 g cm-3) and that derived from the softer tissues (< 0.3 g cm-3). Despite the fact that lateral flow of groundwater in peat is faster than vertical flow in through the system, the erratic stratification with depth results in spatial variability in the rate of lateral flow. Unpublished data of the senior author shows that tremendous spatial variability exists in the ratio of horizontal to vertical flow rates under saturated conditions in the Saprists and Hemists of Sarawak, Malaysia. There is also tremendous variability in the saturated hydraulic conductivity, rates of decomposition, humic to fulvic acid ratios and cation exchange capacities.

In other parts of Asia, peat lands play an important hydrological role in regulating the quantity and quality of waters. Peat lands in these areas, buffer high rainfalls of the monsoon months before eventually discharging the water into the sea. 
A characteristic feature of many tropical peat is the acidic nature and consequently, low available nutrient content status. In contrast to temperate peats derived from moss or sedges, the woody nature of tropical peat makes mechanical cultivation extremely difficult. The partially decomposed wood fragments are interspersed with humified organic materials with variable degrees of water holding and cation exchange capacities. The zero point of net charge is very low and so anion exchange is insignificant. However, the large surface area and ability to hold cations imply that heavy metals are retained by the system. Recent findings suggest that kinetics and mechanism of adsorption of metals onto the organic complexes vary even among sapric materials (Hwai et al., 2001). This has been attributed to various factors, most importantly due to variations in the subsurface terric materials and the nature of the parent materials. The significance becomes important in urban areas located close to peat lands. Urban and industrial wastes may be sources of heavy metals, which accumulate and remain in peats. 

Functions
Unlike the Histosols of the temperate and colder climates, tropical Histosols are generally woody with large preserved timber in them. This is one of the reasons that it is more difficult to harvest tropical peats for horticultural purposes.  The moss and sphagnum peats of cooler climates form a soft, homogenous mass that is easy for machine harvesting.  

Coastal Histosols of the tropics are protected on the seaward side by raised sand ridges, which are stranded beach deposits. The inland swamps are fed with fresh water from the rivers, which are admixed with seawater.  Brackish water prevails for significant periods during the formation of these tropical peat swamps. One of the minerals formed in such organic rich environments under brackish water conditions is pyrite. This mineral is largely responsible for the adverse acidity characteristics. The frequently associated soils with the Histosols are Aquents and Aquepts. These, unlike the Histosols are mineral soils but may contain high amounts of organic matter.

Many Asian communities and cities developed around peat lands and rivers, e.g., Kuala Lumpur, Bangkok, Jakarta, Bombay, Shanghai etc. With rice as a staple food, lowlands have always been in demand. In recent decades, with much of the lowland already utilized, people are forced to look for land on steep slopes. The development of puddling techniques enabled the use of well-drained soils for rice.  Despite this, in the last few decades, there is a renewed colonization of peatlands. Shifting cultivation is one of the most destructive forms of land management particularly on peat lands.  Large areas of peats have been or are being cleared for plantations of rubber and oil palm. Both land-use types require some drainage with concomitant mineralization and subsidence of the peats. Agricultural use also precludes or eliminates the original biodiversity. The impact resulting from the loss of faunal and floral materials, many of, which we do not know or understand, is still not apparent in most peat lands.  This is attributed to a lack of apparent economic value being attached to these resources.

A recent review (Parkyn et al. 1998) on conserving peatlands emphasized the heritage value of peats such as being a natural archive of not only environmental history but also human history. Palynology yields information of past resource conditions and climate, and peats are amply supplied with preserved pollen. Prentice and Parrish (1992) showed the importance of peat lands as a habitat for wildlife, supporting large mammals, at least 7 primate species, crocodiles and a rich bird fauna that differs from that of dry forest types. They stated that it also supports characteristic "blackwater" fish communities. Several endangered species have been identified, including the Sumatran Rhinoceros (Dicerorhinus sumatrensis), Proboscis Monkey (Nasalis larvatus), Malayan False Gharial (Tomistoma schlegelii), White-winged Duck (Cairina scutulata) and at least 11 fish species.  It is an important timber resource, and provides a variety of produce used by local inhabitants, as indicated earlier.

In addition to providing for human needs, peatlands have other functions related to the quality of the environment. Their specific physiographic position and their properties play a distinct role in several aspects of the hydrology of the landscape (Padmanabhan, 2002). Being a wetland, they maintain the equilibrium of the water table. The system has not only free water has a high capacity to absorb water. Excess fresh water from rivers is discharged into the sea and the peat lands control the amount of seawater permeating into the land. It also buffers nutrient flows in and out of the system. The water table of the adjoining mineral soil is maintained and controlled by the peatlands; destruction of the peat lowers this water table and induces or aggravates drought conditions during dry seasons. The negative aspect of these properties arises when the adjoining lands are used for agriculture with heavy inputs of chemicals. Due to the high organic matter content, and the characteristics redox conditions, heavy metals and persistent organic pesticides entering the swamp are complexed and retained for a long time.  Slow release of these into the water system is detrimental to aquatic life. 

Peat lands sequester significant quantities of the world’s carbon. The total amount of carbon in standing vegetation and peat soil has been estimated at between 20-35% of the total terrestrial carbon (IGBP 1998).  Table 3 summarizes data on carbon stocks and flows in peatlands.

	Table 3: Carbon Stocks and Fluxes in Peat lands (GACCC, 1998)



	
	Carbon Stores

t C/ha
	Biomass

t C/ha
	Carbon Absorption

t C/ha/yr

	Global
	1181-1537
	150
	1.0-0.35

	Tropics
	1700-3000
	300-500
	0.86-1.45

	Boreal/Temperate
	1314-1315
	120
	0.17-0.29


It has been estimated that northern peat lands alone contain more than 500,000 million tons of carbon. Many peat lands produce only 20% of the methane produced by shallow water wetlands (IGBP, 1998). In addition, processes vary at different levels with a peat deposit. The lower levels of peat produce methane while the upper levels at least partially oxidize methane released from the lower levels.  Although drainage of peat lands has been shown to reduce methane production, other studies have indicated that this may be more than compensated by the methane production in the associated drainage ditches.  Carbon dioxide release will increase dramatically to levels as high as 15 t C/ha/yr in the temperate zone, and 50 t C/ha/yr in the tropics through decomposition of peat after drainage (Imirzi and Maltby, 1992).

Despite these values, functions, and fragility of the system, peat lands are rapidly being cleared and drained for other land-uses, especially agriculture. Much of the remaining forest has or is being logged over, seriously damaging the ecosystem in some cases eg. the 1 million hectares of Mega Rice Project in Indonesia. Peat swamp forest is seriously under-represented in the protected area network in many parts of Asia as little is known about this ecosystem. Research is needed to investigate fundamental ecological questions, sustainable forestry techniques and natural hydrological processes (Prentice and Parrish, 1992).

Present Land Use Considerations

Considering the challenges imposed upon by the physical and chemical nature of peat lands, attaining sustainable production in such areas requires tremendous investments and technical input. High fertilizer inputs are required in addition to careful management of the water table, both of which are not economical for small-holders and technically challenging under the given diverse conditions.

Subsistence-based agricultural systems, understandably, would not be able to provide the level of input required for managing peat lands sustainably. The knowledge base for such systems is highly traditional in nature and is therefore vulnerable to the uncontrolled changes that occur in the evolution of the agro-ecosystem. Commercial-based agricultural systems appear to thrive in areas dominated by shallow peat but have tactfully avoided cultivating areas dominated by deep peat. This system is technology-based, has a greater control over changes that may occur within the system but is perhaps still not in harmony with nature. Therefore, sustainable development of the peat soils in the tropics requires not only a holistic approach to the management but also dictates the need for a paradigm shift in research trends and policies.

Management Considerations

National decision-makers are confronted with the question of whether or not peat lands can successfully be used for agriculture in a sustainable manner. The resilience of the ecosystem to these drastic degrading forces is almost zero. Biodiversity is permanently lost, including plant species of medicinal and other values for human use. 

Soil resilience has been defined in a few ways. Szabolcs (1994) stated that resilience is a function of the physical, chemical and biological buffering as well as the rates of changes of pedological and anthropological soil fluxes. Lal (1994) preferred to define resilience as a function of antecedent soil conditions, difference between rates of soil formation and degradation as well as management inputs from outside the ecosystem. 

The major challenges to sustainable development of peat lands include short-range variability in soil depth and degree of humification. Padmanabhan (2002) has shown that there is considerable heterogeneity in the depth characteristics of peat (Fig. 1).  This micro-variability has serious implications for use and management of peatlands. The material itself has low bearing capacity as reflected by the low bulk densities, problems related to subsidence and irreversible shrinkage upon drying or de-watering, low nutrient status and complexities involved in determining the mechanisms of adsorption and desorption of cations and anions. Other problems relate to maintaining optimal hydrological conditions and the impact of developing such soils on the conditions and performance of adjoining soils. It is evident that many of these problems are still poorly understood and as such impose restrictions on proper utilization of these resources.

Plantations of rubber, coconut, and oil palm, are grown on peat and require intensive agricultural practices. Although not a sustainable land use alternative in its truest form, it is an option for countries when there is a shortage of good quality lands. Low-input farming, ranging from slash and burn agriculture to poorly supervised land development projects has some of the most detrimental effects on such ecosystems. The fires used in the land clearing process are uncontrolled and devastate more than the small piece of land that the farmer intended to use. These kinds of land exploitation have destroyed millions of hectares of peatlands in the last few decades.
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Fig.1. Depth microvariability in peat (Padmanabhan, 2002)

Tropical peats are frequently underlain or may contain acid sulfate materials.  Pyrite is responsible for the extremely acidic conditions and is only activated when the soil is drained.  Pyrite hydrolyses to jarosite and one of the byproducts is sulfuric acid.  In plantation agriculture, this acidification is counteracted with large application of lime.  Low-input farmers cannot afford this.

One sustainable use of peatlands is managed forestry.  A peat swamp must be treated as one entity and the management must be holistic, considering every component and its linkages, the functions and role in the landscape, and also the short and long-term benefits to society. Timber harvesting must be done in a planned manner (air-lifting as opposed to tracks) that enables the ecosystem as a whole to adjust to the new equilibrium.  Replanting with the appropriate species should be a mandatory follow-up process. Invasive species such as Macaranga are quick to occupy cleared land whereas imperata cylindrica can be found in degraded peat lands. 

To track sustainability, there must be a program of assessment and monitoring of biodiversity in addition to resource conditions and performance.  If plantations are to be included, these should be few occupying only a small proportion of the total swamp, carefully located so that they become islands with minimal impacts on the ecosystem as a whole. Agricultural land use planning is more critical on this kind of soil than on any other group of soils. Buffer zones have to be provided for in any kind of land use in peat lands. However, the geometry of such buffer zones can only be determined through rigorous and innovative measures in soil survey that lead to a better characterization of the soft soil resources.

To date, various methods have been used to estimate the depth variation in peatlands. These methods have not been very successful for a number of reasons. Remote sensing techniques using a variety of platforms and sensors have been tested on tropical peat in Malaysia with limited success. 
Key elements of a strategic plan

Sustainable land management (SLM) is the system of technologies, with the associated objectives, activities, and outcomes, employed to maintain or enhance the quality and productivity of the resource base while promising an improved quality of life and intergenerational equity for the community (Eswaran, 1992).  Therefore, when SLM is evaluated or monitored, the components that are considered are:

· Quality of life is maintained or enhanced;

· Ecosystem integrity is maintained or enhanced;

· Productivity, including quantity, quality, economics, and acceptance, is also maintained or enhanced.

The following are general considerations in designing SLM projects.

Indicators:  The concept of sustainability incorporates a time frame of decades and SLM ensures the optimal functioning of the system over this time frame. The most important component of a SLM program is indicators that are used to monitor the progress of the system (Dumanski et al. 1992). A suite of indicators that monitor the stresses  (pressure) experienced by the system, the state of the system, and the responses to the stresses, are needed. This suite is monitored regularly and analyzed to evaluate system behavior. The pressure-state-response matrix becomes a useful tool to evaluate progress. The matrix is applied to all sectors, biophysical, environmental, and the socioeconomic.

Design of land development project/s: Since the project deals with a large contiguous area, it must provide for niches for as many of the plant and animal communities that are known. Preserving the biodiversity is as important as the production part of the project. To develop a master plan, the characteristics of the bio-communities, including the needs of migratory birds, must be known or researched.  Systems linkages with adjoining uplands and associated wetlands must be clearly demarcated and their role in ecosystem processes understood.  These adjoining systems will be targets for special monitoring as they are also sensitive to changes. This design of the project must be made in consultation with a range of specialists and respected during the implementation phase.

Preserving the heritage: Peat deposits have an age of 5,000 to 10,000 years and many have had some form of human influence during this period.  Evidence of this is entombed in the soil as artifacts and archeological fragments.  Meeting current food security needs can be done while preserving and protecting the history of mankind. In developing the area for drainage, a continuous vigilance is necessary for this aspect of sustainability.

Ownership of the concept: If sustainability remains a research concept, it has minimal impact and the system breaks down.  There must be awareness in the community, particularly among the land-users.  The land users must subscribe to the notion and this can be achieved through information dissemination and a participatory approach.  The added value of biodiversity to the agro-ecosystem can be demonstrated and the land users can be charged to be the guardians of the biodiversity.

Economic viability: The economic viability of the farming community is the driver of the sustainability paradigm in the project area.  In its absence, the farmers’ preoccupation with survival prevents them from considering contribute to environmental concerns.  Appropriate government support, marketing facilities, infrastructures such as road networks, and an efficient extension service assure the viability.

A research strategy

A good strategy anticipates constraints to sustainability and develops the activities to address them (Virmani et al. 1994).  Though the theme of the paper is sustainable land management, the socioeconomic component is critical to this and in many instances is more important than the technical solutions (Widjaja-Adhi and Karama, 1994).  Needless to say, both these components are nullified if they do not operate in an appropriate policy environment, from national to local.

Some framing questions to develop the research strategy include the following:

1. Has the quality of life of the communities in the area been significantly enhanced?

2. What changes can be recommended to maximize profits and minimize risks?

3. What are the innovative methods that can be applied to enhance the mapping of peat resources in the tropical environment?

4. What components of the ecosystem are being aided or hampered by drainage of the peatlands?

5. Is land degradation (or components of it) being changed and in what direction?

6. Is the productivity of the soil resource base being attained and maintained?

7. Is the current pattern and mix of land use the best for the goal of sustainability? 

8. Can the peat resources be utilized in a truly sustainable manner within the realms of inferred resilience of this unique and fragile ecosystem?

Fuchmans (1986) emphasized the need for integrated efforts in conducting research on peat lands. The approach requires research in the following thrust areas:

· Stratigraphic mapping to assist drainage and fertilizer management;

· Methodology for the purification of peat water;

· Characterization of the chemistry and physical properties of peat and dynamics associated with drainage;

· Hydrological studies to understand the movement of chemicals as well as overall nature and property of peat;

· Investigations on the resilience of the ecosystem as a whole; and

· Assessment and monitoring of biodiversity, which can also serve as indicators of sustainability.

The paradigm shift that SLM calls for is that research must be holistic and systems based.  It should include not only agronomic and crop or livestock based observations but also the linkages of these to the ecosystem and to the socioeconomic conditions of the area. It should show change and specifically how the resource base is maintained or enhanced.  The maintenance of the resource base depends heavily on the characterization phase itself. The latter is co-dependant on the innovative techniques of soil survey that can be applied to meet the current requirements. In the final analysis, it should clearly demonstrate that agriculture is environment friendly as well as based on policies and research methods that adapt to changing times.

The farming community must also demonstrate a paradigm shift in the way they participate in the program. Plucknett and Winkelmann (1995) state that farmers will have to confront formidable challenges in learning to manage ever more advanced technologies in ways that will increase the productivity of their resources while protecting the environment.  They stress that this will be a daunting task in the developing world.  For peatlands, there are still many challenges to adopting science-based technologies.  Notwithstanding, this must be the goal of not only national decision-makers but also the premise for any research strategy.
Conclusion

In view of its recognized values, our lack of knowledge and the rapid rate of degradation of peat lands, it is urgent that suitable areas are protected for conservation purposes. In the long term, systematic and holistic planning represents the best means of achieving integrated management of the peat lands. This includes incorporating conservation, forestry and water management objectives in the management strategies. 

A crucial step in the conservation and management of peatlands is the assessment of the system. It is now evident that the nature of the substratum and microvariability of peat lands is critically important in resource characterization. Conventional soil surveys must be augmented with more intensive information gathering, inclusive of information on nature of the terric materials, hydrology and other landscape factors. Current methods of inspection are largely limited by accessibility issues and in most cases, lack of funding and manpower. Innovative technologies that are needed to overcome these limitations of available technologies.
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