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1. Introduction

History of Mangrove Management

The ecological, environmental and socio-economic importance of mangrove forests is now widely accepted by international agencies, governments, NGOs, scientists and tropical coastal communities alike. It is appreciated that mangrove ecosystems provide a unique and valuable range of resources and services, making them far more valuable than the sum of the products they generate. Nonetheless, responsibility for mangrove management historically has generally been assigned to sectorial institutions, normally Forestry Departments or their Fisheries counterparts, or in urban settings to infrastructure or utility authorities. 

Only to a limited extent have these institutions catered for the multiple functions of mangrove ecosystems. As early as the 1920s the Malaysian Forest Department, for example, recognised the legitimate needs of fishermen for various secondary mangrove products, but admitted them to be 'somewhat vexatious complications' in an otherwise straightforward scheme for fuel and pole wood production (Watson, 1928). 

From such beginnings, mechanisms for mangrove management have continued to evolve, but still largely along sectorial lines. Inevitably, individual agencies have approached coastal resource management with prejudices that limit their priorities to those directly related to agency jurisdiction and goals. Multiple use management, though much talked about, is still the exception in practice, rather than the rule. The problem is succinctly described by Tomlinson: ' A forestry department will emphasise utilisation that may degrade the resource, a fisheries department will emphasise conservation with minimum of disturbance, and an agricultural department may advocate conversion and replacement by some putatively more valuable resource. This conflict is the background to mangrove management...' (Tomlinson, 1986). 

The limitations inherent in the sectorial approach are in fact, now recognised as a major constraint to establishing sustainable development of mangrove resources (Olsen and Arriaga, 1989; Nuruzzaman, 1993). Other constraints include lack of enforcement (Burbridge and Maragos 1985); the power of various elites to gain exclusive property rights to coastal resources (Olsen and Arriaga, 1989); the lack of community input into management efforts; the poverty status of many indigenous coastal communities; and a lack of awareness amongst decision makers about the mangrove ecosystems they are dealing with. The latter deficiency is compounded by the complex geographical, physical and biological nature of mangroves, since they cover the intertidal zone, but also interact significantly with inshore, upstream and terrestrial ecosystems, and support a diverse fauna and flora of marine, freshwater and terrestrial species (Macintosh, 1982; Daniel and Robertson, 1990; John and Lawson, 1990; Robertson, 1991; UNEP, 1994). 

Since the late 1960's, the trend away from at least moderately sustainable multiple use of mangrove resources has been exacerbated by many governments, or by politically protected individuals, seeking to exploit tropical coastal resources for purely financial gain. One example is Indonesia's policy to promote shrimp farming during the 1980s to increase foreign exchange earnings to offset a decline in petroleum export revenues. 

Consequently, the human ecology of mangrove areas has in many cases changed from a joint ownership/multiple-use coastal system into a privately owned single-purpose one of low sustainability; the case of shrimp farms created out of mangroves is perhaps the most publicised and widespread example and has affected coastal communities around the world, including Ecuador, Bangladesh, Thailand and Vietnam (e.g. Meltzoff and LiPuma, 1986; Bailey, 1988; Macintosh and Phillips, 1992; Aksornkoae, 1993; Hong and San, 1993). 

Ironically, over the same period that these changes have taken place, the ecological, hydrological, and socio-economic functions of mangroves (and other wetlands) have become far more widely appreciated amongst the scientific community (John and Lawson, 1990; Macintosh et al, 1991; UNEP, 1994). The upstream, downstream and on-site inter-actions on which their various functions depend are better understood, and consequently, planners have called for a more integrative holistic framework for mangrove management. 

To provide a framework which reflects the complex linkages of the mangrove ecosystem, and to combat the limitations of the sectarian approach, a new management approach is being advocated, variously known as Integrated Coastal Zone Management (ICZM), Coastal Zone Management or Coastal Area Management (e.g. Meltzoff and LiPuma, 1986). The main elements of ICZM have been outlined recently by several authorities (see studies by IUCN and ICLARM for details). Working examples remain relatively limited however, and this is largely due to the resistance of entrenched sectorial interests who perceive a loss of profit and autonomy under an integrated management structure. 

Objectives of this Review

The objectives here are to describe the world's mangrove resources, identify how their exploitation and conventional management have affected the global resource as it exists today, then suggest ways in which a more sustainable exploitation can be operated, within a modern management approach. Particular emphasis is given to the aquatic component of mangrove ecosystems, because the serious state of mangrove fisheries and the highly publicised impact of coastal shrimp farming on mangrove ecosystems have done much to influence recent opinion that new management strategies are urgently needed. Some examples of integrated management systems are presented based on traditional concepts, or on pilot scale attempts to introduce modern alternatives as a component of ICZM. Finally, future trends in mangrove ecosystem management are suggested against a background of predicted significant increases in population pressure in tropical coastal areas. 

The Mangrove Resource: Background to Present Day Exploitation

Area and Distribution of Mangroves

Mangrove trees and shrubs form conspicuous wetland ecosystems fringing extensive areas of coastline in tropical and subtropical latitudes. In addition to the mangrove forest itself, waterways (estuaries, creeks, canals, lagoons and backwaters), mudflats, saltpans and islands contribute to the physical dimension of these ecosystems (described by Kjerfve, 1990). True mangroves are mainly restricted to intertidal areas between the high water levels of neap and spring tides. Under optimal conditions, generally those found in tropical river deltas estuaries and lagoons, mangrove trees can reach a height of up to 45 m to create a valuable timber resource (Watson, 1928; Tomlinson, 1986; UNEP, 1994). 

Mangroves are estimated to extend over 15 million hectares world-wide (Lacerda and Diop, 1993); there are about 6.9 million ha in the Indo-Pacific region, 3.5 million ha in Africa and some 4.1 million ha in the Americas including the Caribbean (Fig. 1; Table 1). However accurately defining the extent, characteristics and dynamics of mangrove ecosystems has only become possible recently with the availability of satellite imagery and GIS techniques (e.g. Blasco et al, 1989; Jensen et al, 1989; Vibulsresth et al, 1991). Detailed estimates of the mangrove areas remaining in Thailand, based on Landsat-MSS data, are shown in Table 2 as an example. 

The most extensive and luxurious mangroves extend across the Indo-Pacific regions where they are best developed in the delta systems of major rivers, e.g. the Ganges-Brahmaputra, Irrawady, Mekong and along very sheltered shores protected by large land masses, notably Madagascar, the Malacca Straits, Kalimantan, the Indonesian Archipelago and Papua New Guinea. The largest intact area of mangroves occurs in Bangladesh, where there is almost 600,000 ha of the Sundarbans ecosystem and a mangrove forest area estimated in 1985 to cover 401,600 ha (Chaffey, Miller and Sandom, 1985). 

In South America, mangrove forests extend from northern Peru on the Pacific coast and from Brazil's southern state of Rio Grande do Sul on the Atlantic coast (Fig. 1). Aridity and the cold Humbolt current limit the southern extension on the Pacific side to about 6 degrees south, whereas higher rainfall and warm currents along the southern coast of Brazil permit mangrove growth to about 28 degrees south (Snedaker et al. 1986). 

Large undisturbed forests remain in remote areas, for example the Orinoco Delta in eastern Venezuela (495,200 ha) and the Pacific coast of Colombia (451,300 ha). Similar expanses occur in northern Brazil (Snedaker et al. 1986). The mangroves of the Americas continue north along both sides of the Central American isthmus. The 3,900 km Pacific coast has over 340,000 ha of mangrove forests, with a higher floristic diversity than the Caribbean community (Jimenez, in D'Croz et al, 1990). 

Mangroves also penetrate some temperate zones, but there is a rapid decrease in the number of species with increasing latitude (Chapman, 1976; Tomlinson, 1986). At their latitudinal extremes: 31 N in southern Japan (Hosokawa et al, 1977); 31 N on the Pacific coast of Mexico; 32 S in Brazil and 38 S in southern Australia (Wells, 1983) the mangrove vegetation is in each case restricted to a single species. Arid climates also limit 

Mangrove Biodiversity and Species Characteristics 

About 80 species of true mangrove trees/shrubs are recognised, of which around 50-60 species make a significant contribution to the structure of mangrove forests. Species diversity is much higher in the Southeast Asian region, where approximately two-thirds of all species are found, while approximately 15 species occur in Africa and 10 in the Americas. The trees of several genera are valuable for timber or fuelwood, especially Rhizophora species which occur in all three regions. Although mangroves thrive best along sheltered humid tropical coastlines where alluvial sediments can accumulate as a substratum for mangrove colonisation, mangroves also occur as fringes or patches in carbonate sediments along small island shores, as in the Caribbean (Ellison, 1993). 

Arid climates also reduce species diversity and restrict mangrove growth to low shrub formations in extreme cases, as in Northern Queensland and along the Persian Gulf and Red Sea coasts. The effect of aridity rather than latitude on mangrove communities is well demonstrated in India. Excluding the Andaman and Nicobar islands, about 50% of India's mangrove resource is found in the Ganges delta of West Bengal (Sunderbans) and comprises more than 20 species, whereas at similar latitudes on the arid west coast (Gujarat) only about 12% of the total resource and nine species occur (Vishwas, Chavan and Untawale, 1993). 

The Changing Patterns of Mangrove Utilisation 

Saenger et al. (1983) attribute the general cause of mangrove destruction and degradation to the preference for short-term exploitation for immediate economic benefit, rather than longer-term but sustainable exploitation. Expanding on their basic classification, five specific types of human interference causing mangrove destruction can be suggested:- 

1. over-exploitation by traditional users, e.g. excessive removal of trees for fuel wood, especially charcoal; 

2. activities requiring maintenance of the mangrove ecosystem, e.g. rotational felling and replanting of mangrove stands for wood production; 

3. natural resource activities destroying the mangrove resource which require little or no inputs from it, e.g. coastal agriculture; salt production; intensive shrimp culture; 

4. other activities, generally unrelated to the mangrove ecosystem, which completely destroy it, e.g. harbours, factories and other forms of coastal industrialisation or urbanisation; 

5. off-site activities unrelated to the mangrove ecosystem but detrimental to it, e.g. offshore dredging, coastal pollution, diversion of upstream freshwater sources for irrigation. 

In general there is an increasing rate or scale of impact associated with the above and a given mangrove area can be affected by several different activities simultaneously, or over time as land use patterns change. The mangroves which used to fringe the inner Gulf of Thailand in the provinces of Samut Sakhorn and Samut Songkram are a good example. Today these provinces are almost devoid of mangroves (Table 2), but originally the mangroves were extensive; they would have served principally as fishing grounds for local people and a source of wood products. The inner mangroves were cleared, starting several decades ago, to create shallow ponds for salt production and canals were constructed through the mangroves for access and to carry seawater to the salt pans. Wild shrimp production in the wet season, alternating with salt production in the dry season, was introduced from about the 1930s, giving a further economic reason for mangrove conversion by local people. 

With the development of intensive shrimp farming techniques in Thailand in the 1980s, there was a sudden rush into modern shimp farm construction by deepening the salt ponds or converting large areas of the remaining mangroves. Nearly all the investment was by companies and non resident businessmen. By 1989 shrimp production in these provinces had collapsed because the environmental carrying capacity was exceeded (Phillips, 1994). Much of the land is now unproductive and awaits redevelopment into factory or housing estates. 

The mangrove degradation and destruction that results from such activities are also accompanied by an accelerating removal of common property benefits in mangrove ecosystems (i.e. 1.above), to forms that can accrue to private concerns (i.e.2-4 above) (Burbridge 1978; Meltzoff and LiPuma, 1986). 

Regional Examples

Having established an analytical framework, changing patterns of mangrove use will be examined for different regions of the world. 

Central and South America

In Central America, archaeological evidence has confirmed the use of mangrove fuelwood in salt production dating back to before the Spanish period. It is also likely that there was a range of subsistence harvesting from the mangroves associated with a string of small coastal settlements (fishing, hunting, firewood and pole wood extraction, etc.) took place (McKillop and Healey, 1989; Jefferson and Kepecs, 1989). 

Since the Colonial period, exploitation of the Central American coast has intensified, although much more so along the Pacific shore. Spanish colonists left almost the entire Caribbean coast, from the Yucatan down to Panama, to the native Indians (Leonard, 1987). Removal of natural resources was undertaken sporadically by the English from temporary settlements in the 18th and early 19th centuries, but neither this nor subsequent development has much affected mangrove on a significant scale, other than in Panama where clearance for charcoal production has significantly reduced the mangrove resource. In contrast, the mangroves along the Pacific coast have been substantially reduced, through conversion to agriculture, aquaculture, industry and settlement, and by over-exploitation for fuel and construction materials. 

In Central American, recent threats to mangroves have been reviewed by Leonard (1987). His findings show that in Guatemala and El Salvador, direct use for charcoal production and the extraction of tannin have been responsible for large scale mangrove removal and degradation. Indirect damage has resulted from agricultural runoff, particularly from the cotton growing areas of the Pacific coastal plain. In Honduras, salt extraction has caused mangrove destruction. Pollution from sediments, pesticides, industry and sewage are significant factors contributing to mangrove degradation. 

As a consequence of extraction for charcoal and tannin production, combined with the indirect impacts from sediment and pesticide pollution, it is estimated that the mangrove area in Guatemala has been reduced by 92% since the late 1950s (Leonard, 1987). In Costa Rica, 40% of the original mangrove cover had gone by 1979, due primarily to tannin production, aquaculture, salt production and coastal development. 

Threats to Nicaragua's mangroves occur mainly on the Pacific coast. Although detailed information is lacking, it is likely they are under similar pressures to mangroves in Honduras. In Costa Rica, major causes of mangrove destruction have been tannin production (now banned), shrimp aquaculture, salt production, coastal development, and to a lesser extent than in Guatamala and El Salvador, cutting for fuelwood and pollution from agriculture. Panama has experienced substantial alteration of its mangroves. Cutting for charcoal and tannin production, and infilling for urban and resort development have all been responsible. Belize is the only country where Leonard (1987) considered that mangroves were not being significantly degraded or eliminated, although there is currently localised clearances for urban expansion and tourism development (Zisman 1992). 

Jimenez (in D'Croz et al, 1990) considers mangrove destruction to have been poorly monitored in Central America, but quotes reported losses of 385 ha/yr in Nicaragua (Vega 1984), 560ha/yr for Guatamala (Rollet 1986) and 45ha/yr for Costa Rica (Jimenez 1990). Most of the conversion he suggests, has been for rice fields, pasture, salt evaporation ponds, and more recently, shrimp ponds. He further suggests however, that the most serious mangrove management problem in Central America is not conversion but degradation, through overcutting for fuel where wood is the main energy source (e.g. El Salvador) and from pesticide contamination in El Salvador and Nicaragua originating from cotton and watermelon crops. 

In South America, historical uses of mangroves are relatively poorly documented, although Indians are known to have inhabited coastal areas characterised by extensive mangrove forests (Snedaker et al. 1986). Presumably, pre-Colombian uses were similar to the subsistence activities observed today, primarily the cutting of trees for firewood, charcoal, and poles for light construction, domestic use and fish traps. These were likely to be small scale operations carried out by single families or individuals from each village (Snedaker et al. 1986). Siddall et al. (19??) do however, refer to open-system aquaculture by the Inca in Ecuador as long ago as 400 years. 

Even in more recent times, the neotropical mangroves have not, with certain exceptions, been managed or utilised beyond the provision of subsistence needs for local populations. Part of the reason for the benign neglect is the fact that the majority of major population centres were initially located in high altitude environments (eg Bogota, Colombia) enjoying a cooler more favourable climate and lower incidence of diseases such as yellow fever and malaria (Snedaker et al. 1986). 

Caribbean and USA

The original mangrove resources of the Caribbean were relatively vulnerable, being confined by a combination of steep topography, small estuaries and small tidal range. A significant proportion of mangroves were removed by early settlers for fuel in salt production. Settlements along the coast have been the main cause of modern clearance, with a significant proportion of this being related to the provision of tourist infrastructure. 

Lugo (1988) gives the original area of mangroves for Puerto Rico at 30,000 ha. By 1975 50% had been lost. Losses are attributed to transport, housing, marinas and landfill, with recreation and pollution degrading additional areas. Saenger et al. (1983) cite pollution from sewage and industrial waste as significant causes of mangrove degradation in the Lesser Antilles (Guadeloupe and Martinique). 

For the Caribbean, Lugo et al. (1988) give conversion to agriculture and clearance for fuelled and charcoal production as early causes of mangrove losses, with clearance for tourist facilities, housing and roads arising as more recent threats to surviving stands. In contrast, in Haiti and the Dominican Republic the need for cheap fuel has led to extensive mangroves clearance, whereas tourism is not highly developed. 

In the USA, agricultural conversion has been the principal cause of loss of wetlands overall, but for mangroves (restricted by climate to the south-eastern states) the primary causes are different, with housing, industry, and drainage for disease vector control being the main factors (Burbridge 1978). 

India and Bangladesh

Large areas of the inland mangroves of southern Asia have been converted to agriculture (mainly paddy fields) or salt production. Shrimp farming represents a relatively new form of coastal land use which is a further threat. Jagtap et al (1993) cite an overall areal loss of mangrove in India of 34% between 1975 and 1990-91, equivalent to 148,500 ha, 

Traditionally the mangroves of India and Bangladesh have been exploited for timber and fuelwood, bark tannin, animal fodder, native medicines and food (fish, shellfish, honey, wild animals). Population pressure has greatly increased the rate of exploitation, leading to degradation of the remaining forests at an alarming rate. In Bangladesh, where an estimated 300,000 wood and thatch cutters, honey collectors, and fishermen are directly dependent on the Sundarbans, the area of pure sundri (Heretiera fomes -the main economic timber species) is reported to have shrunk from 31.6 to 21.0% between 1959 and 1983 (Chaffey, Miller and Sandom, 1985). 

Top-dying of sundri as well as over-cutting is blamed for this situation, but the die-back problem seems to be associated with increased salinity arising at least partly from large scale diversion of freshwater - an indirect form of human impact on the Sundarbans mangroves. 

Southeast Asia

Huge areas of mangrove have been lost from Southeast Asia due to wood extraction, conversion to agriculture or salt production, coastal industrialisation and urbanisation and, conversion to coastal aquaculture (Table 1). Recently, shrimp farming has been blamed for large scale losses in several countries, notably Thailand, Indonesia and the Philippines. Estimates of the mangrove areas destroyed for different purposes in Thailand are shown in Table 5. These reveal the relative importance of aquaculture as a cause of mangrove destruction since 1980, but a greater total loss of almost 70,000 ha prior to 1980 due to mainly to agriculture and coastal infrastructure developments. The total mangrove resource in Thailand has shrunk from an estimated 368,100 ha in 1961 (FAO, 1982) to 196,643 ha in 1986-87 (Aksornkoeae, 1993). 

Review of Sectarian Activities in Mangrove Ecosystems 

Historical Perspective

Historically mangrove ecosystems have been sites of human settlement throughout the tropics, especially in the India-Pacific region. This is understandable since mangroves dominate in sheltered locations, offer extensive navigable channels for boats and provided early settlers with an abundant source of building materials, fuelled, thatching, bark (a source of tannin), medicines, etc., as well as excellent gathering, hunting and fishing environments for food (see Table 3). 

The wide variety of traditional products from mangroves utilised by coastal communities is well documented (Hamilton and Snedaker, 1984; Chan and Salleh, 1987). Many of these activities still continue, and include collection of thatching material (Nypa), gathering of shells to produce lime and wild honey collection (in the Sundarbans especially). While early coastal settlers enjoyed great self sufficiency in this way, and some human communities still live in an integrated way within mangrove environments, commercial exploitation of mangrove resources, especially for timber and fuelwood, developed rapidly to supply the growing needs of urban populations. Even among traditional communities, increasing population pressure on coastal resources has inevitably led to a gradual degradation of mangroves as more and more forest has been cut to satisfy local timber and fuelwood needs. 

Timber and Fuelwood

In volume terms, timber production from mangrove forests has been minor in comparison to that from other forest types, primarily due to timbers of superior quality being available in tropical inland forests (Watson 1928) and difficulties of access and transport associated with these wetlands. However on a local scale, mangrove timber has always been important to traditional coastal communities for house and boat building (FAO, 1982), and remains so today. In the Bangladesh Sundarbans, timber yields, principally of Heritiera fomes (sundri) and Excoecaria agallocha (gewa), have exceeded 300,000 cubic metres annually (FAO, 1982), representing a major source of wood in a country poorly endowed with other forest types. Elsewhere, by far the greatest use of mangrove wood is for fuel, especially charcoal because of the exceptional slow-burning properties of the wood of Rhizophora species. Wood still provides 90% of the fuel used in Vietnam (SCF, 1993) for example, hence the great pressure on mangroves along heavily populated coastlines such as in Vietnam. 

Complete forest management plans for sustainable production from mangrove forests are limited to the Asian region (e.g. Curtis 1933, Dixon 1959, Khan 1966, Choudhury 1968). No such schemes exist in South America although some international organizations such as FAO have made efforts to develop plans for selected mangrove forests. 

India and Bangladesh

Heavy exploitation of mangroves in India for firewood and animal fodder has depleted the resource significantly, except in the Indian Sunderbans and the Andaman Islands where selective systems of rotational felling have been practiced (Blasco, 1975). Untawale (1978) quoted production annually of almost 25,000 t of timber plus almost 16000 t of firewood from the Indian Sundarbans, based on felling cycles of 20 years in Heritiera dominated forest, or 30 and 40 years in forests dominated by Excoecaria or Ceriops, respectively. In addition to firewood, strip felling was carried out in the Andamans to extract poles of Bruguiera gymnorrhiza, with successful replanting of Bruguiera seedlings reported (see FAO, 1982). 

The largest single area of mangroves in the world lies in the Bangladesh part of the Sunderbans, covering an area of almost 600,000 ha including waterways, and is the only large mangrove forest managed for commercial timber extraction in Asia (Christensen, 1982). As noted above, exploitation of the Bangladesh Sunderbans mangroves for timber has exceeded 300,000 t annually, but yields have declined in recent years as large trees have become scarcer. The 'sundri' tree (Heritiera fomes) is the most important timber yielding species (Siddiqi and Siddiqi, 1990). Fuelwood is the second major product. 

Forest management plans for the Sundarbans date back to the 1870s (described by Chaffee, Miller and Sandam, 1985). Early overcutting resulted in a decline in the standing stocks of the four main economic species. The most comprehensive plan was prepared for the period 1931 to 1951 (Curtis, 1933). This had five working circles, three of which were in what is now the Bangladesh portion of the Sundarbans. The working circles were based on ecological criteria and identified as the freshwater, moderately saltwater and goran (Ceriops decandra) circles. Twenty year felling cycles were specified for the freshwater and goran circles and 30 years for the moderately saltwater circle. Compartments were the basic management unit and four stand qualities were recognised, based on average maximum tree heights. Subsequently this was simplified to three stand qualities and in each cutting compartment each tree species had a single diameter limit. 

The next major working plan after Curtis (1933) covered the period 1960-61 to 1979-80 (Choudhury, 1968) and continued to be more or less followed thereafter. An ODA forestry team completed a new inventory, with management recommendations, in 1985, but these have not been implemented (Bangladesh Forest department personal communication) and a new inventory by an FAO team will begin in 1995-96. Choudhury's management plan is based on 20 year cutting cycles and defines three working circles: gewa (Excecaria gallocha), sundri (Heritiera fomes) and keora (Sonneratia apetela). All tree felling is done by contractors under supervision by the Department of Forestry officers and based on minimum diameters fixed for each compartment; a royalty is paid on a unit volume or length basis (detailed in Chaffey, Miller and Sandom, 1985). There is no replanting after felling. 

Southeast Asia

The mangrove forest plans operating in Southeast Asian countries, principally in Malaysia, Thailand, Vietnam and Indonesia, have been the subject of many reviews (FAO, 1982, 1985; Aksornkoeae, 1993; Hong and San, 1993;). In Indonesia, commercial exploitation of mangroves for charcoal is reported from 1887 in Sumatra (Jelles, 1929 but, despite early attempts to introduce forest working plans, mangroves were exploited with little management controls until the 1970s (FAO, 1982). Since then, large areas of 'production' forest have been assigned to concession holders, but with regulations concerning their activities introduced by law in 1978. Concessions totally 455,000 ha were operating in the 1980s (cited by FAO, 1985). 

The rules require concessionaires to make an inventory of the concession area and to leave a protection zone of undisturbed mangrove at least 50 m wide at the seaward margin of a site and at least 10 m wide along river banks; annual cutting limits are set by the Directorate General of Forestry. Forty seed trees per hectare (minimum diameter 20 cm) must be left after felling, or 2500 seedlings planted at a spacing of 2m x 2m. As with other mangrove management systems, the main problems are associated with effective implementation and supervision of these regulations. 

South America

According to Snedaker et al. (1986), large scale mangrove forest management in South America is considered to exist only at the planning stage, with the governments of Brazil, Panama, and Venezuela developing working plans (not necessarily for sustainable production). In the latter example, Hamilton et al. (1984) does note the harvesting of large Rhizophora in the Orinoco delta for power utility poles. Otherwise, Snedaker et al. (1986) consider plans for mangrove forest exploitation in South America to be highly exploitive; e.g. clear felling for sale to international woodchip buyers. Details of such an operation in the Orinoco Delta in Venezuela are given in Saenger et al. (1983). 

Caribbean

Even though the extent of Dominican mangroves is so limited, poles are harvested from the main stands of white mangrove (Laguncularia racemosa) (Arlington 1988). 

Central America

The main commercial activity in Panama's mangrove is the harvesting of poles (216,125 cubic metres a year) (Jimenez in D'Croz et al. 1990). 

Figures from permits suggest that in Nicaragua 4000-7000 cubic metres of mangrove are harvested annually for poles (Vega 1984), with a further 5000 cubic metres annually for other timber (ibid). 

In Honduras, between 80,000 and 120,000 cubic metres of mangrove are estimated to be used for firewood annually (Flores 1983, Rollet 1986) (although this is largely for use in salt production). In Nicaragua, according to the permits granted, 9,000 cubic metres a year are collected for firewood (Jimenez in D'Croz et al, 1990), and according to Vega (1984), the El Salvador harvest is approximately 30,000 cubic metres a year (Miranda, 1983). 

Both Jimenez (in D'Croz et al., 1990)) and Snedaker et al. (1986) consider charcoal production in Central and South America to be relatively inefficient. Panama is the main centre of production, providing smokeless fuel for the urban middle class. 

Charcoal production in Panama demands around 7448 cubic metres of mangrove a year, primarily taken from stems of less than 25cm dbh (D'Croz et al. 1990). In the Terraba-Sierpe area of Costa Rica, 1300 cubic metres of charcoal is produced annually (Chong 1988). Siddall et al. (19??) also consider charcoal production as a significant cause of mangrove loss in Ecuador. 

Wood Chips and Pulpwood

Large scale conversion of mangroves for wood chip production began in East Malaysia and Indonesia during the 1970s. Two wood chip mills were established in Sabah in 1971 and a licence for 15 years was granted for a concession of almost 50,000 ha to produce wood chips, mainly for export to Japan for rayon manufacture. Malaysia halted this practice thereafter, but mangrove wood chips are still a major export from Kalimantan accounting for the loss of thousands of hectares of forest (personal observation). Soemodihardjo (1978) mentions a concession of 35,000 ha of mangrove in Sulawesi for pulpwood production. Clearly such practices are unsustainable and they only continue in Indonesia because there are still large tracts of mangrove with very low human population levels, as in East Kalimantan. 

Non-wood Forest Products

Tannin

The earliest historical record of mangrove use for South America is inferred from a law promulgated by King Jose of Portugal in 1760. The law, imposed on Brazil, made it illegal to fell mangrove trees without simultaneously utilising the bark for tannin. It was feared that extensive clearing for firewood would reduce the bark available for the tanneries. In addition to a financial penalty, the law also imposed a three month jail term (Hamilton et al. 1984). 

Small-scale tannin production did persist, using the bark from felled Rhizophora. A small industry existed in Belize for example, during the 1950s (Zisman, 1992), but in common with other sites, production was eliminated by the subsequent collapse of the world tannin market in the 1960s. 

It continues at only a very few sites in Central and South America. One of the larger producers is located in southwest Costa Rica, using bark (illegally) exported from Panama (Snedaker et al. 1986). Siddall et al. (19??) give more details, noting that although Costa Rica has banned mangrove harvesting, a Panamanian cooperative harvests red mangrove bark to supply Costa Rica's leather tanning industry. More than 700,000kg of red mangrove bark were exported to Costa Rica in 1981 for example, representing the cutting of as much as 250 ha of mangrove. 

Jimenez (in D'Croz et al., 1990) quotes bark harvests of 1260 tons/yr for Honduras (Rollet 1986) and 437 tons/yr for Panama. Bark yields for mangroves in Costa Rica range from 1840 to 4490 kg/ha (Jimenez 1990). He notes that the preference for larger trees (> 25cm dbh) in bark collection results in extraction having a greater impact than other common forms of harvest such as poles and charcoal which use smaller stems (Jimenez, in D'Croz et al., 1990). 

The importance of bark tannins has declined in many Asian countries, but some mangrove tannin is still used in India and Bangladesh for leather curing and there are some other traditional uses, e.g. for curing fishing nets in Sri Lanka (FAO, 1982). The gathering of mangrove leaves (Avicennia) for animal fodder remains widespread in the Middle East and Southern Asia, for feeding camels in Iran and India, for example; in fact grazing by domestic animals is a serious cause of mangrove degradation in parts of India (personal observations). 

Other Products

Mangrove honey is an important economic product extracted from the Sundarbans (Nuruzzaman, 1993). Although impossible to quantify, hunting also remains a significant activity in the Sunderbans and in many other areas in Asia where mangroves are still extensive. Unfortunately, this extends beyond hunting to support local food needs, into the poaching of rare and endangered species for sale as skins and stuffed specimens for tourist markets (Nuruzzaman, 1993). To a limited degree native medicines (see Table 4) and miscellaneous plant extracts (e.g. a fish poison is obtained from the Derris plant) and food items are still collected from mangrove forests (Chan and Salleh, 1987). The exploitation and value of aquatic products from mangrove ecosystems is, however, of far greater significance today, as described below. 

Agriculture and Salt Production

In Asia large tracts of back mangroves were cleared initially for agriculture, especially rice farming (reviewed by FAO, 1982). Other suitable crops include coconut and oil palm and even pineapple. Rice farming can be successful on mangrove soils in the wet season, although yields are only moderate. However in many such areas the soils are alluvial in origin and have acid sulphate or potential acid sulphate characteristics which lead to a rapid reduction in rice production within a few years (due to acidity, iron and aluminium toxicity and lack of available nutrients), after which they are abandoned (FAO, 1982). These soil problems can be countered by the use of lime and fertilisers, but it may not be economically viable to do so. For example, fertilized potentially acid sulphate soils in the eastern region of the Bangkok plain produced 1,940 kg/ha, whereas yields from non acidic mangrove soils in the western region reached 3,000 to 4,000 kg/ha (cited by FAO, 1982). 

Salt water intrusion is another problem which can destroy coastal rice crops; this is a frequent occurrence in central Vietnam, for example, due to high waves generated by typhoons. Conversion of mangroves to rice agriculture is not common in South America (Snedaker et al. 1986). 

In many parts of Asia the environmental and economic limitations of coastal rice farming have been overcome by alternating the rearing of shrimp with a rice crop in the same field, or by converting completely to shrimp farming. In the Khulna District of Bangladesh, poldered rice fields ('ger') are flooded with brackish water in the dry season months for shrimp culture, then a rice crop is grown in the wet season when the field can be flushed with freshwater (e.g. Nuruzzaman, 1993). For economic reasons associated with the high price of shrimp, such partial or complete switches from rice farming to aquaculture are putting further pressure on the remaining mangroves. 

Although less obvious than habitat loss, the indirect effects of agriculture on mangroves, through the diversion of freshwater by agricultural irrigation schemes, or run-off of agricultural chemical residues into mangroves, have also been significant in some cases. The interception of natural freshwater flow into mangroves and its diversion for irrigation purposes is a factor associated with deteriorating mangrove conditions in the Indus Delta and in the western part of the Sundarbans (e.g. Chaffey, Miller and Sandom, 1985). 

Although very little information is available, there is great concern in Asia regarding environmental impacts from agricultural pesticides, some of which are known to be highly toxic to shrimp (Macintosh and Phillips, 1992). The effects of antibiotic residues from the treatment of bacterial diseases in intensive shrimp farming is of similar concern. In both cases, such chemicals are likely to enter mangroves with discharge or run-off waters. 

In many regions of Asia with a seasonally dry climate, large areas of mangrove were cleared in early times for solar salt production (e.g. Table 5). Today there are still areas devoted entirely to salt pans (e.g. central Vietnam), elsewhere, salt production is rotated with shrimp farming in the wet season, as in the Cox's Bazaar area of Bangladesh (described by Nuruzzaman, 1993). Because of the low value of salt, some salt pan areas have subsequently been converted into modern shrimp farms, e.g. in the inner Gulf of Thailand.. 

Coastal Industry and Urban Development 

In addition to the physical loss of mangroves through coastal industrialisation, there are also concerns over environmental effects from pollution. Burns et al (1993) note that there were 157 major oil spills in tropical seas between 1974 and 1990. Deep mud coastal habitats may take 20 years or more to recover from the toxic effects of such oil spills. 

Mangrove Based Fisheries

Over the past two decades or so, research has generated a large volume of data supporting the view that there is an important linkage between mangrove ecosystems and fisheries productivity. The basis of this relationship seems to be that mangroves provide (a) an extensive three dimensional environment for fish and shellfish, especially to the juvenile stages (i.e. a nursery habitat); and (b) detritus exported from mangroves provides a major energy source in tropical coastal waters to support high productivity in food chains involving large numbers of detritus-feeding species, such as mullets and penaeid shrimp. Many high value, commercially exploited fish and shellfish utilize mangroves during part of their life cycles, including white shrimp (Penaeus merguiensis, P. indicus, P. vannemei), groupers (Epinephelus tauvina), sea-perch (Lates calcarifer), mud crab (Scylla serrata), milkfish (Chanos chanos) and mullets (Liza spp.). 

Although the exact degree of mangrove dependency of such species is argued by scientists, it is clear from fishery catch data that large areas of mangrove support high yields of fish and shellfish. 

Mangroves and Aquaculture

Over the last twenty years one of the greatest perceived threats to mangrove resources has been the rapid increase in coastal aquaculture and, in particular of shrimp farming. 

The main motivation of tropical coastal aquaculture is financial profit, not the production of food for local consumption; coastal communities invariably have a reasonable supply of cheap/captured seafood with which few cultured products can compete in price. Ironically, this source of natural food is now under threat in many areas, due to the demands of coastal aquaculture (removal of young fish and shellfish to supply culture operations, fisheries habitat losses (especially nursery sites) and pollution - chiefly from intensive shrimp farming where its main function is income generation - the production of cash crops to be sold to distant, often export, markets (Csavas, 1990). 

Coastal aquaculture production in 1990 amounted to approximately 7.5 million tonnes worth an estimated US$13,230 million (FAO, 1992). Whilst this is undoubtedly a legitimate economic aim, little of the profits accrue directly benefit the coastal communities, even though it is they who suffer from the worst excesses of aquacultural development (Primavera, 1989,1994; Lee and Wickins, 1992). Given the chance to express their preferences, local communities in many regions would opt for labour intensive, low cost technology operations that are more in keeping with social structures and environmental resources than large imported farm businesses that enclose wide areas of land. (Lee and Wickins, 1992). 

In its pristine state the mangrove forest plays an important physical role in relation to tropical coastlines and offers various niches to many plant and animal species. As a result mangroves provide a wide variety of goods and services (see Table. 1) for the communities that live in it's environs. Because they have traditionally been thought of as low value, unpleasant places, mangroves, in the main, have not been legislated for but have been open to everyone. It was therefore relatively easy for developers, often from far away, to turn these highly productive, complex ecosystems into a single-use private domains (Primavera, 1989, Barg, 1992). It has often been cited that aquacultural developments bring employment, but it is often the case that developers have preferred to bring their own workforce with them. Thus, many poor people who depend on mangrove forests for their livelihood are eventually dislocated (Saclauso, 1989). 

Although the majority of coastal aquaculture operations to date have had little adverse effect on ecosystems (Barg, 1992), there have been a great many cases where severe environmental degradation has occurred, as in the case of shrimp farming practices in Southeast Asia and Latin America (e.g. Meltzoff and Lipuma, 1986; Bailey, 1988; Chua Phillips et al., 1990; Aiken, 1990). With greater reliance on aquaculture due to over-stressed natural fisheries, improvements in technology and the consequent intensification of culture methods, the hazards posed are increasing. 

All aquaculture operations impact on the environment, but to varying degrees (Phillips, 1994). Mollusc and seaweed farming, for example, occupy space, possibly bringing them into conflict with fishermen and others navigating inshore waters, and may restrict water flow and affect sedimentation rates, but are otherwise environmentally friendly (Angell, 1986; Macintosh and Phillips, 1995). Taken collectively, the potential negative environmental impacts of tropical coastal aquaculture can be summarized as follows: 

1. depletion of natural resources (e.g. fry collecting) 

2. clearance of wetland habitats 

3. discharge of nutrients and organic wastes 

4. introduction of exotic species 

5. release of antibiotics and other chemicals 

6. increase in pathogens numbers 

7. lowering of water tables from water extraction 

8. salinization of freshwater supplies 

9. increase in sedimentation loads 

10. lowering of dissolved oxygen levels 

11. increase in biological and chemical oxygen demand. 

With environmental risks like these, it is vital that effective integrated coastal management and sound aquaculture husbandry techniques are employed. There are even cases where one form of tropical coastal aquaculture is impacting on another form; for example, the decline of crab farming in Surat Thani, Southern Thailand is blamed on the development of shrimp farms which have removed large areas of the mangrove habitat associated with this species (personal observation). 

Shrimp farming

Although tropical shrimp farming has a long history, dating back at least 400 years (e.g. the 'tambaks' of Indonesia, 'bheris' and 'gers' of Bengal and tidal ponds in Ecuador) the expansion of the industry over the last 15 years has been extremely rapid and it's environmental impact is now the subject of grave concern (e.g. Primavera, 1989, Macintosh & Phillips,1992). 

Modern penaeid shrimp culture began in Japan over 50 years ago, with the development of successful hatchery techniques, and spread throughout Southeast Asia and Central and South America. The early production leaders, Taiwan and Ecuador have now been superceded by China, Thailand, Indonesia and the Philippines (Csavas, 1990). With an estimated 80% of cultured shrimp being sold on global rather than domestic markets this is a valuable source of foreign exchange for developing countries. It is not surprising therefore, that there has been a large increase in the number of countries (from the Indian subcontinent, Central America, Southeast Asia and Oceania) which are now engaged in shrimp farming (Csavas, 1990; Liao, 1990; Wedner & Wildman, 1992). Production trends suggest that the exponential growth period for shrimp culture that occurred during the late 1980's is drawing to a close and that expansion looks set to continue, but at a slower rate (Phillips et al., 1993). 

Most shrimp are cultured in ponds, although some species have been cultured in pens and cages (Beveridge, 1984). Availability and cost of land is therefore a very important criterion in site selection for potential investors. Mangroves were one of the first environments to be converted into aquaculture farms as they allowed trapping and holding of wild shrimp and fish in tidally flushed ponds. Although mangrove areas are now generally considered to be sub-optimal for the culture of shrimp due to their acid-sulphate soils and high clearance and maintenance costs large tracts of forest are still being converted to shrimp ponds. The continued use of mangrove areas for shrimp farming is probably due to several reasons: their proximity to brackish water supplies, being situated on level terrain, the presence of traditional trapping and growing grounds, often hundreds of years old (Csavas, 1990); such areas have been targeted for "reclamation" and development into modern farms; optimal land in the region had already developed and property rights to mangrove areas are often cheap and readily available. 

In recent years there has been a great deal of attention given to the impact of shrimp culture on mangroves (Primavera, 1991, Phillips & Macintosh, 1992). Reliable figures for the conversion of mangrove areas to shrimp ponds are extremely difficult to find but if all the 993,750 ha. of shrimp ponds were converted from mangroves then this would only account for less than 6% of the global resource. In reality the figures are much lower than this as in some countries such (e.g. China) shrimp ponds are found largely in non-mangrove areas and in others (e.g. the Philippines) many of the traditional extensive systems have been in operation for many years (Macintosh and Phillips, 1992). The problem remains serious however; Thailand has lost a total of 203,000 ha, or 52% of the total mangrove resource, since 1961 (Anon, 1993) although the Thai government has at last recognized the importance of preserving it's pristine forests and is now using remote sensing to track their loss and to provide a methodology for a cost-effective, reliable and effective information gathering system for sensible mangrove planning and management. However, despite legislation, there has so far been no firm enforcement and the conversion of mangroves to shrimp farms continues (Briggs, 1994). 

Similar events are taking place in many other areas of the world; in Indonesia, most of the 300,000 ha. of land being used to culture shrimp was ex-mangrove forest and the government is planning to raise this figure to more than 1 million ha. By 1985 Java had lost 70% of it's mangroves, Sulawesi 49% and Sumatra 36% (Csavas, 1988). A similar scenario exists in the Philippines where mangrove areas have shrunk from 448,000 ha. in 1968 to 110,000 ha. in 1991. This destruction has had a devastating effect on coastal fisheries and has led to the marginalisation of subsistence fisherman and the erosion of shorelines (Singh, 1987; Primavera, 1989;; Barg, 1992; Chua, 1993). As well as removing the economic values of the forest, the construction of canals and dikes irreversibly alters the hydrological characteristics of the area and thus the ecology of the system (Csavas, 1990). 

Although there are many different techniques used to culture shrimp, they can broadly be placed in three categories: 

Extensive culture

These are based on methods that have been practised in Asia for hundreds of years and are characterized by low inputs and low yields (Table 2). Whilst these systems are still very common in Asia they are gradually being superceded by more intensive methods (Phillips et al., 1993). The fact that these systems have been utilised for such a long period of time attests to their potential sustainability. Traditionally, ponds ranging in size from 1 to several hundred hectares (Silas, 1987; cited in Phillips et al., 1993) are excavated in inter-tidal areas and are largely dependent on the entry of wild fry into the ponds during spring tide. These are then on-grown using the natural food of the water body, often in combination with a variety of other species e.g. milkfish. Since the occurrence of fry is seasonal and the numbers unpredictable, the production of shrimp is unreliable. It is therefore impossible to exactly state the initial stocking density, although it is generally to be below 10 m-2 with a yield less than 500 kg ha-1 yr-1. Unregulated stocking by this method also allows predators and competitors to enter the pond, further reducing the efficacy of this method. 

Supplementary stocking with either wild-caught or hatchery-reared fry is now more common, however, the former too is becoming less reliable as over-fishing and habitat destruction result in lower numbers of wild-caught shrimp fry being available. In India for example there is a wasted 'by-catch' of 9 kg of young fish and shellfish for every 1 kg of shrimp seed obtained. 

It is estimated that 100 organisms are destroyed for every shrimp fry collected to supply extensive shrimp ponds ('gers') in Bangladesh; as many as 80% of the people in some coastal areas of the country are engaged in aquaculture seed collection (personal observations). 

The large tracts of, increasingly expensive, land required to profitably farm using these methods are becoming less easy to justify. To convert large areas of highly productive mangrove forest to large swathes of fish/shrimp ponds, as has occurred in several Southeast Asian countries, notably the Philippines (Primavera, 1994), would seem to be highly undesirable. One possible exception to this is the 'tambak tampung sari' system now being employed in Indonesia (this integrated mangrove- aquaculture system is discussed in the section on integrated mangrove management). 

Intensive culture methods

Intensive culture methods for shrimp emerged during the 1970's, pioneered by the Taiwanese after the development of successful hatchery techniques for Peneaus monodon. Chua and Tech (1990) have cited four main reasons for the rapid increase in intensification: 

1. development of hatchery techniques and the capability of producing large amounts of larval food 

2. formulation of artificial feeds which enabled large-scale commercialization 

3. engineering improvements and innovations in aquaculture facilities such as pond designs, paddle wheels, aerators etc., boosting the carrying capacity of growout and hatchery facilities 

4. upgrading of technical skills in farm operation and management 

With the ability to produce seed at will, thus ensuring a large and reliable supply, improvements in technology/husbandry and the rapid increase in world shrimp prices, the time was ripe for an increase in the level of intensification. However, it soon became apparent that all was not well. The intensive shrimp farming industry, in Taiwan and later in Thailand, has always been prone to over-expansion (Sheeks, 1989). One reason for this was that, despite the high initial investment cost, the first harvest could be obtained within four months and as many as three crops could be obtained annually. At first it seemed that large profit margins could be realised indefinitely (Chong, 1990). In 1987, for example, some Thai shrimp farms realised profits as high as 1 million baht (US$ 40,000) from a 1 ha. pond in a single crop. However, once intensive culture was adopted, land prices rose rapidly. This forced new investors into greater intensification in order to pay back the spiralling investment costs. High interest loans taken by many small farmers also encouraged rapid repayment and hence, overloading of the system. This was further aggravated by the high operating costs and strong market competition, until there was no simple alternative to increasing intensity (Sheeks, 1989). 

The most dramatic crashes thus far have occurred in Taiwan, where it has occurred on three separate occasions despite the lowering of stocking densities and the switch to "disease-resistant" species (Briggs, 1994). Shrimp farming along the head of the Gulf of Thailand met a similar fate when the industry crashed after just two growout seasons, with the region's production falling from 70% to 20 % of the countries' total. In both cases, the over-exploitation of coastal resources, industrial pollution, improper site selection (particularly with regard to water supply and discharge), poor farm design and management practices, over-stocking and self-pollution, combined with the "get-rich-quick" mentality of shrimp farming speculators, led to severe environmental degradation. (McClellan, 1991; Chua, 1993; Fegan, 1993; Phillips et al., 1993). Many of the Central Thai farmers have now migrated south, where there is less industrial pollution, higher quality seawater and better direct access to the sea. Despite these advantages, a 1992 Overseas Development Administration (ODA) survey reported that, in one region, after only three growout seasons, pond productivity had fallen by 24% on average and that 75% of farms were experiencing disease problems (Phillips, unpublished data). 

There is growing evidence that the environmental impacts of shrimp farming play a significant role in the disease outbreaks and subsequent crop loss, as a result of overloading the carrying capacity of the environment (Phillips et al., 1993). The increasing incidence of disease and the environmental degradation has led to speculation over the continuing prosperity, even the survival of marine shrimp farming (Pruder, 1992). It is now understood that Monodon baculovirus (MBV), the viral disease which has been blamed for the crashes of the Taiwanese and Central Thai shrimp farming industries, as well as other opportunistic diseases, including Vibrio spp., other bacteria and protozoans, are not particularly pathogenic if shrimp are kept in optimal conditions (Nash, 1988; Lin, 1989; Sheeks, 1989; Csavas, 1990). It is therefore the mismanagement of the ecosystem leading to pond conditions stressful to shrimp, which is the root cause of most shrimp diseases (Lin, 1989). 

Despite the fact that Taiwanese shrimp production techniques have already been shown to be unsustainable, the short-term financial success of shrimp production in Taiwan and Thailand has encouraged other developing countries to ask them for help in developing their own industries (Briggs, 1994). Indeed the Taiwanese government is now funding a feasibility study for a relocation project that would encourage Taiwanese farmers to establish operations abroad, particularly in Latin America and other Southeast Asian countries, thus avoiding high production costs and further environmental degradation in Taiwan (Anon, 1993). Similarly, leading companies in Thailand are strongly promoting shrimp farming in countries such as India and Vietnam (CP Newsletter, 1994). The Taiwanese government presumably feels that it is better to decimate the coastlines of other countries for it's own economic gain. In other words, the economic incentives from shrimp farming are still so high that the coastal resources of these less developed countries are being placed at risk. 

With the unrestricted expansion of intensive coastal shrimp farming have come a multitude of environmental problems. Apart from the destruction of mangrove forests, they include the salination of agricultural land and freshwater aquifers, land subsidence and deteriorating water quality due to sediment loadings and nutrification. The industry itself has become concerned about sustainability, as shown by the trend towards lower shrimp stocking rates to combat stress and disease in high density shrimp culture (Phillips et al, 1993). 

Semi-intensive culture practices

As the name implies, these culture practices fall somewhere in between extensive and intensive methods of production. Ponds are stocked with hatchery reared or wild caught post-larvae and the farmer relies on the natural productivity of the pond along with supplementary artificial feeds. Although at one time thought to be simply an intermediate stage between 'low technology' extensive and 'high technology' intensive practices, semi-intensive farming is regarded by many experts as the only long-term, sustainable way to produce shrimp. 

Economic analysis too has shown that while all systems from extensive to highly intensive are profitable whilst the market value of shrimp remains high, only semi-intensive systems can easily survive a 20% fluctuation in inputs and/or market value (Csavas, 1988, 1990; Chong, 1990; Primavera, 1994). Intensive operators, who have a profit per unit area of culture but with a narrow profit margin per volume and extensive operators, who have low production levels, would be driven into the red under these conditions. With increasing competition from many different areas forcing profit per kilogram down, intensive producers will be at a disadvantage. Since semi-intensive culture also has less environmental impact, many researchers are now strongly advocating, along with improved shrimp pond management, a reduction in the dependence on intensive systems (Csavas, 1988, 1990; Primavera, 1989; Fast & Lester, 1992; Macintosh & Phillips, 1992). 

Unsustainable Aquaculture

Whilst semi-intensive shrimp farming may be less detrimental to the environment than other systems of shrimp production, there is still some doubt about its long-term sustainability. They still require large amounts of clean, nutrient-rich water, fish and cereals (in the form of pellets) for feed and wild shrimp fry and/or broodstock from healthy mangroves (Naamin, 1991; Paw and Chua, 1991 cited in Folke and Kautsky, 1994). The great majority of shrimp farms are throughput systems, that is resources are pumped in, used up, and pumped out in a linear fashion, rather than being recycled. The result of this is accumulation of wastes in the surrounding ecosystems which can lead to severe (and sometimes irreversible) problems. The continuing high resource demands of such systems makes them unsustainable in the long-term. Although it may not be immediately apparent, throughput systems depend entirely on a resource base which directly or indirectly, is linked to the very ecosystems that they degrade. The failure of throughput systems to recognize and respond to these linkages makes them inherently unstable and likely to collapse, as the degradation of their support systems remains unnoticed (Folke and Kautsky, 1994). 

Folke and Kautsky (1994) have made an attempt to quantify the spatial ecosystem support, or ecological footprint, that is required to sustain semi-intensive shrimp farms on the Caribbean coast of Columbia. They did this by estimating the following: 

1. sea surface area and agricultural area required to sustain the equivalent yield of fishmeal and cereal in feed pellets needed for a 1 ha. shrimp pond 

2. mangrove post-larval area required to produce sufficient amounts of shrimp post-larvae; the mangrove support area necessary to produce litterfall/detritus that was assumed to contribute 30% to the shrimps' diet 

3. extent of the support system necessary to provide water for the ponds and to receive their discharge 

4. ecosystem area needed to sequester the carbon dioxide released by industrial energy inputs (both directly and indirectly). 

From these calculations they suggest that a semi-intensive shrimp farm requires a spatial ecosystem support system, or ecological footprint, that is 35-190 times as large as the surface area of the farm. Clearly, this is far greater than the relative amount of mangrove and other support areas that have been left in most major shrimp farming regions. 

The highly intensive nature of the throughput system as is now common in shrimp farming is only possible because of the high market value of of the product. However it is clear that socio-economic factors must be taken into account when assessing the benefits of intensive shrimp aquaculture operations. The development of sustainable shrimp farming will require that the real price of shrimp production, including those of impairment, degradation and destruction of the ecosystem and environment be taken into serious consideration (Chong, 1990). These are costs that never appear on any farm ledger and which are difficult to estimate, but which are essential in gauging the full impact of these production systems (Briggs, 1994). If the value to society of the life-supporting environment is not recognized, there is a severe risk that a short period of prosperous growth of the aquaculture industry, due to intensive ecosystem exploitation, will turn into severe ecological, economic and social problems, that counteracts the possibility for sustainable development (Folke and Kautsky, 1994b) There is, however, a large potential for recycling of resources and reduction of waste and pollutants. 

Other Aquaculture

Water quality processes in shrimp ponds and identified problems 

The maintenance of a low stress rearing environment requires good pond water quality. In intensive farms the high stocking densities involved require high levels of applied feed resulting in a need for the rapid removal of waste products, chiefly dead plankton (from the pond bloom) and nitrogen and phosphorus (from unassimilated feed). If this is not achieved the water quality of the pond will deteriorate causing stress to the shrimp and a corresponding susceptibility to disease (Lin, 1989; Chua et al.,1989; Chien, 1992). There are several water quality parameters which affect shrimp production : 

In South America, aquaculturalists have generally preferred salt flats and inland areas for the construction of ponds because of the lower land preparation and pond construction costs (Snedaker et al. 1986). However, the extremely rapid development of the industry has led to shortages of more suitable sites and large areas of mangroves have been converted to aquaculture. Prior to 1980, only Ecuador had a sizeable area devoted to shrimp aquaculture, but inspired by perceived financial success, other Central and South American countries are encouraging similar aquaculture development (ibid.). 

Siddall et al. (19??) quote 2,200 ha as the area being allocated converted to shrimp farming (unlicensed operators, which are more frequently in mangroves, may not be fully included in this figure). Approximately 5% of Panama's mangrove have been converted to shrimp ponds (ibid.). Approx. 25% of mangroves have been converted to ponds in Ecuador (Siddall et al. 19??). 

In Mexico shrimp mariculture is actively reserved for coops and not private farms. Extensive shrimp mariculture methods (by closing off lagoons) will therefore continue as the dominant production system. 

In Panama, shrimp mariculture had a relatively small impact on mangroves because semi-intensive rather than extensive systems, clear administrative framework, and good information for management purposes. Authorities have co-operated to steer investors away from mangrove to salt flats by publishing costs of construction in m. areas and risks from acid sulphate soils. Suitable salt flat areas avail. plus semi-intensive nature, plus presence of Ralston-Purina set example. 

Shrimp culture has yet to become established in any African nation (p.49), although other species are produced (mostly finfish) for domestic consumption using earthen ponds, or brush parks or fish cages in lagoons (Coche 1982). Ardill (1982) reported preliminary planning for shrimp pond construction in Madagascar (200ha) and Kenya (50ha) and entrepreneurs have shown strong recent interest in starting large shrimp farms in these countries; efforts have also been made to start commercial shrimp farming in the Gambia using imported black tiger shrimp (personal observations). The Ivory Coast, Benin, Ghana, and Nigeria are other parts of Africa considered physically suited to shrimp mariculture. 

Integrated Systems of Mangrove Management 

Small-scale Systems

For economic reasons integrated systems usually seek to combine the sustainability of mangrove forest conservation, or rotational forest management systems, with the high income potential from mangrove fisheries or aquaculture. One traditional form of this concept are the 'tambaks' in Indonesia - extensive ponds for trapping and holding fish and shellfish, where strips of mangrove forest are retained on higher ground within the ponds and trees are planted around the dykes to provide soil stability, shade and a source of organic enrichment (via leaf detritus) to the ponds. Originally these tambaks were created in northern Java for milkfish, with shrimp and crabs trapped as a secondary crop (described by Schuster, 19??). Tambaks are now found throughout Indonesia and they are principally specialised for shrimp farming, especially in Sulawesi. However because of over expansion of tambaks, and other forms of coastal habitat development, the relative areas of mangroves to ponds has declined to a point where their natural productivity is extremely low. Since the loss of mangrove resources also affects their function as nursery sites for juvenile fish and shellfish, wild shrimp fry are now much rarer, making it necessary for tambak operators to switch towards hatchery produced post larvae. The latter are generally regarded as being 'weaker' than wild fry and consequently survival rates and production are often poor (Sulawesi, personal observation). 

In Indonesia a modern development from the tambak concept is 'tambak tumpang sari' or 'pond forest' (described by Sukardjo, 199*). This integrated system developed on the northern coast of west Java in the 1980s as a response to the problems of lack of income opportunities for poor coastal communities. Due to coastal erosion caused by mangrove degradation, the State Forestry Corporation undertook reforestation using Rhizophora species. Behind the protective mangrove zone, bunded fishponds were constructed with mangrove trees planted as seedlings in the elevated the central part (Fig. 2). A main canal with a water gate allowed water exchange in the pond; the pond itself had a sluice gate and fish ditches around and across the pond bottom to create a good environment for aquaculture. 

In the first phase of implementation (3 to 5 years) this system operated as a conventional pond; it was enriched by adding mangroves leaves as a manure. Fish and shrimp entered via the supply canal, then could be harvested virtually on a daily basis in small quantities once the pond biomass had built up. By the second phase (5 to 10 years) growth of the central mangrove had created a forest of saplings or small trees about 5 m tall. At this point the Forest Corporation could begin some exploitation of the mangrove resource as the species planted (Rhizophora) has high economic value for fuelwood and poles. 

It should be noted that under this modern Indonesian system, the local people did not own the land or fishponds, but were simply employed by the government agency to undertake the mangrove planting. This generated the equivalent of 4000 man days of work for each hectare of tumpang sari developed (Sukardjo, 199*). By including the aquaculture component, local poor people also benefited from a significant income from aquatic products for 3-5 years until the forest had developed. By this point conditions in the pond for aquaculture had declined because of crowding by the trees and an increase in fish predators (e.g. birds and otters) and pest species. 

Although improvements to the management of the system are required in order to increase the longer term benefits from mangrove fisheries, the concept is believed to be sound and a possible model for wider adoption in Indonesia (Sukardjo and Toro, 1987). More realistically, it provides temporary employment and income for some local people, and for the Forestry Corporation an efficient means of reforesting degraded coastal mangroves, but it does not create community ownership and management of the resource. After five years the fishermen cannot buy the fishponds (and the mangrove forest is the property of the Forestry Corporation), although some improvement in coastal fish catches may be expected. 

The integration of mangrove forestry with aquaculture is also being tried in Vietnam and Malaysia using crab rearing as the principal income generating activity. In this case the natural mangrove topography is retained by simply fencing off a small area of forest to create a 'crab pen'. The central mangrove area provides a natural habitat for Scylla serrata which are bought from traditional fishermen, stocked in the pens, and fed trash fish. In Sematan, Sarawak a small number of fishermen owners are operating crab pens successfully in this way (personal observation). Although it is too early to state what the long term sustainability will be, the economic returns are good (after six or seven months in the ponds the crabs are exported to Singapore). The method is certainly more integrated than conventional crab ponds, since there is the minimum of disruption to the mangrove forest or soil topography. Because the fences are wooden (mangrove saplings or bamboo), there is a natural tidal exchange through the pens. Some thinning of the central mangrove (to extract poles and firewood) and replanting with seedlings could be developed in this type of forestry-aquaculture system. 

Large-scale Systems

There are few examples of large-scale mangrove forestry-fisheries management systems, but several tropical countries are attempting to introduce the concept of 'zoning', whereby areas of mangrove forest are conserved to provide buffer zones for coastal protection and fisheries support, while forest exploitation, aquaculture development, or other economic activities, are being confined to the inner mangrove zone and to coastal land above the intertidal zone. 

In Thailand, for example, the problems of poor coastal water quality associated with waste accumulation from intensive shrimp farms has prompted a ban on shrimp farm development on mangrove land. Instead, shrimp farmers are being encouraged to construct ponds behind the mangrove zone so that the latter can serve as a natural biological filter to improve water quality before it reaches the ponds. In the largest mangrove area in Thailand, the Ranong ecosystem, areas of concession forest awarded to charcoal producers are gradually being taken back under the direct control of the Royal Thai Forest Department. The mangroves will then be managed as conservation forest in recognition of their greater value to fisheries and coastal protection. It is also of benefit to the many shrimp farms which are being built in land immediately behind this extensive mangrove delta. Since Ranong is the wettest region of Thailand (Macintosh et al, 1991), particular importance is attached to the value of the mangroves to trap sediments and reduce erosion. 

Conservation and Resource Enhancement

Protection of Biodiversity

Saenger et al. (1983) provide a summary of the types of reserves, including mangroves, designated by different countries. Traditionally, mangroves and other tropical wetlands have not been considered particularly rich in species, especially in comparison to the extremely high biodiversity found in coral reefs and rainforests. In conservation terms however, this view is counter-balanced by the extremely high abundance and productivity of certain wetland plant and animal species. These characteristics of mangroves make them important for other wildlife, specifically:- 

1. as dry season refugia and subsequently as sources for re-colonisation of surrounding habitats, 

2. as feeding grounds for resident and migrant wildlife, 

3. as breeding and nursery grounds, 

4. as a link between terrestrial and marine ecosystems. 

The abundance of wildlife probably attracted early natural history enthusiasts (and hunters) to the estuaries, islands and lagoons habitually used by nesting and over-wintering waterfowl. Consequently, the significance of mangroves and associated habitats is much better appreciated for birds than any other group of wildlife, and a number of conservation initiatives have focused on their protection. In Indonesia, endangered species associated with mangroves include the milky stork and less adjutant stork, while mangrove mudflats serve as feeding areas for huge numbers of migratory waterbirds, including rare species (Silvius, 1987). In Mauritania, the tidal flats of the Banc d'Arguin National Park provide a wintering site for some 3 million shorebirds every year (IUCN 1990). 

It is more recent research that has highlighted the other species of conservation concern for which mangroves are an important ecosystem. Moreover, as research has continued, examination of the large range of niches available for use (a three dimensional space in the terrestrial realm like a normal forest, and a three dimensional in an aquatic one, linked by a highly dynamic inter-tidal zone), has revealed greater biodiversity than was originally expected. Lopez et al. (1988) provide a summary of references giving lists of invertebrate species associated with mangroves and benthic habitats adjacent to mangroves. 

Viewed in isolation, the mangrove itself is still of only moderate significance, but it assumes far great importance when its fundamental ecological linkages with other habitats are taken into account. Thus a great number and variety of birds, mammals, fish and invertebrates utilise mangroves during at least one part of their life cycle. 

Those species of greatest conservation concern that are associated with mangroves have been reviewed by Saenger et al. (1983). Of 21 crocodile species recognised by CITES, seven are endangered and of these, *** inhabit mangrove dominated environments. For example, Silvius (1987) mentions that conversion of riverine mangroves in Indonesia will further reduce the habitat available to three already endangered species in Indonesia: Crocodilus porosus, C. novaeguineae and Tomistoma schelegelii. 

Large mammals are especially vulnerable to human intervention because of their need for large forest ranges and their value to poachers. In West Africa, the Caribbean, southern USA and northern Latin America, manatees have been brought close to extinction in many areas by hunting and other disturbance (IUCN 1990). Quiet tidal creeks where overhanging prop roots give production from predators, are thought to be especially important for calving and nursery areas for these creatures. 

In Thailand the leaf monkey, Presbytis cristata and in Malaysia and Indonesia, the proboscis monkey Nasalis larvatus, are both vulnerable species which inhabit mangroves (IUCN 1990), while the Malayan sun bear and the tapir are similarly threatened by forest destruction (Silvius, 1987). 

In India and Bangladesh, the relative isolation of the Sunderbans mangroves have made them the largest remaining habitat of the Bengal tiger Panthera tigris (IUCN). However human population pressure is perhaps the greatest threat to conservation of mangrove wildlife (see demographic predictions, section 6.5). Major international efforts have contributed to some conservation success with the Bengal tiger, but habitat degradation in the Sunderbans is a slow timebomb, which ultimately will be just as lethal for the tiger as the hunter's bullet. Fourteen species of mammal have already disappeared from Bangladesh in the past 20-25 years (Nuruzzaman, 1993). 

Recreation and Ecotourism

At first sight, the scope for recreational use of mangrove ecosystems may appear to be limited, but it is in fact an important aspect of the management of mangroves in Australia (boating and recreational angling). There are also some developing country examples. In Thailand there is considerable value attached to the mangroves in Phangna Bay as a component of the bay's environment which tourists from Phuket can visit in pleasure boats. In some of the Caribbean islands, fringing mangroves are regarded as important indirectly to tourism as they act as sediment traps, thereby protecting the adjacent coral reefs from siltation - the tourist economy of these islands being strongly dependent on the attractiveness of their reef environments. 

It is also probable that mangroves will feature in future as one of the tropical environments attractive to the growing developments in ecotourism. Boat trips through mangrove ecosystems are easy to organise and elevated walkways can be built for easy access to the forest environment. Walkways constructed by the Royal Thai Forest Department in a forest reserve area within the Ranong mangrove ecosystem have proved to be highly successful for research and educational activities involving large groups of people (Macintosh, et al, 1992). In suitable areas, this concept is readily adaptable to make it attractive to a wider audience through ecotourism; consequently the latter should be included as part of coastal zone planning where it is considered to have potential. However, ecotourism must be clearly distinguished from tourism in its general context, the latter having had a history usually associated with negative impacts on mangroves. 

Mangrove Afforestation

Mangroves are one of the easiest tropical forest types to generate because of their reproductive biology and adaptations to intertidal conditions (reviewed by Tomlinson 19??). The species of most economic importance (Rhizophora and Bruguiera) produce viviparous spear-like seeds which can be collected as propagules (the first stage seedling) from mother trees and planted directly into soft coastal sediments for afforestation purposes. Seedlings of other mangroves, such as Avicennia and Sonneratia, which include more pioneer species that can serve a valuable coastal protection function, are easily reared from seeds in nurseries (described by Siddiqi et al, 1993). 

Afforestation has unlimited scope to increase the mangrove resource base, protect fragile tropical coastlines and perhaps also to enhance biodiversity and fisheries productivity. Mangrove afforestation is proceeding on a large scale in Bangladesh and Vietnam principally to provide coastal protection in typhoon-prone areas, but also to accelerate the rate of reclamation of coastal land created by natural accretion, and to generate economic benefits to poor coastal communities (FAO, 1982; Siddiqi and Khan, 1990; SCF, 1992; Hong and San, 1993). 

Mangrove afforestation started in Bangladesh in 1966 and by 1990 plantations covering 120,000 ha were established; 90% of this total was planted with Sonneratia and Avicennia species (Siddiqui et al, 1993), reflecting the success of these mangrove types as pioneer species. However most of the economic mangrove tree species in Bangladesh have been tested as plantations on newly accreted land, including Heritiera fomes (the most important timber tree in the Sunderbans) plus species of Bruguiera, Xylocarpus and Excoecaria (Siddiqi and Khan, 1990). In time, it is anticipated that as the pioneer mangrove dies off, secondary planting with these more economic species will be necessary. 

In central and northern Vietnam typhoons are virtually an annual occurrence which have necessitated the construction of a major coastal seadyke system to protect agricultural land and homesteads from storm damage and flooding. However, the seadykes, which are of earth, or earth and stone, construction, are easily damaged by storms, or overtopped by tidal waves; loss of life and property and saltwater destruction of crops have been regular occurrences (SCF, 1992). 

Future Trends and Policy Development

For the foreseeable future, coastal zones will come under increasing pressure to sustain population growth and the expansion and diversification of national economies. There is a major challenge to meet in improving the management of coastal areas to accommodate this growth (Burbridge 1993). 

Mapping and Resource Analysis

Remote sensing and Geographical Information Systems have both gone through major technological developments during the 1980s and are destined to become increasingly important inputs into ICZM activity. 

Improvements in satellite technology mean that in future resource managers will be provided with far more accurate assessments of mangrove areas and their rates of change. Remote sensors carried on space platforms have come into widespread use, so mapping large areas is quicker and cheaper. Many regional and national inventories have already used satellite imagery (Zisman 1992, Siripong et al., Woodfine 1993, Susanto et al. 1985). Problems obtaining cloud-free cover still occur (Macintosh et al. 1991), spurring investigations into the scope of radar for forest and other mapping work. Significant achievements have nonetheless been made in mangrove mapping, as well as other ICZM-related fields, for example fisheries productivity assessments (Gowda et al. 1993), suspended sediment modelling (Jensen et al. 1989) and flood risk (Blasco et al. 1989). 

ICZM however is as much about localised and practical action as it is about strategic planning. It therefore also needs larger scale information than commercially available satellite data can provide. New methods for computerised scanning, photogrammetry and manipulation of air photos means that this traditional large scale data source remains important. Efforts are also being made to develop aircraft-borne sensors to collect information from a similar range of electromagnetic wavelengths to that of satellites, but at large scales. 

The potential role of GIS in ICZM has three main assets, data collation and storage, data analysis, and in producing output for technical and publicity use (Zisman, 1993). 

To date, the actual role of GIS is limited to by the state of standard software available, the relatively clumsy methods of data capture still prevailing, and the lack of comprehensive, high quality coastal zone data available. Full ICZM applications are at the developmental stages in all but a few cases. Straight forward analyses are now routine (eg Pak Phanang Bay), and results do feed into policy formulation (CORIN 1991). More sophisticated sectorial or bi-sectorial applications also now exist, but many are still being tested and revised (Box on Aquaculture Site Selection). 

Finally, it is important if rather obvious, to stress that the use of these technologies does not itself, guarantee better resource assessment. Measures to ensure high data quality, analytical rigour, hardware maintenance and good organizational management are all necessary if ICZM is to capitalise on them. 

Integrated Coastal Zone Management

There is increasing political awareness of the need for CZM in developing countries and conceptual models are being developed for the better integration of human activities with natural coastal processes to achieve 'sustainability' within set socio-economic conditions and ecosystem carrying capacity. However in most tropical countries there are still significant institutional barriers to integrated environmental management because of the sectoral division of responsibilities between government agencies. Adequate environmental legislation is, in most cases, either lacking or poorly implemented and patrolled. The objectives of CZM will only be realized when there is better coordination between agencies and departments, and when greater attention is given to the needs of coastal communities living within the target areas. For example, in Benin, West Africa, Klingelbiel (1981) cites lack of proper consultation between port and lagoon authorities as a factor behind events which inadvertently led to the complete blockage by sand of the mouth of the Nokoue Lagoon, thereby preventing water exchange and the migration of fish which spend part of their life cycle in lagoon environments, processes vital to lagoon fisheries. In the context of West African lagoon-mangrove systems, John and Lawson (1990) note how local fishermen actually have a strong interest in artificially keeping the mouths of lagoons open for this reason. 

The future development of CZM with respect to mangrove ecosystems must emphasise planning, coordination, implementation and legislative enforcement in policy development. Thus, the greatest challenge for the future is to achieve a restructuring of responsibilities at the various government levels, from national to local, applicable to CZM, and to introduce effective coordinating mechanisms within government and between government and coastal communities. 

Public Awareness, Education and Research 

The changing perception of mangroves within the last 20 years, from 'wastelands' to 'valuable ecosystems' owes much to a rise in public awareness promoted by effective lobbying by international agencies, conservation groups and scientists, who increasingly have been able to strengthen their arguments with scientific research findings. Major programmes of research, training or management for tropical wetlands have been supported by e.g. IUCN, UNDP/UNESCO, the European Union and some bilateral donors including ODA; while regional organizations (e.g. Asian Wetlands Bureau), national bodies and NGOs have been effective in popularising the environmental importance of mangroves at regional, national and local levels. In the Asia-Pacific region, national mangrove committees set up at governmental level and a Regional Task Force, both instigated with assistance from UNDP/UNESCO, have been particularly effective in influencing government policy in favour of mangrove conservation and better management. There is now an international organization dedicated to research and information dissemination on mangroves: ISME (International Society for Mangrove Ecosystems), based in Okinawa. Understandably, this greater awareness of the value of mangroves is helping to release more funding for mangrove ecosystem research and for the improved training and curriculum development in schools and universities in the tropics. 

At community level, far greater emphasis is being placed on involving local people in the decision- making process with regards to wetlands management. Public awareness and local education needs are now seen as priorities in international projects aimed at the integrated management or rehabilitation of mangroves, while NGOs enjoy stronger support at official levels in their efforts to assist coastal community needs and raise public awareness of their problems. In Central Vietnam, for example, Save the Children Fund, U.K. (SCF), found that public meetings were an effective means of explaining the objectives and value of a mangrove afforestation project in HaTinh province (SCF, 1992). The project became successful largely because the local coastal villagers were asked to become directly involved. At official level, the work of SCF was publicised on television and in newspapers by the District Administration, giving the project a significant impact beyond its target group. Environmentally focused coastal resource management projects, with strong community participation, are likely to be more strongly supported in the future. 

Demographic Trends

Settlement and Industrialisation

The coastal zone has become the foci for population and economic activities of many nations (Burbridge, 1993). Currently, estimates suggest that 50-70% of the World's 5.3 billion population live in the coastal zone (Ibid), and this proportion is increasing. From 1980 to 2000, estimates suggest that coastal urban population will increase by 380 million (WRI 1993). By 2020, UNCED Agenda 21 report that up to 75% of the world population could be living within 60km of the shore and that the World's population at that point will be around 8 billion. 

Taking account of differences in population structure of industrialised and less industrialised countries, approximately 95% of this future population growth will occur in the latter (Knecht et al. 1993). 

The population of coastal areas and their growth rates do vary widely between nations (Table ?), with differing historic influences affecting settlement patterns. Projected populations for various countries are shown in Figure ?. 

Reasons for Concentrated Settlement

The needs to be located in coastal or estuarine sites for access to sea or river trading routes historically has been a major influence in creating coastal settlements. Coastal ecosystems, being some of the most productive, have also attracted people to exploit them, and in addition, the coast's ability to support many different uses has encouraged a wide range of development. The occurrence of high quality soils with favourable slopes within the lower reaches of watersheds has been a further factor. Colonialisation also has had a marked affect, either enhancing existing coastal settlement patterns, or establishing new ones (often re-locating or importing populations simultaneously) to facilitate the exploitation and export of raw materials. (Footnote: This type of colonisation could be said to be continuing in Indonesia.) More recently, exploitation of oil, gas and other minerals has lead to the rapid development of the coastal zone in various nations (Brunei, Ecuador, Mexico etc.) (Burbridge 1993). The growth of tourism industry has been strongly bound to the coast, and has been responsible for widespread coastal settlement (see Section for further details of this). 

In Asia, a range of these factors have combined to ensure a very long tradition of coastal settlement in nearly all cases (Anderson 1981), stretching back over the past 1000 years (Burbridge 1993). 

Taking Indonesia as an example, it is estimated that 75% of settlements of more than 100,000 people are located in coastal areas (Burbridge 1994). For Sri Lanka, some 84% of the urban population lives in large coastal cities. 

In other regions, notably South America, features of the coastal zone such as infertile soils, poor drainage and disease have combined to discourage coastal settlement, and populations are therefore generally concentrated in the uplands (Snedaker et al. 19??). 

The impacts of settlements and industry on mangrove range from enormous (Singapore and Hong Kong) to relatively minor in countries of lower population density. 

Mangroves are affected both by conversion to new land use and by the infrastructure serving settlements. Clearance for housing, industry, tourism development are the most significant causes of loss (Saenger et al. 1983), with subsidiary destruction from roads, airports and waste disposal also considered significant (ibid). 

Indirect degradation has also resulted from changes to hydrology, pest control (drainage and spraying), recreation pressure and pollution. 

Since the early 1970s, there has been an increase in industrial harbour/port construction for the transshipment of ores, fuels and other raw materials. This increase has been due largely to the development of new mines and to modernisation of shipping and handling technologies (Saenger et al. 1983). 

Settlement Through Planned Relocation

Burbridge (1993) notes that shortages of upland land is forcing some countries to initiate settlements in coastal areas that, in many respects, are marginal by virtue of poor soils, susceptibility to natural hazards, or cost of conversion. 

In Indonesia, settlement patterns meant that 62% of the population were living on Java and Bali, comprising only 7% of Indonesia's land area (Soewardi 1983). Small scale migration had been taken place since before the Second World War, but in 1969 the scale of this increased dramatically when the Indonesian government launched a massive programme of transmigration. Soemodihardjo (1984) has reviewed the impacts of transmigration on the mangrove ecosystems of recipient regions. Large areas of Nypa palm have been cleared and converted to swamp rice cultivation, and mangroves have also been destroyed by canal construction. The location of the largest shrimp farm in the world, in Sumatra, occupies several thousand hectares of former coastal mangrove and is a project originally associated with the transmigration programme. Burbridge (1993) provides additional insights into the social and project management aspects of this massive exercise in human relocation. 

Conversely, there are cases of intentional relocation away from the coast. Brasilia is one example that has achieved moderate success. In the aftermath of a hurricane which decimated Belize City (located on a mangrove peninsula), aid agencies contributed to the establishment of a new Belizean capital inland, away from the flood risk zone. Due to inertia, however, assisted perhaps by the absence of major hurricanes since, urban movement inland has been limited, and Belize City remains, and is growing at the expense of mangrove forests. 

Migration

Rural to urban migration is a well studied geographical phenomenon, although not specifically in relation to the coastal zone (Burbridge 1993). 

Burbridge (1981) discusses examples in Southeast Asia where destabilisation of rural coastal communities has led to migration to urban areas where fishermen (now unemployed) have few skills to allow them to adapt to urban economic opportunities. Goldberg (1993) examined the migration from low to higher latitude coastal zones, and found four regions where it is occurring. Three (Mexico and Guatemala to California; Haiti and Cuba to Florida; and the Bahia region to the Rio Grande region of Brazil) have implications, both positive and negative, for the future condition of mangroves. 

The paradox, highlighted by Burbridge (1993), is that higher fisheries outputs are required to help feed these burgeoning coastal settlements, yet the settlements themselves, by directly converting mangroves and indirectly by polluting nearshore environments, are actually reducing the fisheries productivity of surrounding waters. Siddall et al. (19??), for example, cite urban expansion as a major cause of mangrove clearance in Panama. Fishermen themselves are also displaced. Burbridge (1993) quotes examples of this for Singapore, the Philippines and India where fishing communities were uprooted to make way for, respectively, a new airport, housing estates, and tourist resorts. There are positive examples as well however. Following destruction of 40,000 ha of mangroves by defoliants during the war with America, one stimulus for the Vietnamese to replant mangroves in Can Gio (formerly Duyen Hai) coastal region southeast of Ho Chi Minh City was to protect this huge city from flooding and to provide a sustainable supply of mangrove fuelwood through efficient forest management. Currently, the now substantial areas of forest (planted from 1979 onwards) also contribute to a significantly increased fish production and thereby enhance the income opportunities of the local inhabitants. 

