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TROPICAL/SUBTROPICAL WETLAND BIODIVERSITY: STATUS OF KNOWLEDGE, THREATS AND SUSTAINABLE MANAGEMENT.

Wolfgang J. Junk

Abstract

Wetlands in general and tropical/subtropical wetlands in particular are considered centers of biodiversity. However, there are large variations in species numbers of different plant and animal groups and also consider

able differences in total species richness and numbers of endemic species between different wetlands. This points to different factors influencing species richness and development of adaptations at different levels in time and space. Important aspects are species exchange with other wetlands and adjacent permanent wet or dry ecosystems, maintenance of the existing species pool in the wetlands by suitable environmental conditions, its enrichment by immigrating species and development of endemic species by radiation of wetland species or adaptation of terrestrial or aquatic immigrants. Tropical/subtropical wetlands are under heavy human pressure and the maintenance of biodiversity is a major goal of wetland protection. The classification of the existing wetland species in different groups according to their origin and the reactions of flora and fauna to the environmental driving forces are key elements in management and protection efforts, because they allow a better impact analysis of the different natural and anthropogenic environmental factors affecting wetland integrity. This article presents examples for the impact of the different factors on species richness in different wetlands and analyzes protection measures. 

1. Introduction
Discussion about biodiversity started in the beginning of the 1980s because of the rapid destruction of tropical rain forests (Barthlott et al. 1996). The report of the National Biodiversity Forum brought the problem to global attention (Wilson & Peter 1982). In the following years many studies and programs addressed to biodiversity of terrestrial and marine environments (Chapin et al. 2001, Myers et al. 2000) and left wetlands on the sidelines. However, “the survival of humankind, and most of the biodiversity, depends on the inland freshwaters which constitute less than 0,01% of the earth’s total water resources. And, the inland aquatic ecosystems are the most fragile and threatened ecosystems on the earth as they bear the impact of all human activities – both on land and in water” (Gopal & Junk 2000). 

Many data exist about specific key groups of organisms in specific wetlands, as for instance, about aquatic macrophytes (Ellery et al. 2000, Pott & Pott 2000, Junk & Piedade 1993, Denny 1985, Gopal 1990), vertebrates, molluscs, phytoplankton, and zooplankton (Ward et al. 1999, Davis et al. 2001, Dudgeon 2000, Welcomme 2000).  Knowledge about aquatic insects, oligochaetes, nematodes, ostracodes, and mites, is limited because of taxonomic reasons.  Numbers of key groups are often not comparable because authors restrict their analyses to specific sub-groups.  For instance, terrestrial plants and animals, living permanently or periodically in the wetlands, are often not considered in biodiversity studies as shown by Groombridge & Jenkins (1998), Olson et al. (1998), Hails (1996) and McAllister et al. (1997). This restricted approach to biodiversity is certainly useful for the solution of specific problems, but it does not correspond to modern ecosystem theory nor to the requirements of sustainable management methods.

Many wetlands belong to the floodplain category. They are subjected to strong water level fluctuations and the change between pronounced terrestrial and aquatic phases (pulsing systems). The flood pulse concept (Junk et al. 1989) states that water level fluctuations (flood pulses) are the driving force in floodplain systems. They connect permanent water bodies through a moving littoral zone by an Aquatic-Terrestrial Transition Zone (ATTZ). Size and nutrient status of ATTZ and type of pulsing determine plant and animal communities, primary and secondary production and nutrient cycles. Aquatic and terrestrial phases are like the two sides of the same coin. The restriction of biodiversity analysis to wetland organisms in the classical sense would be comparable to the concentration of studies on only one side of the coin. 

The same is true for the discussion of sustainable management methods.  Floodplains are used by mankind for fishery, hunting, aquatic crop plantation, agriculture, cattle ranching, forestry, recreation and tourism, but also for water extraction and liquid and solid waste disposal (Junk 2002).  The interactions of these activities between each other and with the ecosystem will determine if the management is sustainable with respect to maintenance of biodiversity.  Optimization of benefits by multiple use is better than maximization of benefits of a single use system (Junk 2000).  Furthermore, wetland management is strongly related to watershed management that is dominated by terrestrial activities which affect both terrestrial and aquatic biodiversity.

In this paper, I discuss definition and classification of wetland organisms and factors influencing species composition such as wetland size and habitat diversity, wetland species diversity in the catchment area, the relationship with connected terrestrial and aquatic ecosystems, the impact of wetland age and paleoclimatic history, and the impact of stress factors.  Furthermore, consequences for management and protection are discussed.

2. Definition of species diversity in wetlands

The complexity of wetland ecosystems has led to different definitions as shown by Mitsch & Gosselink (2000).  In the first article of the Ramsar Convention, wetlands are defined as “areas of marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with water that is static or flowing, fresh, brackish or salt, including areas of marine water the depth of which at low tide does not exceed six meters” (Navid 1989). This definition encompasses coastal and shallow marine areas (including coral reefs) as well as river courses and temporary lakes or depressions in semi-arid zones (Hails 1996) and was adopted to embrace all the wetland habitats of migratory water birds. 

Biodiversity in wetlands is considered very high because of their position at the interface between land and water (Gopal & Junk 2000).  Its characterization can follow different criteria.  One frequently used option is the analysis of lists of wetland organisms.  This approach, however, has severe shortcomings because of the lack of definition, what has to be considered a wetland species.   For instance, hydrophytes, which are taken as diagnostic feature for wetlands, are defined in the USA as “species that have demonstrated an ability to achieve maturity and reproduce in an environment where all or portions of the soil within the root zone become, periodically or continuously, saturated or inundated during the growing season” (Reed 1988).  Cook (1996) considers under Indian conditions soil saturation of two months and inundation of at least two weeks as the minimum requirement for wetland plants.   But this definition excludes all terrestrial plant species.   In temporary wetlands with dry periods of several months per year, these terrestrial species often contribute a considerable percentage to total species number and play an important role in nutrient cycles, primary production, food webs, and habitat structure (Junk & Piedade 1993). 

In many papers only those animals that live at least periodically in water and/or are adapted to wetland conditions because of morphological, anatomical, physiological and/or ethological peculiarities are considered as wetland species.  However, many animals which live periodically or permanently in wetland areas are not specifically adapted.  Elephants live in savannas but also migrate into wetlands.  In many African and Asian savannas and forests wetlands provide important food resources and water for terrestrial ungulates during the dry season and determine the carrying capacity of the terrestrial ecosystems for these animals (Belsare 1994, Thompson & Polet 2000).  On the other hand, without grazing pressure of these animals, many wetlands would dramatically change their appearance.  Elephants have a dramatic impact on the woody vegetation of wetlands as shown in the Okavango delta.  Some soil living termite species like the South American Cornitermes sp. and the African Macrotermes michaelseni (Ellery et al. 2000) occur in non flooded and periodically flooded areas and play an important role in litter decomposition.  In the periodically flooded areas, termite mounts considerably increase biodiversity by increasing habitat diversity (“ecosystem engineering”).

Numerous species of fish, amphibians, reptiles, birds and invertebrates depend upon habitats of different hydrological characteristics for feeding and/or breeding and nesting, or at different stages of their life cycle.  Many soil invertebrates in Amazonian floodplains migrate to non-flooded uplands or to tree trunks and the canopy to escape the floods but reproduce and develop in the floodplain soil during low water period. Migration and gonad development are triggered by the flood or by flood induced temperature changes (Adis & Junk 2002). 

Erwin’s estimates of species diversity of invertebrates in the tropics bases on the assumption that many herbivorous species are specialized on one or a few plant species for feeding.   He calculates that every tropical tree species harbors 162 host specific beetle species (Erwin 1982).  Assuming about 1000 tree species endemic to Amazonian floodplains, this would indicate a number of 162,000 beetle species depending on the existence of floodplain forests. These beetles are floodplain endemics despite the fact that they live exclusively in the canopy and have no adaptations for a life in water or under wet conditions.  Erwin’s calculations may be an overestimate  but even 10% of the given number would contribute a significant number to Amazonian floodplain endemics and total biodiversity.

Many fish species occur in permanent lakes and rivers, but they also migrate into the wetlands. Migratory species in tropical rivers (“white fish” Welcomme & Halls 2001) perform large migrations upriver and spawn during rising water level.  Eggs and larvae are transported into the floodplain for development of juveniles.  Fish species diversity in wetlands depends on the connectivity with permanent water bodies that allow recolonisation of the wetlands after heavy droughts.  The Amazon River floodplain is very rich in fish species, because of the connection with the mighty Amazon River that acts as refuge during low water period and migration route.  The flooded savannas of Roraima and Rupununi are comparatively poor in fish species, because of a rather low connectivity with small streams and rivers that harbor only a relatively low number of fish species.

Taking these considerations into account a broader approach to wetland biodiversity has been proposed by Gopal & Junk  (2000).  They define wetland species “all those plants, animals and microorganisms, that live in a wetland permanently or periodically (including migrants from adjacent or distant habitats), or depend directly or indirectly on the wetland habitat or on another organism living in the wetland” (Gopal & Junk 2001). However, to be useful in practice, this encompassing definition requires a subdivision in different categories:   (a) residents in the wetlands proper (specific to wetlands in general with a subgroup about endemics to a specific wetland and residents not specific to wetlands);  (b) regular migrants from deep water habitats;  (c) regular migrants from terrestrial uplands;  (d) regular migrants from other wetlands (for instance waterfowl);                (e) occasional visitors; and (f) those dependent on wetland biota (for instance canopy invertebrates, some water-borne parasites). 

This broader view and classification of species living in wetlands allows further sub-classification according to adaptations and life history traits that are driven by environmental forcing factors, as shown by Adis & Junk (2002) for terrestrial invertebrates of the Amazon River floodplain (Figure 1).  In addition to species number and their singularity, the level of complexity of the reactions of the biota to environmental forcing factors is a parameter of outmost importance for the evaluation of the value of wetlands for the maintenance of biodiversity.  It also allows the elaboration of criteria for comparison of biodiversity between wetlands and the development of general hypotheses about the role of wetlands in development of biodiversity. 

The broad definition of wetland biodiversity also considers the role of wetlands for species diversity in a landscape perspective and allows management and protection of specific species groups according to their behavior.  For instance, management of ungulates in Africa and Asia has to consider migration between wetlands and uplands.  The yield of many riverine fisheries depends on the access of species to the floodplains. In a landscape dominated by agro-industries, the protection of streamside wetlands forms a network of forested corridors that allows terrestrial species to reach isolated forest patches and aquatic species to reach other wetlands for genetic exchange.  Many species, not specific to wetlands, find refuge in wetland areas.  For instance, the hyacinth macaw (Anodorhynchus hyacinthinus) now threatened by extinction, occurs in Amazonian savannas, (caatingas, cerrados) and in the Pantanal of Mato Grosso where it finds a large offering of palm fruits and breeding hollows in trees or cliffs.  The Pantanal wetland harbors about 5,000 specimens and the number is increasing because of protection measures.  Outside the Pantanal, 1,000 to 2,500 specimens occur and the number is decreasing because of habitat destruction and illegal trade (Birdlife International 2000). 
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Figure 1.    Survival strategies of terrestrial invertebrates from floodplains along the Solimões-Amazon River and Negro River in central Amazonia (from Adis & Junk 2002).

3.   Factors influencing species composition and diversity in wetlands.

3.1  Wetland size, stability and habitat diversity 

Wetlands are ecosystems at the interphase between land and water (Figure 2). Hydrology is the major driving factor.  Habitat diversity and dynamics are comparatively small in wetlands with a rather stable water level, as for instance in peat bogs or reed marshes whereas river floodplains show large habitat diversity and 
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Figure 2.  
The position of wetlands in relation to other aquatic and terrestrial ecosystems (from Junk 1997).
dynamics because of fluctuating water levels, related erosion and deposition processes, and varying connectivity of floodplain lakes (Ward & Tockner 2001, Ward et al. 2002). 

Species diversity is positively linked to habitat diversity but there are often additional interfering stress factors.  For instance, total species diversity increases a certain extent with fluvial disturbance (intermediate disturbance hypothesis, Connell 1978), but decreases with heavy disturbance, as shown for benthic invertebrates in the Paraná River where the unstable sandy bed load is colonized only by the oligochaete Nais bonettoi (Marchese et al. in press).  Of 388 species of herbaceous plants recorded in the central Amazon River floodplain near Manaus, 330 species occur mostly on terrestrial habitats, while 34 are aquatic and 24 have an intermediate status (Junk & Piedade 1993). Large annual water level fluctuations of 10 to 15 m and low water transparency are heavy disturbance factors that limit diversity of aquatic macrophytes.  In the Pantanal, for example, there are 246 aquatic macrophytes  (Pott and Pott 2000) because of moderate water level fluctuations of 1-3m and high water transparency. 

Hydrologic predictability increases species diversity by favoring the development of adaptations (flood pulse concept, Junk et al. 1989). High nutrient levels in reed beds lead to monospecific stands of the highly productive and competitive Phragmites communis whereas in nutrient poor and acidic peat bogs, plant species diversity is larger because Sphagnum spp. are much less productive and competitive.  In African and Australian dryland wetlands heavy pluriannual droughts often in combination with high salinity severely affect biodiversity. However, different groups of species may respond differently to stress factors.  Heavy droughts eliminate most fish species in small wetlands but increase invertebrate populations because they are able to quickly recolonize the wetlands by air or by resting stages and can develop well without a predatory fish population. 

In all wetlands, a large number of species is found in a relatively small area. For instance, by sampling a few floodplain lakes throughout an annual cycle, one can obtain a fairly good picture of most zooplankton and phytoplankton species occurring in the central Amazon River floodplain (Putz & Junk 1997, Junk & Robertson 1997).  Goulding et al. (1988) collected about 450 fish species in a 1,200 km stretch of the Negro River between Manaus and San Gabriel, Brazil.  He noticed a rather uniform species distribution along the entire stretch. Bayley (1982) found 226 fish species in Lago Camaleão, a floodplain lake of about 6 km2 at high water level, which probably represent about one third of the total species diversity in the central Amazon River floodplain. Junk & Piedade (1993) collected 388 herbaceous plants (except epiphytes) in a relatively small area near Manaus but consider these species representative for the central Amazon River floodplain. These examples could lead to the conclusion that only relatively small wetland areas are required to maintain species diversity. 

This conclusion may hold true for some plant and animal groups, but it is certainly wrong for many others.  Wetlands are comparable to islands with respect to their geographic isolation.  Studies on species diversity of islands show a positive correlation between species diversity and island size (McArthur & Wilson 1967, Kohn & Walsh 1994).  Species number in comparative wetlands increases to a certain extent with wetland size, because large wetlands provide more ecological niches for rare species.  Top predators require large areas to maintain stable populations.  Migrating fish species become seriously affected when migrating routes and the access to spawning, nursery and feeding grounds are blocked. 

Habitat diversity increases with geomorphological and edaphic peculiarities but also along hydrological, physical, and chemical gradients that are often correlated with the size of the area.  Large wetlands with fluctuating water levels represent complex patterns of habitats that range from permanently aquatic to permanently terrestrial areas and include different soil types.  Plant and animal communities modify the environment and further increase habitat and species diversity.  The large range of habitats distributed over a large area determines herbaceous plant species diversity in the Okavango inland delta (Ellery et al. 2000). 

River floodplains show large dynamics in habitat development and community structure which determine species diversity and can be maintained only in large areas (Junk 2000, Neiff 2001, Salo et al. 1986, Ward et al. 2002).  Furthermore large wetland areas have a greater buffer capacity against periodically occurring extreme environmental stress situations.  Their plant and animal populations are larger and better protected against inbreeding.  These arguments should be considered when answering to the request of politicians and planners to scientists, to determine the minimum size of wetland areas for the maintenance of biodiversity. 

3.2  Wetland species diversity in the catchment area, ecoregion and/or the biogeographic province

Species diversity in a wetland depends to a certain extent on the pool of wetland species occurring in the biogeographic province.  Fifty-four mangrove tree species exist worldwide: 30 – 35 species occur in Asian mangroves but there are only 11 species in the western hemisphere (Tomlinson 1986), and along about 6,000 km of Brazilian coastline only 2-3 species are found.  The number of tree species in floodplains varies strongly according to the available pool of flood resistant species in the respective areas:  about 15 in northern Europe, about 100 in the northern USA, and about 1000 in the Amazon basin.

Despite the isolation of wetlands from each other by terrestrial ecosystems, many wetland species show a wide distribution range.  Immigration of organisms from other wetlands or terrestrial habitats, permanent or periodic establishment and extinction follow, to a certain extent, the models of insular biogeography  (McArthur & Wilson 1967, Brown & Kodric-Brown 1977).  Water, wind and animals are important dispersal agents.  Many algae, microcrustaceans, and rotifers show pre-adaptation to passive dispersal and are cosmopolitans or pantropic, but there are also some endemic species in these groups.  The adults of many aquatic insects can fly and migrate or are dispersed by wind over long distances. Many herbaceous wetland plants can easily be distributed by animals and water current and have a rather large distribution area.  As indicated by their distribution range, birds are highly mobile as are to some extent mammals, amphibians, and reptiles,.  Smaller distribution areas and higher levels of endemism are found in fish, molluscs, decapod crustaceans, and probably floodplain trees.

Differences in environmental conditions may lead to complex distribution patterns but also allow the evaluation of their impacts on species diversity.  Many wading birds, as for instance the Jabiru stork (Jabiru mycteria), occur in the wetlands in the savannas south and north of the forested part of Amazonia probably because of the large water level fluctuations and the forest cover that do not provide suitable shallow open water bodies.  Submersed aquatic macrophytes are mostly absent in the central Amazon floodplain because the large water level fluctuations create unfavorable light conditions.  But they are abundant in the adjacent savanna wetlands with shallow water bodies. 

3.3 Species diversity and the relationship with connected terrestrial and aquatic ecosystems

A considerable percentage of species in wetlands derives from neighboring terrestrial and aquatic ecosystems and depends on the available species pool in these ecosystems.  However, there are considerable differences between different plant and animal groups.  A large species pool in the surrounding terrestrial habitats may lead to a large number of species in the wetlands.  For instance, in the Amazon region, species number and abundance of ungulates in the non-flooded area and their importance as periodic or permanent immigrants to the wetlands is much lower than in Africa.  About 50 tree species occur in northern Europe and of this total about 15 species occur in wetlands.  In Amazonia, about 4000 tree species occur and of this total about 1.000 are found in wetlands.  From 204 bird species observed on Marchantaria Island in the central Amazon River, 45 species were non-migratory wetland species.  None of them were endemic.  Furthermore, there were 21 long distance northern migrants and eight southern migrants; 130 species were permanent or periodic immigrants from the surrounding uplands.  Breeding was confirmed for 57 species;  66 species were assumed to breed (Petermann 1997) corresponding to about 60% of the upland species. 

A classification of fish species is difficult because of their mobility and complex reproduction strategies.  The differentiation in black fish living and reproducing mostly in the floodplain, white fish, performing large migrations and reproducing in the parent river and gray fish, occupying an intermediate status points to habitat preferences (Welcomme & Halls 2001), but the juveniles and adults of many white fish live also periodically in the floodplain.  There is a positive correlation between the number of fish species in wetlands and connected deep water areas.  Lowe-McConnel (1964) found about 150 fish species in the periodically flooded Rupununi savannas that are connected to the relatively small Takutu River that drains via the Branco River to  the Negro River in Amazonia.  Some of the isolated lagoons in the adjacent flooded savannas of Roraima are not colonised by fishes at all because they dry out completely during extreme droughts and there is no connectivity with the rivers in years of normal floods.  Britski et al. (1999) indicates 263 species for the Pantanal which is connected to the larger upper Paraguay River. Goulding et al. (1988) found 450 fish species in the floodplain of the very large lower Negro River and estimated a total of about 700 species to occur in that area. 

Spiders colonizing the Amazon River floodplain show few adaptations to flooding.  Most of them also occur in the surrounding upland (Höfer 1997).  But from 25 tiger beetles described near Manaus, 9 occur exclusively in the floodplains, 14 in the uplands, and only 2 species are found in both.  From 60 species of Pseudoscorpions, described from central Amazonia, 25 are restricted to the floodplain forest (Adis & Junk 2002). 

Immigration of species from the surroundings is a process of utmost importance after periods of heavy species extinction but it also occurs (though often not documented) in recent times. The category of “occasional visitors” may be considered as groups of individuals permanently testing habitat conditions in wetlands. They quickly detect environmental changes that allow periodical or permanent colonisation by additional species. 

The invasion of some exotic species is well documented and shows the broad range of terrestrial, aquatic, and palustric species that can establish in wetlands, as for instance in Australia, Echinochloa sp., Salvinia molesta, Eichhornia crassipes, Pistia stratiotes, Parkinsonia aculeata, Brachiaria mutica and Mimosa pigra, but also cane toad (Bufo marinus) and feral water buffaloes and pigs (Douglas et al. 1998).  In the tropical and sub-tropical Americas the palustric species Hedychium coronarium of tropical Asian origin has spread into many wetlands with a shallow, rather stable water levels.  It often forms monospecific stands. 

Terrestrial plant species with short life cycles, high reproduction rates (r-strategists), and flood resistant seeds are well prepared to colonise areas that become dry for a few months.  They often disperse along river courses because the frequent habitat disturbances by current and water level fluctuations provide good living conditions, as shown for the Amazon River floodplain by Seidenschwarz (1986).  Despite a rising preoccupation and precaution with respect to the introduction of exotic species, the dispersal of species around the world will continue because of intercontinental trade and tourism.  Seeds of ruderal plants are easily distributed over large areas together with seeds of crops. 

The accidental escape or deliberate introduction of ornamental plants and animals or fishes for human consumption have already affected many wetlands and will increasingly do so in future, sometimes with catastrophic negative impacts on the local flora and fauna, as for instance Nile perch (Lates niloticus), carp (Cyprinus carpio), catfish (Clarias spp.), and tilapias (Tilapia spp.).

3.4 Impact of climate changes 

The impact of major climatic events on wetlands is larger than on most other ecosystems.  Slight changes in precipitation that lead to only a small change in the water level of large lakes strongly affect wetland hydrology.  Floodplain organisms are adapted to major changes in the hydrological regime.  Extreme flood events affect populations and community structure.  In South America El Nino and la Nina (Richey et al. 1989, Adis & Latif 1996) and in Africa, Sahelian precipitation anomalies (Thompson 1996) seriously affect the water balance of the wetlands.  Fish catches in the central delta of the Niger River declined from 90,000 t yr-1 to 45,000 t yr-1 because of poor rainfall in the 1980s (Lae 1994). 

Lack of rainfall during the low water period negatively affects the growth of terrestrial vegetation and favors wild fires that modify plant communities and reduce the populations of terrestrial animals.  For instance, in the Pantanal of Mato Grosso, wild fires during heavy dry periods destroy communities of flood adapted trees like Vochysia divergens, (Nunes da Cunha & Junk, unpubl.), which are nesting sites of aquatic birds, and kill swamp deer, capybaras, and other animals. 

For the end of the 21st century, the mean change in global temperature is estimated to range beween +1.4 and  +5.8oC, with temperature increases larger in the higher latitudes than in the tropics (IPCC Report 2001).  For the tropics, regional increases and decreases of precipitation are predicted.  There is a tendency to increase amplitude and frequency of pluriannual extreme climatic events like ENSO episodes.  In the next decades, impending changes in human population and economic development will affect wetlands to a much larger degree than will changes in climate (Vörösmarty et al. 2000).  However, extreme climatic events will multiply the negative impacts of man-induced changes. 

3.5   Impact of wetland age and paleoclimatic and geologic history on species diversity

Species diversity and community structure in wetlands are the result not only of actual environmental conditions, but also of paleoclimatic history that has influenced evolutionary processes including speciation and extinction rates.  Paleoclimatic data point to the following scenario:  During the last glacial maximum (about 18,000 years before present--BP), glaciers covered the low latitudes of the northern and southern hemisphere and all high mountains.  Most of the today’s temperate region wetlands developed only about 10 thousand years ago as the ice began to melt. Plant and animal species invaded the developing wetlands from less affected wetlands and the surrounding terrestrial and deep water habitats.  Because of the rather short time span, genetic diversification in situ played a minor role in the development of biodiversity. 

In Africa, a generally dry period influenced most of the continent during the terminal Pleistocene between 20,000 and 13,000 years BP.  Low precipitation led to complete drying up of Lake Chad (Servant & Servant 1983) and probably Lake Victoria (Johnson et al. 1996, challenged by Fryer 1997) and to low water levels in many other large East African lakes (Scholz & Rosendahl 1988) and it seriously affected the connected wetlands.  Between 12,500 and 8,400 BP, a wet period led to high river and lake levels.  After a regression (8,000 – 7,000 BP), wetter conditions returned around 6,000 BP.  Since 3,000 BP present conditions developed with species extinctions and very little speciation and faunal exchange between basins (Dumont & Verheye 1984).

In the Amazon River basin, climate during the last glacial period was about 5oC cooler and it was probably drier as well (Haffer & Prance 2001).  The slope of the Amazon river was greater because of a lower sea level (Müller et al. 1995).  Therefore the floodplains of the river and its large tributaries were smaller than today but they continued as predictably pulsing systems.  The large floodplains, inundated mostly by rainwater, were mostly dry (as for instance the Bananal at Araguaia River, the Llanos dos Mojos in Bolivia, the periodically flooded savannas of Roraima and Rupununi, the Llanos baxos de Venezuela ,and the Pantanal of Mato Grosso). Warm and more humid climate and ice-melting between about 10,000 and 5,000 years BP led to periodic inundation, erosion, and sediment deposition in large areas in the pre-Andean zone as indicated by sediment layers of fluvial and lacustric origin. This increased habitat diversification and periodic geographical separation of populations favoured speciation (Campbell Jr. & Frailey 1984). 

In south and southeastern Asia, climate during Pleistocene glacial periods was 5-6oC cooler and arid. Sunda and Sahul shelf areas emerged.  There is ample evidence for a coherent drainage system (Fairbridge 1953).  At the end of the glacial period,  humidity increased and varied throughout the Holocene: 10,000 to 9,500 BP, much more humid than present;  9,500 to 5,000 BP, slightly more humid; 5,000 to 3,000 BP, much more humid; 3,000 to 1,800, very arid; after 1,800 BP, present conditions. (Verstappen 1997).

The consequences of these paleoclimatic changes on wetlands and their biodiversity were dramatic.  All wetlands that were subjected to extended periods of ice cover or extreme droughts suffered heavy species extinction, and later species invasion from less affected areas and the surrounding aquatic and terrestrial ecosystems.  Much of North Africa was covered with grasslands along with scattered lakes and wetlands during the wet period 12,500 – 8,400 BP (Carrington et al. 2001).  In Sahelian Africa, maximum faunal interchange occurred between many river basins, as shown for zooplankton and fishes by Dumont & Verheye (1984).  The east-west wetland belt that connected the Nile and Chad basin may also explain the occurrence of Cyperus papyrus in Lake Chad. In southeastern Asia, the exposure of large continental shelf areas during glacial periods and the establishment of connecting drainage systems led to species exchange between many areas that are today isolated by the ocean. 

More stable conditions continued mostly in wetlands connected to some of the large river systems less affected by climate changes.  For instance, the large Amazonian rivers and their floodplains may have served as refuge for many wetland species in South America.  Comparative studies show a high level of adaptations in Amazonian soil invertebrates to periodic flooding in comparison to Central European ones (Adis & Junk 2002), pointing to long lasting floodplain conditions and reduced extinction rates.  Flora and fauna of the Pantanal of Mato Grosso, Brazil, show a rather low biodiversity,  a low level of adaptations, and few endemic species in comparison with the Amazon River floodplain because of pronounced dry periods during the late Pleistocene.  Of a total of 86 woody species registered in characteristic habitats of the northern Pantanal (Pantanal of Poconé, Brazil), 26 species were found exclusively in non flooded habitats, 56 had a wide ecological range, and only 4 species were restricted to low lying areas with prolonged flood periods (Nunes da Cunha & Junk 1999).  Tree species composition of the Pantanal is determined by immigrants from surrounding ecosystems, mainly Cerrado, Chaco, and Amazonia.  In a survey of 4 ha of floodplain forest in the Mamirauá Reserve for Sustainable Development, at the middle Amazon River near Tefé, 226 tree species were recorded.  Only about 15% were described also from non- flooded forests in the neighborhood despite the fact that the distribution of families in both forest types is similar (Wittmann 2002). 

In the late Pleistocene, speciation occurred in genetically plastic groups, but time was in many cases insufficient to lead to the formation of endemic species, even in the tropics (Dumont & Verheye 1984).  In Fennoscandia and western Europe, the salmonid genus Coregonus was able to form ecologically or morphologically well distinguished sympatric populations and geographical subspecies (Himberg & Lehtonen 1995).  Probably an exception are some cichlid genera of the African Great Lakes and connected wetlands that underwent dramatic radiation during the Late Pleistocene (Johnson et al. 1996). 

The isolation of wetlands by terrestrial ecosystems leads to genetic separation and favors speciation.  In aquatic macrophytes endemism is at least as common as the possession of a large distribution area.  The highest frequency of endemism seems to be in the tropics and subtropics of Africa, Asia and America.  To what extent the endemics in aquatic macrophytes are the result of radiation processes or ancient relicts is difficult to distinguish (Sculthorpe 1985). 

Along large rivers, passive and active gene flow hinders genetic isolation.  This points to the headwaters as evolutionary centers.  They are to a certain extent genetically separated from each other but allow a slowly trickling out of species to the floodplains (Henderson et al. 1989).  There is also a pressure of species from the terrestrial habitats along the main stem to occupy the floodplains (Junk 2000).  Seedlings of the tree Himatanthus sucuuba, deriving from specimens of flooded and non-flooded habitats within a distance of about 30 km, showed very strong differences in survival success under flood conditions (Ferreira 2002).  Kubitzki (1989) points to the close relationship of trees from the nutrient-rich pre-Andean non flooded region with the nutrient-rich white water river floodplains, and of the nutrient-poor savanna and podosol regions to nutrient-poor black water river floodplains. 

4. Threats

Threats to wetland species diversity in most cases correspond to threats to wetland ecosystems.  Major threats include deviation of water, changes in flood pattern by dam and channel construction, land reclamation for agriculture, animal ranching, housing and the establishment of infrastructure, pollution from eutrophication, toxins and waste disposal, destruction of key habitats and communities, overexploitation of plant and animal species, poaching, and the introduction of exotic species. 

Water deviation often connected with major changes in the hydrological cycle affects hydrology which is the driving variable for wetlands.  Many wetlands in arid and semi-arid regions are already severely endangered by the increasing demands for water by a quickly rising human population.  This situation will accelerate in the next decades.  Human impacts on hydrology are also modifying wetlands in the humid tropics. Twelve dams are planned for the Mekong River, for example.  These will severely affect the connected floodplains, including the high productive fishery in Tonle Sab in Cambodia (Dudgeon 2000).

In many tropical countries, land reclamation is the consequence not only of population increase but often also of governmental development policy.  One of the principle statements of the workshop on “Wetland Soils” held in Los Banos, the Philippines in 1985 by the International Rice Research Institute was that “the greatest potential of food-producing lands may be in wetland soils” (IRRI 1985).  The Nile Delta, the Logone floodplain, and the floodplain of the Benue River (Cameroon), the Hadejia-Nguru wetlands (northern Nigeria), the Phongolo floodplain (South Africa), and the Senegal Delta (Senegal) are African examples where there has been serious wetland disturbance by large-scale irrigation schemes (Stanley & Warne 1998, Lemly et al. 2000, Thompson & Polet 2000).  During the last decades Dal Lake and associated wetland areas in Kashmir, India, have been reduced from 25 km2 to 11.65 km2 by land reclamation by local people (Anonymous 1999). 

Most streams, rivers, lakes, and wetlands near cities in the tropics are polluted and eutrophied because about 90% of wastewater is discharged without treatment (Johnson et al. 2001).  Efforts in improving wastewater treatment are often counteracted by high population increase. 

Poaching and the collection of ornamental plants and animals seriously affect certain species.  Almost three-quarters of the 90 fresh water turtle species occurring in tropical Asia are threatened (IUCN Red List 2000) because of a huge market for turtle meat and shell for medical purposes (Dudgeon in press).  Poaching threatens Amazonian caiman populations (Brazaitis et al. 1996).

On a continental scale, wetlands in tropical and subtropical Asia are most threatened because of high human density, and high population growth, followed by Africa and Central America. Best protected are wetlands in the moist North of Australia but also in large parts of South America, which are sparsely populated, far away from urban centers, and of low development priority (Junk 2002).  But even the large South American wetlands suffer increasing human pressure, for instance by the construction of reservoirs for hydroelectric energy generation, accelerated siltation because of erosion in respective catchment areas, mercury pollution by mining activities, construction of navigation channels, and destruction of key habitats and overexploitation of plant and animal communities (Junk & Soares 2001).

5   Consequences for management and protection.

Biodiversity protection in the tropics and subtropics is a matter of international importance and concern and should therefore receive international support.  On a global scale, the Convention on Wetlands of International Importance especially as Waterfowl Habitat (Ramsar Convention), has played an important role in promoting awareness of wetlands.  It gave special attendance to the ecological requirements of migrating birds which depend on an entire network of wetlands for nesting, migration and wintering periods.  The implementation of the Strategic Plan recently adopted by the 6th Conference of Contracting Parties will relate the Ramsar Convention’s work more closely to the broader approach of the Convention on Biological Diversity and the UN Commission on Sustainable Development.

However, on a national level, many tropical and subtropical countries still require wetland policies and structures for their application.  Considering the insufficient status of scientific knowledge about their wetlands, the low economic strength and infrastructure of many tropical countries, and the small local scientific community dealing with environmental research, management and protection, cooperation is required on the level of training of local scientists, scientific research programs, elaboration of management plans, development of infrastructure, and establishment of administration, including rising of the necessary funds.  International organizations are very efficient in fund rising but require the political and administrative support of local governments.  But local governments often give low priority to questions of environmental and biodiversity protection and sometimes even hinder actions in favor of short term profits.  The formulation of a coordinated policy for biodiversity protection is missing in most tropical countries (Pullin et al. 1999).

National policies should consider that different species categories require different management and protection measures.  Wetland specific plants and animals are more vulnerable to hydrological changes than residents in the neighboring uplands, or periodic terrestrial visitors.  Endemic species are extremely vulnerable and need specific protection.  For instance, Amazonian floodplain forests contain a large numbers of floodplain endemic tree species and connected host-specific canopy invertebrates.  Therefore, the fast rate of floodplain forest destruction is alarming.  The entire known distribution area of the white-uacari monkey (Cacajao calvus) and the black-headed squirrel monkey (Saimiri vanzolinii) is found within the Mamiraua Sustainable Development Reserve in the central Amazon River floodplain. 

Maintenance of habitat diversity should be of top priority in any wetland protection.  Human use of wetland resources should provide special protection to key habitats.  This requires classification and mapping of habitats according to their importance for species diversity.  For instance, in the Pantanal, ranchers are clear-cutting forests to increase pasture areas and there is little possibility of stopping this destructive practice. According to our studies, the cutting of recently formed Vochysia divergens stands instead of other forest types has less negative side effects because Vochysia stands have expanded during the last pluriannual wet period and will be eliminated by wild fires during the next extended dry period.  Yet forests on levees, paleo-levees, and in moist depressions are rather stable landscape elements covering small areas essential for the maintenance of habitat and species diversity. 

The geographic isolation of many wetlands and the genetic isolation of some of their organisms requires a suitable size of wetlands to maintain viable populations mainly during stress periods such as heavy droughts and floods.  Therefore wetlands with a large biodiversity and/or a large importance for the maintenance of biodiversity in other ecosystems should not be considered as land reserves for other purposes even if they are relatively large.  Minimum-sized areas for the protection of biodiversity, often required by politicians, do not consider extreme stress periods and their effects, for instance, on the populations of top predators, because there are no sound data available.

Moss (2000) recommended concentration on the protection of ecosystem functions because they are the basis for biodiversity.  Dudgeon (in press) recommended linking protection measures with the protection of “flagship species” that focus conservation action and media attention because ecosystem functions can hardly be observed by the public. Both approaches may fall short considering the role of wetlands for maintenance of biodiversity in the entire landscape.  In 1995, World Wildlife Fund and Wetlands International organized a workshop to undertake a conservation assessment of freshwater ecoregions of Latin America and the Caribbean commissioned by the Biodiversity Support Program (BSP). Ecoregions were defined as “relatively large areas of water and land that share a large majority of species, dynamics, and environmental conditions.”

The idea of  establishing ecological corridors for biodiversity protection has been formulated for the Pantanal of Mato Grosso (Brazil 1999), but it still requires implementation.  Similar considerations have been made by environmentalists about general biodiversity protection in the Amazon basin.  In areas intensively used by agriculture, strict protection of the riparian vegetation of streams and rivers will provide a dense network of forested corridors that can be used as habitats and migration routes by all types of wetland species.

Cost-benefit analyses, for instance, about the importance of stable populations of flagship species for eco-tourism in wetlands or adjacent dry-land national parks can bring about good arguments for wetland protection.  For instance, the Amboseli swamps and the riverine vegetation of Masai Mara Game Reserve in Kenya are the only water source for animals in the surrounding savannas (Hails 1996).  The development of ecotourism has often been criticized because of many negative side effects on the environment and the local human population.  However, these negative impacts can be reduced by the reorganization of the activities according to the requirements of an ecologically and socio-economically sound tourism, and benefits can be vitally important for the maintenance of biodiversity.   For instance, tributaries to the southern Pantanal are famous for transparent water and a rich aquatic flora and fauna.  Tourism is now a major source of income for the whole region and guarantees environmental protection because the local human population has learned that a fish in a protected environment provides more money than one on the plate.  Tourist activities also contribute substantially to environmental education of large parts of the population.  Such awaremess is a prerequisite for long term environmental protection.

Many tropical wetlands have been sustainably managed by local populations for centuries or even millennia. However, a quickly rising population and globally changing economic requirements have led to changes in political and economic strategies, new land use systems, new development priorities, and the decline of traditional practices.  Conflicts of interest between traditional and modern management methods are shown for instance by the fisheries in the wetlands of northeast Nigeria and the Sahel Region (Neiland et al. 2000, FAO 1991) and the land use by water buffaloes in Keoladeo National Park in India (Chauhan & Gopal 2001). Decentralized controlled management of natural resources by local communities may result in better participation of the local population in environmental protection, including maintenance of traditional management methods.  Brazil, for instance, recently devolved responsibility for the management of the Mamirauá Sustainable Development Reserve in central Amazonia and for the fisheries resources in some areas of the Amazon River floodplain to local communities (Mamirauá 1996, McGrath et al. 1999).  First results of these new approaches in decentralized community based management of natural wetland resources are promising.

The efforts of international organizations for the elaboration of general concepts of wetland protection and their implementation have in common a rather poor scientific data basis that often refers to only a few plant and animal groups, mainly fishes, birds and mammals. There is an urgent need for more basic scientific information on biodiversity and the elaboration of comparative data sets to improve the data basis for the valuation of individual wetlands for the maintenance of biodiversity and to develop theories for a better understanding of the processes generating and maintaining biodiversity.  Our actual knowledge may be sufficient to protect a few flagship species, but by concentrating only on these, we may loose hundreds of less eye-catching species without ever knowing it. 
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