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13.1 INTRODUCTION 

The major form of vegetation that supports the biodiversity of tropical 
estuarine ecosystems consists of intertidal forested wetlands known as 
mangroves. Mangroves form a small portion of the world's forested 
landscape, but cover 240 x 103 km 2 of sheltered subtropical and tropical 
coastlines (Lugo et al. 1990; Twilley el al. \992), This vegetation dominates 
the intertidal zone of tropical river deltas, lagoons and estuarine coastal 
systems that have significant inputs of terrigenous sediments (allochthonous 
materials), and it can also colonize the shoreline of carbonate platforms that 
arc developed from calcareous sedimentary processes (with little or no 
influence from terrestrial runoff) (Thorn 1982; Woodroffe 1992). In each of 
these geomorphologicalty distinct regional landscapes, local variations in 
topography and hydrology also result in the development of distinct ecolog­
ical types of mangroves such as riverine, fringe, basin and dwarf forests 
(Lugo and Snedaker 1974). The combination of different geomorphological 
settings, each with a variety of ecological types, results in a diversity of 
mangrove ecosystems, each with specific characteristics of structure and 
function (Twilley 1988, 1995). Although there are relatively few species of 
trees (54 true species, Tom linson 1986) in mangrove ecosystems, the bio­
diversity components of these ecosystems are unique because they include 
structural niches and refugia for numerous faunal and microbial species. In 
addition, the locations of these forested wetlands at the land-sea interface 
fonn interdependent assemblages that link the nearshore marine environ­
ment with inland terrestrial landscapes (Macnae 1968; Chapman 1976; 
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Odum et of. 1982; Tomlinson 1986; Gilmore and Snedaker 1993; Twilley et 

01. 1993). 
The mosaic of mangrove habitats provides a variety of biodiversity 

components that are important to the function and environmental quality of 
tropical estuarine ecosystems. The dominant ecological function of 
mangroves is the maintenance of nearshore marine habitats and the conco­
mitant provision of food and refugia to a variety of organisms at different 
trophic levels (Odum and Heald 1972; Thayer er 01. 1987; Yanez-Arancibia 
et 01. \988, 1993; Rojas el (II. 1992; Sasekumar el of. 1992). In addition, 
mangroves play a major role in maintaining water quality and shoreline 
stability by controlling nutrient and sediment distributions in estuarine 
waters (Walsh 1967; Nixon et 01. 1984; Twilley 1988; Alongi et 01. 1992). 
Coastal forested wetlands are unique in that tides allow for an exchange of 
water, nutrients, sediment and organisms between intertidal and coastal 
regions of tropical estuaries. In addition, rivers link the runoff of sediments 
and nutrients from upland watersheds to the productivity and biogeochem­
istry of tropical estuaries. The mUltiple functions of mangrove ecosystems 
result in the extremely high primary and secondary productivity of tropical 
estuaries. 

This chapter will summarize information Ihal links the biodiversity 
components of mangrove habitats with the functional ecology of tropical 
estuarine ecosystems. Although the understanding of the functional ecology 
of mangroves is fairly limited, there are some examples that describe the 
influence of specific guilds on ecological properties of mangrove ecosystems. 
We will present an overview of the biodiversity of mangroves using ecolog­
ical classifications of landscape mosaics, and including the traditional 
analysis based on species diversity. Although regions of estuaries are consid­
ered depauperate in species number, these areas have always been described 
as one of the most productive regions of the biosphere. Infonnation on bio­
diversity and ecosystem function will be presented, along with examples of 
the vulnerability of these coastal systems to change. Change will include 
land-use alterations within both the estuary and its watershed, together with 
projections of climate change in tropical coastal areas. 

13.2 BIODIVERSITY OF MANGROVES 

Biodiversity is usually defined at three levels, i.e. species, populations and 
ecosystems (Ray and McConnick 1992). The term "biodiversity compo­
nenls" has been recommended as an ecological reference to these several 
hierarchical levels, and the idea is particularly appropriate to describe 
tropical estuarine ecosystems (Yanez-Arancibia et 01. 1994). Biodiversity 
components of tropical estuaries can refer to the high diversity of species, 
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lire hi stories. habitats and links in rood webs, or the diverse pat hways or 
energy flow and nutrient cycles that cou ple terrestrial and marine ecosystems 
at the land- sea interrace. In addition , coastal geomorphological la ndrorms 
and geophysical processes represent diverse compo nents that effectively 
modulate the properties or estuarine ecosystems. Thcse fluctuating environ­
mental co nditions or estuaries result in diverse spatial and tem poral patterns 
or habitat utilization by organisms. This is especially true in mangrove eco­
systems, since they are open systems in teracting with a high diversity or 
runcliona l landscapes, such as borders with terrigenous rreshwater, coastal 
ocean wa ler, the atmosphere and the sediment-water in terrace. Macnac 
(1968) used the tenn " manga]" to specify the properties or the mangrove 
ecosystem within the coastal landscape, in contrast to "mangrove" which is 
restricled to the characteristic spennalophyte in the intertida l lone. This 
distinct term to describe the properties or mangrove ecosystems, while 
seldom used in mangrove ecology, emphasizes the need to integrate the 
diverse physical , chemical and biological characteristics of tropical coastal 
ecosystems. 

The diverse landrorms or coastal regions can be considered as a biodiver­
si ty component or mangrove ecosystems (Figure 13. 1). These regions can be 
classified in lo distinct geomorphological units that describe the infl uence or 
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Figure 13.1 Five basic classes or geomorphological scnings that influence the dis­
tribution or mangroves in the inten idal zone. Redrawn from Thorn (1982) 
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Figure 13.2 Ecological types of mangroves (Lugo and Snedaker 1974) and the spatial distribution of these ecological types within 
the intertidal zone (from Gilmore and Snedaker 1993, reprinted by pennission of John Wiley and Sons, Inc.). The arrows and 
roman numerals are used to define the location and movement of seven specific spatial guilds by principal habitat association in 
mangroves as described by Gilmore and Snedaker 1993 - I. Sublitttoral/Littoral; II. Arboreal Canopy; Ill . Benthic and Infauna 
Community; IV. Tidal Creek and Ditch Community; V. Basin Community; VI. Upland Arboreal Community; VII. Upland Terres­
trial Community 
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geophysical processes on the ecological characteristics of mangroves (Thorn 
1982). Mangroves occur within five basic groups of coastal environments 
depending on a combination of geophysical energies including the relative 
influences of rainfall, river discharge, tidal amplitude, turbidity and wave 
power (Figure 13. J) . These five environmental settings arc all influenced by 
inputs of terrigenous materials, while mangroves also occur on carbonate 
platforms where environmental settings are dominated by calcareous 
sed imenta ry processes and nutrient-poor conditions (Woodroffc 1992). The 
structure and function of these carbonate platform communities provide an 
interesting contrast to those mangroves infl uenced more by terrigenous 
materials. 

The micro topographic factors of a region determine many of the hydro­
logic and chemical conditions of soil that control the patterns of forest 
physiognomy and zonation. In addition, tidal Hooding freq uency of the 
intertidal zone can influence the distribution of propagules and species 
(Rabinowitz 1978), although the influence of this mechanism ("tidal 
sorting") on forest structure has been recently questioned (Smith 1992). 
Lugo and Snedaker (1974) used the local patterns of mangrove structure in 
the south Florida and Caribbean regions to classify mangroves into riverine, 
fringe, basin, hammock and dwarf forests (Figure 13.2). This ecological 
classification of mangroves is also influenced by biological factors such as 
predation on propagules (e.g. crabs), differential resou rce utilization by 
seedlings, and physiological tolerance of trees that determine the patterns in 
physiognomy and zonation of mangrove trees (Davis 1940; Ball 1980; Lugo 
1980; Snedaker 1982; Smith 1992). These two types of classification systems, 
geomorphological (Figure 13.1) and ecological (Figure 13.2), represent 
diffcrent levels of organization of the coastal landscape. Together they can 
be used to integrate the different scales of environmental factors that control 
the attributes of forest structure (Figure 13.3). 

The species richness of trees is another biodiversity component of 
mangrove ecosystems (Figure 13.4). The environmental settings and biolo­
gical factors described above not only influence the formation of different 
geomorphological and ecological types of mangrove forests, but they may 
also control species richness (Smith 1992). It is clear that within a conti­
nental area, changes in rainfall, temperature and tidal range may be 
important to the diversity of mangrove trees (Smith and Duke 1987). 
However, there are biogeographic factors that have resulted III an 
unbalanced global distribution of species richness (Tomlinson 1986). The 
diversity of mangrove tree species in the western hemisphere (I I species) is 
less compared wi th the eastern hemisphere (over 30 species) (Figure 13.4). 
This also results in much more complex zonation pauerns along the inter­
tidal zone of Old World continents as compared with the simpler patterns in 
the neotropics (such as those in Watson , 1928, compared with Davis, [940; 
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Figure 13.3 Hierarchical classification system to describe diverse patterns of man­
grove structure and function based on global, geomorphological (regional) and ecolo­
gical (local) factors that control the concentration of nutrient resources and stressors 
in soil 

see Chapman 1976). AI present. general conceptual models have improved 
to ex-plain the development of zonation and fo rest structure within specific 
continental regions (Smith 1992; Gilmore and Snedaker 1993), but Ihe devel­
opment of specific ecological models to project change in species richness 
and ecological types of mangroves in response to land-use or global-climate 
changes is still limited by a lack of understanding of the manifold routes of 
coastal forest development (Twilley 1995). 

Mangrove ecosystems support a variety of marine and estua rine food 
webs involving an extraordinarily large number of animal species (Macnae 
1968; Odum and Hea ld 1972; Yaiiez-Arancibia el al. 1988: Robertson and 
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I<' igure 13.4 Generalized global distribut ion of mangroves including approximate 
limits of all species (upper panel) lind histogram showing approllimatc number of 
species of mungroves per 15~ of longitude (lower panel). (from Tomlinson 1986, rep­
rinted with the pennission of Cambridge University Press) 

Duke 1990). The export of particulate organic matter (POM) su pports food 
webs originating with particulate feeders, whereas the sometime larger 
export of soluble (dissolved) organ ic matter (DOM) forms the basis of the 
nearshore heterotrophic microorganism food web (Odurn 1971; Alongi 1988; 
Snedaker 1989; Robertson et al. 1992). Many of the species of finfish and 
invertebrates that ut ilize the mangrove habitat and its organic resources are 
also components of offshore arcas, a phenomenon that suggests intricate 
patterns of diel and seasona l migra tions (cf. Thayer et al. 1987; Yanez­
Arancibia el al. 1988; Sasekumar e l al. 1992). In addition to the marine 
eSlUarine food webs and associated species, there are a relatively large 
number and variety of animal s, that range from terrestrial insects to birds, 
that li ve in and/or feed directly on mangrove vegetation. These include 
sessi le organisms such as oysters and tunicatcs, arboreal feeders such as 
foliovores and frugivores , and grou nd-level seed predators. In consideration 
of the entire resident and casual faunal population in south Florida 
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mangroves, Gilmore and Snedaker (1993) were able to recogn ize four 
distinct spati al gui lds that may have well over an estimated 200 species, 
ma ny of which are as yet unca taloged. In addition, Simberloff and Wilson 
(1969) documented over 200 species of insects in mangroves in the Florida 
Keys. For rererenee, the Florida mangroves consist of on ly three major tree 
species and one minor species of vascula r plants. Based on these considera­
tions. one can conclude that the low species richness of mangroves in 
Florida supports a disproportiona tely rich diversity of animals, the dimen­
sions of which arc only now being documented . Thi s same conclusion ca n 
be applied to other parts of the Caribbean (Ruetzler and Feller 1988; Bacon 
1990; Feller 1993). Even though there is a global difference in species 
rich ness of mangrove trees between the east and west hemispheres, there 
docs not seem to be a corresponding con trast in the functional diversity of 
the associated fauna. One exception is that Robertson and BlabeT (1992) 
suggested that species richness of fish com munit ies in the tropical Atlantic 
Ocean region was less than in the Indo-Pacific areas. 

13.3 FOREST STRUCTURE AND ECOSYSTEM FUNCTION 

13.3.1 Mangrove-specific effects on nutricnt dynamics 

Litter produced in the canopy of mangrove forests innuences the cycling of 
inorganic nutrients on the forest noor, and the out welli ng of organic matter 
to adjacent coastal waters (Figure 13.5) (Odum and Heald 1972; Twilley el 

al. 1986). Thus the dynamics of mangrove litter, including productivity, 
decomposition and export, influence the nutrient and organic matter budgets 
of mangrove ecosystems (Twilley 1988). Mangroves are forested ecosystems, 
and many of the ecological functions of nutrient cycling described for terres­
tri al fo rests may also occu r in these intertidal forests. The amoun t of litter 
produced and the quality of that litter, as represented by C:N ratios and 
concent rations of lignin and polyphenols, contributes to the nu trient 
dynamics of fo rested ecosystems (Aber and Melillo 1982; Melillo el al. 
1982). Thus. nitrogen cycling in the forest canopy is coupled to the nutrient 
dynamics in forest soi ls, and these are influenced by the species-specific 
nutri tional ecology of the trees. St udies 10 test the presence of these 
feedback mecha nisms will give insights into the ecological significance of 
tree biodiversity to the litter and nulrient dynamics of mangrove ecosytems. 

The accumulation of leaf litter on the forest floor of mangrove ecosystems 
can be an important site for nutrient immobilization during decomposition 
(Figure 13.5; see also Section 13.3.2) (Twilley el al. 1986). The concentra tion 
of nitrogen in leaf litter usually increases during decomposition on the forest 
Roor (Heald 1969; Rice and Tenore 1981; Twilley el (II. 1986; Day el al. 
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1987). If this increase or nitrogen is proportionately greater than the loss or 
lear mass during decomposition, then there will be a nct input or nitrogen to 
mangrovc soil. The source or this nitrogen may be absorption and adsorp­
tion processes by bacterial and rungal communities (Fell and Master 1973; 
Rice and Tenore 1981; Rice 1982), and nitrogen fixation (Gotto and Taylor 
1976; Zuberer and Silver 1978; POlIS 1979; Gotto ef al. 198 1; van der Valk 
and Attiwill 1984). Twilley el al. (1986) found that this process or nitrogen 
immobilization was more significant in decomposing Rhizophora mangle lear 
litter than in leaf litter of A ~iCf'mliQ germinQns in a basin mangrove forest. 
The enrichment of decomposing litter with new nitrogen is apparently a 
runction of demand ror this substrate by microorganisms colonizing the 
detritus. Lear litter with high C:N ratios (> 30) usually ha s a higher 
potential for nitrogen immobilization since nitrogen concentrations are low 
relative to ca rbon, requiring high demand by microorganisms. C:N ratios or 
Rhizophora litter are usually double the levels in Avice/mia litter, and accord­
ingly there is a lower decomposition rate and higher nitrogen immobilization 
in forests dominated by Rhizopl/Ora trees (Twi lley el al. 1986). 

The C:N ratios of Icar litter arc linked to recycling processes in the canopy 
whereby nutrients are reabsorbed or retranslocated prior to lear fall (Figure 
13.5) (Ryan and Bormann 1982; Vitousek 1982). Steyer (1988) found that 
retranslocalion of Rhizopl/Ora was higher than that or Avicfllllia , contri­
buting to the higher eN ratio or \ear litter in the rormer genus. This 
indicates that more nitrogen may be recycled in the canopy or a mangrove 
rorest dominated by Rhizopllora compared with AI'icellllia. Hi gher recycling 
or nutrients in the canopy could improve nutrient use efficiency and thus 
result in less demand for nitrogen uptake by the tree. In the Rhizophora 
rorest. nitrogen immobilization in lear liller during decomposition as result 
of the higher C:N ratio will result in less remineralization on the rorest 
Roor. compared with Avicfllllia rorest where nitrogen regeneration occurs 
during liller decomposition. Higher nitrogen remineralization in liller of 
AI'ict?lIl1ia would supply the higher demand for nitrogen in the canopy or 
this genus. Experimental tcsts arc nceded to demonstrate if there exist cause 
and effect linkages in nutrient recycling due to the relative dominance by 
Rhizophora and Avice/mia in a mangrove rores\. However, these ideas 
suggest that shirts in the species composi tion or mangrove forests cou ld 
contribute to different patterns of nitrogen dynamics between the canopy 
and soils or mangrove ecosystems. 

13.3.2 Ecological type and litter dynamics 

Productivity or mangroves, bOlh prima ry and secondary. is usually 
associated with the concepts or outweliing in estuarine ecosystems (Twilley 
1988). One reason ror this may be related to the greater tidal amplitude. as 
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in Ecuador or Australia, and by higher runoff in some tropical deltaic 
systems, as in Mexico, Brazil or Venezuela , used to study mangrove export 
compared with temperate intertidal wetlands. The productivity of mangroves 
may be strongly related to the ecological type of mangrove (sec discussion in 
Section 13.2), since processes may be specific to riverine, fringe or basin 
mangroves according to their respective hydrologic characteristics (Twilley 
1988, 1995). This conclusion is based mainly on organic matter exchange in 
mangroves, although there are indications thaI nutrient recycling may also 
vary along a continuum in hydrology. 

In mangroves, the residence time of litter on the forest floor is largely 
controlled by tidal flooding frequency . Trends for liner productivity and 
export suggest that as geophysical energy increases, the exchange of organic 
matter between mangroves and adjacent estua rine waters also increases. The 
average rate of carbon export from mangroves is about 210 gC m-2 year-I, 
with a range from 1.86 to 401 gC m-2 year- I (based on 10 estimates in the 
literature; Twilley el al. 1992). Total organic carbon (TOC) export from 
infrequent ly nooded basin mangroves in southwest Florida is 64 gC m-2 

year I, and nearly 75% of this material is dissolved organic carbon (DOC) 
(Twilley 1985). Particulate detritus export from fringe mangroves in sou th 
Florida was estimated at 186 gC m 1 year- I (Hea ld 1971), compared with 
420 gC m-1 year-I for a riverine mangrove forest in Austra lia (Boto and 
Bunt 1981). Estimates of average tidal amplitude in these three forests types 
are 0.08 m, 0.5 m and 3 m, respectively. Rates of organic ca rbon export 
from basin mangroves are dependent on the volume of tidal water 
inundating the fores t each month, and accordingly export rales arc seasonal 
in response to the seasonal fluctuation in sea level. Rainfall events may also 
increase organ ic carbon export from mangroves (Twilley 1985), espedally 
DOC. Accordingly, as tidal amplitude increases, the magnitude of organ ic 
material exchanged at the boundary of the forests increases (Twilley 1985). 

Geophysical processes alone do not control the fate of leaf litter in 
mangrove ecosystems. Liner productivity in a riverine forest in Ecuador is 
simila r to that in a riverine forest in south Florida at about 10 Mg ha- I 

year- I. Leaf litter turnover rales in the two sites were different by factor of 
10, which fits the model discussed above, since the tidal amplitude in 
Ecuador is 3-4 m compared to < I m in Florida. Yet observations in the 
n1<lngroves in Ecuador suggest that most of the leaf litter on the fores t floor 
is harvested by the mangrove cmb, Ucides occitlenw/is. and transported to 
sedimcnt burrows rather than exported out to the estuary (Twilley et al. 
1990). The influence of mangrove crabs on liner dynamics has been 
described in other mangrove ecosystems with high geophysical energies and 
rates of litter turnover> 5 yea r- I (Malley 1978; Leh and Sasckumar 1985; 
Robertson and Daniel 1989; sec Section 13.4. 1). Thus, the patterns of leaf 
litter eltport from mangroves arc not rest ricted to just geophysical forcings 
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such as tides; in some locations there arc important biological factors that 
influence litter dynamics. In these examples, high rates of lilter turnover do 
not reflect the coupling of mangroves to coastal waters, but the conservation 
of organic matter within the fo rest. This demonstrates the complex nature of 
the relative importance of geophysical processes and biodiversit y on the eco­
logical functions of mangrove ecosystems. 

13.4 MANGROVE FAUNAL GUILDS AND ECOSYSTEM 
FUNCTION 

Animal specics co-occurring in mangrove forests can be separated inlO guilds 
characterized by the utilization of available resources (Ray and McCormick 
1992). Faunal guilds described in Ihis section are basically resident species 
that exploit the habitat with different intensity in space and time, in contrast 
to the nekton guilds discussed below (Section 13.6). The utilization and 
exploitation of the mangrove habitat by faunal gui lds, both resident and 
migratory, can contribute to the structure and function of mangrove eco­
systems. The loss of faunal guilds, described below, may influence the eco­
logical properties of mangrove ecosystems. 

13.4.1 Crabs 

Crabs are one of the most important animal groups contributing to the high 
biodiversity in mangrove ecosystems. Moreover. it is not only their high 
species diversity but also their functional role that make crabs a funda­
mental component in the ecological diversity of mangrove ecosystems. Crabs 
playa central role in the structure and energy flow of these coastal forested 
wetlands (Micheli el af. 1991) as well as influencing the structure (Warren 
and Underwood 1986) and chemistry (Smith ('/ af. 1991) of mangrove soils. 
These roles are accomplished by predation on mangrove seedlings (Smith 
1987; Smith el al. 1989), facilitating litter decomposition (Robertson and 
Daniel 1989), and formation and transfer of detritus to predator food chains 
(Malley 1978; Jones 1984; Camilleri 1992). 

There are about 4500 species of crabs, and they are the largest part of the 
decapoda. Six of the 30 families of the Brachyura are present in mangrove 
ecosystems (Mictyridae, Grapsidae, Geocarcinidae. Portunidae, Ocypodidae. 
Xanthidae). which include an estimated 127 species (Jones 1984). Eighteen 
of 19 genera occur within the Ocypodidae and comprise at least 80 species. 
In genera\, the mangrove crab fauna is dominated by representatives of two 
families, the Ocypodidae and Grapsidae, and each family by one genus, Uca 
and Sesarma. respectively. Furthermore, within the Grapsidae the genus 
Sesarma accounts for over 60 species of crabs predominantly associated with 
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mangroves (Jones 1984). For example. the Indo Malayan region provides the 
richest zone with 30 species of Sesarma, then east Africa (9- 16), followed by 
Australasia (8- 14) and tropical America (3-5). 

Although the high diversity of crabs and its potential effect on the produc­
tivity of mangrove forests has lo ng been recognized (Macnae 1968; Malley 
1978), there is little quantiwtive data on community struct ure, population 
dynamics and the ecological interactions between crabs and mangrove litter 
product ion. For example, Macnae (1968) correlated the scarcity of leaf litter 
in Malaysian mangroves with crab consumption, while Malley ( 1978) and 
Leh and Sasekumar ( 1985) provided evidence through gut con tent analyses 
that mangrove leaf litter was consumed by Sesanninae crabs, Chiromanlhes 
spp. (Lee 1989). This pattern of litter consumption has a lso been observed 
in the majority of the genera Cardisoma. Goniopsis. Vcides alld Amflls (Jones 
1984). Since crab densities in mangrove fo rest can be high, crabs may play 
an important role in leaf litter decomposition and transport to adjacen t 
estuarine waters. Indeed, st udies in Malaysia , Jamaica , South Africa, Kenya, 
India and Puerto Rico show that the crab density may be as high as 63 
individuals per m2 (Jones 1984). 

The crab comm unity can have significa nt effects on pathways of energy 
and ca rbon flow within the fo rest, the quantities of organ ic material 
available for export from forest. and the cycli ng of nitrogen to support 
forest primary production (Robertson 1991; Robertson el a/. 1992). Malley 
(1978) found that the contents of the proventriculus and rectum of the 
sesarmid crab Chiromal1lhes onychopl/Orllm. a common crab species in 
mangroves in Mala ysia, co nsisted of more than 95% mangrove leaf material 
by volume. The first quantitative estimates of litter consumpt ion by crabs 
was between 22 and 42% of the daily leaf fall (mean 28%) depending on the 
time of yea r (Robertson 1986). These rates showed that leaf-burying crabs 
were a major link between primary and secondary product ion within 
mangrove forests in northeastern Australia. Emmerson and McGwynne 
( 1992) found that leaf litter was the major com ponent in the diet of the crab 
Sesamw meinerli. a dominate species in the mangroves of south Africa, and 
estimated that 44% of Avicennia marilla leaf fall was consumed by this 
species. Leh and Sasekumar ( 1985) calculated that in Malaysia two 
sesarmids, Chiromamhes onychophorum and Chiromamhes cllmo/upe. could 
remove -9% of the annual lea f fall from mid-intertidal Rhizophora forests 
and up to 20- 30% of leaf fall in high intert ida l foresls. Similarly, Robertson 
and Daniel ( 1989) reported that sesarm id s removed 71 % and 79% of the 
total an nual litter fall from the forest Roor in mangrove forest dominated by 
Ceriops ragal and Bruguiera exariSlata. respectively. Yet only 33% was 
removed in an Ayicennia marina-dominated forest. 

Leaf processing by crabs can also be responsible for li tter turnover rates 
that are> 75 times higher than the rate of microbial decay. Micheli el til. 
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(1991) found that crab leaf rem oval ( 14 g m-2 day" 1) was much greater than 
any previous measurement of liuerfall in mangrove environments. Lee 
(1990) estimated that 40% of particula te organic matter produced by the 
mangrove Kalldelia condel and the reed Phrogmiles comrmmi.~ was consumed 
by crabs. He emphasized that since tidal inundation in th is mangrove fo rest 
was infrequent, crab consumption may be enhanced by the long residence 
times of organic matter on the fo rest floor. Lee (1989) also observed that 
crabs from the genus Chiromallthes were capable of consuming > 57% of 
the litter production by the mangrove Kande/ia condel in a tidal shrimp 
pond. However. Emmerson and McGwynne (1992) stressed that the fceding 
behavior and feeding rate for each crab species should be known accurately 
in order to minimize overestimates of litter processing. 

Cl1mi lleri (1992) demonstrated that crabs, among other invertebrates, 
break down whole senescent mangrove leaves lying on the mud, thus 
providing particulate organic mailer (POM) for at least 38 species of detriti­
vores and fonning a primary link in the marine food web inside the 
mangrove fores t at Myora Springs on Stradbroke Island, Australia. He 
showed that 12 species of leaf shredders manufactured small detrital 
particles from mangrove leaves that are consumed by at least 38 other 
species of invertebrates. Therefore. leaf fall from mangrove trees provided 
food for about 50 species of invertebrates in the mangrove forest. Camilleri 
(1992) listed five reasons why species that shred whole leaves into small 
particles arc significant in mangrove ecosystem: (I) they prevent mangrove 
leaf material rrom being washed out or the forest ; (2) they make POM 
available l1 S a food so urce to detritivores which fecd on fine POM; (3) 
they regulate the size of POM in the environment; (4) they stimulate the 
co lonization of POM by microfa una and microorganisms making nutrient 
available to trees; (5) they simplify the structure and chemical composition 
of detrital particles and that can facilitate degradation by microbial 
organisms. 

In addition to the impact crabs have on organic maller ex port and decom­
position, they may also affect forest structure and species composition along 
the intenidal zone by consumption of mangrove propagu les (Smith 1987, 
1988; Smi th et al. 1989; Osborne and Smith 1990). Caging experiments in 
northern Queensland, Australia, showed that AI'icenllia marilla propagulcs 
can survive and grow when they are protected from crabs (Smith 1987). 
Crabs consumed 100% of the post-dispersa l propagules of mangroves in 
Australia mangrove forests, especially of the genus Avicerll1ia. In both 
Malaysia and Austral ia graspid crabs composed >95% of the predators on 
propagules (Smith 1992). As seed predators, graspid crabs can control where 
some mangrove species become established in the forest , as shown in 
southeast Asia, North and Central America, and Australia (Smith el al. 
1989). Based on these studies. Smith (1992) proposed that predation on 
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propagules can influence succession in north Queensland mangrove forests in 
Australia . Recent studies in Africa (Micheli et 01. 1991) also showed that 
propagule consumption can have an impact on species distribution. 

On a global scale, Smith (1992) reviewed curren t data on propagu\c 
consumption by crabs in the New and Old Worlds. He pointed out that in 
Queensland , Sesarmids remove up to 80% of annual leaf fail (Robertson 
and Daniel 1989) and 75% of the propagules (Smith 1987) from the forest 
floor, whereas in Florida and Panama crabs have been indicated as minor 
consumers of forest primary production (Smith et af, 1989). These differ­
ences among continents suggest that the effects of invertebrate biodiversity 
on ecological function is not consistent globally , since crabs do not play an 
important role in the structure and function of mangroves in Florida. 
However, recent studies in Ecuador (Twilley el a/. 1993) showed that 
mangrove crabs, Uddes occidenla/is. can influence the fate of leaf litter in 
the Churute Ecological Preserve. 

Smith et at. (1991) have proposed that sesarmid crabs represent keystone 
species since they exert a major influence on mangrove ecosystem funct ions. 
For example, they found that sesarmid crabs have an impact on soil 
ammonium and sulfide levels, and as a consequence on forest productivity 
and reproductive status. This effect on nutrient cycling has also been 
reported in high intertidal forests in other mangrove forests in Australia , 
where between II and 64'% of nitrogen requirements for fores t primary 
production is recycled through lit ter processed by crabs (Lee 1989). Along 
with evidence by others demonstrati ng the efTect of crabs on carbon cycling 
and forest structure (e.g. Robertson 1986; Robertson and Daniel 1989), 
Smith et at. (1991) concluded that crabs occupy a keystone position in 
Australian mangrove forests. Given the lack of extensive data on crab com­
munities (Michelli et at. 1991), it is not clear if indeed crabs are also 
keystone guilds regulating forest development and productivity in other 
mangrove ecosystems. Yet current data strongly suggest that crabs play an 
important role in main tai ning a high biodiversity that is linked to significant 
ecological functions in mangrove ecosystems (Camilleri 1992). 

13.4.2 Insects 

The ecology of insects in mangrove ecosystems is poorly understood, 
including inadequate records of their distribution and few studies of their 
ecological function. One of the more thorough treatments of the subject is 
by Feller (1993) , which includes examples of unpublished records of insects 
in mangroves of Belize, and summaries of leading hypotheses describing the 
role of herbivory in mangrove ecosystems. In her own work, Feller tested 
the importance of soil resource availability on the pattern of herbivory in 
oligotrophic dwarf mangrove forests on an island in Belize. 
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The occurrence of insects in mangrove forests may be higher than 
previously considered (Ruetzler and Feller 1988; Feller 1993). A thorough 
inventory of insects on small mangrove islands in the Florida keys uncovered 
200 species (Simberloff and Wilson 1969). In Belize, the hollow twigs of R. 
mangle host more than 70 species of insects, including at least 20 species of 
ants (Lynch, unpublished data, from Feller 1993), while Farnsworth and 
Ellison ( 1991 , 1993) ha ve identified morc than 60 species of folivores fceding 
on Ri!;zopJWrfl and Avicellnia. The research effort in Belize has uncovered 
many undescribed species of xylophagous insects (half of the 35 species are 
new) and !:hore flies (many of the 50 total species were previously undocu­
mented). Insects habitats are diverse in mangroves, including not only the leaf 
surface of the canopy, where inventories of species are more common, but 
also in less obvious sites within twigs, trunks and prop roots of the trees. In 
general, studies of herbivory of these and other diverse insect guilds have 
found that they can influence ecological processes such as root branching that 
enhances tree support (Simbcrloff el al. 1978), girdling of branches and trunks 
that causes formation of forest gaps (Feller, 1993, and unpublished material 
discussed), premature leaf abscission that changes nutrient recycling in the 
forest canopy (Onuf e/ 01. 1977), and predation on mangrove seedlings 
(Rabinowitz 1977; Robertson el 01. 1990). However, for each study 
promoting a causal mcchanism of herbivory to an ecological function in 
mangroves, there is a study that contradicts the effect (e.g. Johnstone 1981; 
Lacerda el al. 1986; Ellison and Farnsworth 1990, 1992). In addition, there 
are also accounts lhat insects are a minor component in the ecology of 
mangroves (Janzcn 1974; Huffaker el al. 1984; Tomlinson 1986). It is not 
presently clear how changes in the biodiversity of insects can influence the 
function of m.Lllgrove ecosystems; however, it is evident that more ecologica l 
studies of these guilds are needed 10 define their role in particularly oligo­
troph ic mangrove ecosystems. 

Mangrove rookeries (bird nesting sites) are enriched in nitrogen and 
phosphorous which stimulate the productivity of mangroves by II factor of 
1.4. The density and diversity of herbivores is greater on mangrove island 
rookeries compared wi th proximal islands that lack nutrient enrichment 
(Onuf el al. 1977). The increased herbivory by several folivorous caterpillars 
and scolytid beetles on mangrove rookeries apparently maintained a constant 
sta nding crop, despite the increased rate of production. The enhanced growth 
rale of several herbivores and other rauna on the nutrient-enriched islands 
suggests that resource utili7.3tion may limit population size on the control 
(unenriched) islands. However, the con trol sites were of different size and 
distance from the mainland, confusing lhe linkage or nutrient enrichment to 
specific ecological processes. Other studies have found little enhancement of 
herbivory with increased levels of nutrients in either mangrove soil or Icavcs 
(Robertson and Duke 1987; Farnsworth and Ellison 1991: Feller 1993), 



344 FUNCTIONAL ROLES OF BIODIVERSITY 

although responses in herbivory may differ among benign and stressed envir­
onments, particularly related to hydroperiod (Feller 1993). 

One of the largest scale manipulations of mangrove ecosystems was an 
experimental study of eight small mangrove islands in Florida Bay specifi­
cally to test biogeographic hypotheses of landscape richness (Simberloff and 
Wilson 1969; Simherloff 1 976a). Mangrove islands of different size (264-
1263 m 2) and distance from source populations (2-432 m) were defaunated 
by fumigation with methyl bromide, and repeated censuses of animal species 
were used to determine immigration and extinction processes. Censuses were 
retaken on islands reduced in arCl! of habitation to test the factors that 
control equilibration processes on these islands. The stud ies showed that bio­
diversity of animals was directly controlled by the size of the island, and the 
studies allowed for direct detennination of extinction rates. Simberloff 
(1978) also summarized from these studies that community structures in 
these environments were not detenninistic, but were largely controlled by 
the physical environment together with individual adaptations. Wh ile 
Heatwole and Levins (1972) attempted to relate the results of these 
mangrove island studies to interactions of trophic structure following dis­
turbance, Simberlotf (1976b) concluded that the significance of trophic inter­
actions to the biodiversity of this ecosystem remains unproven. These studies 
do demonstrate the importance of island size and location (fragmentation 
relative to source materials) to the resiliency of biodiversity following dis­
turbance in mangrove ecosystems. However, other tests have not demon­
strated any relation in levels of herbivory to these dimensions of mangrove 
islands (Beever el al. 1979; Farnsworth and Ellison 1991). Studies with 
similar approaches are needed to link these patterns in species richness to 
specific ecosystem processes of mangroves. 

13.4.3 Benthos and epibionts 

One of the more comprehensive descriptions of the biodiversity (Alongi and 
Sasekumar 1992) and ecological function (Alongi e( al. 1992; Robertson et 
al. 1992) of benthic communities is published in a book by Robertson and 
Alongi (1992) that describes the ecology of mangroves in Australia and 
surrounding regions. The meio- and macro-faunal diversity of the benthos 
are better documented than microbial communities (see Section \3.5), as 
represented by more than 100 species of macrofauna in some mangrove sites 
such as Thailand (Nateewathana and Tantichodok 1984), northwest 
Australia (Wells 1983) and southern Africa (Day 1975) (as reported in 
Alongi and Sasekumar 1992). Microhabitat diversi ty in the intertidal zone of 
mangroves is frequently cited as an important factor in the diversity of 
benthic communities (Figure 13.6), as has been found in temperate zones 
(Frith el al. 1976). In addition, the increased habitat diversity afforded by 
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the unique arch itecture of mangrove trees, such as prop roots and 
pneumatophores, may facilita te biodiversity in the tropical intertidal zone. 
However, chemical leachates from mangrove trees, especially tannins from 
the genus Rhizophora, may reduce the density and diversity of benthic 
communities. Alongi ( 1987a) demonstrated that the density of meia-fauna 
was negatively correlated with concentrations of soluble tannins in 
mangrove sediments. In addition, laboratory feeding experiments have 
shown that population dynamics of meia-fauna may differ when fed detritus 
of Avicennia compared with Rhizophora. apparently owing to higher concen­
trations of tannin in the latter genus (Alongi 1987b). Infaunal communities 
can also be regulated by tannin concentration (Giddins el al. 1986; Neilson 
et af. 1986). However, other studies by Tietjen and Alongi ( 1990) present 
evidence that the negative effects of tannins may be reduced with higher 
nitrogen concentrations of mangrove detritus. It is evident however that 
there may be important linkages in the chemical ecology of specific 
mangrove tree species to the biodiversity and ecological function of benthic 
communities. 

There is an increasing knowledge of nutrient fluxes (F igure 13.5) within 
mangrove fo rests and surrounding areas of tropical coastal ecosystems (see 
reviews by Alongi 1989, 1990). However, the functional ecology of bent hos 
relative to the biogeochemistry of these ecosystems is not clear. Specifically, 
the role of benthic faunal guilds in the exchange of nutrients across the 
sedimem-water interface is poorly understood, while this ecological function 
has been described in temperate estuaries. There may be some interesting 
linkages in the species-specific chemistry of mangrove sediments, benthos 
density and diversity, and nutrient cycling properties of mangrove eco­
systems. 

Sponges, tunicates and a variety of other forms of epibionts on prop roots 
of mangroves are highly divcrse (Sutherland 1980; Ruetzler and Feller 1988; 
Ellison and Farnsworth 1992), especially along mangrove shorelines with 
little terrigenous input. The diversi ty and biomass of these communities and 
associated ecological functions may be limited to specific geomorphological 
types thaI are protected from turbid waters. The ecology of these commun­
ities has been dominated by studies of species distribu tion and population 
dynamics, although there are a few studies on ecosystem function. For 
example, the growth rates of prop roots can be reduced by root-bori ng 
isopods (Perry 1988; Ellison and Farnsworth 1990, 1992); however, sponges 
and ascidians that colonize prop roots prevent the invasion of these isopods 
and enhance root productivity (Ellison and Farnsworth 1990). There is 
evidence that epibionts on prop roots may be a source of nutrition for 
higher-level predators as well as influencing various processes in mangrove 
fringe forests . These processes of nutrient regeneration associated with 
sponge communities that colonize aerial root systems of mangroves have 
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received com paratively little attention, but they may influencc the produc­
tivity of fringe mangrove forests , as well as enhance the exchange of 
nutricnts with coastal waters (Elli son el 01. 1996; R. Twilley and T. Miller­
Way, unpublished data for 1993- 1995 in Belize). The specific con tribution 
of these productive and diverse epibiont communities in predominately 
ca rbonate environments may demonstrate an important linkage between bio­
diversity and ecosystem function. 

13.5 MICRO BI AL PROCESSES AND ECOSYSTEM FUNCT ION 

The biodiversity of microbia l communities in mangrove ecosystems is poorly 
documented, but the biomass and metabolism of this gui ld is well estab­
lished for tropical intertidal environments (Fell and Master 1980; Newell ef 

al. 1987; Alongi 1988. 1989; Alongi and Sasekumar 1992). The microbial 
ecology of mangrove sediments and its influence on ecological processes. 
particularly decomposition. ha s been related to the chemical diversity of 
mangrove leaf litter (Benner and Hodson 1985; Benner el (II. 1986; Benner et 
al. 1990a.b). As discussed above for meio-fa una. chemica l compounds such 
as tannins may inlluence the population dynamics o f microbial communities 
on specific leaf litter. Thi s, in turn . influences the fa te of o rganic matter and 
nutrien ts on the forest floor of mangrove ecosystems. Most of the research 
rela ting the chemical ecology of mangroves with specific ecological processes 
has been done with Rhitophora. while there may be other interesting 
compari sons among the different mangrove tree species. A potentially 
import(lIlt area of study is the effect of species richness of trees on the 
chemica l eco logy of mangrove litter and soils, and how thi s can influence 
the ecosystem functions of mangrove forests. 

Nitrogenase activity has been observed on decomposing leaves and root 
surfaces (prop roots and pneumatophores) and in sediment. This enzyme 
makes an important contribution to the nitrogen budget in mangrove 
systems (Kimball and Teas 1975; Gotto and Taylor 1976; Zuberer and Silver 
1978; P OllS 1979; Gotto et al. 1981). Resul ts from stud ies of mangrove 
sediments in south Florida indicate the nitrogen fixa tion rates range from 
0.4 to 3.2 g N m-2 yea r I (Kimball and Teas 1975; Zuberer and Silver 1978). 
These studies have shown that decomposing mangrove leaves arc sites of 
particularly high rates of fixat ion. and thus account for some of the nitrogen 
immobil ization in lea f litter (Gotto el al. 1981 ; va n der VlIlk lind Auiwill 
1984). For example, Gotto el al. (1981) found that nitrogen fixa tion in 
A vicenllia leaves was nearly twice that in Rhizophora leaves. Thus, the contri­
bution of this ecological process to the fertility of mllngrove ecosystems may 
depend on the nutrient stat us of litter among different types of mangrove 
ecosystems, as discussed above. Whereas mangrove forests also fix and store 
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carbon in wood and orga nic-rich sedimen ts, the total carbon sequestra tion 
in tropical coastal ecosystems is unknown, but may represent a potentially 
im portant sink of carbon in tTopical coasta l ecosystems (Twilley et al. 1992). 

The colonization of microbial communities all leaf litter ca n influence the 
exchange of nutrients at the boundary of mangrove ecosystems. Rivera~ 
Monroy ef al. ( \995) observed that there was a net uptake of ammonium 
and nitrate during tidal exchange in a flume constructed in a fringe forest in 
Terminos Lagoon, Mexico. Organic nitrogen was exported from this flume 
to the estua ry at rales equal to the uptake of inorganic nitrogen . Thus lhis 
mangrove zone functioned as a transfonner of inorganic nitrogen to o rganic 
detri tus, which is sim ilar to processes observed in sa lt marsh ecosystems. 
Based on these flume studies of nutrient exchange, nitrate uptake was 
assumed to be dcnitrilled to gaseous form , representing a sink of nitrogen 
from the system. Howeve r, studies with nitrogen-I S labeled nitrate showed 
tha t very little of the amended nutrient was transformed 10 nitrogen gas 
(Ri vera -Monroy el 01. 1995; Rivera-Monroy and Twilley 1996). In addition, 
nea rly all of the enriched ammonium N-IS could be accounted for in 
sediments; thus no cou pled deni trifica tion occurs in these wetland soils. Loss 
of ni trogen via denitrification was low, apparently due to the high nitrogen 
demand in decomposing leaf litter on the forest floor (Rivera-Monroy el al. 
I99S; Rivera-Monroy and Twilley 1996). These studies further indicate the 
significance of the quality of leaf litter to nitrogen cycles in mangrove forests 
(Figure I3.S), as has been observed in other forest ecosystems (see Section 
13.3). 

13.6 NEKTON BIOOIVERSITY AND MANGROVE FOOD WEBS 

Nek ton (free-swi mming organ isms) food webs represent faunal guilds that 
utilize mangrove habitats for food and protection at different st.ages of their 
life cycle. Most of these organisms are migratory (while there may be some 
residents), and the ephemeral nature o f the periods when these organ isms 
utilize mangrove habitats contributes to the poor understand ing of their 
ecology. Robertson and Blaber (1992) reviewed the resul ts o f four mangrove 
fish community studies in northern Austra lia where species richness varied 
from 38 to 197 species. In the neot ropics, extensive surveys of the composi­
tion and ecology of mangrove nekton have found 26- 114 species of fish 
(from Table 9 in Robert son and Btuber, 1992). Tropical estuarine fishes in 
mangrove ecosystems. as secondary consumers, can be important in energy 
and nutrient flow in severa l ways. They can be stores of nutrients and 
energy, control rates and magnitude of energy flow through grazing of food 
sou rces, and move energy and nutrients across ecosystem boundaries 
(Yariez-Arancibia 1985; Robertson and Duke 1990). 
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The structural and ecological functions of mangroves sustain nearshore 
marine habi tats and provide food and refugia to a variety of organisms at 
different trophic levels (Odum and Heald 1972; Thayer et 01. 1987; Y<iiiez­
Arancibia et al. 1988, 1993; Robertson and Duke 1990; Rojas et al. 1992; 
Sasekumar et aJ. 1992). This is clearly reflected in the description of nekton 
food webs in mangroves (Figure 13.7). The complex ity of food sources 
found in fish stomachs documents changes in food diversi ty and fish prefer­
ences as fish grow. Often the diet of a single species comprise more than 20 
different (or diverse) food types in mangrove areas. The whole trophic 
structu re does not comprise specific trophic levels, as fish eat food from a 
diversity of sources in the mangrove ecosystem (Figure 13.7). in summary, 
the general characteristics of feeding relationships among " mangrove-related 
fishes" are: (I) flexibi lity of feeding in time and space; (2) sharing of the 
common pool of most abundant food resources among a diverse pool of 
species; (3) the taking of food from different levels of the food web by each 
species; (4) the changing of the diet with growth, food diversity. and locality 
within the estuary; (5) the use of both the pelagic and benthic pathways by 
a given species. 

One of the key questions about mangrove ecology is the significance of 
these habitats to the dependence of marine organisms on estuaries during 
the juvenile or aduh stages of their life cycle (Robertson et 01. 1992; Y<iiiez­
Arancibia et al. 1994). The seasonal pulse of primary production along with 
temporal variation in physical constraints (e.g. temperature and sal inity) 
provide a unique set of conditions for estuarine-dependent life cycles (Rojas 
el al. 1992). Three primary types of migration have been documented: diel , 
seasonal and ontogenetic. Rooker and Dennis (l99 1) report both die! and 
seasonal migrations at a mangrove key near Puerto Rico, suggesting that 
diel movements are primarily the result of feeding habit s, whi le seasonal 
migrations "may be related to changes in environmental parameters (i.e. 
salinity. temperature, turbidity) that alter habitat cha racteristics, or to 
aspects of life-history (e.g. reproduction, recruitment) (Williams and Sale 
1981; Williams 1983)". More often reported are migrations due to ontoge­
netic causes (Odum et al. 1982; Ogden and Gladfelter 1983: Gilmore and 
Snedaker 1993). Ontogenetic migrants generally spend their juveni le stage in 
the relative protection of the mangrove habitat , and subsequen tly move 
offshore as they grow too large to effectively utilize the mangrove st ructure 
as sheller (Odum el al. 1982; Ogden and Gladfelter 1983). For the most 
part. however, very little detail is known about the life-hi story characterist ics 
of many of these multi-habitat fi shes, especially the larval phase (Voss et al. 
1969). 

The sequential pUlsing of primary production by planktonic and macro­
phyte communities, coupled with seasonal export of mangrove detritus, 
suggest that the delivery of organic matter sustains high estuarine seconda ry 
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production and species diversity of estuarine-dependent consumers (Figure 
13.8) (Rojas el al. 1992; Yanez-Arancibia et al. 1994). The seasonal coupling 
of primary and secondary production in mangrove ecosystems, along with 
variation in environmental conditions, shows how the functional assemblages 
of fish use tropical lagoon habitats ill time and space to reduce the effect of 
competition and predation. Assemblages of macroconsumers within 
functional groups play an important ecological role by coupling life-history 
strategies with the environmental gradients within the estuary (Figure 13.8), 
In Figure 13.8 we can see the two main mangrove habitats, fringe (SMS) 
and riverine (FLS), where the same fish population assemblages utilize the 
habitats in a sequential manner from one season to the next. This diversity 
in behavior suggests that the lag in fluctuations of total biomass through the 
year, as is common in high-latitude estuaries, is a consequence of the 
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sequential use of the different mangrove habitats by different species 
(seasonal programming). Although common species appear in fringe and 
riverine mangroves, there are different peaks of abundance, regu lated by 
climatic changes. which control the biological and physical characteristics of 
the two habita ts (Yil.liez-Ara ncibia el al. 1988, 1993). Th us the dominant 
species (or keystone species) act as controllers of the structu re and funct ion 
of the whole macroconsumer community, while the physical vari .. bility and 
mangrove prod uctivity mod ulate their species diversity. The seasonal nature 
of these processes secure the recruitmen t and func tional species diversity of 
estuarine nek ton communit ies (Yanez-Araneibia el al. 1993). 

An interactive relationship is also widely ack nowledged between coastal 
mangrove forests and proximal co ral reers with respect to fish migration 
(Odum f!1 al. 1982; Ogden and Gladfelter 1983: Gil more and Snedaker 1993: 
Sedberry and Ca rter 1993). Several studies present lists or fishes either 
known or suspected to occu r in both habi tats (Voss et al. 1969; Odum el al 
1982; Thayer el al. 1987: Gilmore and Snedaker 1993; Sedberry and Cartcr 
1993). In some cases the overlap is substantial. In the US Virgin Islands, 
Olsen el al. (1973) "found 74% to 93% overlap in the fish species composi­
tion of fringing coral reers and shallow mangrove-fri nged oceanic bays" 
(Odurn el al. 1982). However, few studies have attempted quan titatively to 
document the specific coopera tive roles these two habitats serve during the 

I ' ll 

Figuft 13.7 (and opposite) Conceptual diagram describing the fate of mangrove leaf 
litter in the food chain of an cstuary in south Florida (rrom Odurn 1971) 
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migratory lives of associated fis hes (Odum el 01. 1982; Ogden and Gladfelter 
1983). Difficulty in sampling fringing and overwash mangrove habitats may 
account fo r some of this lack of knowledge; in particular. mangrove prop 
roots hinder movement of both resea rchers and equipment . wh ile the often 
turbid waters associated with the prop root environment obstruct visual 
censuring techniques (Thayer e t 01. 1987; Rooker and Dennis 199 1; Sedberry 
and Ca rter 1993). 

Fish that migrate between mangroves and coral reefs are typically reef­
associated species. There are several reasons for coral reef fish to migrate to 
the mangroves. The mangrove habitat is generally recognized to act as a 
nursery for the juvenile stage of many coral reef fi sh species (Odum el 01. 
1982: Ogden and Gladfelter 1983; Gilmore and Snedaker 1993; Sedberry 
and Ca rler 1993). There are indications that this is not the case for si tes in 
the southwest Pacific (Quinn and Kojis 1985; Blaber and Milton 1990). 
Mangrove detritus (leaves. branches. etc.) is the base of an ex tensive food 
web co mpri sed of dissolved and particu late organic matter. as well as an 
associa ted microorga ni sm comm unity (Figure 13.7; Odum and Heald 1972). 
This detrital-based food source is highly accessible and nutritious for young 
fish. In addition. the mangrove prop root st ructure offers physica l protection 
from predatory fi shes (Odum ef 01. 1982; Ogden and Gladfelter 1983). while 
the turbidi ty of nearshore waters often hinders visual predators (Thayer el 

01. 1987; Rooker and Dennis 199 1; Sedberry and Carter 1993). Conversely, 
larger piscivorous fis h often find the mangrove habita t an excellent feeding 
ground, as the mangrove habi tat boasts a greater number of fi sh as well as 
overall biomass tha n surround ing habita ts in some areas (Thayer ef al. 1987; 
Blaber and Mihon 1990; Sedberry and Carter 1993). In the Caribbean 
region, typical migratory piscivo rous fi shes are red fis h, ta rpon ,lnd snook 
(Ogden and Gladfelter 1983). 

The fragmen tation of mangrove-dominated landscapes is believed to 
create the same types of problems for migratory o rganisms that are 
associated with the fragmentation of upland forests, yet there has been little. 
if any, research on this topic. There is no documentation concerning diel or 
seasonal migration patterns of resident species within mangroves, or how 
such species might be affectcd by the impact of fragmcnlation. For instance, 
seagrass and adjacent mangrove habi tats are used by many species of 

Figure 13.8 (and opposite) Life histories and habitat utilization of six selected domi­
nant fish species including marine-estuarine spawners, estuarine spawners and fresh­
water-estua rine spawners in Terminos Lagoon. Mexico. The fis h migrate using SMS 
and FLS habitats (see bottom of upper panel) fo r the highest periods of productivity 
for feeding. spawning or nursery grounds (upper panel). The seasonal abundance of 
fish species in the SMS habitats (lower panel). (from Yafiez-Ara ncibia et al. 1988, 
represented by permission of Academic Press) 
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nekton and are generally characterized by high fish abundance and diversity. 
From Yaiiez-Arancibia et al. (\993) it is dear that the utilization of the two 
interacting habita ts by fishes is spatially distinct, but linked by the life-cycles 
of organisms (Figu re \3.8). They found that there is a strong correlation 
between the life-h istory patterns of migratory fish and the pattern of 
primary production, using the two habitats sequentially in a time period. 
The fragmen tation of mangrove- sea grass landscapes will probably reduce 
ecosystem complexity and nekton diversity. It has been speculated that onc 
of the consequences in loss of mangrove area and/or increased fragmenta­
tion will be reduction in population numbers (and this may be important for 
commercia! species) or outright local extinctions of certain species. However, 
as recently reviewed by Robertson and Blaber (1992), there is no empirical 
evidence that such a consequence will occur. 

13.7 VULNERABILITY OF BIODIVERSITY IN TROPICAL 
ESTUARIES 

13.7.1 Land-use change 

A 1991 workshop on the status of mangroves of Southeast Asian coastlines 
(Sasekumar 1993) reported that the region has losl large areas of mangroves 
in the Philippines (80%.), Thailand (50%), Indonesia (50'%) and Malaysia 
(32%). This pattern is likely to continue as greater demands are placed on 
forest and fishery resources, along with land-use changes along coastlines 
and in upland watersheds; the result will necessarily cause a change in the 
ecological characteristics of tropical estuaries. Many of the species guilds 
and biodiversity components described above are sensitive to changes in 
physical conditions (salinity, turbidity), chemical balances (eutrophication) 
and biological changes (exotic species). 

Indirect loss of mangrove biodiversity components has resulted from 
human alterations of upland watersheds causing rediversion of freshwater 
(dams and canals). and deterioration of water quality from input of toxic 
materials (heavy metals, oil spills, pesticides) and nutrients to rivers and 
coastal waters. Regional-scale changes in freshwater surface inflow into 
mangrove areas are associated with reduction in secondary productivity of 
tropical estuarine ecosystems due to degradation of ha bitat and water­
quality of those ecosystems. Changes in species composition of mangrove 
communities alters the quality of leaf litter, resulting in different rates of 
decomposition and an altered quality of organic matter export (POC vs. 
DOC) to the adjacent estuary (BolO and Bunt 1981; Twilley 1985, 1988; 
Snedaker 1989). Species substitution along zones of edaphic conditions is 
limited in mangroves due to narrow species-specific tolera nces (Rabinowitz 
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1978; Lugo 1980; Snedaker 1982); therefore, eliminating a given species may 
alter speci fic types of refugia avai lable to consumers (e.g. species with prop 
roots vs. those with pneu matophores). 

River (and surface run off) diversions that deprive tropica l coastal deltas 
of freshwater and silt result in losses of mangrove species diversity and 
organic production , and a lter the terrestrial and aquatic food webs that 
mangrove ecosystems su pport. Freshwater diversion of the Ind us River to 
agriculture in Sind Province over the last severa l hundred years has reduced 
the once species-rich Indus River delta to a spa rse community dominated by 
Avicennia marina; it is also responsible fo r causing sign ificant erosion of the 
sea front due to sediment s tarvation and the silting-in of the abandoned 
spill rivers (Snedaker 1984a.b). A similar phenomenon has been observed in 
sou thwestern Bangladesh following natural changes in distributary rivers of 
the Ganges and the construction of the Farakka barrage that reduced the 
dry season flow of freshwater into the mangrove-dominated wester Sundar­
ba ns. Freshwater starvation , both natural and man-caused, hilS had negative 
impacts on the rich vertebrate fauna (e.g. arboreal primates, deer, gavial. 
large cats) of the Ganges River delta (Hendricks 1975; Das and Siddiqi 
1985). In the delta region of the Magdalena river. rediversion of freshwater 
has resulted in the loss of about 50% (2 1 778 hal of mangroves in the 
Santa Marta lagoon (Cicnaga Grande) (Botero 1990). The loss of 
mangroves and decline in water quality are associated with the loss of 
fi shery resources in this region. These case studies demonst rate the sensi tive 
nature of mangrove ecosystems to changes in freshwate r diversion, particu­
larly in dry coastal climates. They represent examples where reductions in 
the various biodiversity components change the function of tropical 
estuarine ecosystems. 

The coupl ing of mangroves to coastal waters is considered co be Ihe mosl 
important link in sustaining commercial and recreationa l fisheries Ihal are 
associated with estuaries and related nearshore marine habita ts. Utilization 
of mangrove as fo rest plantations promotes sustainable usc of Ihis va luable 
resource for forest products such as timber, fuelwood, tannins, pulpwood 
and charcoal (see Watson 1928; Saenger el al. 1983), albei t on ly, until 
recen tly, in the Old World tropics (Snedaker 1986). Recent forms of direct 
exploitation inelude the destruction of biodiversity com ponents of 
mangrove forests by land uses such as aquacu lture (shrimp ponds), agric ul­
ture (rice and sa lt ponds), urban development and forest clear-felling for 
economic gain and other purposes (~ide Pannier 1979). The so-called "soil 
reclamation" projects in Africa, as well as in paris of Asia (cf. Ponnam­
peruma 1984). fo r agriculture (and aquaculture) have reduced regional 
levels of coastal productivity owing to loss of mangrove habitats. In many 
instances the conversin of organic-rich, pyritic mangrove soils leads to the 
forma tion of acid sulfate soils that are extremely difficu lt to furl her reclaim 
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or to make support the original diversity of the landscape (cf. Dos! 1973; 
Moorman and Pons 1975). 

13.7.2 Global climate change 

Tropical estuarine ecosystems are also vulnerable to changes in coastal 
environments due to the global perturba tions resulting from increased green­
house gases in the atmosphere. Mangroves occur at the interface between 
land and sea, and therefore are very sensitive to changes in sea-leveL CO2 

and other greenhouse gases may double by the year 2050 as compared with 
the amounts present at the start of the industrial revolution, warming the 
earth's surface between 2 and 4°C. If the average temperature increases by 
3°e by 2050 and remains constant thereafter, the sea level will probably rise 
approximately I m by 2100 (50- 91 cm per 100 years) ; a global warming of 
60C by 2100 could result in a sea level rise of 2.3 m (> [00 cm per 100 
years; Intergovernmental Panel on Climate Change [990) . These figures 
represent an increase over present rates of sea level rise, and are important 
relative to the rise in sea-level rates observed during the late-Holocene phase 
(Scholl e( al. 1969; Parkinson 1989; Wanless e( al. 1994). 

There is much controversy over the threshold level of sea-level rise that 
mangroves can tolerate. Scholl and Stuiver (1967) and Parki nson (1989) 
have demonstrated that mangrove peat production and accumulation rates 
werc unable to keep pace with a rising sea-level of 27 cm per 100 years, and 
mangrove colonization was maximum during periods when sea-level rates 
decreased to 4 cm per 100 years (Scholl 1964a,b). Ellison and Stoddart 
( 1991) reviewed Holocene stratigraphic records and sea-level change for a 
number of sites worldwide and emphasized that mangroves in low islands 
can only keep up with a sea-level rise of up to 8- 9 cm per 100 yea rs, and 
rates of 12 cm per 100 years win collapse these systems. However, 
Woodroffe (1990) showed that mangroves in Belize and Jamaica, character­
ized by autochthonous sediment, have persisted for 6000 years. He suggests 
that mangroves may be able to keep pace with rates of sea- level rise of 50-
80 cm per 100 years for short periods. in addition, mangroves in Key West, 
Florida, have expanded both seaward and landward in the last 56 years in 
spite of a rise in sea level equivalent to about 23 cm per 100 years (Maul 
and Martin 1993; Snedaker et al. 1994). 

Changes in the species richness of mangroves during horizontal migration 
inland in response to changing sealevel will depend on the species-specific 
responses of mangroves to increased inundation and erosion (Clarke and 
Hannon 1970; McMillan 1971; Ellison and Farnsworth 1993; McKee 1993), 
and effects of propagule size to tidal sorting along the intertidal zone 
(Rabinowitz 1978; Jimenez and Samer 1991). Both of these factors indicate 
that the depth of tidal inundation will be a primary factor in regulating the 
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species zonat ion with rise in sea level. Most studies summarize that 
Rhizophora is more tolerant or low oxygen availability caused by tidal 
inundation and wa terlogging than Avicenllia. Ir no inland barriers are 
behind mangroves, mangroves would migrate inland racing a rising sea level. 
Assuming other ecological ractors kcep relatively constant , Rhizophora. with 
llirger propagule size and higher tolerance to inundation. will invade and 
dominate the higher zone previously occupied by AI'icennia and Lngullcu­
Iorio. Al'icennia and Lngullcularia will retrellt to newly rormed sal ine, 
shallow intertidal areas, and the rringe mangroves, basically consisting or 
Rhizophora. will eventually disappear (Sncdaker 1993). Bacon (1994) argues 
that most predictions or how wetlands in the Caribbean will respond to rise 
in sea level are too simplistic because they do not account ror the site­
specific responses or wetlands to changes in hydrology. 

Temperature is the basic climatic ractor governing the northern and 
southern limits or mangrove distribution. The responses or mangrove rarest 
to decreasing temperature are reductions in species richness (Tomlinson 
1986), rorest structure (Lugo and Patterson-Zucca 1977), rorcst height 
(Cintron I!I al. 1985) and biomass (Twilley el al. 1992; Saenger and Snedakcr 
1993). Although mean air or water temperature show some correlation with 
mangrove distribution in the world (Chapman 1977; Tomlinson 1986; Clough 
1992), extreme temperature may be the principal controlling ractor. In this 
regard. it has been suggcsted that the rrequency. duration and/or severity or 
freezing temperature is a prime ractor governing the distribution and 
abundance or mangroves in the northern Gulr or Mexico (Sherrod el al. 
1986). AI'icennia germinalls and Lagunculario racemOSll appear to be more 
tolerant to rrcezing temperature in thc ncotropics than Rhizophora (McMillan 
1975; Lugo and Pattcrson-Zucca 1977; Sherrod and McMillan 1981; 
McMillan and Sherrod 1986; Sherrod e l al. 1986; Olmsted el al. 1993). The 
greater resprouting ability of AI'icennia and Loguncuillria results in greater 
recovery from freeze damage (Sherrod and McMillan 1985; Sncdaker et al. 
1992; Olmsted et al. 1993). The different tolerance to low temperature among 
individual mangrove species is usually inrerred rrom their natural distribution 
and morphological adaptation. However, genelic diversity has been demon­
strated to influence the tolerance or mangroves 10 chilling (McM illan 1975; 
Markley et al. 1982; Sherrod and McMillan 1985; McMillan and Shcrrod 
1986; Sherrod el 01. 1986). For example, analysis or isozyme pattcrning in 
Al'icellllia germinons revealed a divergence of phosphoglucose mutase and 
phosphoglucosc isomerase among the Gulr or Mexico-Caribbean populations 
(McMillan 1986). 

Several studies indicate that the rrequency and intensity of tropical storms 
and hurricanes are likely to increase under warm climate conditions (deSylva 
1986; Emanuel 1987; Hobgood and Cerveny 1988). Since mangroves are 
distributed in latitudes where the rrequcncy or hurricanes is high. it is 
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important to understand how tropical storms and hurricanes affect forest 
development. (i.e. forest structure, species composition, etc.) and community 
dynamics, including biodiversity, in mangrove ecosystems. Yet this type of 
information is very limited, and restricted to a few areas in tropical and 
subtropical latitudes. For example, studies in Florida (Davis 1940; Egler 
1952; Craighead and Gilbert 1962; Alexander 1967), Puerto Rico 
(Wadsworth 1959; Glynn et al. 1964), Mauritius (Sauer 1962) and British 
Honduras (Vermeer 1963; Stoddart 1969) describe the effects of hurricanes 
on defoliation and tree mortality, but most of the information lacks quantita­
tive assessments of the damage. Recent studies in Nicaragua (Roth 1992) and 
Florida (Smith el af. 1994) have provided a more quantitative evaluation of 
thc effects of hurricanes on mangrove forests. High density of seedlings and 
fast recovery of mangroves in Isla del Venado, Nicaragua, suggest that they 
are not threatened as a community from hurricane damage. Ogden (1992) 
pointcd ou! that mangrove forests in Florida will be able to recover following 
Hurricane Andrew, but Smith el a/. (1994) were marc cautious based on the 
dynamic role that soil status (e.g. redox and sulfide concentrations) can have 
in controlling tree growth and development. 

13.8 SUMMARY 

Mangroves may bc one of the most well-investigated habitats among 
tropical ecosystems, particularly whcn you consider all the botanical, ZOOlO­

gical and ecological studies. Thc unique adaptations of plants and animals 
that inhabit the tropical intertidal zone have always captured the interest of 
scientists (Tomlinson 1986). In addition, these coastal forested wetlands have 
long been linked to the sustainability of commercially important fisheries 
(Macnae 1974). Given this extensive pool of information, it should be 
appropriate to summarize the linkages between changes in biodiversity and 
ecosystem function in tropical estuaries. Our inability to integrate these two 
properties of mangrove ecosystems may indicatc the inadcquate approach 
used to study these intcractions in mangrove ecology. Linking biodiversity 
and ecosystem function requires pluralistic investigations of different ccolog­
ical scales, since an emergent property of the ecosystem must be interpreted 
relative to changes in specific biodiversity components. These approaches to 
ecological studies need to be the products of appropriate questions focusing 
on biodiversity and ecosystem function , whereas much of the information on 
mangrove ecology has lacked clear testing of specific hypotheses. Nixon 
(1980) criticized the lack of hypothesis testing in approaches to study thc 
ecology of marsh ecosystems, and this same analysis may be appropriate for 
mangrove ecology. In our review, we have relied on examples of how 
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specific gui ld s effect ecological processes to project how changes in biodiver­
sity may inAucnce the properties of mangrove ecosystems. There have been 
few manipulations of mangrove guilds to test these ideas. wit h the exception 
of the role of crabs on ecological processes such as zonation and nut rient 
cycling (Section 13.4). There are other mutualistic interacti ons between 
mangroves and faunal guilds (such as epibionts and insects) that may be 
sign ifica nt at the ecosystem level. particularly in oligotroph ic environments. 
The chemical ecology of mangrove tree species was mention in several 
sections of this review to have an influence on the population dynamics of 
specific gui lds, and thus potentially influence a variety of ecological 
processes (Sections 13.3 to 13.5). There are a few descriptions of the species­
specific nat ure of secondary compounds in mangroves, whi le ecological 
studies of their effect on faunal and microbial processes are few. Larger­
scale manipula tions of biodiversity com ponents within coastal watersheds 
are also lacking since these are more com plicated than examples in upland 
ecosystems, but given the migrat ory nature of organisms that utilize these 
coastal habita ts, there may be significa nt linkages at this scale of interaction 
(Section 13.6). This void in information com plicates issues of fragmentation 
and minimum conservation size of mangroves and tropica l estuaries. Figure 
13.9 shows the landscape-scale modification of the intert idal zone of a 
southern coastal province in Ecuador for the commercial production of 
shrimp (1988 photograph from CLIRSEN; Twilley el al. 1993). Si nce 1981. 
over 40 000 ha of sh rimp ponds have been constructed in this area. resulting 
in the loss of over 40% of the mangrove ecosystem in this specific region. 
This is only one of the several impacts of human s on mangrove ecosystems 
throughout the tropics that, along wit h cl imate change, threaten to deterio­
rate natural processes of tropical estuaries (Seclion 13.7). The challenge for 
the science of mangrove ecology is to integrate approaches and techn iques 
that can evaluate the impacts of coastal landscape fragmentat ion, such as in 
Figure 13.9, to sustain the ecological properties of tropical estuarine eco­
systems. 
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