Biol Fertil Soils (2001) 33:265-278
DOI 10.1007/s003740000319

REVIEW ARTICLE

Gina Holguin - Patricia Vazquez - Yoav Bashan

The role of sediment microorganisms in the productivity, conservation,
and rehabilitation of mangrove ecosystems: an overview

Received: 18 April 2000 / Published online: 8 February 2001
© Springer-Verlag 2001

Abstract Mangrove communities are recognized as
highly productive ecosystems that provide large quanti-
ties of organic matter to adjacent coastal waters in the
form of detritus and live animals (fish, shellfish). The
detritus serves as a nutrient source and is the base of an
extensive food web in which organisms of commercial
importance take part. In addition, mangrove ecosystems
serve as shelter, feeding, and breeding zones for crusta-
ceans, mollusks, fish of commercial importance, and res-
ident and migratory birds. Although mangroves in the
United States are protected, the systematic destruction of
these ecosystems elsewhere is increasing. Deforestation
of mangrove communities is thought to be one of the
major reasons for the decrease in the coastal fisheries of
many tropical and subtropical countries.

There is evidence to propose a close microbe-nutri-
ent-plant relationship that functions as a mechanism to
recycle and conserve nutrients in the mangrove ecosys-
tem. The highly productive and diverse microbial com-
munity living in tropical and subtropical mangrove eco-
systems continuously transforms nutrients from dead
mangrove vegetation into sources of nitrogen, phospho-
rus, and other nutrients that can be used by the plants. In
turn, plant-root exudates serve as a food source for the
microorganisms living in the ecosystem with other plant
material serving similarly for larger organisms like
crabs.

This overview summarizes the current state of knowl-
edge of microbial transformations of nutrients in man-
grove ecosystems and illustrates the important contribu-
tions these microorganisms make to the productivity of
the ecosystems. To conserve the mangrove ecosystems,
which are essential for the sustainable maintenance of
coastal fisheries, maintenance and restoration of the mi-
crobial communities should be undertaken. Inoculation
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of mangrove seedlings with plant-growth-promoting
bacteria may help revegetate degraded areas and create
reconstructed mangrove ecosystems.
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Introduction

Mangrove trees are the basic and most visible compo-
nent of mangrove ecosystems. The term mangrove is of-
ten used to refer to both the trees and the community.
The latter is composed of a wide range of organisms be-
longing to different systemic groups including bacteria,
fungi, microalgae, invertebrates, birds, and mammals.
Mangrove ecosystems cover roughly 60-75% of the
world’s tropical and subtropical coastlines. Brazil, Indo-
nesia, and Australia have the greatest abundance of man-
groves (Aksornkoae et al. 1984). In Latin America, man-
groves cover about 4,000,000 hectares on both the Atlan-
tic and Pecific coasts (Lacerda et al. 1993).

About 60 species of mangrove trees belong to severa
botanical families; 8 in the Americas, 40 species in Asia,
and 13 in Africa (Tomlinson 1986). Mangroves grow in
shallow coastal 1agoons (average depth 0—2 m) where they
are protected from wave action, strong winds, and tidal
currents. The soil in which mangroves grow is composed
of thick organic matter mixed with sediment, and is anaer-
obic except for the sediment surface. Tropica mangrove
ecosystems are also found in estuaries, and in semiarid ar-
eas where they have limited or no access to fresh water.

Importance of the mangroves in coastal fisheries

Many studies have demonstrated the importance of man-
groves in coastal, estuarine and deep-sea fisheries
(Ronnback 1999). Mangroves provide breeding, grow-
ing, refuge, and feeding zones for marine organisms that
later migrate to adjacent coastal waters or to the ocean.
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Table 1 Fish productivity of mangrove ecosystems

Place No. of fish Fish density Total weighta Reference
species (per 1,000 m2) (kg/1,000 m?)
Alligator Creek, 128 3,500-31,000 11-29 Robertson and Duke 19903, b
Queensland Australia
Gulf of Carpentaria, 118 - 12 Blaber et al. 1995
North Australia
Solomon Islands 136 - 11.6 Blaber and Milton 1990
Botany Bay, 192 - - Bell et al. 1984
N.S.W. Australia
Laguna Joyuda, 41a - - Stoner 1986
Puerto Rico
Mexican Pecific coast 75 - 10 Flores-Verdugo et a. 1990
Average 30200 300-161,000 7-30

aMostly juveniles or larval stages
— No information available

The role of mangroves in sustaining the diversity of
the fish communities was assessed quantitatively
(Table 1). In general, the average density of fish in man-
groves varies between 300 and 161,000 individuals per
1,000 m? with atotal weight of 7-30 kg, mostly juvenile
or larval stages.

The dependency of different fish species on mangrove
ecosystems for maturation is well documented (Robertson
and Duke 1987,1990a, b; Blaber and Milton 1990;
Thayer et al. 1987). These studies report that mangroves
have more juvenile fish than the adjacent coastal waters,
and that most of the fish in coastal waters spend some of
their juvenile stage in mangroves. Most shrimp of com-
mercial importance caught on the continental shelf of
tropical areas also spend part of their juvenile stage in
mangrove ecosystems (Garcia and Le Reste 1981).

In Brazil, the main shrimp fisheries depend on man-
groves for providing juveniles, whereas in Panama about
60% do (Lacerda et al. 1993). Some investigators have
tried to find a correlation between the size of the shrimp
catch and the area covered by mangroves (Turner 1977,
Sasekumar and Ching 1987). However, a correlation be-
tween the reduction of the fisheries and the destruction
of mangroves has not been proven (Robertson and Blaber
1991). Apart from their commercial importance, man-
groves play a pivotal role in the life cycles of numerous
marine animals such as crabs (Twilley et a. 1997) and
jellyfish (Fleck and Fitt 1999; Fleck et al. 1999) that in-
habit the ecosystem.

Detritus: definition and importance

Mangrove leaves and wood are made mainly of lignocel-
lulose components that are degradable by microorgan-
isms (Alongi et al. 1989; Moran and Hodson 1989).
Degradation of fallen mangrove vegetation starts imme-
diately after its colonization by fungi and bacteria resid-
ing in the sediment, and may last for 2-6 months, or
more for degradation of the wood (Newell et a. 1984;
Steinke et al. 1990). The population of heterotrophic

bacteria in Goa's mangroves (India) consists of microor-
ganisms with cellulolytic, pectinolytic, amylolytic, and
proteolytic activity (Matondkar et a. 1981). The fungi
that decompose mangroves have pectinase, protease, and
amylase activities and the capacity to degrade lignocellu-
losic compounds (Findlay et al. 1986).

The degradation of mangrove vegetative material pro-
duces detritus, which can be defined as organic matter in
the active process of decomposition. It is rich in energy
and contains a large active microbial population both at-
tached and living free (Odum and Heald 1975a; Bano et
al. 1997). In addition to bacteria and fungi, other organ-
isms may also colonize the vegetative material and con-
tribute to detritus formation (D’ Croz et a. 1989). Micro-
scopic examination of decomposing mangrove leaves re-
veals a complex community composed of fungi, bacteria,
protozoa, and microalgae (Odum and Heald 1975b). The
total microbial biomass is never greater than 1.2% of the
whole detrital mass, and in most cases is substantially
less than 1%. It is therefore unlikely that detritivores (or-
ganisms that feed on detrital particles) can rely solely on
microorganisms as an energy source (Blum et al. 1988).

Odum and Heald (19754) determined that the initial
protein content of recently fallen mangrove leaves was
6%. Six months later, the leaf protein content increased
to 20%, probably as a result of the transformation of fats,
carbohydrates, and vegetative proteins in leaves into mi-
crobial proteins. Total nitrogen in the decomposing
leaves and wood of mangroves was found to increase
with time (Fell and Newell 1981). During decomposition
of Avicennia marina leaf litter, the concentration of ni-
trogen increased from about 0.7% to 1.2% (of dry
weight) after 105 days mainly through export of carbon
as CO,, and from 41% to 64% of the increase in the litter
N may also be caused by biological N, fixation (van der
Valk and Attiwill 1984). The nitrogen content in the fall-
en trunks of Rhizophora spp. increased 500% during the
first 2 months of decomposition (Robertson and Daniel
1989a). Decomposed red mangrove leaves showed a
50% loss in dry weight after 27 days of immersion in the
Bay of Panama. Nitrogen concentrations increased from



0.3% to 2.9% (of dry weight) in 93 days, and phosphorus
concentrations increased from 0.04% to 0.13% (of dry
weight) during the same period (D’ Croz et al. 1989). The
final products of leaf decomposition are energy-rich mi-
crobial biomass, nitrogen, proteins, and fairly recalci-
trant humic substances (Odum and Heald 19754).

Detritus is a source of nutrients for many organisms
living in the mangrove ecosystem. Of about 120 species
examined, one third were detritus feeders. These included
crustaceans, mollusks, insect larvae, nematodes, poly-
chaetes, and a few fish species (Odum and Heald 1975b).
Some species that consume detritus are commercially im-
portant: shrimp, fish, mollusks such as Pinna rugosa,
Anadara multicostata, oysters, and mussels. These organ-
isms and other small detritivores are a food source for
economically important fish, especially juvenile snap-
pers, snook, and croakers or drums. Evink (1975) claimed
that 85% of the total fish catch in southern Florida is
mangrove-dependent, as were several important commer-
cia fish in Mexico (Flores-Verdugo et al. 1987). One can
conclude that detritus is the base of an extensive food
web and although many mangrove-associated organisms
do not consume detritus themselves, they benefit from it
indirectly by feeding on detritus feeders.

In addition to being afood source for many organisms
within the mangrove ecosystem, detritus is exported to
other coastal areas through tidal movement (Alongi et al.
1989). Compared to terrestrial plants, mangrove leaves
fall at a high rate (around 700-1,000 g dry weight/m2 per
year; Odum and Heald 1975b; Flores-Verdugo et al.
1987, 1990; Oelze and Klein 1996). Because of this, and
the sheer size of the mangrove ecosystems, the magni-
tude of the contribution of organic matter in the form of
detritus to coastal waters is substantial. Boto and Bunt
(1981, 1982) estimated that up to 46% of the primary
productivity of an Australian mangrove ecosystem was
exported to coastal waters as particulate organic matter.
Dissolved organic matter (DOM) transported offshore
from mangrove swamps by tides reached distances of
1 km seaward, where vascular plant-derived material
was calculated to account for about 10% of the total
DOM (Moran et a. 1991). The magnitude of organic
matter exported from mangrove areas may depend on
geophysical processes. the size of the mangrove ecosys-
tem, the frequency and duration of tides, the size of the
draining channel(s), the frequency and magnitude of
rains, and the inflow of fresh water. All of these factors
vary considerably from one mangrove ecosystem to the
other (Nixon 1980; Alongi et a. 1993). In some extreme
cases where the inlets to mangrove areas are ephemeral
(open only afew months a year during the rainy season),
litter recycling is very slow on the dry forest floor. Once
the inlet is opened by the outflow of accumulated water,
amost 90% of the total litter fall is exported from the
mangrove to the lagoon and most of it is eventualy
flushed to the ocean (Flores-Verdugo et al. 1987).

The consumption of mangrove vegetative material by
crabs can be significant and can reduce the amount of or-
ganic matter exported to adjacent coastal waters. In 1 h,
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the mangrove crab, Ucides occidentalis, can harvest and
transport to its burrows the equivalent of 1 day’s fallen
leaves on the forest floor (Twilley et al. 1997). This man-
grove ecosystem produced 7.8 tons leaves hal year-1. In
an Australian mangrove, the crab Sesarma meinerti con-
sumes 79% of the annual vegetative material produced
by the tree Bruguiera exaristata (Robertson and Daniel
1989h).

In addition to their importance as mangrove leaf con-
sumers, crabs also play a role in the reproductive effi-
ciency and productivity of Rhizophora trees. In a man-
grove in North Queensland, Australia, it was found that
soil sulfide and ammonium concentrations were higher
in plots without crabs. As a result, forest growth and re-
productive output of Rhizophora were significantly low-
er than in those plots with crabs. It is likely that crabs
improved soil aeration as a consequence of their burrow-
ing activity (Smith et a. 1991). An alternative explana-
tion is that crabs macerate leaf litter, making it more
amenable to microbia attack. Furthermore, their feces
are probably a good microbial substrate. Thus, they play
an important role in the overall mineralization process of
the litter (D.A. Zuberer, personal communication).

Participation of the bacterial communities
in nutrient transformation in the mangrove
ecosystem

Although mangrove ecosystems are rich in organic mat-
ter, in general they are nutrient-deficient, especially of
nitrogen and phosphorus (Sengupta and Chaudhuri 1991;
Holguin et al. 1992; Alongi et al. 1993; Vazquez et al.,
2000). In spite of this, mangroves are highly productive.
This paradox may be explained by a very efficient nutri-
ent recycling system in which scarce essential nutrients
are retained and new nutrients are regenerated from de-
composing mangrove leaves. Microbia activity is re-
sponsible for major nutrient transformations within a
mangrove ecosystem (Alongi et a. 1993; Holguin et al.
1999). In tropical mangroves, bacteria and fungi consti-
tute 91% of the total microbial biomass, whereas algae
and protozoa represent only 7% and 2% (Alongi 1988).
Bacteria are responsible for most of the carbon flux in
tropical mangrove sediments. They process most of the
energy flow and nutrients, and act as a carbon sink. For
example, in semiarid mangrove ecosystems on the Indus
river in Pakistan, bacteria were attached to the sediment
particles and processed most of the ecosystem nutrients
(Bano et al. 1997). In tropical, wet Australian mangrove
areas, most bacteria are not consumed directly by graz-
ers. Instead, as the bacteria naturally die and lyse, they
are converted by the next generation of cells into new
bacterial biomass or into dissolved material (Alongi
1988, 1994). By consuming the dissolved organic carbon
present in interstitial waters, bacterial populations in
mangrove sediments prevent the export of this form of
carbon to adjacent ecosystems, such as pelagic food or
adjacent coastal areas (Alongi et a. 1989; Boto et al.
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1989). The concentration of dissolved organic carbon in
interstitial waters is higher than that in waters lying over
the sediment, yet no net flux of carbon takes place be-
tween the two water layers. At the same time, a very ac-
tive and productive bacterial community thrives in the
sediments (Alongi et al. 1989). Despite a high gradient
of dissolved free amino acids between the interstitial wa-
ter and the overlying tidal waters, amino acid flow be-
tween the two water layers could not be detected (Stanley
et al. 1987). These observations suggest that in tropical
mangroves the resident bacterial community consumes
much of the carbon dissolved in the interstitial water.

The rate and flow of the different types of nitrogen
compounds in a mangrove ecosystem depend on the
characteristics of the system. In mangroves at Laguna de
Terminos, Mexico, the loss of nitrogen through denitrifi-
cation was negligible (Rivera-Monroy and Twilley 1996)
suggesting that nitrogen is consumed before it can be re-
leased into the atmosphere as N,. There may be strong
competition between bacteria and plants for the available
nitrogen in the ecosystem. The nitrate present in sedi-
ments and derived from the degradation of nitrogenous
organic compounds is probably converted to ammonium
ions by bacteria and is then assimilated by plants and
bacteria. This process conserves the nitrogen within the
ecosystem (Rivera-Monroy et al. 1995a, b). Other pro-
cesses that might conserve nitrogen in the system are
dissimilatory nitrate reduction to ammonium (Tiedje
1988) and the possible anaerobic oxidation of ammoni-
um (Jetten et al. 1998).

In the mangroves in Thailand, the flux and rate of in-
organic nitrogen transformations (nitrification, denitrifi-
cation, and N, fixation) is minimal, suggesting a tight
coupling between mineralization and assimilation pro-
cesses. The nitrogen-poor sediments probably act as a
sink for nitrogen (Kristensen et al. 1998). However, high
rates of denitrification have been found in mangrove
ecosystems into which wastewater is discharged, sug-
gesting a correlation between denitrification rates and ni-
trate concentration (Rivera-Monroy et a. 1995b).

In tropical ecosystems, either aquatic or terrestrial,
the recycling of nutrients by microbial communities is
usually an efficient process (Alongi 1994). It was
claimed that tropical marine ecosystems are more depen-
dent on bacteria and other microbes than are ecosystems
in the temperate zone (Alongi 1994). Natural benthic
communities are stable as long as they are not disturbed.
Natural and man-made disturbances are a key factor de-
termining benthic species composition (Findlay et al.
1990). The effect depends on the frequency, duration,
and the nature of the disturbance (dredging versus sew-
age). Disruption of tropical sediments nearly always
causes changes in the composition and growth cycles of
the microbiota, leading to loss of nutrients and possible
leaching of toxic microbial by-products, i.e. disturbance
of mangrove sediment leads to oxidation of pyrite (FeS,,
a common compound in anaerobic sediment) and release
of sulfuric acid. Other common disturbances (e.g. sew-
age, oil spills, animal waste from aguaculture ponds)

will shift a healthy decomposing aerobic-anaerobic
system of the mangrove to a complete anaerobic system,
which isless efficient and slow in recycling nutrients, re-
sulting in the buildup and release of toxic sulfides. It fol-
lows that the restoration of tropical ecosystems, includ-
ing mangrove ecosystems, depends on the preservation
of the benthic microbial communities and their geo-
chemical environment (Alongi 1994).

Though mangrove ecosystems depend on bacteria for
nutrient recycling, the bacteria in turn seem to benefit
from their association with the mangrove trees. In terres-
trial environments, bacteria colonizing the surface of
plant roots induce root exudates, which can stimulate mi-
crobia activity in the rhizosphere (Lynch and Whipps
1990). Rye plantlets inoculated with different species of
microorganisms exuded about 34% of the photosyntheti-
cally derived carbon whereas uninoculated plants exuded
only 1% (Meharg and Killham 1995). A similar interde-
pendence has been suggested for mangrove trees, whose
roots exude nutrients that can be used by the bacterial
community present in both the sediments and rhizo-
sphere (Alongi et al. 1993; Nedwell et al. 1994). In man-
grove sediments, high bacterial activity coincided with
the presence of plants. In an Indian mangrove ecosystem,
the bacteriainvolved in nitrogen transformations (ammo-
nification, nitrification, and denitrification) were in
greater numbers in soils with plants than soils without
plants (Routray et a. 1996). Sediments containing plants
in Florida’'s mangroves generally exhibited higher rates
of N, fixation than sediments without plants (Zuberer
and Silver 1978). Higher rates of bacterial sulfate reduc-
tion in mangrove sediments coincided with the presence
of underground mangrove root systems (Kristensen et al.
1991), and was calculated to be equivalent to 30-80% of
the mangrove net productivity (Alongi 1994).

In addition to providing nourishment for the microbi-
a community, plants can alter the physicochemical prop-
erties of the soil. In an Indian mangrove ecosystem,
plants moderated changes in soil pH and salinity caused
by rain. During the rainy season, soil without plants was
more acidic than soils colonized by mangrove trees
(Routray et al. 1996). Mangroves can also supply oxygen
to the otherwise anaerobic subsoil by transporting oxy-
gen through their aerial roots (Sherman et al. 1998).
Some mangrove species oxidized the soil in the rhizo-
sphere and thereby ameliorated the detrimental effects of
hydrogen sulfide in the soil (Thibodeau and Nickerson
1986; Mckee 1993). It is probable that these edaphic
changes induced by the plants influence the proliferation
of certain groups of bacteria in the rhizosphere. A de-
crease in the bacterial population in a deforested man-
grove area in India was probably caused by increased
soil salinity in the absence of mangrove trees (Routray et
al. 1996). In addition, the decrease in the bacterial popu-
lation could have been due to the loss of substantial car-
bon inputs from the mangrove vegetation. We can con-
clude that the cycling of nutrients between closely asso-
ciated microbes and plants conserves nutrients within the
mangrove ecosystem to the benefit of all organisms.



N, fixation in mangrove ecosystems

Nitrogen-fixing (diazotrophic) microorganisms can colo-
nize both terrestrial and marine environments and are rep-
resented in the majority of the phylogenetic divisions
(Masepohl and Klipp 1996). The low rates of N, fixation
by heterotrophic bacteria detected in the marine water
column are probably due to a lack of energy sources. In
mangrove ecosystems, high rates of N, fixation have
been associated with dead and decomposing leaves
(Gotto and Taylor 1976; Zuberer and Silver 1978, 1979;
van der Vak and Attiwill 1984; Hicks and Silvester 1985;
Mann and Steinke 1992), pneumatophores (aerial roots,
Zuberer and Silver 1978; Potts 1979; Hicks and Silvester
1985; Toledo et al. 1995a), the rhizosphere soil (Zuberer
and Silver 1978; Holguin et a. 1992), tree bark (Uchino
et al. 1984), cyanobacterial mats covering the surface of
the sediment (Toledo et al. 1995a), and the sediments
themselves (Zuberer and Silver 1978; Potts 1979).
Because of the high energy cost of N, fixation, it is
not surprising that high rates of N, fixation are detected
in those marine environments that accumulate biode-
gradable organic matter, such as in salt marshes (up to
300 mg N m2 day-1) and mangroves (up to 4.2 mg N
m~2 day-1; Potts 1984). In mangroves, a positive correla-
tion was found between acetylene-reduction rates (a
measurement of the rate of nitrogen fixation) and the
availability of organic matter [15-53 nmol C,H, gfw-1 h-1
(mangrove sediment) versus 0.01-1.84 nmol C,H, gfw-1
h1 (plant-free sediment)]. N, fixation associated with
decomposing mangrove leaves did not increase when
supplemented with a variety of carbon sources suggest-
ing that decomposing leaves provide ample energy for
the N, fixation process. When these supplementary car-
bon sources were added to sediments without plants, the
increase in N, fixation was significant (Zuberer and
Silver 1978). N, fixation in mangrove sedimentsis likely
to be limited by insufficient energy sources. Energy for
N,, fixation can also be derived from leaves and roots de-
composed by nondiazotrophic microflora that colonize
dead mangrove leaves (Zuberer and Silver 1978, 1979).
The concentration of soluble N, in mangrove water
may also influence the magnitude of nitrogen fixation by
diazotrophic bacteria. Low rates of N, fixation detected
in the sediments and rhizosphere of the mangrove
Avicennia marina were attributed to the high concentra-
tion of soluble N, (up to 25 mg/l) in the mangrove water
and to a lack of adequate carbon sources (van der Vak
and Attiwill 1984; Mann and Steinke 1989). These find-
ings suggest that bacteria associated with mangroves that
receive an input of nitrogen through drainage of waste-
water are likely to fix nitrogen at alow rate.
Nitrogen-fixing bacteria identified as members of the
genera Azospirillum, Azotobacter, Rhizobium, Clostridi-
um, and Klebsiella have been isolated from the sedi-
ments, rhizosphere, and root surfaces of various man-
grove species. The bacteria did not show specificity for
any of the mangrove species or for any of the other 45
plant species found in the mangrove ecosystem (Sengupta
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and Chaudhuri 1990, 1991). Severa strains of diazotro-
phic bacteria were isolated from the rhizosphere of the
mangroves Rhizophora mangle, Avicennia germinans,
and Laguncularia racemosa in Mexico (Holguin et al.
1992). Some of these strains were identified as Vibrio
campbelli, Listonella anguillarum, V. aestuarianus, and
Phyllobacterium sp. The portions of nitrogen contributed
by free N-fixing bacteria and symbiotic N-fixing bacteria
in this ecosystem are unknown. The capacity of these
bacteria to fix nitrogen was similar to that for diazotro-
phic bacteria from the terrestrial environment, such as
Azospirillum spp. (Holguin and Bashan 1996; A. Rojas,
G. Holguin, B.R. Glick, Y. Bashan, unpublished data).

In Indian estuarine mangrove ecosystems, high rates
of N, fixation were found associated with the roots of
seven different mangrove species (Senguputa and
Chaudhuri 1991). Similarly, in Florida's mangroves, N,
fixation was associated with the roots of al three man-
grove species present (Zuberer and Silver 1978).

Nitrogen fixation associated with decomposing
leaves, the rhizosphere, and superficial sediments in a
mangrove ecosystem in south Australia could supply
about 40% of the annual nitrogen requirement, estimated
to be 13 g N m2 year-1 for Avicennia trees (van der Valk
and Attiwill 1984). In a mangrove in Florida, biological
N, fixation could supply up to 60% of the nitrogen re-
quirement (Zuberer and Silver 1978). Inorganic nitrogen
may reach the mangrove ecosystem via freshwater input,
mineralization (Morell and Corredor 1993), tidal-borne
dissolved or particulate-bound nutrients, and human in-
fluences such as agricultural runoff and sewage (Boto
1979). One may conclude that N, fixation is amajor bac-
terial activity in mangrove ecosystems, second only to
carbon decomposition of detritus by sulfate-reducing
bacteria.

The pneumatophore (aerial root) surface of black
mangroves is completely colonized by microorganisms,
principally N,-fixing and non-N,-fixing cyanobacteria,
diatoms, green microalgae, bacteria, and fungi (Potts
1979; Toledo et a. 19953). An evaluation of the cyano-
bacterial community associated with the aerial roots of
the black mangrove A. germinans revealed that the colo-
nization sites preferred by the different bacterial groups
are probably dictated by different affinities for oxygen.
Filamentous cyanobacteria such as Lyngbya sp. and
Oscillatoria sp. mainly colonized the lower portion of
the aerial root closest to the sediment. The middle por-
tion was colonized by filamentous N,-fixing cyanobacte-
ria such as Microcoleus sp., and the upper part was colo-
nized by coccoidal cyanobacteria such as Aphanothece
sp. (Toledo et a. 1995a).

Year-round in situ measurements of the N, fixation
associated with A. germinans aerial roots in a Mexican
mangrove showed that rates were up to 10 times higher
during the summer than during autumn and winter. The
main factors influencing N, fixation were light intensity
and water temperature (Toledo et a. 1995a). Similar re-
sults were obtained with aerial roots of A. marina in
South Africa (Mann and Steinke 1989). When seedlings
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of black mangroves were inoculated with the diazotro-
phic, filamentous cyanobacterium Microcoleus chthono-
plastes under controlled conditions, 6 days after inocula-
tion the roots were completely colonized by the cyano-
bacterium embedded in a mucilaginous sheath. Nitrogen
fixation activity and total nitrogen concentration in inoc-
ulated seedlings was significantly higher than in uninoc-
ulated plants (Toledo et al. 1995b). Subsequent 5N la-
beling studies showed that the nitrogen fixed by M.
chthonoplastes was assimilated mainly in the plant
leaves, but was also present in other plant tissues
(Bashan et al. 1998). These resultsimply that the interac-
tion between cyanobacteria and mangrove plantlets is
mutually beneficial and may support the use of cyano-
bacteria as inoculants for reforestation and rehabilitation
of partialy or completely destroyed mangrove areas.

Phosphate-solubilizing bacteria

Usually phosphates precipitate because of the abundance
of cationsin the interstitial water of mangrove sediments
making phosphorus largely unavailable to plants. Phos-
phate-solubilizing bacteria, as potential suppliers of solu-
ble forms of phosphorus, would have a great advantage
for mangrove plants. The generally anoxic conditions of
the sediments beneath the aerobic zone would tend to fa-
vor dissolution of nonsoluble phosphate through sulfide
production. However, depending on the degree of aera-
tion of the rhizosphere by root oxygen translocation, the
bacteria might be of value in solubilizing phosphate near
the roots where sediments are not always completely an-
oxic, similar to the reason that upland rice tends to re-
quire more phosphate than paddy rice (D.A. Zuberer,
personal communication).

Surprisingly, almost no research has been focused on
this group of bacteria in the marine environment, either
in temperate or tropical regions (Ayyakkannu and
Chandramohan 1971; Devendran et a. 1974; Craven and
Hayasaka 1982; Venkateswaran and Natargjan 1983;
Promod and Dhevendaran 1987). In an arid mangrove
ecosystem in Mexico, nine strains of phosphate-solubili-
zing bacteria were isolated from black mangrove (A. germi-
nans) roots; Bacillus amyloliquefaciens, B. atrophaeus,
Paenibacillus macerans, Xanthobacter agilis, Vibrio
proteolyticus, Enterobacter aerogenes, E. taylorae, E.
asburiae, and Kluyvera cryocrescens, and three strains
from white mangrove (Languncularia racemosa) roots;
B. licheniformis, Chryseomonas luteola, and Pseudomo-
nas stutzeri (Vazquez et al., 2000). Thisis the only report
of the phosphate-solubilizing capacity of bacteria be-
longing to the genera Xanthobacter, Kluyvera and
Chryseomonas, and of their presence in mangrove roots.
The phosphate-solubilizing activity of all of these spe-
cies was demonstrated first by halo formation around
bacterial colonies growing on a solid medium supple-
mented with insoluble calcium phosphate. Under condi-
tions in vitro, B. amyloliquefaciens (108 cfu/ml) solubi-
lized an average of 400 mg phosphate per liter of bacte-

rial suspension. This amount could theoretically supply
the daily requirement for phosphate of a small terrestrial
plant. The mechanism responsible for phosphate solubi-
lization, in at least six of the above bacterial species,
probably involved production of organic acids (Vazquez
et al., 2000). Some of the organic acids might act as
chelators displacing metals from phosphate complexes.

Sulfate-reducing bacteria

Mangrove sediments are mainly anaerobic with an over-
lying thin aerobic sediment layer. Degradation of organic
matter in the aerobic zone occurs principally through
aerobic respiration whereas in the anaerobic layer de-
composition occurs mainly through sulfate-reduction
(Nedwell et al. 1994; Sherman et al. 1998). Sulfate-
reduction accounts for almost 100% of the total emission
of CO, from the sediment (Kristensen et a. 1991). In
temperate coastal marine sediments from shallow, brack-
ish water in Denmark, it is possible that sulfate-reducing
bacteria degrade up to 53% of the total organic matter
(Jergensen 1977). In the anoxic sediment layers of salt
marshes, 70-90% of the total respiration is by sulfate re-
duction (Howarth 1984).

In Florida, sulfate-reducing bacteria were the most
numerous bacterial group in the rhizosphere of R. man-
gle and A. germinans mangroves, reaching a population
density of 106 cfu g1 fresh weight (Zuberer and Silver
1978). In Goa (India), 103cfu g1 dry sediment of sulfate-
reducing bacteria, mostly spore-forming species, were
found associated with mangroves (Saxena et al. 1988).
One strain of unidentified sulfate-reducing bacteria was
isolated from the rhizosphere of A. germinans from
semiarid mangroves in Mexico (G. Holguin, unpublished
data). In Goa's mangroves, eight species of sulfate-re-
ducing bacteria were isolated and tentatively classified
within four different genera (Desulfovibrio desulfuri-
cans, Desulfovibrio desulfuricans aestuarii, Desulfovib-
rio salexigens, Desulfovibrio sapovorans, Desulfotoma-
culum orientis, Desulfotomaculum acetoxidans, Desulfo-
sarcina variabilis, and Desulfococcus multivorans; Loka
Bharathi et a. 1991). These strains are nutritionally ver-
satile. They have the ability to metabolize a wide range
of simple compounds including lactate, acetate, propi-
onate, butyrate, and benzoate. The ability to use severa
different substrates may allow these microbes to com-
pete effectively for nutrients in the mangrove environ-
ment (Loka Bharathi et al. 1991), although nutritional
versatility is a common feature among rhizosphere bac-
teria (Bashan and Holguin 1997a).

The rate of sulfate reduction depends on the availabil-
ity of organic matter and on the physical processes that
affect mixing and wetting of surface sediments. The lat-
ter is affected by factors that control the frequency and
levels of flooding in mangrove sediments; tidal ampli-
tude and frequency, and the geomorphological character-
istics of the mangrove basin: depth and width of the
drain channel (Sherman et al. 1998). The development of



the sulfate-reducing bacterial population can be limited
by the availability of sulfate (the threshold is 2-10 mM
I-1). In mangroves with access to fresh water, the sulfate
concentration can be reduced below the threshold induc-
ing the proliferation of other anaerobic bacterial groups
(Sherman et al. 1998).

In mangrove sediments, availability of iron and phos-
phorus may depend on the activity of sulfate-reducing
bacteria. Under aerobic conditions, dissolved phosphate
reacts with iron oxyhydroxide, creating an insoluble
FeOOH-PO, complex. When sulfate is reduced by sulfate-
reducing bacteria, soluble sulfur compounds such as H,S
and HS are produced. These soluble sulfur compounds re-
act with iron, reducing Fe (l11) to Fe (I1) and yielding py-
rite (FeS,). Pyrite is the main product of sulfate reduction
in sat marshes (Sherman et a. 1998). Reduction of Fe
(1) to Fe (I1) releases soluble phosphate. I ntensive oxida-
tion of the sediments caused by tides (or occasional hurri-
cane disruption) can reverse the process and reoxidize py-
rite to Fe (111) oxides (Sherman et al. 1998).

It appears that sulfate-reducing bacteria, as the main
decomposers of organic matter in anaerobic sediments,
play a major role in the mineralization of organic sulfur
and in the production of soluble iron and phosphorus
used by organisms in mangrove ecosystems. Sulfate-re-
ducing bacteria can also contribute to the well-being of
the ecosystem by fixing N,. All sediments (associated
and not associated with the plants) in Florida's man-
groves contained a significant population of sulfate-
reducing bacteria that were able to fix N, (Zuberer and
Silver 1978).

Photosynthetic anoxygenic bacteria

Photosynthetic anoxygenic bacteria do not produce oxy-
gen as a product of photosynthesis, and use hydrogen
sulfide (or other reduced inorganic sulfur) instead of wa-
ter as an electron donor in the reaction:

CO,+2H,S - (CH,0)+H,0+2S.

Members of this group of bacteria include purple sulfur
bacteria and green and purple nonsulfur bacteria. Sulfur-
rich mangrove ecosystems, which have mainly anaerobic
soil environments, would provide favorable conditions
for the proliferation of these bacteria. Surprisingly, few
papers report the presence of anoxygenic photosynthetic
bacteria in mangrove environments. One explanation
may be that some of these bacteria are slow growers and
difficult to handle in the laboratory. Nevertheless, repre-
sentatives of the families Chromatiaceae (purple sulfur
bacteria) and Rhodospirillaceae (purple nonsulfur bacte-
ria) were found in Indian mangrove sediments
(Vethanayagam 1991; Vethanayagam and Krishnamurthy
1995). The predominant bacteria in the mangrove eco-
system of Cochin (India) were identified as members of
the genera Chloronema, Chromatium, Beggiatoa, Thio-
pedia, and Leucothiobacteria. Unidentified brown Chlo-
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robiaceae were also present. Between 4% and 20% of the
total anaerobes isolated were phototrophic sulfur bacte-
ria (Dhevendaran 1984; Chandrika et al. 1990). Large
populations of Chromatium grew in enrichment cultures
made of Florida's mangrove sediments. In nature, films
of this bacterial species were seen with the unaided eye
as biofilms on leaves submerged in pools (Zuberer and
Silver 1978). Similarly these biofilms were seen when
the microalgae Ulva lactuca washed up in abundance on
the beach and pink films on the sand formed under these
algal sheets (D.A. Zuberer, personal communication).

Our research group isolated two morphotypes of pur-
ple sulfur bacteria from the submerged part of the pneu-
matophores of A. germinans in semiarid mangroves in
Baja California Sur, Mexico. Initial characterization of
the two strains of purple sulfur bacteria showed typical
profiles of the pigments bacteriochlorophyllsa and b (G.
Holguin, unpublished data). In mangroves on the coast
of the Red Sea in Egypt, 225 isolates of purple nonsulfur
bacteria belonging to ten species, representing four dif-
ferent genera, were identified. The strains were isolated
from water, mud, and roots of A. marina samples. Nine
of the ten species inhabited the rhizosphere and root sur-
face of the trees. The most common genera were Rhodo-
bacter and Rhodopseudomonas, detected in 73% and
80% of the samples, respectively (Shoreit et al. 1994).

Some of the photosynthetic anoxygenic bacteria are
also diazotrophic. Bacteria of the genus Rhodospirillaceae
and non-heterocystous cyanobacteria were probably re-
sponsible for two thirds of the N, fixation associated with
decomposing leaves of R. mangle (Gotto and Taylor 1976).

Although there is yet no published evidence, one can
hypothesize that photosynthetic anoxygenic bacteria, the
predominant photosynthetic organisms in anaerobic en-
vironments, may contribute to the productivity of the
mangrove. In estuaries, a large part of the carbon fixed
by photosynthesis is probably deposited in the sediments
and mineralized anaerobically by bacteria. The energy
derived from these processes supports bacterial growth,
which in turn yields products that can supply energy to
invertebrates and fish via detrital food chains. Measure-
ments in estuarine mud and salt marsh peat show that
much of the energy flow through these ecosystems is
mediated by anaerobic microbial metabolism, especially
by the sulfur cycle (Day et al. 1989).

Methanogenic bacteria

Methanogenic bacteria are probably an important com-
ponent of the bacterial community in mangrove ecosys-
tems. In an Indian mangrove ecosystem, the methano-
genic bacteria population in the sediments fluctuated
during the year from 3.6x102to 1.1x10° cfu g1 wet sedi-
ment, depending on temperature, pH, redox potential,
and salinity of the water and sediments (Mohanraju and
Natargjan 1992). The presence of sulfate-reducing bacte-
rialimits the proliferation of these bacteria (Ramamurthy
et al. 1990).
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A strain of the methanogenic bacterium, Methanocco-
ides methylutens (Mohanrgju et a. 1997), and four
strains of unidentified thermotolerant methanogenic bac-
teria (Marty 1985) have been isolated from sediment of a
mangrove forest. In sediments of semiarid mangroves in
Baja California Sur, Mexico, a high rate of methane pro-
duction was detected, athough direct methane emission
from the sediment was not observed (Giani et al. 1996;
Strangmann et al. 1999). It is probable that methane was
oxidized via an aerobic microflora as it diffused into the
aerobic sediment layer. Alternatively, it may have been
oxidized under anoxic conditions as occurred in hypersa-
line microbial mats (Conrad et al. 1995) and anoxic ma-
rine sediment (Alperin and Reeburgh 1985). One of the
sampling stations in the mangroves in Bgja California
Sur that was affected by human activity and sewage dis-
posal produced 5 times more methane than the other in-
tact stations (Strangmann et al. 1999). Another man-
grove ecosystem cleared for aguaculture also showed
significantly more methanodynamic activity (a dynamic
system of methane production, oxidation, and emission;
Strangmann et a. 1999). These results suggest that the
potential of mangrove soils to emit methane is higher
when there is anthropogenic activity (Giani et al. 1996).

Fungi

In mangrove communities, over a hundred species of
fungi have been identified. These organisms are able to
synthesize al the necessary enzymes to degrade lignin,
cellulose, and other plant components (Fell et al. 1984,
Findlay et al. 1986; Singh and Steinke 1992; Bremer
1995). Most of the studies involving fungi are of a de-
scriptive nature, designed for taxonomic and inventory
interests.

Fungal hyphae are commonly found on and in decom-
posing mangrove leaves and wood. In a mangrove from
the coast of the Indian Ocean, Hyde (1986) identified 67
species of marine fungi and found an additional 20 un-
identified species associated with mangrove roots and
dead branches. Incubation for 3 weeks in a plastic bag
containing dead branches and trunks of several species
of mangroves such as Avicennia spp., Nypa spp., Rhizo-
phora spp., and Xylocarpus spp. yielded 30 ascomycetes,
1 basidiomycete, and 8 deuteromycetes (Hyde 1989). In
the Caribbean, two new species of ascomycetes (Aigialus
grandis and A. parvus) were found associated with the
dead wood and submerged sections of R mangle
(Kohlmeyer and Schatz 1985). In a West Mexican man-
grove ecosystem, 16 fungal species were identified (13
ascomycetes and 3 deuteromycetes) from dead roots and
detached branches incubated for 2-3 months under hu-
mid conditions (Hyde 1992).

In mangroves in Belize, an attempt was made to find
a pattern in the vertical distribution of fungi colonizing
the dead trunks and branches of the tree mangrove spe-
cies R. mangle, A. germinans, L. racemosa, and Cono-
carpus erectus. Mangrove wood sticks were placed verti-

cally with only their bases submerged and were left close
to the mangrove trees. Retrieval after 4-24 months
showed that most fungal species colonizing the wood
grew at tidal level or below. Only 3 species out of atotal
of 28 colonized the wood above high-tide level. Twenty
of the fungal species were identified as ascomycetes
(Kohlmeyer et al. 1995).

In addition to degrading lignin and cellulose, the fun-
gi Cladosporium herbarum, Fusarium moniliforme, Cir-
renalia basiminuta, an unidentified hyphomycete, and
Halophytophthora vesicula isolated from the dead leaves
of Rhizophora apiculata also show pectinolytic, proteo-
lytic, and amylolytic activity (Raghukumar et al. 1994).
These fungi begin the decomposition of vegetative mate-
rial and thereby allow secondary colonization by bacteria
and yeasts that further decompose the organic matter
(Matondkar et a. 1981). Colonization of the litter first
by abacterial biofilm may preempt colonization by fungi
(Newell and Fell 1997). In an Indian mangrove, the first
colonizers of falen mangrove leaves were fungi and
thraustochytrids (fungi-like unicellular protists). It is
possible that both thraustochytrids and fungi tolerate
high levels of phenolic compounds in the leaves of man-
groves that inhibit the growth of other microorganisms
(Raghukumar et al. 1995).

In general, decomposition of mangrove wood by ma-
rine fungi is restricted to the external wood layers be-
cause of the high oxygen requirement of the fungi (Fell
et a. 1984; Newell and Fell 1992a) and occurs almost
immediately (Newell and Fell 1992b).

Despite the great wealth of systematic information,
there is little knowledge of the role of mangrove fungi in
nutrient recycling (Fell and Newell 1981). Other areas
for future research include development of quantification
techniques to determine fungal abundance, and elucida-
tion of the nature and activities of extracellular fungal
enzymes and fungal modification of mangrove detrital
matter (Hyde and Lee 1995).

Conceptual models for microbial transformation
in mangrove sediments

The importance of microbially generated detritus as the
major substrate for bacterial growth in mangrove ecosys-
tems was recently outlined in a conceptual model (Bano
et a. 1997). This model claimed that detritus-supported
bacterial biomass channels essential elements through
the food web by providing nitrogen and phosphorus to
protozoa and metazoa, and eventually to commercially
important higher-trophic-level organisms such as fish
and shrimp (Bano et al. 1997). Our model, presented in
this review, focuses on the role of severa bacteria
groups (N-cycle, phosphate-solubilizing, sulfate-reduc-
ing, aerobic photosynthetic and methanogenic bacteria)
and fungi in the well-being of the ecosystem. This in-
cludes the flora and fauna as consumers of bacterial
products, apart from the bacteria being the base of the
food chain of other marine animals (Fig. 1). This model
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Fig. 1 Conceptual model of microbia interactions in mangrove
ecosystems

proposes that the microbial structure and function of the
mangrove ecosystem is directly responsible for the well-
being of the ecosystem. Higher-trophic-level organisms
will be severely affected if the microbial structure and
function is disturbed or destroyed. In the mangrove eco-
system, both of these complementary models predict that
destruction of mangrove forests (earlier model) and par-
tial disruption of microbial activity (our model) in these
ecosystems will ultimately have a major negative impact
on mangrove productivity. This may lead to a severe loss
in the production of commercially important fish and
shrimp in coastal waters.

Problems encountered by mangrove ecosystems

In many regions, mangrove ecosystems are shrinking
dramatically as a result of logging, aguaculture (mainly
shrimp cultivation), charcoal production, and unregulat-
ed deposition of pollutants into the wetlands (Hatcher et
al. 1989). In Ecuador, large mangrove forests were clear-
cut to make room for shrimp cultivation. In some areas,
the loss exceeded 90% of the total mangrove area, as in
Bahia de Caraguez (Twilley et a. 1997). Similarly, aqua-
culturein Far East Asia severely threatened all mangrove
ecosystems in the area (Honculada-Primavera 1993). In
Panama, about half of the mangrove ecosystems have
disappeared in the last 30 years. In French Guyana, man-

groves are systematically destroyed for rice cultivation
(Lacerdaet al. 1993). In Vietnam, use of defoliantsin the
Mekong delta during the Vietham war eliminated large
stands of mangroves that have never recovered com-
pletely and large areas are being clear-cut for shrimp cul-
tivation (O’ Neill and Yamashita 1993).

In al Latin American countries, mangrove wood is
used as domestic firewood. In Nicaragua, 80% of house-
holds use wood for cooking; most of it coming from
mangrove forests. In Honduras, up to 120,000 m3 of
wood is cut annually for firewood. In El Salvador, which
has only 350 km2 of mangrove forests, 30,000 m3 of
wood is cut annually. Panama, a major producer of tan-
nins in Latin America, extracts 400 tons year-1 of these
substances from mangrove trees (Lacerda et al. 1993).
The mangrove forests of the Indus river in Pakistan,
which are the world's sixth largest, have been reduced
drastically over the last several decades. The trees that
remain are mainly small Avicennia marina restricted to
the banks of the well-flushed tidal channels (Harrison et
al. 1994). In Rio de Janeiro, Brazil, construction of a
dam that diverted the flow of fresh water from a man-
grove forest caused degradation of the entire ecosystem
(Lacerdaet al. 1993).

Other destructive forces threaten the mangrove eco-
systems. Coastal engineering projects such as a major
highway in Santa Marta in the north of Colombia blocks
mangrove channels required for seawater exchange
(Lacerda et al. 1993). Construction of government hous-
ing and tourist resorts in Bagja California, Mexico, and
Hong Kong have eliminated almost all wetlands from ur-
ban environments (Tam et a. 1997; Y. Bashan unpub-
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lished data). Oil spills, which occur frequently in Pana-
ma, the Persian Gulf and southern Mexico, are particu-
larly damaging for mangrove ecosystems because they
block the diffusion of gasesin plants and soil (Lacerda et
al. 1993; Proffitt et al. 1995; Proffitt and Devlin 1998).

The use of mangrove wetlands as natural wastewater
treatment facilities for domestic sewage and in particular
industrial wastewater threatens the future of mangrove
ecosystems (Wong et al. 1995, 1997). Wastewater con-
taminants may disrupt the detrital food web and intro-
duce heavy-metal residues into mangrove sediments
(Tam and Wong 1995, 1996, 1997). In the long-term, mi-
crobes and the fauna in the wetland may be adversely af-
fected and reforestation and rehabilitation may prove dif-
ficult. The only “positive” aspect of this harmful practice
is that those metals are probably precipitated as very in-
soluble sulfides.

Mangrove reforestation using
plant-growth-prometing bacteria

Inoculation of plants with plant-growth-promoting bacte-
ria (PGPB) has been proposed as a useful agricultural tool
to enhance crop yields. PGPB promote plant growth by
mechanisms such as N, fixation, phosphate solubilization,
phytohormone production, siderophore synthesis, or bio-
control of phytopathogens (Kloepper et al. 1980; Glick
1995; Bashan and Holguin 1997a, b). It may be possible
to use PGPB to speed up the development of mangrove
plantlets for reforestation of the damaged areas or even to
create artificial mangrove wetlands out of wastelands.

PGPB specific to mangrove ecosystems are unknown.
However, an attempt was made to inoculate mangroves
with strains of the diazotropic mangrove cyanobacteria
M. chthonoplastes and Azospirillum sp., common terres-
trial PGPB (Toledo et al. 1995b; Puente et al. 1999).
Scanning electron microscope studies revealed that, in
seawater in vitro, a dense population of Azospirillum
brasilense and A. halopraeferens successfully colonized
black mangrove roots, establishing an association with
the plant within 4 days (Puente et al. 1999). Inoculation
of black mangrove plantlets with the cyanobacterium M.
chthonoplastes yielded copious root colonization in a
thick mucilaginous sheath. N, fixation (Toledo et al.
1995b) and nitrogen accumulation increased in inocul at-
ed seedlings (Bashan et al. 1998).

Many studies of plant-growth promotion by beneficial
bacteria have reported the advantage of using mixed cul-
tures of microorganisms over pure cultures (for reviews,
see Bashan and Holguin 1997a, b). When the N,-fixing
bacterium Phyllobacterium sp. and the phosphate-solubili-
zing bacterium (PSB) Bacillus licheniformis, both isolated
from the mangrove rhizosphere, were mixed, N, fixation
(acetylene reduction) by Phyllobacterium sp. increased
about 300% relative to N, fixation by the pure culture
(from 160 to 470 mmol culture). The coinoculation of
mangrove seedlings with a mixture of these two bacteria
increased N incorporation into the leaves (from 1,700 to

3,200 8 15N; A. Rojas, G. Holguin, B.R. Glick, Y. Bashan,
unpublished data). Inoculation of the oilseed halophyte
Salicornia bigelovii (salt marsh plant of the Pacific coast
of north America), with several mangrove rhizosphere
bacteria significantly enhanced plant growth (44-102%
increase in dry weight) and increased the nitrogen, protein
(500%), and fatty acid content (up to 94% increase) of
seeds (Bashan et al., 2000). These PGPBs included Vibrio
aestuarianus (N,-fixing bacterium) combined with the
PSBs V. proteolyticus and Phylobacterium myrsinacearum
(N,-fixing bacterium) combined with the PSB B. licheni-
formis (Bashan et a., 2000). These results are encourag-
ing and give us reason to believe that PGPB will effective-
ly promote the growth of mangrove plantlets.

Conclusions and questions

Globally, mangrove ecosystems are an important natural re-
source that should be protected. The detritus generated by
the mangrove is the base of an extensive food web that sus-
tains numerous organisms of ecologica and commercia
importance. Furthermore, mangrove ecosystems provide in-
dispensable shelter and nurturing sites for many marine or-
ganisms. The well-being of mangroves is dependent on the
diverse, and largely unexplored, microbia and faunal activ-
ities that transform and recycle nutrients in the ecosystem.

Conservation strategies for mangroves should consid-
er the ecosystem as a biological entity, that includes all
the physical, chemical, and ecological processes that
maintain productive mangroves. This is especialy im-
portant in mangroves that do not receive external terres-
trial nutrients from rivers or other sources. It is vital that
the health of the benthic microbial communities be main-
tained because these organisms are responsible for con-
serving the scarce nutrients within the ecosystem.

Despite numerous studies on the biogeography, botany,
zoology, ichthyology, environmental pollution, and eco-
nomic impact of mangroves, little is known about the ac-
tivities of microbes in mangrove waters and sediments. An
effort must be made to further elucidate the intricacies and
complexities of microbia activities in mangrove ecosys-
tems and their impact on the productivity of the ecosystem.

Our current state of knowledge of mangrove ecosys-
tems leaves us with more questions than answers:

1. Is there a relationship between the disruption of the
detrital food web (mechanical and chemical) and the
decline in fish and shellfish development in the eco-
system? Does this affect the coastal fisheries? Is
there a relationship between the size of a healthy
mangrove ecosystem and the annual catch of seafood
in the area?

2. Isthere arole for fungi in the detrital nutrient trans-
fer chain apart from in the primary degradation of or-
ganic matter?

3. What are the differences in the recycling of nutrients
between ecosystems that receive terrestrial water in-
put and those that do not?



4. Do biological N, fixation and phosphate solubiliza-
tion in the wetland significantly contribute to the
well-being of the trees?

5. Are sulfate-reducing bacteria, anaerobic photosyn-
thetic bacteria, and methanogenic bacteria important
to the well-being of the ecosystem? Although this re-
view strongly suggest this, solid experimental evi-
denceis still lacking.

6. What is the role of microfauna in the transformation
and transfer of nutrientsin the sediment?

7. Do the large fauna (fish and birds) contribute to the
productivity of mangrove ecosystems or are they
solely consumers? Guano might make significant N
and P contributions to small sections and islands
where marine birds are found in abundance (D.A.
Zuberer, personal communication).

8. Isit possible to enhance mangrove plant growth with
hal otolerant plant-growth-promoting bacteria?

9. Do plant-growth-promoting bacteria specific for
mangroves exist?

10. Isit possible to maintain undisturbed microbial popu-
lations in the sediment and at the same time maintain
the forest for the benefit of the human communities
living nearby?

11. Does pollution (petroleum, sewage, and industrial
wastewater) have a long-term detrimental effect on
mangrove ecosystems, despite contributing N and P
(needed by the mangrove trees), or are these disrup-
tions transient?

12. Is microbe-mediated conservation and reconstruction
of mangrove ecosystems possible?

13. Which is more profitable for coastal economies,
aquaculture or mangrove-supported coastal fisheries?

14. 1sit possible to revert unproductive aquaculture facili-
ties back to natural productive mangrove ecosystems?
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