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Abstract

Intertidal marine systems are highly dynamic systems which are characterized by periodic
#uctuations in environmental parameters. Microbial processes play critical roles in the
remineralization of nutrients and primary production in intertidal systems. Many of the
geochemical and biological processes which are mediated by microorganisms occur within
microenvironments which can be measured over micrometer spatial scales. These processes are
localized by cells within a matrix of extracellular polymeric secretions (EPS), collectively called
a `microbial bio"lma. Recent examinations of intertidal systems by a range of investigators
using new approaches show an abundance of bio"lm communities. The purpose of this
overview is to examine recent information concerning the roles of microbial bio"lms in
intertidal systems. The microbial bio"lm is a common adaptation of natural bacteria and other
microorganisms. In the #uctuating environments of intertidal systems, bio"lms form protective
microenvironments and may structure a range of microbial processes. The EPS matrix of
bio"lm forms sticky coatings on individual sediment particles and detrital surfaces, which act as
a stabilizing anchor to bu!er cells and their extracellular processes during the frequent physical
stresses (e.g., changes in salinity and temperature, UV irradiation, dessication). EPS is an
operational de"nition designed to encompass a range of large microbially-secreted molecules
having widely varying physical and chemical properties, and a range of biological roles.
Examinations of EPS using Raman and Fourier-transform infared spectroscopy, and atomic-
force microscopy suggest that some EPS gels possess physical and chemical properties which
may hasten the development of sharp geochemical gradients, and contribute a protective e!ect
to cells. Bio"lm polymers act as a sorptive sponge which binds and concentrates organic
molecules and ions close to cells. Concurrently, the EPS appear to localize extracellular enzyme
activities of bacteria, and hence contribute to the e$cient biomineralization of organics. At
larger spatial scales, the copious secretion of speci"c types of EPS by diatoms on the surfaces of

0278-4343/00/$ - see front matter ( 2000 Elsevier Science Ltd. All rights reserved.
PII: S 0 2 7 8 - 4 3 4 3 ( 0 0 ) 0 0 0 2 2 - 4



intertidal mud#ats may stabilize sediments against resuspension. Bio"lms exert important roles
in environmental- and public health processes occurring within intertidal systems. The sorptive
properties of EPS e!ectively chelate toxic metals and other contaminants, which then act as an
e$cient trophic-transfer vehicle for the entry of contaminants into food webs. In the water
column, bio"lm microenvironments in suspended #ocs may form a stabilizing refugia that
enhances the survival and propagation of pathogenic (i.e., disease-causing) bacteria entering
coastal waters from terrestrial and freshwater sources. The EPS matrix a!ords microbial cells
a tremendous potential for resiliency during periods of stress, and may enhance the overall
physiological activities of bacteria. It is emphasized here that the in#uences of small-scale
microbial bio"lms must be addressed in understanding larger-scale processes within intertidal
systems. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Intertidal systems are a key interface of the ocean, atmosphere, and terrestrial
environments, and as such, are characterized by frequent #uctuations in temperature,
ion concentration, dessication, UV-irradiation, and wave action. The relative fre-
quency of these #uctuations poses both physical and biochemical challenges to
microorganisms which inhabit this environment. The characteristics and intensities of
such stresses may vary substantially (see, for review Giller et al., 1994).

Microorganisms have important and established roles which may e!ect large-scale
changes within intertidal systems. Heterotrophic bacteria, for example, are crucial to
transformations and remineralization of organic carbon, nitrogen and other nutrients
throughout oceans (Azam, 1998; Azam et al., 1993). Autotrophic eukaryotes, such as
diatoms, may be important primary producers in these systems (Paerl, 1997). Al-
though net e!ects of microbial processes may be measured over a range of spatial and
temporal scales, most microbial processes are generated within microenvironments
having spatial scales, measured in micrometers (Krembs et al., 1998).

1.1. The concept of the microbial microenvironment: bioxlms by design

When bacteria and microalgae are associated with surfaces (e.g., sediment particles
of intertidal sand#ats, plant surfaces) they secrete a matrix of mucilaginous extracellu-
lar polymers (EPS) to form a `microbial bio"lma (Fig. 1). Bio"lms and their associated
mucilaginous secretions form a cohesive matrix surrounding the particles of intertidal
sediments. The microbial bio"lm is now known to represent a common adaptation,
perhaps even a life stage, of most bacteria in natural systems (Costerton et al., 1995).
Since an early review of the roles of microbial bio"lms in marine systems (Decho,
1990) a wide range of studies have been conducted which focused on many speci"c
aspects of bio"lms and mucilage production. Examination of natural sediment envi-
ronments from a range of investigators using recently developed technologies reveals
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Fig. 1. Conceptual diagram of a microbial bio"lm within an intertidal sediment #at. The bio"lm consists of
microbial cells such as diatoms, cyanobacteria, heterotrophic bacteria embedded within a matrix of
extracellular polymeric secretions (EPS) which closely surround sediment particles. A typical mud#at
bio"lm is most pronounced near the sediment surface, where diatoms and other phototrophs are the major
producers of EPS. The EPS contributes to the sediment fabric and may in#uence the cohesive properties of
the sediment. The highly hydrated EPS may also represent a protective adaptation to prevent dessication of
cells during prolonged tidal exposure.

the presence and properties of bio"lm communities, and exciting revelations concern-
ing bio"lms and more generally microbial processes. These studies have greatly
increased our understanding of this rather common, but complex microbial assem-
blage.

EPS are the primary structuring agent for microbial microenvironments and
control the physical properties of bio"lms. The bio"lm is a community of microbial
cells whose activities may be structured or enhanced by the EPS matrix surrounding
the cells. In general, the matrix forms a stabilizing and protective microenvironment,
and may serve a variety of speci"c functions to cells. The physical state of exopolymers
may vary considerably, and range from a tight, cohesive gel to a very loose slime to
dissolved or colloidal states (Decho, 1990). EPS capsules, which surround cells and are
in direct contact with cell membrane, will exert the most proximate protective e!ects.

2. New approaches in the analyses of bio5lms

A range of relatively new approaches have become available which allow investiga-
tors to probe microbial processes and bio"lms with unprecedented sensitivity and
resolution. Some of these approaches are brie#y summarized below. They include:
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Confocal scanning laser microscopy, atomic-force microscopy, low-temperature
scanning electron microscopy, and Fourier-transform infared spectroscopy.

For the "rst time intact microbial bio"lms within sediments have been examined
using confocal scanning laser microscopy (CSLM) (Decho and Kawaguchi, 1999). The
application of a hydrated embedding resin (e.g., nanoplast) has allowed the "ne
structure of EPS to be seen using scanning and transmission electron microscopy
(Leppard et al., 1996; Lienemann et al., 1998), and CSLM (Decho and Kawaguchi,
1999). The coupling of speci"c #uorescent probes with CSLM (Pawley, 1995) permit-
ted bio"lm and their interstitial microenvironments to be observed (Caldwell et al.,
1992; Lawrence et al., 1991, 1997; Surman et al., 1996). A wide range of #uorescent
probes are now available (Haugland, 1996) which will permit speci"c groups of
microorganisms and/or their activities to be quantitatively examined. Such applica-
tions will permit, for the "rst time, quantitation of microbial processes at microspatial
(i.e., micrometer) scales in marine sediments. Atomic-force microscopy (AFM) has
allowed hydrated polymer gels to be observed and measured with unprecedented
clarity. Decho (1999a) used contact-mode AFM to observe single EPS molecules and
EPS in a gel state. He found that EPS gels composed of alginate polymers tended to
form sturdy gels by formation of dimer bridges. This was concluded by measuring the
thickness of polymer molecules in proximity to Ca bridges. Other techniques which
have yielded insight have involved the use of Fourier-transform infared spectroscopy
(FTIR) in the examination of bio"lms communities and carbohydrates (Nichols et al.,
1985; Suci et al., 1997, 1998). The application of low-temperature scanning electron
microscopy (SEM) has contributed greatly to our understanding of the `sediment
matrix fabrica (Stolz, 1994; Paterson, 1995; DeH farge, 1997; DeH farge et al., 1996; Black
et al., 1999). Low-temperature SEM is a technique in which whole or fractured-
sediments can be observed while in an intact, hydrated state. Such approaches have
provided, for the "rst time, high-resolution imaging of the natural sediment fabric.
Future studies using these techniques will be essential to understanding how the EPS
matrix and other important components contribute to sediment stability in intertidal
systems.

3. Physical and chemical properties of EPS

The physical states of EPS can be best described as a continuum, ranging from gels
to a fully dissolved (i.e., solution) state. In practical operational terms, these polymers
exist as capsules, sheaths, looser slimes in bio"lms and as DOC in solution. Unfortu-
nately, many descriptive reports often have failed to recognize the relationship
between the physical forms of these molecules and the physiological conditions
present (Sutherland, 1990).

The chemical properties of EPS are instrumental in e!ecting the various roles of
bio"lms in biological and geochemical processes. A detailed literature exists regarding
chemical properties of EPS isolated from laboratory cultures of various bacteria (see,
for reviews, Decho, 1990; Sutherland, 1990). However, relatively little is known of the
chemical properties of natural EPS.
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Exciting new work by Vedugo, Orellana and colleagues (Tam and Verdugo, 1981;
Verdugo, 1994; Chin et al., 1998) has examined the physical chemistry of polymeric
molecule interactions in the formation of gels. Polymer gels are networks of molecules
interconnected by chemical or physical crosslinks. These interactions give polymer
gels a unique set of physical properties (Verdugo, 1994). Polymer molecules may
assemble to form `tangled networksa or `covalently crosslinked networksa stabilized
by Ca ion bonds. Electron probe microanalyses reveal that microgels resulting from
DOM polymer assembly are generally rich in Ca, and low in Mg and P (Chin et al.,
1998). Tanaka's theory of gel-swelling (Tokita and Tanaka, 1991) suggests that the
degree of crosslinking changes as a result of Ca sequestration. The polymer gel acts as a
Donan trap, similar to an ion-exchange resin, and concentrates cations with various
degrees of speci"city depending on how the network is assembled (Chin et al., 1998).
In laboratory studies it has been shown that slight changes in functional groups may
alter the properties of polymers. More heavily crosslinked gels tend to retain water
better, and may provide a protective hydration bu!er for cells against dessication. In
some bio"lms, a major function of EPS coatings may be to conserve water during
periods of tidal exposure (Potts, 1994).

Recent work by Zhou et al. (1998) showed that the cohesiveness of natural EPS in
water-column aggregates was related to an enrichment in speci"c deoxy sugar mono-
mers (e.g., rhamnose and fucose). This study suggests that the ratios of sugar mono-
mers may be important in the cohesive properties of the EPS, and their ability to form
aggregates. EPS polymers often contain hydrophobic and surfactant moieties, which
may greatly alter the chemical properties of the polymers (Neu, 1996). These com-
pounds in#uence the surface characteristics of the polymer and may a!ect the
subsequent colonization of other bacteria.

The polymer network, and hence its ability to concentrate ions, may be altered by
ultraviolet (UV) irradiation. Exposure of DOM to UV has been shown to result in
cleavage of marine polymers, decreasing their average molecular size (Kieber et al.,
1990; Mopper et al., 1991). This can decrease the stability of tangled polymer
networks. The EPS matrix is a `plianta matrix; one which swells and contracts in
response to environmental changes, and reorganizes itself constantly. This is predicted
by results of polymer chemistry studies.

4. Quorum sensing and bio5lm community development

In intertidal systems, microbial bio"lms often contain cells densely packed within
an EPS matrix. These conditions facilitate or may even represent the result of
chemical communication between microbial cells (Decho, 1999b). Bio"lms represent
groups of partially immobilized cells contained within a gel matrix. The development
of bio"lms on the surface of a sediment grain, for example, is thought to be mediated
in part by density-dependent chemical signal released by bacteria. These signals,
called autoinducers, will e!ect physiological changes in activities of cells, when they
reach a threshold concentration. This process is called `quorum sensinga (Fuqua
et al., 1996) and allows the potential self-regulation of microbial communities.
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Excellent reviews of quorum sensing processes have been provided by Fuqua et al.
(1996), Ruby (1996) and Dunlap (1997). It is assumed in quorum sensing that groups of
microbial cells act as `coordinated unitsa, rather than as opportunistic individuals.
This form of intercellular communication serves to coordinate gene expression, and
structures morphological di!erentiation and development responses of bacterial cells.
Much empirical evidence exists to support the process of quorum sensing in a range of
microbial systems. Quorum sensing signals in#uence such important bacterial activ-
ities such as pathogenesis, conjugative plasmid transfer, bioluminescence and extracel-
lular enzyme activity. Recently, quorum sensing has been shown to in#uence the
development of bio"lm architecture (Davies et al., 1998). Cells which were able to
communicate using autoinducer signals, developed bio"lms having a very di!erent
architecture, than mutant cells which were not able to produce signals. The ability of
microbial cells to act as coordinated units is thought to facilitate a more e$cient
utilization and biotransformations of carbon and other nutrients, a shunting of waste
products, and an overall more e!ective resiliency of microbial communities to poten-
tial stressors.

5. Roles in intertidal systems

5.1. Diatom mats and sediment stabilization

The surface sediments of an intertidal mud#at typically experience frequent resus-
pension by the ebb and #ood tides. This frequent physical mixing will prevent large
and well-developed layering of microorganisms within these uppermost sediments of
the mud#at. This also suggests that bio"lms associated with these sediments may be
well developed.

In some areas of mud#ats, there occurs the development of cohesive diatom mats.
These mats act to stabilize the surface sediment layers of the mud#at against resuspen-
sion (Paterson, 1995). Diatom mats form on the surfaces of many intertidal mud#ats,
and often occur with seasonal periodicities (Underwood and Paterson, 1993; Under-
wood, 1994). The mats consist of dense aggregations of cells and EPS. The EPS
component has been considered an important agent in stabilizing the mud#at sedi-
ments against resuspension. A recent study by Smith and Underwood (1998) showed
that diatom secretion of EPS was closely related to their motility, and occurred
predominantly during dark periods. EPS resulting from diatom motility appears to
possess very cohesive physical properties, which may contribute to sediment stabiliz-
ation. Examinations of chlorophyll a as an index of diatoms, and concentrations of
EPS as measured by the phenol}sulfuric acid technique showed associations of these
parameters with sediment stability (Underwood and Smith, 1998). There have been
a number of studies which report either positive e!ects of diatoms mats on sediment
stability (Grant et al., 1986; Paterson, 1989, 1995; Underwood and Paterson 1993;
Sutherland et al., 1998), or no signi"cant e!ects. Therefore, the presence of a diatom
mat is not always related to increased sediment stability. While the causes of these
di!erences are still uncertain, they may relate, in part, to a range of factors such as
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species composition, complexity and physiological states of diatom mats, and the
methods used to quantify sediment stabilization.

Diatoms are known to undergo diel vertical migrations, largely in response to light.
EPS has been shown to be secreted during motility (Underwood et al., 1995; Smith
and Underwood, 1998). It is probable, that diatoms may secrete several types of EPS
(Hoagland et al., 1993), some of which are used for motility, and others which are
secreted copiously as secondary metabolites or for other functions, as have been found
for heterotrophic bacteria (Sutherland, 1995). It is likely that both the composition
and cohesive properties of these speci"c EPS may be quite di!erent. This may, in part,
explain the observed di!erences in sediment stability associated with certain diatom
mats. Experimental examinations of the cohesive properties and viscosities of di!erent
types of diatom EPS will be important in understanding why some mats may or may
not exhibit cohesive stabilizing e!ects on sediment.

Also, the physiological state of the diatom mat may in#uence the composition and
cohesiveness of diatom EPS. The EPS and overall diatom mat may be more/less
cohesive depending on if it is in the early or later stages of mat formation. This
requires further investigation. Many diatoms, and other photosynthetic organisms
such as cyanobacteria are known to produce di!erent EPS depending on the physio-
logical state of the cells (Hoagland et al., 1993). Since the physical stability of a diatom
mat depends on close interactions between cells, EPS and mud#at sediments, no
further generalizations could be prudent until further focused studies have been
conducted.

Another potential e!ect resulting from the physically stabilizing conditions of
diatom mats is one that should potentiate development of more organized bacterial
bio"lms and microbial communities. A typical diatom exhibits a relatively high
photosynthetic production. This production shows a diel periodicity, with generally
higher production during daylight hours (Paerl, 1997). Also resulting from this
production is the release of a signi"cant amount of large and small molecular weight
(MW) exudates which may potentially fuel an active heterotrophic community.
Such a community would include a range of aerobic heterotrophic bacteria and
sulfate-reducing bacteria (SRB). Both of these are geared to quickly utilize the
photosynthetic exudates of the mat. While SRB are generally associated with anoxic
sediments, their activity has now been demonstrated to occur in oxic conditions
(Can"eld and Des Marais, 1991; J/rgensen, 1994). The cohesive properties of EPS will
also in#uence the characteristics of sediment which is resuspended from the mud#at.
Cohesive properties should result in enhanced #oc formation even when sediments are
eroded.

5.2. Intertidal stromatolites

Stromatolites are layered sediment macrostructures which are formed through the
interactions of biological organisms, such as bacteria, and geochemical processes
(Reid et al., 2000). Fossil stromatolites represent the oldest known macroscopic
evidence of life on earth and were the dominant life form, as evidenced by the fossil
record, for over 2.5 billion years (Awramik, 1992). Today, marine stromatolites are
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forming only in a few isolated parts of tropical intertidal (and subtidal) systems in the
Bahamas and Western Australia.

Marine stromatolites represent an extreme example of biologically mediated sedi-
ment stabilization. The intertidal stromatolites, in the Exuma Cays, Bahamas exist in
high-energy environments (Reid and Browne, 1991). The stromatolite community
consists of apparently closely interacting but widely diverse groups of prokaryote
microorganisms (e.g., cyanobacterial autotrophs, aerobic heterotrophs and sulfate-
reducing bacteria) (Stal, 1995). Cyanobacteria bio"lms comprise a major structuring
component in the formation and growth of Exuma stromatolites (Reid et al., 1995).
They are responsible for a majority of organic carbon production and nitrogen
"xation (Pinckney et al., 1994), and secrete much of the EPS (Decho and Kawaguchi,
1999) which may initially stabilize cells and sediment against resuspension. The
interactions of sulfate-reducing bacteria (SRB) and autotrophic production have been
suggested to result in lithi"ed well-sorted sedimentary structures consisting of layers
of precipitated CaCO

3
, and CaCO

3
sand grains (Visscher et al., 1998). The binding of

Ca2` ions by EPS inhibits the geochemical precipitation of CaCO
3

which are near (or
above) saturation concentrations. Partial degradation of EPS by SRB may result in
precipitated CaCO

3
in restricted areas (i.e., laminae) of the bio"lm. Stromatolites

represent a relatively clear example of how biological, chemical and geological factors
may interact to alter (i.e., stabilize) a physical environment in intertidal systems.

5.3. Localization of extracellular enzymes

A potentially important, but surprisingly less-explored aspect of bio"lms is their
role in the localization of extracellular enzymes in proximity of microbial cells.
Extracellular enzymes, de"ned here as secreted enzymes which are not in direct
contact with cell membranes, are secreted by cells to hydrolyze large molecular-weight
(MW) organic matter into smaller oligomers and monomeric components which can
be directly taken up by cells (Hoppe, 1991). The presence of polysaccharides in the
EPS matrix may provide a protective molecular microenvironment for bacterial
extracellular enzymes. This process is important in the e$ciencies of larger-scale
transformations of organic matter by bacteria, and in the conversion of dissolved
(DOC) to particulate (POC) forms of organic matter. While this process has been
suggested to occur (Decho, 1990), direct evidence supporting this process has been
tenuous at best.

A wide range of studies have examined extracellular enzyme activities within
marine sediments (King, 1986; Henrichs and Reeburgh, 1987; Mayer, 1989; Meyer-
Reil, 1991; Arnosti, 1995, 1996; Belanger et al., 1997). These studies collectively suggest
that rates with which organic macromolecules (and monomers) are remineralized vary
widely. Arnosti (1996) found rapid degradation of polysaccharides within anoxic
marine sediments.

Activities of extracellular enzymes in sediments and water-column environments
have been observed by measuring corresponding #uorescence associated with methyl-
umbelliferal (MUF) substrates (Smith et al., 1992). These studies have largely
addressed aggregates in marine planktonic systems. Another interesting approach
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developed by Arnosti (1996) uses speci"c #uorescently-labeled (FLA-) polysacchar-
ides. The size(s) of the polysaccharides before and after microbial hydrolyses are
quantitatively examined, and hydrolysis rates can be measured.

Extracellular enzymes may play important roles in the dispersion or release of
microbial cells from an attached state. A wide range of extracellular enzymes are
produced by microorganisms having a range of hydrolysis functions and speci"cities
(Sutherland, 1995; Warren, 1996). It has been demonstrated that in the opportunistic
pathogen Pseudomonas aeruginosa, dispersal of cells from a bio"lm is accomplished
using speci"c lytic enzymes which hydrolyzed the EPS surrounding the cells (Boyd
and Chakrabarty, 1995). This releases cells from the attached bio"lm state.

It is not known how extracellular enzymes may be associated with the EPS matrix.
Ho!man and Decho (1999) have postulated that enzymes may be localized within
hydrophilic microdomains or regions which occur within a larger EPS matrix. This
can be determined using laser confocal microscopy (CLM). Recent evidence suggests
that enzymes may be attached to polysaccharides via sulfhydral linkages, since
incubation of EPS in mercaptoethanol results in the release of smaller MW bands of
proteins using polyacrylamide gel electrophoresis (PAGE) separations (Kawaguchi
and Decho, in press). Glycosylation and/or localization within a polysaccharide gel, is
known to confer some protective e!ects to proteins (Ortega et al., 1998). However, it is
not known how changes in salinity, temperature and other #uctuations will a!ect
extracellular enzyme activities within intertidal systems. It is possible that speci"c
associations of enzymes with the EPS matrix may prolong their activities and
resiliency during environmental #uctuations.

5.4. Protective refugia for pathogens entering marine systems

Pathogenic (i.e., disease-causing) bacteria enter intertidal systems from terrestrial
and freshwater sources (Payment et al., 1989). Many of these, upon entering marine
waters, are immediately stressed by salinity shock and/or UV irradiation. However,
the ability of pathogenic bacteria to survive and propagate after entering marine
waters represents a signi"cant public health concern (Stanwell-Smith, 1991). This
relates to both the recreational use of marine waters, and to the human consumption
of seafood harvested from these waters. The survival of some pathogens upon entering
marine waters, may be linked to their association with aggregate #ocs. Increasing
salinity, going from freshwater to full seawater results in a substantial increase in the
cations Na`, Ca2`, and Mg2`. Upon reaching saline water, enhanced #oc formation
and aggregation of suspended dissolved organic carbon (DOC), silts and clays is
generally observed in most intertidal systems.

When cells are enclosed within EPS, the matrix provides a `protective refugiaa
which will bu!er cells against potential stresses. The idea of the bio"lm as a protective
refugia is not a new one. Studies of bacteria in other systems (see for review, Costerton
et al., 1995) have shown that cells enclosed within a bio"lm are generally more
resistant to antibiotics, toxic metals, chlorination, and other potential anti-microbial
agents. The exact mechanisms which in#uence the enhanced resiliency of cells are
uncertain but have been attributed to such factors as: the direct binding of toxic agents
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Table 1
Major binding ligands associated with EPS polymers

Major binding ligand Monomeric components
of EPS molecules

Reference(s)

Hydroxyls Neutral sugars, etc. Sutherland (1990)
Carboxyls Uronic acids Geesey and Jang (1989)
Phosphates Lindberg (1990)
Sulfates, sulfonates Cyanobacteria de Philippis and Vincenzini (1998)

Polysaccharides
Ketal-linked pyruvates Hexose sugars Smith et al. (1990)
Acetyl groups Neutral sugars Lindberg (1990), and Sutherland (1990)
Amine groups Amino sugars Lindberg (1990) and Sutherland (1990)

by EPS; a reduction in physiological rates of bio"lm cells; and enhanced horizontal
exchange of resistance-containing plasmids. The binding of transition metals to EPS
may further condense and stabilize the EPS, and enhance the protective nature of the
EPS for cells.

5.5. Binding and concentration of metal contaminants

A growing body of literature shows evidence that EPS bind and concentrate a range
of metal ions, metalloids and molecules. Many metal ions, such as Cd2`, Cu2`, Cr3`,
Pb2`, etc., are e$ciently chelated by EPS. This occurs primarily through the forma-
tion of unidentate, bidentate and multidentate complexes of cations with anionic
groups on EPS molecules (Geesey and Jang, 1989). The strength of the binding a$nity
in the complex will depend largely on ion size/charge ratios, and a number of other
factors, such as EPS composition, physical gel state, pH, and ionic salinity.

The complexation ligands on EPS are critical to their ability to bind and concen-
trate ions. Microbial exopolysaccharides contain a range of ester-linked groups and
pyruvate ketals (Lindberg, 1990; Sutherland, 1990) (Table 1). Ester-linked groups,
such as acetate, do not contribute to the overall charge of the macromolecule, while
pyruvate ketals, which are normally associated with neutral hexose sugars, add to the
overall anionic nature of the EPS. Uronic acids, such as D-guluronate, also contribute
to the anionic binding capacity of EPS. Sulfate groups may be present in some
prokaryote EPS, such as those isolated from cyanobacteria. Phosphate groups may
also contribute to the binding capacity of EPS. Their occurrence in bacterial EPS is
relatively common (Sutherland, 1990).

Factors such as pH could be easily modi"ed in seawater environments, especially at
microenvironmental spatial scales, and this could strongly in#uence binding and
release of metals from EPS. While the pH of bulk seawater is generally between 8.0
and 8.2, it may vary considerably within the localized microenvironments of a bio"lm
due to the photosynthetic and respiratory activities of microorganisms. In general,
a lower pH (i.e., acidic conditions) will result in a release of ions from a bound state,
while higher pHs (i.e., basic conditions) tend to favor their chelation. It follows that
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within the surface sediments of an intertidal mud#at, for example, the strength of
metal chelation to polymers may vary over a diel cycle in response to net peaks in
photosynthesis (during daylight) and respiration (during darkness). Salinity changes
also could a!ect the binding capacities of metals such as Cd. Schlekat et al. (1998)
isolated an estuarine bacterium which produced EPS and exhibited a very strong Cd
chelation capacity. They found that across a wide range of salinity (e.g., 3}30 ppt) and
pH conditions (pH 5.0}9.0), over 90% of Cd (0.038 mg/L) remained bound by EPS. At
higher Cd concentrations (50 mg/L), however, a signi"cant salinity e!ect was ob-
served, with some release of Cd from EPS at higher salinities. They attributed this to
the association of Cd with secondary ligands having weaker a$nities for the ion. The
results of the study suggest that the binding (and release) of certain metal ions from
microbial bio"lms may occur with regular periodicities, i.e., over tidal or light}dark
cycles.

The binding capacity of a given EPS polymer may be further in#uenced by its
physical state (i.e., gel vs slime vs. dissolved state) when it binds the ion(s). For
example, EPS polymers, when in a gel state, may exhibit stronger binding a$nities for
a given cation than similar polymers in a looser slime state. This would relate to the
ability of the former to more readily form stronger multidentate complexes with ions
(Geesey and Jang, 1989). Caution must be exercised in extrapolating the results of
sorption experiments, conducted using polymers isolated from laboratory cultures of
bacteria, since EPS polymers may be partially degraded soon after their secretion in
natural environments.

Another potential factor which may in#uence metal chelation is an indirect
one, involving the post-secretive alteration of EPS polymers by UV irradiation.
Laboratory studies show that there is an enhancement of available carboxyls on EPS
and other organic molecules after exposure to UV-irradiation (Kieber et al., 1990).
This may occur due to splitting of glucose rings by UV wavelength photons. An
increase in carboxyl groups following UV exposure may increase its potential to bind
metal ions. This will potentially increase its stabilizing e!ect on sediment resuspen-
sion.

5.6. Trophic transfer of metal contaminants to food webs

In examining the factors a!ecting the bioavailability of metal ions to consumer
animals, organic carbon has represented a confounding factor; one which may
enhance or reduce bioavailability (see, for review, Tessier and Campbell, 1987; Tessier
and Turner, 1995). This has been largely because the operational term `organic
carbona represents many forms of carbon molecules which have very di!erent chem-
ical and compositional properties, and range in digestibility to consumer animals
from refractory to labile.

The trophic implications of bio"lms and their EPS are signi"cant to intertidal
ecosystems, and potentially complex. It is now known that the association of metal
contaminants with EPS may signi"cantly enhance the bioavailability of the metals in
marine systems (Schlekat et al., 1998, 1999, 2000; and others). However, EPS occurs in
a range of physical states (capsules, gels, loose slime, DOC) and chemical compositions;
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all of which may in#uence its complexation capacities of metals, and digestibilities by
consumer animals through feeding processes.

As a form of potentially labile carbon, the EPS of bio"lms constitutes an e$cient
trophic transfer vehicle to food webs (Decho, 1990). Earlier studies found that EPS,
speci"cally its carbon, isolated from laboratory cultures of bacteria and diatoms, had
varying degrees of digestibility by consumer animals. Decho and Lopez (1993) found
that capsular EPS appeared more refractory to the deposit- and suspension-feeding
polychaete Streblospio benedicti. They postulated that the higher content of protein in
capsular EPS, compared with loose slime EPS, contributed to its denser gel structure,
and greater refractivity to digestion by the consumer.

Several patterns are emerging, all of which, however, must be tested more rigorous-
ly before "rm generalization can be made: (1) Although the toxicity and bioavailability
of many metals have been traditionally related to aqueous-phase concentrations, it is
now known that particulate forms of metals may represent a signi"cant route of
uptake for consumers (sensu Luoma et al., 1992). (2) Bacteria cells enclosed in capsules
are generally less digestible than cells having not obvious capsules (Plante and
Shriver, 1998). (3) Certain compositional types of EPS appear less digestible than
others (Decho and Lopez, 1993). (4) Certain metals, such as Cd, may exhibit #uctuat-
ing bioavailabilities, depending on the ambient salinity. (5) Microenvironments within
bio"lms, may result in signi"cant pH variations, which may in turn a!ect the binding
and release of metals from particles. (6) EPS}metal associations may exhibit `recipro-
cal ewectsa on the bioavailability and trophic transfer of metals and carbon. That is,
EPS which is a labile carbon food source, may enhance the bioavailability of metals.
However, high metal concentrations associated with the EPS may decrease the
bioavailability of the EPS carbon. The use of radioisotopes has greatly increased the
sensitivity of measuring bioavailability and the uptake of metal ions in marine
systems.

5.7. Plankton blooms

In water-column environments of estuaries and other intertidal systems, temporary
blooms of photosynthetic diatoms, cyanobacteria and #agellates often occur in
response to nutrient inputs. The carbon-rich organics (i.e., mainly cells and EPS)
resulting from this overproduction may be deposited on intertidal sand#ats and
mud#ats. This may result in quickly developing hypoxia, or anoxia conditions, once
heterotrophic degradation of this material commences. When the mucilage is more
resistant to degradation, it may result in expansive #oating mats which have been
periodically observed in the northern Adriatic Sea (Stachowitsch et al., 1990; Muller-
Niklas et al., 1994; Herndl, 1988), and seafoam which typically washes ashore on
intertidal sand beaches of the North Sea (Lancelot and Mathot, 1987). The adverse
e!ects of blooms may be further complicated when the major bloom microorganism(s)
produce and/or release toxins which adversely a!ect other organisms and/or human.
These have been the subject of much study in recent years.

A characteristic of many blooms is the later-stage release of abundant extracellular
mucilage, which are typically rich in polysaccharides (Alldredge et al., 1993; Passow
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et al., 1994; Lavoie et al., 1995). The overproduction of extracellular polysaccharides
has been generally attributed to a secondary metabolite response of cells to the
unbalanced nature of the ambient nutrient conditions (Myklestad, 1995). This results
from a continued abundance of C (i.e., as carbonate), while concurrent limitations in
other nutrients (N, Si or P) develop. Such responses can be easily reproduced in
laboratory cultures of microorganisms (Myklestad, 1995). However, some adaptive
features of this have been proposed. The aggregation of cells and EPS, often leads to
#occulation to the sediment surface (Passow et al., 1994), although prolonged suspen-
sion of #ocs may also occur (Passow and Alldredge, 1994).

6. Summary

The microbial bio"lm matrix e!ects a number of changes on the physical and
biological properties of intertidal sediment environments. These range from the
macro-scale stabilization of sediments to the micro-scale stabilization of microbial
microenvironments. While the bio"lm is a common microbial adaptation in intertidal
systems, the complexity of bio"lms and their resulting e!ects on sediment systems are
not well understood. New imaging and analytical approaches have provided impor-
tant insight into their functioning, resiliency and the resulting e!ects on intertidal
processes. The microbial bio"lm represents an important parameter for consideration
during the experimental investigation, and the interpretation of biological, chemical,
and sedimentological data in intertidal systems.
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