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Marine sediment in coastal zones is a habitat for various seaweeds, microalgae, invertebrates, and microorganisms. It is characterized by high biomass and diversity, and high rates of turnover of elements such as carbon, nitrogen and sulfur. One of the factors leading to this extensive biological activity is bioturbation, the process whereby benthic animals form local heterogeneous physical structures and topographic features. In this
review, the basis of bioturbation and element cycles in marine sediment, and the relationship of bioturbation with
microbial activity will be described.
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What is bioturbation?
The surface of the earth is shaped by geographical, meteorological and biological factors. The positions of mountains, continents and oceans primarily depend on the movements of plates on the planet, whereas on a smaller scale,
the earth’s surface is more influenced by meteorological
events such as rain, snow, and wind. Living organisms also
play major roles, but on still much smaller scales. Virtually
all plants on land have roots that inevitably form a specific
construction in the soil. We can easily find holes made by
ants, earthworms, moles and so on everywhere. A similar
situation is found on shore lines or in marine sediment. The
movement of water makes ripples on a soft bottom. The bottom’s surface is constantly being covered with sinking materials. This process is primarily influenced by the movement of water, physicochemical factors and also biological
factors in the upper water column. Some animals like crabs,
shells, and polychaetes make tubes in the sediment.
Bioturbation is the process whereby the local physical
* Corresponding author; E-mail: kogure@ori.u-tokyo.ac.jp, Tel:
81–3–5351–6485, Fax: 81–3–5351–6482

structures or topographic features of soil or sediment are
modified by biological activities. In the strict sense, a biological process that stabilizes a structure is not regarded as
bioturbation. For instance, some benthic organisms make
firm tube structures that make sediment stable. However, in
this review, such processes are considered as bioturbation,
because these constructions alter biological processes and
material cycles, which are our major interest in this review.
Here, we would like to focus on the bioturbation of marine
benthic organisms, with special emphasis on their impact on
bacterial activities.
The word, “Bioturbation” was first used by Richter66).
However, the first conceptual work might be the one by C.
Darwin in the 19th century8). Darwin14,15) observed the behavior of earthworms and found that they make tubes in the
soil, ingest soil material and discard fecal material around
the holes they produce. In this way, worms cultivate the
soil. His work not only clarified the significance of earthworms in terrestrial environments but also stimulated subsequent works on invertebrates in the sea (e.g., ref. 16).
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may alter the community structure of benthic organisms73).
Suspension feeders such as spoon worms and mud
shrimps draw water into their burrows and ingest the particulate matter present in it21). Their burrows are generally rigid because cementing materials excreted by the animal
harden the wall inside. These structures offer a stable habitat for some smaller organisms, thereby leading to an increase in diversity in environments24,32).
The morphology of burrows is of interest55,69). In general,
larger benthic organisms burrow deeper into the sediment
and contribute more to the mixing of materials. However,
smaller organisms can also contribute considerably when
their density is high. For instance, the density of a small
polychaete, Capitella sp. I can reach up to one million/m2 77).
Smaller benthic organisms also have more adaptability to
environmental variability. Therefore, they can be pioneers
in open habitats, where larger animals may settle later.
These pioneers may serve as prey for the larger organisms
or may make the environment more oxic65).

Bioturbation in aquatic sediment
In coastal aquatic environments, sediment is being constantly disturbed by the activities of animals. For instance,
deposit-feeding clams move into sediment76). The depth to
which they dig varies with the species and environment. Sea
cucumbers ingest sand and leave the feces as surface
deposit53). Hermit crabs move on sand and leave traces. Another example is birds. When they feed on small animals on
or in sediment, they leave holes.
Once the surface sediment is altered, environmental
changes and subsequent biological processes occur. For instance, rays, dugongs and whales exploit sediment and
leave meter-scale holes64,81). Marine snow or large particulate matter tends to accumulate in such holes, where meiobenthos may then gather. Therefore, the activity of organisms
results in the formation of structurally and biologically different environments which may distribute unevenly68). In
general, such alterations of the environment cause changes
to the biological processes of smaller organisms. Thus a
change made by one benthic organism may elicit continuous changes by other types of organisms11).
Table 1 shows the characterization of habitats, some fauna and typical feeding modes of benthic organisms in shelf
environments. Except for benthic algae, all animals are dependent on the food present in the upper water column or
sedimented materials on the bottom. Suspension feeders and
deposit feeders ingest these materials, respectively. Benthic
organisms often make tubes, burrows, or holes in the sediment. Such structures vary depending on the feeding habitats of benthic organisms. For instance, deposit feeders tend
to make deep holes that result in a vertical mixture of sediments. Polychaetes and ghost shrimps discard sediment materials to the surface around the hole, resulting in the formation of mounds. Irregular erosion or sedimentation
processes may proceed in such an area. Therefore, the
change in the surface structure or size of sediment particles

Table 1.

Geochemical cycles in marine sediments
Figure 1 represents general chemical characteristics of
marine sediments in coastal areas. Without disturbances,
three zones, i.e., an oxidized zone, a redox potential discontinuity (RPD) zone and an anoxic zone, tend to develop.
Bioturbation may break this zonation and/or enhance the
exchange of water and materials through these zones. Accompanying this exchange, the chemical conditions in the
sediment are altered. Reduced compounds or ions that accumulate in the anoxic zone are transported upward with the
interstital water. Ammonium ion (NH4), phosphate ion
(PO43), ferrous ion (Fe2), manganese ion, and sulfide ion
(SH) are good examples2,4,22,29,35,36,43). Conversely, chemical
elements such as oxygen and oxidized compounds including nitrate ion (NO3), ferric ion (Fe3) and sulfate ion
(SO42)
are
transported
downward
into
the

Typical fauna, sediment type and feeding mode of benthic organisms in shelf environments

Typical fauna

Sediment type

Feeding mode

Group I

Barnacles—juvenile Tube-dwelling
amphipod Clams

Muddy gravel

Surface and subsurface deposit feeding

Group II

Tube-dwelling polychaete

Mud with high water and organic content

Surface and subsurface deposit feeding

Group III

Barnacles—Juvenile and adult
Tube-dwelling amphipods

Sand and gravel

Suspension feeding

Group IV

Sand dollar

Sand

Suspension feeding

(Modification of ref 51, Table 13.1)
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sediment3,4,22,34,42,43,48).
These exchanges enhance or suppress the functions of
certain bacterial groups. Among various chemicals and elements, oxygen plays by far the most important role in controling microbial processes and also element cycles, mainly
because it serves as the electron acceptor in the aerobic respiratory chain. The concentration of oxygen affects the relative contribution of aerobic and anaerobic bacteria. Among
anaerobes, methanogens and sulfate reducing bacteria are
widely distributed in anoxic zones and contribute to the carbon and sulfur cycles. Because methanogens are quite sensitive to oxygen, the introduction of oxygen excludes those
groups. Sulfate reducers that are involved in reducing sulfate to sulfide, are less sensitive to oxygen. Therefore it is
common for methanogens to be distributed just beneath the
sulfate reducing bacteria in sediment. The transport of oxic
seawater from the upper water column into the sediment
suppresses production of sulfide, which is toxic to most living organisms. In the presence of oxygen, reduced sulfur
compounds or sulfur itself can be used as an electron donor
by sulfur-oxidizing bacteria. Close coupling of the reduction and oxidation of sulfur occurrs on a minute scale. Thus
oxygen concentrations affect the sulfur cycle in the sediment. Matsui et al.49) have investigated how the tubes constructed by a polychaete, Diopatra cuprea, affect microbial
community structures, especially sulfate-reducing bacteria.
By applying culture-independent molecular techniques to
both sandy and muddy sediments, they clarified that the
community structures were strongly influenced by the characteristics of the sediment and by the tubes constructed by
the worm.
The nitrogen cycle is also dependent on the oxygen con-

Fig. 1.
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centration. Under oxic conditions, ammonium ion or nitrite
is utilized by nitrifying bacteria as electron donor or energy
source, and eventually oxidized to nitrate. Nitrifying bacteria are distributed throughout the water column and also in
the upper layer of sediment. Under anoxic conditions, nitrate, in turn, is utilized as an electron acceptor by denitrifying bacteria. The final product of this process is nitrogen
gas, which is released into the atmosphere. As in the sulfur
cycle, the oxidation and reduction of nitrogen compounds
may be closely coupled in RPD zone in sediment1,41) (Fig.
1). By applying computer axial tomodensitometry (CATscan) to intertidal benthic communities, Mermillord-Blondin et al.51) determined on a scale of millimeter the heterogeneous distribution of biogenic structures and sediment characteristics. One small grain or tiny particle of sediment can
be the site for such a heterogeneous distribution of biogeochemical processes, because such a gradient can be
formed in one particle. Dollhopf et al.19) recently reported
that in salt marsh sediment, nitrification and denitrification
potential rates were strongly correlated with one another,
and coupled nitrification-denitrification was stimulated by
macrofaunal burrowing activity. They further proposed that
the burrowing and high concentrations of ferric ion (Fe3)
stimulate nitrification, and thus increase nitrogen removal
through coupled nitrification-denitrification in salt marshes.
In addition to these “classical” cycles, several new pathways have been discovered for methane and ammonium
oxidation in the last decade. Those discoveries will be
described briefly here because both have ecological
implications in marine sediment.
Methane had been regarded to be oxidized by methanotrophs, which are obligate aerobes. This group possesses

Physicochemical characteristics and element cycle in and above marine sediment. (redrawn from ref. 56)
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methane monooxygenase which converts methane to methanol by introducing oxygen. However, a pathway discovered
recently is the anaerobic oxidation of methane (AOM)6).
During AOM, methane is oxidized with the concurrent reduction of sulfate as follows:
CH4SO42HCO3HSH2O
AOM proceeds in a consortium composed of sulfate-reducing bacteria and archaea called anaerobic methanotrophs
(ANME), which are closely related to methanogenic archaea of the order Methanosarcinales. The mechanism of
AOM is still not clarified, but it is hypothesized that it proceeds via a reversal of methane formation using the same or
similar enzymes54). Since sulfate is the electron acceptor,
AOM is limited to zones where both sulfate and methane
are available. Although the contribution of AOM to global
methane cycles still needs to be elucidated, a recent study at
Hydrate Ridges, Pacific Ocean indicates that 50–100% of
methane transported to the surface as dissolved gas may be
consumed by this process.
Another example of a pathway discovered recently is the
anaerobic oxidation of ammonium. Ammonium oxidation
or nitrification has been regarded as follows:
NH3O22H2eNH2OHH2O
This step is accomplished in the presence of oxygen by
the enzyme, ammonia monooxygenase, in nitrifying chemolithotrophic bacteria. Also new is the anaerobic ammonium
oxidation (anammox) to nitrogen gas as follows:
NO2NH4N22H2O
A stoichiometric analysis using isotopically labeled nitrogen compounds indicated that NO2, not NO32 is used as a
direct oxidant of ammonium ion12). This was found first in
waste water treatment facilities71), and then in the Black
Sea44) and various marine environments including the water
column13,44). The bacteria responsible for this reaction have
yet to be isolated, but are affiliated with the order Planctomycetales. As nitrite is usually produced by the reduction of
nitrate, these bacterial groups may be present in the RPD
zone. It has been estimated that anammox makes a substantial contribution to nitrogen loss in marine environments.
It is also worth noting that the “common” notion of electron donor and acceptor couples has been drastically altered
by recent studies on bacteria-metal interactions46,78). For instance, manganese, uranium, chromium, technetium, cobalt,
selenium and arsenic can serve as electron acceptors for microbes. Although these relatively newly discovered processes are present in both coastal and deep-sea sediment, there

has been so far little attempt to directly address the influence of marine benthic organisms on either process.

Influence of bioturbation on the sediment
As was discussed above, benthic organisms may modify
environmental conditions at the bottom or in sediment in the
sea. Then how do such modifications affect physical and
chemical conditions and microbial processes?
The consequences of deposit feeding and suspension
feeding are primarily reflected in particle size and sediment
structures. The deposit feeders, such as clams and sea cucumbers ingest sedimented materials and release finer particles as fecal materials. These materials create a very loose
unstable layer in the top few centimeters of the sediment
and are easily resuspended with the movement of water. In
coastal environments, the resuspension and redeposition of
sedimented materials are quite often observed5). Therefore,
environments dominated by deposit feeders tend to be unstable. For most suspension feeders, this environment is difficult to invade or settle because resuspended fine particles
clog their filtering structures. For bacteria, finer particles
offer large surfaces for attachment and subsequent
decomposition75). In general, as particle size decreases, the
organic content of the sediment and bacterial numbers
increase17).
Suspension feeders, on the other hand, are generally
known as “sediment stabilizers”. This group of organisms
including some polychaetes and anemones, often make rigid
tubes which stabilize the sediment, especially when tube
builders attain a high density. The inner surface of the tubes
can be stable substrata suitable for meiobenthos and bacterial cells65).
The bioturbation enhances the exchange of water between the upper water column and sediment. This generally
leads to an expansion of the oxic zone in the
sediment22,25,31,70,74). However, if a highly reduced anoxic
zone has developed, the surface oxic layer may become
thinner35). When such sediment is ingested by benthic organisms, the inside of their feces may remain in a reduced
state even after egestion into oxic sediment. This heterogeneous condition leads to a diversification of microorganisms in the environment33).
The number of microorganisms in detrital material generally decreases when such matter is ingested by benthic
organisms28). However, the number increases in some cases
because of a high organic concentration in the gut60,61).
These changes in number are accompanied by changes in
community structure18,20). Plante and Mayer62) measured the
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bacteriolytic rates of digestive fluids of a polychaete, Arenicola marina, by turbidimetric assay and found seasonal
variations. It is assumed that the relative sensitivity to digestive enzymes in the gut may be an important factor controlling microbial community structures in sediment50,62).

Structure of burrows and microbial activity
Some benthic organisms, such as polychaete or crustacean, build tubes or burrows which are stable due to cementing materials excreted by the organisms37,63). These
tubes stabilize the upper part of the sediment structure. For
the quantitative estimation of the microbial activities in or
on the surface of these tubes, those formed by relatively
large organisms are suitable because it is easier to treat samples without destroying the structure. Here, we summarize
some of the recent progress in microbial research in such an
environment.

A) Accumulation of bacterial cells in the burrow and
enhancement of aerobic metabolism
The actions of benthic animals draw the water from the
upper water column into their burrows. Suspended materials
such as particulate matter or plant debris in the water are
transported simultaneously. Some of them became embedded into the inner surface of the burrow4,7,72). At sites where
the concentration of accumulated organic matter is high,
bacterial activity and growth are stimulated. The bacterial
cells thus produced are ingested by benthic organisms. This
phenomenon is called “gardening”, meaning that the animal
“cultivates” bacteria as a source of food30). This is analogous to the “cultivation” of fungi by some groups of ants9).
Although this intriguing hypothesis is quite interesting, its
experimental confirmation is not easy, as quantitative proof
that the ingested bacteria contribute to the additional growth
of the benthic organisms is required28,60).
The organic waste or mucus egested by the animal may
be entrapped in the inner surface of the burrow. Such materials also serve as a source of organic nutrients for bacterial
cells and stimulate their growth65). As long as oxic conditions are maintained at the inner surface of the burrow, aerobic metabolic processes may continue. Under these conditions, sharp gradients of oxygen and redox potential as
shown in Fig. 1, are usually formed just below the surface.
In these gradients, bacterial groups conducting oxidation
(nitrification) and reduction (denitrification) of nitrogen are
both present and each reaction may proceed simultaneously.
Similarly, both the reduction of sulfate and oxidation of sulfur occur in this gradient. The analysis of this environment
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is important for understanding geochemical cycle of
elements39,63).

B) Respiratory activity in the burrow system
Several methods of measuring the metabolic activity of
whole microorganisms in sediment are available. The oxygen consumption rate is most widely used. However, the
two most popular methods, i.e., Winkler titration82) and oxygen electrode methods pose problems. Winkler titration is
suitable for water samples, but not for samples of sediment
or mud26). Although the materials can be suspended in ambient water and analyzed, environmental conditions may be
affected by this treatment. The electrode makes it possible
to show in fine detail the distribution of oxygen in space,
however, the continuous monitoring of oxygen does not always provide reliable data because of instrumental drift
with time (e.g., ref. 23).
Another approach is to measure the electron transport
system activity (ETSA) of living organisms58). A chemical
whose optical or chemical characteristics change after reduction is added to the sample. After incubation, the chemical is extracted and quantified by a suitable method. For instance, tetrazolium compounds, such as 2-(p-iodophenyl)-3(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT)58) and
5-cyano-2,3-ditolyl) tetrazolium chloride (CTC)67), are
converted to insoluble chromogenic or fluorogenic compounds (formazan) after reduction by the respiratory chain
in bacteria or mitochondria. These chemical reactions are
generally quite sensitive and need only a small amount of
water, sediment or biological sample10,27,47,57,59,80). Assuming
that ETSA limits the rate of aerobic respiration, the quantity
of formazan can be converted to oxygen reduction or oxygen consumption rates58). If oxygen consumption is stoichiometrically balanced with CO2 production, this also provides
a rough estimation of the degradation of organic compounds
in the environment.
Recently, Kinoshita et al.38) have applied the ETSA technique to microbial communities in the burrow formed by a
mud shrimp, Upogebia major in estuarine ecosystems. The
density of Upogebia major can reach as high as 100/m2 and
burrows can extend 2 meters below the surface. The concentration of organic compounds was significantly higher in
the burrows than in the sediment around the burrow (Fig. 2).
A high concentration of chlorophyll a (Chl a) on the inner
surface of the burrow indicates that detrital materials are
continuously transferred into the burrow and cemented
there. It seems reasonable to assume that the movement of
the animal and water lead to the establishment of such a
characteristic environment. When a horizontal column of
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Fig. 2. Depth profile of bacterial number, electron transport system
activity (ETSA) and chlorophyll a concentration in a subcore of
burrow wall (A) and tidal flat surface (B). (redrawn from ref. 37)

sediment in the burrow was obtained and analyzed, the
ETSA was highest on the inner surface of the burrow and
decreased with distance from the surface. The activity, however, was not proportional to bacterial biomass. The maximum number was found in the subsurface sediment (5–10
mm in depth), not in the top surface layer (0–5 mm)38) (Fig.
2). There may be several possible explanations for this difference. First, anaerobic bacteria and anaerobic processes
were more dominant in the subsurface sediment, than at the
surface. Second, the bacteria at the surface maintain much
higher levels of metabolic activities than the bacteria in the
subsurface sediment. Third, not only bacteria but also other
microorganisms such as meiobenthos or protozoa contributed to the respiration or ETSA at the surface. Fourth, the bacterial cells at the surface were constantly ingested by predators, whereas such an effect is much smaller in the
subsurface sediment. These explanations, however, still
need confirmation. More elaborate studies in combination
with the careful separation of each microbial component
may help to clarify the biological processes inside of the
burrow.
Another approach to quantifying and visualizing the ac-
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tivity of benthic organisms and microbes was developed recently. Since formazan has a distinctive color, a specific site
of strong ETSA can be visualized if an appropriate device is
constructed. Wu et al.83) prepared a microcosm system with
sediment and Capitella sp. I, which is a small polychaete
widely distributed in sediment with a high organic load,
such as coastal polluted areas or aquaculture sites77). These
worms are deposit feeders and make U-shape burrows of
approximately 1–2 mm in diameter. Their fecal materials
are accumulated around the mouth of the burrow. Because
the burrow structures are rather fragile and small, it is difficult to take the same approach used for Upogebia major by
Kinoshita et al.38). Wu et al.83) directly added a tetrazolium
compound into the microcosm and incubated the system.
Formazan was quantified after 7 days of incubation, and the
sites that accumulate the most formazan were observed visually. They found that the accumulation was quite prominent in the burrow and fecal materials of Capitella sp. I. Microscopic observation clarified that formazan was deposited
heavily around bacterial cells, indicating that bacteria were
mostly responsible for the ETSA and oxygen consumption.
Although the inside of the burrow generally retained high
levels of activity, there seemed be some local spots of weak
activity as well. This strongly indicates that macro- and
micro-organisms and their activities are not homogeneously distributed in terms of space and time. This approach
makes it possible to observe the behavior of individual
benthic organisms and simultaneously measure their impact
on the respiratory activity of microorganisms in the system.

Future direction of research on bioturbation
The first extensive and quantitative scientific work on
marine organisms was conducted on sublittoral benthic fauna at the beginning of the 12th century by a Danish biologist, C.G.J. Petersen. Since then, various studies on the taxonomy, physiology, reproductive mechanisms, ecology and
behavior of benthic organisms have been conducted. Recent
progress in molecular technology has also revealed phylogenetic relationships among macro benthic organisms sharing a similar body structure or similar taxonomical
characters40). Even among organisms of the same species,
the presence of geographic and phylogenetic variations has
been reported40). Thus new molecular techniques should expand our knowledge of their evolution and also functional
diversities. In the near future, we may be able to show how
marine organisms with slightly different functions distribute
closely and heterogeneously in marine environments.
We still have very limited information on the interaction
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of individual organisms with their environment and with
other organisms. For instance, most biologists are mainly
interested in the behavior of organisms from an ethological
point of view. Research into interactions with other organisms has been left mainly because of methodological difficulties and also a lack of corporative studies among scientists of different scientific backgrounds. For this reason, the
biogeochemical implications of burrows or tubes made by
benthic organisms have drawn little attention among marine
chemists and marine microbiologists. Virtually any abiotic
or biological structure formed as a result of biological activity should offer suitable conditions for particular living organisms. Interdisciplinary works among scientists of different fields with modern techniques and new approaches will
lead to the discovery of new aspects of interactions among
organisms and their significance in geochemical cycles.
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