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Article Paul V.R. Snelgrove et al.

The Importance of Marine Sediment
Biodiversity in Ecosystem Processes

Sedimentary habitats cover most of the ocean bottom and
therefore constitute the largest single ecosystem on earth
in spatial coverage. Although only a small fraction of the
micro-, meio- and macroscopic benthic organisms that
reside in and on sediments have been described and few
estimates of total species numbers and biogeographic
pattern have been attempted, there is sufficient information
on a few species to suggest that sedimentary organisms
significantly impact major ecological processes. Benthic
organisms contribute to regulation of carbon, nitrogen, and
sulfur cycling, water column processes, pollutant distri-
bution and fate, secondary production, and transport and
stability of sediments. Linkages between groups of or-
ganisms and the level of functional redundancy is poorly
known, however, there is probably substantial redundancy
within groups. There is little evidence that biodiversity per
se is necessary for benthic systems to contribute to
ecosystem services, but because linkages are so poorly
known and predictive knowledge confined to a few species,
it is not presently possible to predict exactly how species
loss will impact these services and ecosystem health.
Thus, a precautionary approach of “assume the worst” is
advised, and every effort should be made to curtail the
species and genetic diversity loss resulting from fishing,
pollution, habitat destruction, introduction of non-native
(exotic) species, and global warming. Concurrently,
scientists must take advantage of exciting, rapidly evolving
technology and a rejuvenated interest in biodiversity to
provide more concrete and thorough information on
benthos and ecosystem processes.

INTRODUCTION

Oceans cover 70% of the Earth, and most ocean bottom is cov-
ered in sediments ranging from gravel to fine muds; this makes
it the largest habitat on our planet in areal coverage. Some
sediments are uniform in grain size, some are mixed, some are
biological in origin and others are geological. Much of this habi-
tat (~ 83%) is greater than 1000 m depth (1), so most marine
sediments are located in a cold, lightless, high pressure habitat
where food is supplied from distant surface waters. Surprisingly,
the benthic (bottom) organisms that reside within marine
sediments are extremely diverse. For example, of the known 29
nonsymbiont animal phyla, all but one occurs in marine habi-
tats and 13 are solely marine (2). There are some 10’ species
described from marine sediments and perhaps 10° that remain
undescribed (Table 1). But is consideration of and inventoring
biodiversity little better than stamp collecting as was once sug-
gested by the physicist Ernest Rutherford? Among the many rea-
sons for considering living organisms differently from stamps
are their roles in maintaining the Earth’s life support system. In-
deed, a recent study suggested that oceans account for ~ 2/3 of
the value of global ecosystem services (29). They play a major
role in climate regulation, provide protein for human consump-
tion, and regulate global water, nutrient and carbon cycling. They
absorb and dilute pollutants, provide recreation and employment,
and bear ~ 2/3 of human populations on their shores. The pur-
pose of this review is to evaluate how organisms in marine
sediments impact the many processes in which oceans are so
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important. More specifically, we investigate the importance of
sedimentary biodiversity in these processes to evaluate whether
species loss will have a major impact on ecosystem health and
ecosystem services that oceans provide.

BIODIVERSITY IN MARINE SEDIMENTS

Efforts to evaluate biodiversity on a global scale pale in com-
parison to the effort that remains. This is largely a problem of
logistics. For metazoan taxa there are sampling techniques that
scientists agree are sufficiently quantitative (30), and the chal-
lenge is in finding resources to sample and process material rep-
resentative of the 3.6 x 10° km’ of ocean bottom. For the
phylogenetic domains bacteria, archaea, protozea, and fungi there
is an additional problem defining species. The reproductive bi-
ology of these groups does not allow application of a metazoan
species concept, and species must therefore be defined on ge-
netic, chemotaxonomic, physiological, and ecological criteria.
The task becomes even more daunting because this approach re-
quires culturing microorganisms, and only a small percentage
can presently be grown (31). Thus, our discussion of microbial
diversity is very preliminary.

There are few syntheses on patterns of global biodiversity, and
those that exist include only a subset of all species. Because ma-
rine scientists often specialize on one of the size groupings of
sedimentary organisms (macrofauna, meiofauna, microbes),
biodiversity tends to be treated accordingly. This division is not
strictly one of convenience and size because there are major dif-
ferences between groups. Global biodiversity estimates for any
given taxon are also very tenuous, and this is particularly true
for benthic marine organisms given the relatively small propor-
tion of habitat and organisms that has been sampled (8). None-
theless, we have estimated global numbers of described and
undescribed benthic species based on existing data (Table 1) for
individual phyla. Regional commmunity-level studies have ex-
trapolated species number to a global estimate for several groups.
Marine sediments may contain up to 10° nematode species (8)
and deep-sea macrofauna have been estimated at 10" species glo-
bally (1). Others argue that macrofaunal estimates of 500 000—
5 million (32) are more appropriate. Suggestions that the deep
sea is more diverse than shallow habitats (1) have been ques-
tioned, indicating that the North Atlantic study (1) may not be
globally representative (18, 33). Proposed latitudinal gradients
with high tropical and low polar diversity for deep-sea macro-
fauna (34) have also been debated (9).

Global syntheses of benthic species distributions and compo-
sition are generally limited to regional monographs (Table 1),
but we can draw generalizations that are common to all groups.
Species patterns correlate well with historical disturbance (e.g.
glaciation), sediment grain size, organic content, depth and tem-
perature. Global syntheses of species patterns in relation to these
factors could be extremely illuminating. Many benthic species,
from bacteria (35) to macrofauna (36), are considered cosmo-
politan in distribution, but increasing evidence suggests some
“species” may in fact be species complexes (36). The large pro-
portion of undescribed species (Table 1) and other taxonomy
problems (8) impede estimates of global diversity patterns; sci-
ence must use all available data and generate new data to im-
prove estimates. For example, changes in distribution and diver-
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Figure 1. Schematic simplification of
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sity over geological time could be studied in well-fossilized taxa,
e.g. ostracods (37), mollusks (23).

THE BIOLOGY OF SEDIMENTARY ORGANISMS

In terms of ecosystem services, the most important activities of
benthic organisms are direct and indirect effects of their efforts
to obtain food. Particularly for larger organisms, most activity
is in the top 1-2 cm of sediment where O, and organic matter
are most abundant, but some organisms oxygenate sediments to
greater depths and some nematodes, protozoa and bacteria oc-
cur in deeper, anoxic sediment.

Fungi and Bacteria

Fungi hydrolyze lignocellulose and chitin, both of which are
highly refractory. Bacteria decompose particulate organic car-
bon, which is composed largely of algal and fecal detritus. Hy-
drolytic bacteria begin the process and generate dissolved organic
carbon (DOC) (Fig. 2, ref. 38). In the presence of O,, NOj3, Mn*,
Fe™ or sulfate, DOC is oxidized to CO, with the production of
corresponding reduced inorganic molecules (H,0, N,, Mn®", Fe™*
and HS"). Alternatively, DOC may be fermented to CO, and
CH,. Of these bacteria, the sulfate-reducers are the best charac-
terized in marine sediments. It is presumed the denitrifying bac-
teria are normal aerobes, respiring NOj3 in an anaerobic environ-
ment. Ammonium, which is liberated with carbon oxidation in

—
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addition to the other reduced inorganic solutes (Mn®", Fe** and
HS"), may be oxidized by chemolithotrophic bacteria which are
also autotrophic. As little energy is gained from these oxidations,
there is limited biomass production. However, the oxidations
complete the geochemical cycles involving C, N, S, Fe and Mn
within sediments and regenerate the oxidants. Whereas the iden-
tity of the heterotrophs is largely unknown, the bacteria involved
in NH; and HS™ oxidations have been studied in detail, as have
the CH, oxidizers. The rates of most of these processes can be
measured, even though numbers and identities of the relevant
microorganisms are unknown.

Protozoa and Meiofauna

Feeding in protozoa (39) and meiofauna (40) is not well under-
stood, but both groups have representatives that feed on bacte-
ria, fungi, microalgae, and organic detritus. Nematodes and
copepods may be roughly divided into different feeding types
based on the mechanism and selectivity of how they remove or-
ganic particles from sediment grains, though there are pre-
datory species as well.

Macrofauna

Feeding in macrofauna is well-known for a few select species,
but for most we must infer feeding behavior from morphology.
Although other feeding modes exist, most macrofauna are sus-

pension or deposit feeders. Suspension

feeders remove particles passively from
Table 1. Biogeographical diversity of major groups of biota in marine sediments. Figures in overlying water via tentacles (e.g.
parentheses refer to references listed below. polychaetes)’ antennae (e'g. Crustaceans)
iv mping thro i .g.
Major groups Number of species Number of species Regional Global 0!‘ active pumping t ugh a 31phon (e g
(/1000) (/1000) biogeographical biogeographical bivalves) or tube (e.g. the polychaete
described estimated synthesis synthesis Chaetopterus). Deposit feeders obtain
- nutrition from organic particles associ-
Microbial
Euntgl ~ 0,8 ga) >1% 3 mone mone ated with sediments. Surface deposit
actena ~ Q. ? one one .
Ciliates ~ 1.0 (4) 87 (4) Community None feeders graze on surface sediments (e.g.
Flagellates ~1.0 (4) unknown Taxonomy None urchins), and some Species cache partl_
Forams >08 unknown Comm. + Tax. (5) None . .
M?\;ofauna y g cles at depth (e.g. sipunculids) (41). Sub-
ematodes 4.0 (6) 10° (7)-10° (8) Comm. + Tax. (9) ;

Copepods 25 (10) 5(10) st i1 surface. deposit feeders burrow beneath
MTurbfeIIanans ~05 3? Comm. + Tax. (12) None the sediment surface and can ingest and
acrorauna . . .

Polychaetes > 10 (13) 257 Tax. (14-16) None defecate sediment very rapidly (42)’ n

Crustaceans ~21(17) 500 (18) Tax. (19-20) None some cases subducting surface particles

Mollusks 50 (13) 200 (21) Tax. (21) (22; 23) its f th lychaete A P

Echinoderms 7.0 (13) (24; 25) None as pits form (e.g. the polychaete Areni-
Minor phyla . i

Echiura 0.1 (13) unknown (26) None cola) (43) Some\yhat sedentary species

Sipunculans 0.3 (13) unknown (26; 27) None (e.g. some maldanid polychaetes) which

Nemerteans 1.0(13) unknown (8) None feed at depth and defecate on the surface

. (3 " .

**Studies have been based on community structure ( Comm.) or on taxonomic considerations (Tax.) arc effectlye conveyer belts fOI' 'SCdl-

ment particles. There are also mixed-

strategy feeders that switch from suspen-
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sion to deposit feeding depending on water and food flux (e.g.
spionid polychaetes) (44). Macrofaunal tubes and burrows in-
crease the sediment surface area in contact with overlying wa-
ter and induce currents (45), thereby increasing solute exchange.

FUNCTIONAL ROLES IN ECOSYSTEMS

Production in the oceans begins with pelagic and benthic algae
that utilize sunlight and CO, to produce ~ 40-50% of global pri-
mary production (46). The amount of algal material sinking to
the bottom from surface waters is variable but substantial (47),
and combined with benthic algae in shallow-water ecosystems,
provides fuel for benthic systems. The focus on feeding above
is deliberate because feeding is critical in describing how benthos
impacts ecosystem functioning (Fig. 1).

Benthos impacts water column processes, and trophic trans-
fer: Plant material and feces may either settle to the sediment
or may be removed from the water column by suspension feed-
ers. In some areas, suspension feeders significantly impact wa-
ter clarity (48), and this is one ecosystem service provided by
sedimentary fauna. Deposited material may be directly ingested
by deposit feeders or may become part of the particulate organic
matter (POM) pool that is eventually ingested by macrofauna,
meiofauna or protozoans. Much of this POM may be acted upon
by bacteria and/or fungi, particularly if it is initially too refrac-
tory for larger organisms to metabolize. Some material will be
partially decomposed by bacteria and fungi to enter the dissolved
organic matter (DOM) pool, where other bacteria utilize it. Some
protozoa and meiofauna also utilize DOM (49). The decompo-
sition of DOM and POM by bacteria and fungi releases nutri-
ents, which are supplemented by meio- and macrofaunal excre-
tion. If POM is buried before organisms decompose it, then POM
is lost from the system and the potential for fossil fuel forma-
tion begins. Synthesis of cell walls and sorption of dissolved or-
ganic carbon to silt particles may create nondegradable products
(50) that may be buried and thus lost from the ecosystem.

Benthos impacts global carbon, nitrogen and sulfur cycles,
because these cycles are intimately linked to the various chemi-
cal transformations described in the previous section on feed-
ing. These cycles are also greatly influenced by transport of sol-
utes and particles (discussed earlier), and macrofaunal organisms
are extremely important sediment irrigators; O, penetration regu-
lates the cycles described below, and macrofaunal burrows,
tubes, and reworking all regulate oxygen penetration (51).

Different groups have roles of different magnitude and func-
tion in global carbon cycles. Protozoa and meiofauna have a
modest impact on decomposition and carbon cycling, at least in
coastal systems (49). It has also been argued that macrofauna
have little impact on carbon cycling (52), but microbial break-
down is undoubtedly of major importance. Given the proportion
of global production that occurs in oceans and the area of ocean
bottom covered by sediments, benthos must impact carbon cy-
cling. Global warming depends on atmospheric CO,; whether
organic matter is recycled as CO, or permanently buried in ocean
sediments depends on the interplay between microbial break-
down, sedimentation, and deposit feeders mixing/burying parti-
cles vertically within sediment.

Nitrogen cycling is also closely linked to benthos. Decompo-
sition and excretion produce ammonia and nitrate that diffuse
out of sediments. Both of these nutrients may be utilized by pri-
mary producers to begin the cycle anew. Bacterial denitrification
within the sediments converts these products to dissolved nitro-
gen gas, which is unavailable for primary producers other than
nitrogen-fixing cyanobacteria. The rates at which these reactions
occur is sensitive to O, which in turn is impacted by macrofaunal
bioturbation (52). Thus, there is evidence that microbes and
macrofauna play key roles in nitrogen cycling and therefore in
oceanic and global productivity.

Benthos is also important in sulfur cycling. Sulfate reduction
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and sulfide oxidation are the two main routes by which sulfur
compounds are metabolized in sediments, and bacteria are key
players in this process. It has been inferred from the fossil record
that benthic organisms have a major effect on sulfur storage in
sediments (53), presumably by regulating O, and labile carbon
penetration. Globally, sulfur is rarely limiting, but it is impor-
tant in global carbon cycling and cell processes.

Benthos impacts pollutant metabolism, burial and transport.
Oceans have some capacity to absorb pollutants by diluting and/
or metabolizing them to non-toxic forms, and sedimentary or-
ganisms impact this capacity. Some microbes metabolize cer-
tain pollutants (54) and thus remove them from the system.
Macrofauna can metabolize or concentrate some pollutants, thus
reducing concentrations in the water column and sediments but
potentially transferring them up the food chain. Macrofauna also
impact pollutants through mixing. Some species accelerate re-
moval of material from surface sediments if they feed at the sur-
face and defecate at depth. Alternatively, feeding at depth and
surface defecation may impede burial. Diversity of feeding
modes and impact on sediment movement has been reviewed
elsewhere (43).

A variant on the pollutant theme is the role that coastal tran-
sitional systems such as salt marshes, mangroves and seagrasses
play. These habitats are a key transition from terrestrial to ma-
rine habitats (Fig. 1, Table 1 in ref. 38) and can be important as
juvenile habitat for important secondary production described
below. But these systems also act as filters for sedimentation,
pollutants and elevated nutrients associated with coastal runoff
(55). Transitional zones trap sediments and associated pollutants,
and they also have a greater capacity to absorb nutrients than
coastal oceans because the zones are nutrient-rich themselves.
Sedimentation impacts coastal ecology, circulation and geology
(e.g. beach erosion,) and elevated nutrients in coastal oceans may
lead to algal blooms and associated hypoxia, changes in benthic
community makeup, and thus ecosystem service. Thus, removal
of these transition zones is likely to accelerate coastal
eutrophication and ecosystem health. These zones also reduce
coastal erosion.

Benthos impacts sediment stability and transport, which has
been reviewed elsewhere (56) and will be described only briefly
here. Tubes of animals (e.g. ampeliscid amphipods) and mucous
(e.g. motile gastropods) bind particles and stabilize sediments
(57). Thus, destabilizing effects of bioturbation (56), stabilizing
effects of mucous binding (57), and variable effects of biologi-
cal sediment redistribution and alteration of bottom roughness,
all influence sediment erosion. From a human perspective, sedi-
ment mobility is particularly important to coastal geology, e.g.
shoreline erosion, deposition, and fate of pollutants.

Benthos provides food for human consumption. Some sedi-
mentary fauna themselves are commercially important (e.g. scal-
lops, lobster) and others are food for adults (58) and juveniles
(59) of demersal (near-bottom) species (flatfish, cod) that are an
important part of the commercial fisheries of the world. Thus,
even lowly polychaete worms are a key part of the marine food
chain that ends on kitchen tables around the world.

LINKAGES BETWEEN SIZE GROUPS

None of the processes described above operates completely in-
dependently between macro-, meio- and microorganisms (Fig.
1). Bacteria are a major food source for protozoans (4) and meio-
(49) and macrofauna (56) feed on bacteria. Macrofauna may prey
on meiofauna, and meiofauna can prey on juvenile macrofauna
(60). Bacterial grazing by protozoa, meiofauna and macrofauna
can increase or decrease bacterial activity (49) and thus
remineralization of organic matter (61). There is little evidence
that protozoa are a key food source for larger organisms, except
in systems such as seagrasses, so they presumably die and are
decomposed by bacteria (49). As discussed earlier, macro-
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fauna can impact solute flux (including oxygen) as well as ver-
tical transport of organic matter. For example, macrofaunal irri-
gation results in oxygenation of pore water adjacent to the bur-
row or tube and this has important repercussions on microbial
distribution, activity and processes. However, bioturbation also
mixes POM into the lower sediment strata, where sulfate reduc-
tion results in HS™ production and O, consumption. Clearly, the
relationship between groups is complex, and changes in one are
likely to have major ramifications for others as well.

DOES FUNCTIONAL REDUNDANCY EXIST IN
SEDIMENTARY ORGANISMS?

If genetic and species loss is occurring, a critical question is

whether different species have redundant roles in ecosystem serv-

ices. At present, we feel there is sufficient evidence to conclude
that:

— the ecological services provided by macro-, meio- and micro-
organisms are quite different; e.g. bacteria cannot compen-
sate for loss of macrofauna. However,

— human disturbances that cause a fundamental change in or-
ganism functional type will change the basic ecology of the
system along with ecosystem services. For example, complete
removal of deposit feeders will decrease O, penetration in
sediments and alter nitrogen cycle processes as the bacterial
community becomes anaerobic. Removal of some macrofauna
may leave ecosystem services unaltered if sufficient functional
redundancy exists. Thus,

— there probably is redundancy in many systems, and species
within each group could be removed without really changing
the system. There is no evidence that biodiversity per se is
needed for healthy ecosystem functioning and habitats often
contain, for example, several species of subsurface deposit-
feeders or nitrifying bacteria. All are probably not essential
for ecosystem functioning. However, there are major caveats
to this statement. (i) Some species have disproportionate in-
fluence relative to others, and their removal will have major
impacts. (ii) A species may have the capacity to “fill in” if
another is eliminated, but it may not if other aspects of their
ecology differ. (iii) Species linkages are poorly understood,
and removal of one could affect services through disruption
of others. Thus, we expect that significant functional redun-
dancy exists within groups, but we do not know what cave-
ats apply to each species and which could be lost with least
impact.

RESPONSE TO HUMAN DISTURBANCE

Human impacts on marine sedimentary organisms are substan-
tial. They result directly from actions in the marine environment
and indirectly from actions in other domains, all of which im-
pact the marine sediments via critical transition zones (38).

Fishing impacts benthos through physical damage to the struc-
tural complexity of habitats by trawling (62), redistribution of
sediments that damages animals and buries others, injury and
death of non-target species (63), disposal of by-catch that cre-
ates localized eutrophication-like conditions, and disturbance
through removal of major predators that may have a significant
impact on benthos. Fishing impacts are best documented for
macrofaunal taxa (62) and it is likely that physical disturbance
will have little direct impact on meiofauna and microbes, but
they are vulnerable given the importance of O, and POM in lim-
iting distributions.

Coastal development results in habitat loss through filling and
sedimentation.

Pollution and eutrophication are common in coastal areas, and
are likely to impact all groups.

Microorganisms are probably less sensitive to toxic pollutants
than the other groups, but impacts would be expected. Meio-
faunal (64) and macrofaunal (65) species composition and di-
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versity are both changed by pollution, which often leads to high
abundances of few species. Pollution by heavy metals, oil and
heating (power stations) selectively affects species of
polychaetes, crustaceans and mollusks (66) through mortality,
impacts on fecundity and behavior, and compromised health.

The introduction of exotic species is now becoming recog-
nized as a serious problem. San Francisco Bay ecology has been
completely altered by the introduction of nonindigenous species
from ballast water or hulls of ships (67).

Global warming could change ocean temperatures, circulation
(68) and therefore patterns of surface production. Macrofauna
are sensitive to changes in POM input, and to some degree to
temperature and salinity. A related example is that global warm-
ing is implicated in the northerly shift in California’s rocky in-
tertidal fauna (69). Microbes and meiofauna, may be affected
indirectly via POM and O, changes.

There is little evidence for species extinctions from marine
sediments as a result of human activity, though examples of lo-
cal extinctions abound. Localized extinctions impact genetic di-
versity (66). Populations often differ in genetic makeup, so popu-
lation loss may be irreversible if specialized genes are also lost.
In addition, biodiversity is so poorly known that global species
loss might be occurring without being recorded, and our lack of
examples may simply reflect lack of information.

METHODS TO ASSESS FUNCTIONAL BIODIVERSITY

Studying functional diversity is limited by our lack of knowl-
edge of the organisms present, but overcoming this shortcom-
ing is at least now possible for many organisms and improving
for microbial groups where methodological problems persist.
Molecular methods may be unable to provide answers to some
basic questions in microbial ecology, as their main strength is
in comparing naturally occurring microbial diversity to well-
characterized pure cultures. The detection of mRNA for specific
key enzymes may seem to provide an assessment of certain meta-
bolic activities, but there are a number of possible errors. Some
enzymes are not constitutively expressed, the mRNA may code
for an unrelated protein with a completely different function, de-
generacy of the genetic code may prevent detection due to wob-
ble base mutations, and unrelated enzymes may be more impor-
tant. These problems must be overcome before we can evaluate
microbial diversity.

Our ability to assess functional biodiversity is improving rap-
idly. Many taxonomy problems are now being overcome with
molecular and biochemical techniques. Unequivocal taxonomy
is important because improved taxonomic capability will facili-
tate descriptive field work, such as that noted earlier for deep-
sea macrofauna, to test hypotheses on biodiversity patterns. Even
more exciting are recent advances in observational capability that
make it easier to evaluate functional roles, redundancy, and other
key questions. The MERL (Marine Ecosystems Research Labo-
ratory) sediment/water mesocosms (University of Rhode Island)
are 13 m’ experimental tanks in which miniature, natural eco-
systems may be observed and manipulated, in some cases main-
taining relatively natural conditions for years (70). Flumes, which
are seawater channels that mimic natural flow over sediments,
allow direct observations on how feeding groups impact ecosys-
tem processes (71). Fluorescent particles (72), stable isotopes
(73) and fine-scale video apparatus (74), allow tracing of proc-
esses and observation at scales relevant to the animals themselves
and to a degree not previously possible. However, manipulative
field experiments are sorely needed for all marine benthic sys-
tems. Though they can be difficult, such experiments have even
been carried in the deep sea (75), which is the most costly and
inaccessible marine habitat. Function can be assessed on the
macroscale by net-metabolic rate measurements, and on the
microscale by microsensors. In short, rapidly advancing tech-
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nologies offer a tremendous array of tools to tackle many excit-
ing questions on how biodiversity and ecosystem services are
related.

WHAT NEEDS TO BE DONE?

Assuming that we at least have the capacity to know what is
present, which is certainly true for macrofauna and meiofauna,
what needs to be done?

Evaluate what and how many species are present in marine
sediments from representative habitats around the world. Thus,
an international program in marine biodiversity is needed to co-
ordinate efforts of micro-, meio-, and macrofaunal specialists to
address the most basic question of what is there, what they are
doing there, and what is being lost.

Get quantitative data on exactly how benthos impacts each
of the key ecosystem services outlined above. Most of the examp-
les described above are only weakly supported by hard data and
are more strongly supported by “gut feelings” of scientists. For
example, we know that macrofauna influence sediment O, which
in turn has a fundamental impact on microbes, but linking spe-
cies to services such as nutrient cycling is at its infancy. Suffi-
cient information is available for sulfate reducers and ammonia
oxidizers to investigate biodiversity roles, e.g. in relation to ani-
mal burrows, pollutants, etc. We also know little about the
autecology of sedimentary species and much of what we infer
about ecosystem services provided by a species is based on data
from other species we believe are similar. Thus, besides know-
ing what’s there, we need quantitative data on what different spe-
cies are doing there.

Determine exactly where functional redundancy exists both
within and across groups. Do different species impact ecologi-
cal services in ways that are sufficiently similar that loss of a
given species will not impact the processes described above? Are
there generalities that can be drawn from studies of redundancy,
such as whether macrofaunal species have higher or lower func-
tional redundancy than bacteria? How are services provided by
one group impacted by perturbations to others? For example,
macrofauna may be important contributors to secondary produc-
tion, so how do changes in meiofauna and microbes impact this
service?

CONCLUSIONS

Much is known about bottom-dwelling organisms and flux of
materials to and through them, but knowledge of linkages be-
tween marine benthic biodiversity and ecosystem processes is
based on qualitative data on a few species. These data suggest
that some species provide very critical and specific services to
marine benthic ecosystems. The next important step is to obtain
more quantitative data on individual species, including those that
are less abundant or less well known, and recent methodologi-
cal advances should allow us to evaluate how the loss of these
species and functional groups is likely to affect marine systems.
A cautionary approach of “assume the worst™ is appropriate, but
at the same time we feel that it should be feasible to demon-
strate quantitative links between marine benthic species and eco-
system functioning in the near future. The present rate of habi-

Research Priorities for Marine Sediments
(More detail is provided in the text)

Evaluate species richness and abundance in representative
marine habitats, particularly deep ocean sediments. An in-
ternational collaborative program in marine sediment ecol-
ogy is recommended for implementation.

Obtain quantitative data on how sediment species impact
each ecosystem process, and improve our knowledge at the
species level.

Identify ecosystem processes where functional redundancy
occurs.
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tat degradation in marine ecosystems is alarming. Although the
consequences of this loss are difficult to predict, significant loss
of species and natural ecosystem services are likely. There is
some solace in knowing that the potential to understand and pre-
dict the magnitude of structural and functional loss is within our
grasp, and exciting ecological questions are now both socially
and economically paramount.

REFERENCES

=+ Grassle, J.F. and Maciolek, N.J. 1992. Deep-sea species richness: regional and local
diversity estimates from quantitative bottom samples. Am. Nat. 139, 313-341.

=+ Ray, G.C. and Grassle, J.F. 1991. Marine biological diversity. BioScience 41, 453-457.

3. Jones, E.B.G. and Mitchell, J.I. 1996. Biodiversity of marine fungi. In: Biodiversity:
International Biodiversity Seminar. Cimerman, A. and Gundo-Cinerman, N. (eds). Na-
tional Institute Chemistry and Slovenia National Commission for UNESCO, Ljubljana,
pp. 31-42.

b 4 F?nlay, B.J., Corliss, J.O., Esteban, G. and Fenchel, T. 1996. Biodiversity at the mi-
crobial level: the number of free-living ciliates in the biosphere. Quart. Rev. Biol. 71,
221-237.

5. Gooday, A. 1988. Sarcornastigophora. In: Introduction to the Study of Meiofauna.
Higgins, R.P. and Thiel, H. (eds). Smithsonian, Washington, DC, pp. 243-257.

6. Platt, HM. and Warwick, R.M. 1983. Free-living nematodes. In: Part 1. British
Enoplids. Synopsis of the British Fauna (New Series). Kermack, D.M. and Barnes,
R.S.K. (eds). Cambridge Unbiversity Press, Cambridge, pp. 307.

=+ May, R.M. 1988. How many species are there on earth? Science 241, 1441-1449.

8. Lambshead, P.J.D. 1993. Recent developments in marine benthic biodiversity research.
Oceanis 19, 5-24.

=+ Boucher, G. and Lambshead, P.J.D. 1995. Marine nematode ecological biodiversity in
samples from temperate, tropical and deep-sea regions. Conserv. Biol. 9, 1594—1604.

10. Coull, B. (pers. comm.).

11. Lang, K. 1948. Monographie der Harpacticiden (2 volumes). Hdkan Ohlsson, Lund,
Sweden.

12. Martens, P.M. and Schockaert, E.R. 1986. The importance of Turbellarians in the ma-
rine meiobenthos. Hydrobiol. 132, 295-303.

13. Minelli, A. 1993. Biological Systematics: The State of the Art. Chapman & Hall, Lon-
don, 387 pp.

14. Blake, J. 1996. Taxonomic Atlas of the Benthic fauna of the Santa Maria Basin and
the Western Santa Barbara Channel. Santa Barbara Museum of Natural History, Vol.
4,5,6.

15. Hutchings, P.A. and Glasby, C.J. 1988. The Amphitritinae (F. Terebellidae) of Aus-
tralia. Rec. Aust. Mus. 40, 1-60.

16. George, J.D. and Hartmann-Schroder, G. 1985. Polychaetes: British Amphinomidae,
Spintherida and Eunicidae. The Linnean Society of London and the Estuarine and the
Brackish Water Association, London.

17. Bowman, T.E. and Abele, L.E. 1982. Classification of the recent Crustacea. In: The
Biology of Crustacea, Vol.1. Systematics, the Fossil Record and Biogeography. Abele,
G.E. (ed.). Academic Press, New York, pp. 1-27.

=+ Poore, G.C.B. and Wilson, G.D.F. 1993. Marine species richness. Nature 361, 597
598.

19. Lowry, J.K. 1995. The Amphipoda (Crustacea of Madang Lagoon, Papua New Guinea,
Part 1.). Aust. Mus. Suppl. 22, 1-174.

20. Brusca, R., Wetzer, R. and France, S.C. 1995. Cirolanidae (Crustacea: Isopoda:
Flabellifera) of the tropical eastern Pacific. Proc. San Diego Soc. Nat. Hist. 30, 1-96.

21. Bouchet, P. 1997. Inventorying the molluscan diveristy of the world: what is our rate
of progress? The Veliger 40, 1-11.

22. Van Bruggen, A.C., Wells, S.M. and Kemperman, T.C.M. 1995. Biodiversity of the
Mollusca: time for a new approach. In: Biodiversity and Conservation of the Mollusca.
Van Bruggen, A.C. (ed.). Buckhuys Publishers, Oegstgeest-Leiden, pp. 1-20.

23. Kay, E.A. 1995. Diversification and differentiation: two evolutionary patterns in the
molluscan fauna of Pacific Islands with consequences for conservation. In: Biodiversity
and Conservation of the Mollusca. Van Bruggen, A.C., Wells, S.M. and
Kemperman, T.C.M. (eds). Buckhuys Publishers, Oegstgeest-Leiden, pp. 37-54.

24. Clark, H.B. 1946. The Echinoderm Fauna of Australia. Camegie Institution of Wash-
ington, Washington, DC.

25. Clark, A.M. and Downey, M.E. 1992. Staifishes of the Atlantic. Chapman & Hall, Lon-
don, New York, 794 pp.

26. Stephen, A.C. and Edmonds, S.J. 1972. The Phyla Sipuncula and Echuira. British Mu-
seum of Natural History, London.

27. Cutler, E.B. 1994. The Sipuncula: Their Systematics, Biology and Evolution. Comstock
Publ. Associates, Ithaca.

28. Gibson, R. 1994. British Nemerteans. Field Council Studies, Shrewsbury.

=+ Costanza, R. et al. 1997. The value of the world’s ecosystem services and natural capital.
Nature 387, 253-260.

30. Somerfield, P.J. and Clarke, K.R. 1997. A comparison of some methods commonly
used for the collection of sublittoral sediments and their associated meiofauna. Mar.
Environ. Res. 43, 145-156.

31. Torsvik, V., Sgrheim, R. and Goksgyr, J. 1996. Total bacterial diversity in soil and
sediment communities—a review. J. Indust. Microbiol. 17, 170-178.

32. May, R.M. 1993. Reply to Poore and Wilson. Nature 361, 598.

33. Gray, J.S. 1994. Is deep-sea species diversity really so high? Species diversity on the
Norwegian continental shelf. Mar. Ecol. Prog. Ser. 112, 205-209.

=+ Rex, M.A,, Stuart, C.T., Hessler, R.R., Allen, J.A., Sanders H.L. and Wilson, G.D.F.
1993. Global-scale latitudinal patterns of species diversity in the deep-sea benthos. Na-
ture 365, 636-639

35. Garcia-Pichel, F., Prufert-Bebout, L. and Muyzer, G. 1996. Phenotypic and phylogenetic
analyses show Microcoleus chthonoplastes o be a cosmopolitan cyanobacterium. Appl.
Environ. Microbiol. 62, 3284-3291.

=+ Knowlton, N. 1993. Sibling species in the sea. Ann. Rev. Ecol. Syst. 24, 189-216.

=+ Cronin, T.M and Raymo, M.E. 1997. Orbital forcing of deep-sea benthic species di-

-

versity. Nature 385, 624-627.
Freckman, D.W. et al. 1997. Linking biodiversity and ecosystem functioning of soils
and sediments. Ambio 26, 556-562.

39. Patterson, D.J., Larsen, J. and Corliss, J.O. 1989. The ecology of heterotrophic flagel-
lates and ciliates living in marine sediments. Prog. Protistol. 2, 185-277.

40. Giere, O. 1993. Meiobenthology. Springer-Verlag, Berlin.

41. Wheatcroft, R.A., Olmez, 1. and Pink, F.X. 1994. Particle bioturbation in Massachu-
selés BalyS:OPreliminary results using a new deliberate tracer technique. J. Mar. Res 52,
1129-1150.

42. Rhoads, D.C. 1963. Rates of sediment reworking by Yoldia 1imatula in Buzzards Bay,
Massachusetts and Long Island Sound. J. Sed. Petrol. 33, 723-727.

Ambio Vol. 26 No. 8, Dec. 1997

http://www.ambio kva.se

This content downloaded from 192.111.123.241 on Fri, 21 Nov 2014 14:06:20 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

43.

-
45.
46.
47.
48.

49.
50.

52.

57.

58.

59.

60.

Gallagher, E.D. and Keay, K.E. Organism-sediment-contaminant interactions in Bos-
ton Harbor. Contaminated Sediments in Boston Harbor. Stolzenbach, K. and Adams,
E. (eds), MIT Sea Grant Publication. (In press).

Taghon, G.L., Nowell, AR.M. and Jumars, P.A. 1980. Induction of suspension feed-
ing in spionid polychaetes by high particulate fluxes. Science 210, 562-564.

Huettel, M. and Gust, G. 1992. Impact of bioroughness on interfacial solute exchange
in permeable sediments. Mar. Ecol. Prog. Ser. 89, 253-267.

Falkowski, P.G. and Raven, J.A. 1997. Aquatic Photosynthesis. Blackwell Scientific,
Malden, Massachusetts, 375 pp.

Riley, G.A. 1956. Oceanography of Long Island Sound, 1952-1954. IX. Production
and utilization of organic matter. Bull. Bingham Oceanogr. Coll. 15, 324-344.
Newell, R. 1988. Ecological changes in Chesapeake Bay; are they the result of over-
harvesting the American oyster Crassostrea virginica? Understanding the Estuary; Ad-
vances in Chesapeake Bay Research. Chesapeake Research Consortium Publication #29,
Baltimore.

Alongi, D.M. 1997. Coastal Ecosystem Processes. CRC Press, Boca Raton. 419 pp.
Blackburn, T.H. 1991. Accumulation and regeneration: processes at the benthic bound-
ary layer. In: Ocean Margin Processes and Global Change. Mantoura, R.F.C., Mar-
tin, J.-M. and Wollast, R. (eds). John Wiley and Sons Ltd., Chichester, pp. 181-195.
Aller, R.C. 1983. The importance of the diffusive permeability of animal burrow lin-
ings in determining marine sediment chemistry. J. Mar. Res. 41, 299-322.

Giblin, A.E., Foreman, K.H. and Banta, G.T. 1995. Biogeochemical processes and ma-
rine benthic community structure: Which follows which? In: Linking Species and Eco-
systems. Jones, C.G. and Lawton, J.H. (eds). Chapman and Hall, New York, pp. 29—
36.

Berner, R. 1984. Sedimentary pyrite formation: an update. Geochim. Cosmochim. Acta
48, 605-615.

. Geiselbrecht, A.D., Herwig, R.P., Deming, J.W. and Staley, J.T. 1996. Enumeration

and phylogenetic analysis of polycyclic aromatic hydrocarbon-degrading marine bac-
teria from Puget Sound sediments. Appl. Environ. Microbiol. 62, 3344-3349.

. Adam, P. 1990. Saltmarsh Ecology. Cambridge University Press, Cambridge, Massa-

chusetts.

. Levinton, J. 1995. Bioturbators as ecosystem engineers: control of the sediment fab-

ric, inter-individual interactions and material fluxes. In: Linking Species and Ecosys-
tems. Jones, C.G. and Lawton, J.H. (eds). Chapman and Hall, New York, pp. 29-36.
Dade, W.D. and Nowell, A.R.M. 1991. Moving muds in the marine environment. In:
Coastal Sediments '91 Proceedings Specialty Conference/WR Division. American So-
ciety of Civil Engineers, Seattle, Washington, pp. 54-71.

Carlson, J.K, Randall, T.A., and Mroczka, M.E. 1997. Feeding habits of winter floun-
der (Pleuornectes americanus) in a habitat exposed to anthropogenic disturbance. J.
Northwest Atl. Fish. Sci. 21, 65-73.

Keats, D.W., Steele, D.H. and South G.R. 1986. The role of fleshy macroalgae in the
ecology of juvenile cod (Gadus morhua L.) in inshore waters off eastern Newfound-
land.. Can. J. Zool. 65, 49-53.

Bell, S.S. and Coull, B.C. 1980. Experimental evidence for a model of juvenile
macrofauna-meiofauna interactions. In: Marine Benthic Dynamics. Tenore, K.R. and

61.

62.
63.

66.

73.

74.

76.

Coull, B.C. (eds). University of South Carolina Press, Columbia, SC, pp. 179-192.
Hargrave, B.T. 1976. The central role of invertebrate feces in sediment decomposi-
tion. In: The Role of Terrestrial and Aquatic Organisms in Decomposition Processes.
17" Symposium Brit. Ecol. Soc. Anderson, J.M. and Mafayden A. (eds). Blackwell.
Oxford, pp. 301-321.

Hutchings, P.A. 1990. Review of the effects of trawling on macrobenthic epifaunal
communities. Aust. J. Mar. Freshwater Res. 41, 111-20.

Caddy, J.F. 1973. Underwater observations on tracks of dredges and trawls and some
effects of dredging on a scallop ground. J. Fish. Res. Bd Can. 30, 173-180.

. Coull, B.C. and Chandler, G.T. 1992. Pollution and meiofauna: field, laboratory, and
65.

mesocosm studies. Oceanogr. Mar. Biol. Ann. Rev. 30, 191-271.

Pearson, T. H. and Rosenberg, R. 1978. Macrobenthic succession in relation to organic
enrichment and pollution of the marine environment. Oceanogr Mar Biol Ann Rev 16,
229-311.

Hummel, H., Bogaards, R.H., Amiard-Triquet, C., Bachelet, G., Desprez, M., Marchand,
J., Rybarczyk, H., Sylvand, B., de Wit, Y. and de Wolf, L. 1995. Uniform variation in
genetic traits of a marine bivalve related to starvation, pollution and geographic clines.
J. Exp. Mar. Biol. Ecol. 191, 133-150.

Alpine, A.E. and Cloern, J.E. 1992. Trophic interactions and direct physical effects
control phytoplankton biomass and production in an estuary. Limnol Oceanogr 37, 946—
955.

Manabe, S., Stouffer,R.J. and Spelman, M.J. 1994. Response of a coupled ocean-at-
mosphere model to increasing atmospheric carbon dioxide. Ambio 23, 44-49.

Barry, J.P., Baxter, C.H., Sagarin, R.D. and Gilman, S.E. 1995. Climate-related, long-
term faunal changes in a California rocky intertidal community. Science 267, 672-675.

. Oviatt, C.A., Pilson, M.E.Q., Nixon, S.W., Frithsen, J.B., Rudnick, D.T., Kelly, J.R.,

Grassle, J.F. and Grassle, J.P. 1984. Recovery of a polluted estuarine system: a
mesocosm experiment. Mar. Ecol. Prog. Ser. 16, 203-217.

Taghon, G.L. and Greene, R.R. 1992. Utilization of deposited and suspended particulate
matter by benthic “interface” feeders. Limnol. Oceanogr. 37, 1370-1391.

Lindegarth, M., Jonsson, P.R. and André, C. 1991. Fluorescent microparticles—a new
way of visualizing sedimentation and larval settlement. Limnol. Oceanogr. 36, 1471—
1476.

VanDover, C.L., Grassle, .F., Fry, B., Garritt R.H. and Starczak, V.R. 1992. Stable
isotope evidence for entry of sewage-derived organic matter into a deep-sea food web.
Nature 360, 153-156.

Ward, J.E., Beninger, P.G., Macdonald, B.A. and Thompson, R.J. 1991. Direct obser-
vations of feeding structures and mechanisms in bivalve molluscs using endoscope ex-
amination and video image analysis. Mar. Biol. 111, 287-291.

Snelgrove, P.V.R., Grassle, J.F. and Petrecca, R.F. 1996. Experimental evidence for
aging food patches as a factor contributing to high deep-sea macrofaunal diversity.
Limnol. Oceanogr. 41, 605-614.

The authors would like to acknowledge the work of the marine domain editorial com-
mittee: Niels Ramsing, Fred Grassle, Isao Koike and Pat Hutchings.

Corresponding author: Paul Snelgrove is an associate chair
in Fisheries Conservation at Memorial University of
Newfoundland. His research interests include the ecology
of benthic sedimentary communities, the role of larval
transport and behavior to pattern and abundance of benthic
and fish populations and communities, and patterns and
roles of biodiversity in shallow-water and deep-sea marine
ecosystems. His address: Fisheries Conservation Group,
Memorial University of Newfoundiand, P.O. Box 4920, St.
John’s, Newfoundland A1C 5R3, Canada.

T. Henry Blackburn is professor of microbial ecology at
Aarhus University, Denmark. His research involves
biogeochemical reactions (C, N, O, S) in sediments and the
construction of models to describe interactions. His
address: Department of Microbial Ecology, Institute of
Biological Sciences, Aarhus University, DK 8000 Aarhus C,
Denmark

Pat A. Hutchings is a principal research scientist at The
Australian Museum, Sydney. Her research interests include
the ecology and systematics of polychaetes and bioerosion
of coral substrates, as well as the management of coral reef
areas. Her address: The Australian Museum, 6 College
Street, Sydney, NSW 2000, Australia.

Daniel M. Alongi is principal research scientist at the
Australian Institute of Marine Science. His research
interests include tropical coastal ecology, particularly
benthic trophic dynamics and biogeochemical cycling. His
address: Australian Institute of Marine Science, PMB No.3,
Townsville M.C., Queensland 4810, Australia.

J. Frederick Grassle is at the Institute of Marine and Coastal
Sciences, Rutgers University. His main research interests
are in deep sea and continental shelf benthic communities,
the monitoring and assessment of marine ecosystems and
sediment transport processes. His address: Institute of
Marine and Coastal Sciences, Rutgers University, P.O. Box
231, New Brunswick, NJ 08903, USA.

Herman Hummel is senior scientist at the Centre for
Estuarine and Coastal Ecology of the Netherlands Institute
of Ecology of the Royal Netherlands Academy of Arts and
Sciences. His research includes studies on the relation
between fluctuations in environmental factors (temperature,
salinity, oxygen, tide, food, degree of pollution) and the

diversity, ecophysiology and genetics of estuarine
macrobenthos, with an emphasis on the effects of extreme
environmental conditions on bivalves. His address: Centre
for Estuarine and Coastal Ecology, Netherlands Institute of
Ecology, Korringaweg 7, 4401 NT Yerseke, The Netherlands.

Gary King works at the Darling Marine Center, University of
Maine. His research interests include animal-burrow-
microbe interactions, plant-rhizosphere-methane oxidation
and biodegradation in marine sediments. His address:
Darling Marine Center, University of Maine, Walpole, ME
04573, USA.

Isao Koike is professor of marine biochemistry at Ocean
Research Institute, University of Tokyo. His research
interests are microbiology and biogeochemistry in marine
environments, including benthic processes in shallow
waters. His address: Ocean Research Institute, University of
Tokyo, Nakano, Tokyo, 164, Japan.

P.J.D. Lambshead is at the Natural History Museum in
London. His research interests include benthic marine
biodiversity, meiofauna community ecology, patch
dynamics and pollution ecology. His address: Nematode &
Polychaete Research Group, The Natural History Museum,
Cromwell Road, London SW7 5BD, UK.

Niels B. Ramsing is at the Institute of Biological Sciences,
University of Aarhus, Denmark. His research interests
include the evolutionary and functional basis for microbial
diversity, the role of microbial diversity in maintaining
ecosystem processes and the ecological significance of
microbial motility. His address: Institute of Biological
Sciences, University of Aarhus, Department of Microbial
Biology, Ny Munkegade, Building 540, DK 8000 Aarhus C,
Denmark.

Vivianne Solis-Weiss is a full time senior researcher, head
of the Laboratorio de Ecologia Costera at the Instituto de
Ciencias del Mar y Limnologia, Mexico. Her research
interests include benthic ecology and taxonomy and
biology of Annelidous Polychaetes, as well as coastal
management. Her address: Laboratorio de Ecologia
Costera, Instituto de Ciencias del Mar y Limnologia,
Universidad Nacional Autonoma de Mexico, D.F. 04510,
Mexico.

Ambio Vol. 26 No. 8, Dec. 1997

© Royal Swedish Academy of Sciences 1997

583

http://www.ambio. kva.se

This content downloaded from 192.111.123.241 on Fri, 21 Nov 2014 14:06:20 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. 578
	p. 579
	p. 580
	p. 581
	p. 582
	p. 583

	Issue Table of Contents
	Ambio, Vol. 26, No. 8 (Dec., 1997), pp. 483-586
	Volume Information [pp. 584-585]
	Front Matter [pp. 483-586]
	[Editorial] [p. 483]
	Interannual, Seasonal and Regional Variations of Precipitation and Evaporation over the Baltic Sea [pp. 484-492]
	Greenhouse Gas Emissions: Recent Trends in Estonia [pp. 493-498]
	The Capacity of Seagrasses to Survive Increased Turbidity and Siltation: The Significance of Growth Form and Light Use [pp. 499-504]
	Ecotoxicological Determination of Pigmented Salmon Syndrome: A Pathological Condition of Atlantic Salmon Associated with River Pollution [pp. 505-510]
	Reports
	Giant Otter (Pteronura brasiliensis) at Risk? Total Mercury and Methylmercury Levels in Fish and Otter Scats, Peru [pp. 511-514]
	Human-Enhanced Impacts of a Tropical Storm on Nearshore Coral Reefs [pp. 515-521]
	Repopulation Experiments of Pearl Oyster Pteria sterna (Gould, 1851) at Bahia de la Paz, Baja California Sur, Mexico [pp. 522-528]
	A Vegetation Based Approach to Biodiversity Gap Analysis in the Agastyamalai Region, Western Ghats, India [pp. 529-536]

	Factors Determining Low Deforestation: The Bolivian Amazon [pp. 537-540]
	The Moral Value of Biodiversity [pp. 541-545]
	Managing without Prices: The Monetary Valuation of Biodiversity [pp. 546-550]
	Synopses
	Rapid Destruction of a Lowland Tropical Forest, Los Haitises, Dominican Republic [pp. 551-552]
	Forest Guards as Partners in Joint Forest Management [p. 553]
	Immunologically Confirmed Human-Infective Giardia from Two Marsupials [pp. 554-555]

	Comment
	Criticism of the Recently Published Paper by Shyamsundar, P. and Kramer, R. "Biodiversity Conservation -- At What Cost? A Study of Households in the Vicinity of Madagascar's Mantadia National Park." Ambio 26, 180-184 [p. 555]

	Scope Articles
	Linking Biodiversity and Ecosystem Functioning of Soils and Sediments [pp. 556-562]
	Biodiversity and Ecosystem Functioning in Soil [pp. 563-570]
	Biodiversity and Ecosystem Processes in Freshwater Sediments [pp. 571-577]
	The Importance of Marine Sediment Biodiversity in Ecosystem Processes [pp. 578-583]

	Abstracts



