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INTRODUCTION

One of the major goals of community ecology is to understand how in-
teractions among the resident organisms affect their distribution and abun-
dance. For terrestrial and rocky intertidal communities competition and preda-
tion clearly can play pivotal roles in community organization (28, 47, 84).
The importance of biological processes in organizing marine soft-sediment
communities is not as well understood (86), despite the fact that marine
soft-sediments are the most common habitat on earth. As I argue below,
paradigms of community organization based on other habitats seem to offer
little insight into the structure of marine soft-sediment communities. Rather
than attempting to explain the failure of such paradigms, I argue that soft-
sediment habitats are sufficiently different from other communities that differ-
ent paradigms are needed.

Soft-sediment communities are unusual in the rate at which the nature of
the physical environment can change. Most sedimentary particles are smaller
than the resident organisms (the infauna). The activities of the infauna can
dramatically change the nature of the environment over time periods of hours
or days. For instance, burrowing infauna may increase the porosity and
erodability of the sediment (102). Subsurface deposit-feeders may alter the
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vertical distribution of sediment grain sizes and change the spectrum of grain
sizes by ingesting small sediment particles and egesting them as larger fecal
pellets. The effects of infauna have dramatic and rapid effects on sediment
biogeochemistry (2). Infaunal organisms live in, rather than on, the sub-
stratum, and their activities alter the fundamental nature of the habitat on very
short temporal scales. These characteristics require a unique perspective into
the nature of competitive interactions in these communities.

This review on the importance of competition and predation in structuring
infaunal communities emphasizes experimental studies. Since the introduc-
tion of experimental methods to the study of soft-sediment communities (76,
103), the depth of understanding and the strength of inferences have increased
greatly. The emphasis on experimental data necessitates a bias toward in-
tertidal and shallow subtidal communities because experimental data from the
deep sea have been difficult and expensive to collect.

COMPETITION

Direct Interactions

Because of the three-dimensional structure of soft-sediment habitats, vertical
and horizontal partitioning of space is possible, reducing direct encounters of
potential competitors with each other. Nevertheless, direct interactions are
found most frequently between conspecifics or closely related species (141,
144). Agonistic interactions have been described among nereid polychaetes
(104). Opheliid polychaetes apparently interact directly to maintain constant
abundance per volume of sediment (112, 137). Levin (62) showed that the
regular dispersion pattern of the spionid polychaete, Pseudopolydora pauci-
branchiata, is maintained by strong, direct, competitive interactions. Aggres-
sive interactions of P. paucibranchiata with associated tube-building infauna
result in significantly reduced foraging time for the latter species (63). Direct
interactions of the polychaete Nereis diversicolor with the amphipod
Corophium volutator led to declines of the amphipod (81). Croker & Hatfield
(31) demonstrated strong direct effects (increased mortality and reduced
reproductive effort) of one haustoriid amphipod on a second species; the
inferior competitor is confined to the high intertidal zone in the field. Grant
(45) demonstrated similar interactions of two haustoriids which led to vertical
separation with the inferior competitor forced to occupy deeper, anoxic
sediments in the presence of the superior competitor. Vertical zonation of
bivalves in a California lagoon changed in apparent response to the removal of
the thalassinid shrimp, Callianassa californiensis, implying competitive re-
lease (85). Deposit-feeding protobranch bivalves changed their position as a
function of heterospecific density (64). Intertidal gastropod zonation is main-
tained by the displacement of Hydrobia totteni by Ilyanassa obsoleta (66). All
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of these interactions occur among organisms that at least attempt to establish
at the same depth in the sediment.

Exploitative Competition

SUSPENSION-FEEDERS Because direct competitive interactions are mini-
mized by the three-dimensional nature of the habitat, indirect competitive
mechanisms ate to be expected. Peterson (87, 89, 90) has provided a wealth
of experimental data on exploitative competition among suspension-feeding
bivalves. Bivalves are advantageous research organisms because they can be
easily marked and their growth can be accurately quantified. Identification of
competitive effects can be measured through differences in growth as well as
survivorship. The growth of Sanguinolaria nuttallii was reduced by 80%
when these clams were confined with two other deep-dwelling bivalves,
although no effects of a shallow-dwelling bivalve were evident on S. nuttallii
growth. These results imply that competition for space is occurring. The
interpretation of this interaction was confirmed by confining S. nuttallii with
surrogates of the other deep-dwelling clams (valves of dead clams tied
together and placed in life position in the sediment). The growth of S. nuttallii
was depressed in the presence of the surrogate clams to an extent equal to the
reduction of growth in the presence of living clams. A study of competition
among two shallow-dwelling bivalves (Protothaca staminea and Chione un-
datella) involved the enclosure of these species at a range of densities (1/2X to
8X normal density) in the field (87). The growth rate of each species as well
as the ratio of the dry weight of gonads to the dry weight of total soft parts, a
measure of reproductive effort, declined as a negative function of intraspecific
density. Density-dependent migration of P. staminea was documented. Over
the two years of the study, few deaths could be attributed to competition.
Interspecific interactions were usually not significant. Because the two
bivalve species occupy the same depth stratum in the sediment, one infers that
food is the limiting resource and that the two species differ somehow in the
types of phytoplankton they consume. Experiments with Australian sus-
pension-feeding bivalves (90) indicated that bivalves transplanted into the
high intertidal grew less than conspecifics established lower in the intertidal
zone. The depression of growth was not a linear function of immersion time,
implying that there is density-dependent reduction of food as the tide rises.
The observation that the phytoplankton can be depleted from the water
column by the suspension-feeders in an intertidal mudflat (21) implies that
competition for food may be occurring among suspension-feeders in a Maine
mud flat.

The strength of competition may have a strong environmental component.
When the bivalve Macoma baltica was maintained in a muddy sediment in the
field, growth was found to be density-dependent, while conspecifics main-
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tained in sand showed no density-dependence of growth (79). The difference
may be related to the facultative feeding behavior of this bivalve; in muddy
substrates, deposit-feeding predominates whereas suspension-feeding pre-
dominates in sandy substrates.

DEPOSIT-FEEDERS ~ Characterization of the food resources for deposit-
feeders is elusive (67). Except for differences in sizes of sediment grains
ingested (124), little is known of the differential use, if any, of the various
components of detritus by deposit-feeders. It is therefore impossible to en-
hance detritus levels in the field with any degree of confidence. As an
alternative to varying food levels, soft-sediment ecologists have adopted the
approach of varying densities of deposit-feeders, thereby influencing per
capita resource levels. Even this approach is problematic because the feeding
rate and density of deposit-feeders affect the growth of diatoms and bacteria in
diverse ways; increased feeding of detritivores may enhance microfloral
growth (11, 12, 30). Most of the organisms studied have been soft-bodied
organisms whose growth is difficult to measure. The commonly measured
responses of deposit-feeders to density are emigration rates and mortality.

For the deposit-feeding snail Hydrobia ventrosa, Levinton (65) showed that
feeding and movement decreased as a function of increasing density and that
floating, a means of dispersal, increased as density rose. Wilson (130)
manipulated the densities of two species of co-occurring spionid polychaetes;
the density of each species was varied independently over four experimental
densities. Migration in and out of the experimental containers was strongly
density-dependent; after eight weeks all containers had densities in-
distinguishable from ambient densities. Strong intraspecific effects were
documented but interspecific effects were weak and usually not statistically
significant. Ambrose (7) showed that emigration of a burrowing, deposit-
feeding amphipod was density-dependent. Wilson (134) documented strong
size-dependent emigration in the amphipod Corophium volutator with ju-
veniles forced to emigrate from high adult densities.

Several efforts have been made to manipulate directly the detrital resource
levels. Young & Young (146) added processed sewage sludge (Milorganite)
to seagrass beds. Some species responded positively to Milorganite addition
while others were unaffected. Dauer et al (32) added organic fertilizer to a
subtidal site and documented no change in densities of members of the
community, although the densities of some species in predator exclusion
cages (at densities above control densities) did increase. However, it is not
clear how long the enrichment persisted in the sediment. Wiltse et al (136)
added urea to a salt marsh habitat in Massachusetts, which resulted in
significant increases in sediment chlorophyll but no increase in infaunal
abundance. The latter two studies can be cautiously interpreted to show that
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detritus is not limiting in the two communities. However, the uncertainty
about the nature of detrital resources and the effects of the experimental
treatments brings into question the realism of the enrichments.

Sediment-Mediated Interactions

The rapidity with which the features of the sedimentary environment change
as a function of biotic activity provides an additional means of interaction
between infauna. Such sediment-mediated interactions are common in many
infaunal communities. The effects of resident organisms on the sediment may
render the sediment less habitable by other organisms. Such interactions were
first explored by Rhoads & Young (103) who noted that sandy substrates
tended to be dominated by suspension-feeders while mud substrates were
dominated by deposit-feeders. Predicting that deposit feeders roil the sea
bottom sufficiently to clog the filtering apparatus of suspension-feeding
organisms (the trophic group amensalism hypothesis), Rhoads & Young
showed that the growth of the bivalve Mercenaria mercenaria was, when
grown near the bottom above a deposit-feeder community, significantly
depressed relative to the growth of conspecifics grown at greater heights off
the bottom. For the duration of the experiment (64 days), no significant
mortality occurred. These data provide some support for the limitation of
growth of suspension-feeders in sediments dominated by deposit-feeders.
Woodin (138) shifted the focus from trophic group to mobility group; her
functional groups were suspension-feeders, tube-building organisms, and
bioturbators (sediment destabilizers). The effects of any group were predicted
to be inimical to individuals from other functional groups. Tube-builders and
bioturbators strongly alter the sedimentary environment; these functional
groups are discussed below. Suspension-feeders typically have minimal effect
on the nature of the sediment (141).

TUBE-BUILDERS Tube-building organisms, particularly when abundant, are
predicted to retard the movement of burrowing organisms and to preempt
space from large suspension-feeders (137, 138). In Washington state, Woodin
(137) first demonstrated significant tube-builder effects when she noted that
the larvae of tube-building polychaetes were confusing the surface of ex-
perimental cages with the sediment surface. As a result, the density of
tube-builders, primarily three polychaetes, was significantly reduced inside
the cages relative to unmanipulated control areas. Significantly greater num-
bers of a burrowing polychaete (Armandia brevis) were found in cages with
low tube-builder density, compared to unmanipulated areas with high tube-
builder density. Strong negative correlations existed between A. brevis abun-
dance and combined tube-builder abundance. Laboratory experiments in-
dicated that each A. brevis required a minimum volume of sediment. The
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interaction seen in the field is therefore interpreted as competition for space.
In areas of high tube-builder abundance, burrowers have less available sedi-
ment for burrowing and feeding. Hulberg & Oliver (34, 53) challenged this
interpretation, claiming from experiments in California that the larvae of the
A. brevis preferentially settle within cages, irrespective of tube-builder abund-
ance. The laboratory experiments of Woodin support her interpretation rather
than the alternative posed by Hulberg & Oliver. Tamaki (112) showed that the
larvae of Armandia sp. did not preferentially settle in sediments taken from
within a cage although the effects of flow were not examined. He did
corroborate Woodin’s finding of a minimum volume requirement for each
worm, but he claimed that competition for food, rather than space, was.
limiting. It is difficult if not impossible to separate food from space as distinct
resources for a mobile infaunal species.

Other efforts to document exclusion of other functional groups by tube-
builders have met with mixed results. Reise (100) found a negative relation-
ship between burrowing capitellid polychaetes and tubicolous spionid
polychaetes in some predator-exclusion experiments. Brenchley (19) showed
that eelgrass (Zostera marina) root-mats and dense tube-mats of mixed spe-
cies composition acted additively to retard the movement of burrowing de-
posit-feeders. In most cases, the burrowers were able to penetrate the mat.
Thus, her data do not provide evidence of exclusion. Measurement of lateral
movement rather than vertical burrowing would have been enlightening.
Wilson (131) found that tubicolous spionid polychaetes and tanaid crusta-
ceans coexisted with a sediment-destabilizing bivalve in laboratory ex-
periments. Weinberg (123) found conflicting effects of tube-builders on a
suspension-feeding bivalve (Gemma gemmay); a tubicolous spionid (Polydora
ligni) had a negative influence on bivalve abundance while a tubicolous
maldanid polychaete (Clymenella torquata) had a positive effect. The spread
of an eelgrass (Zostera marina) bed was associated with declines in the
abundance of a burrowing crustacean (Callianassa californiensis), presum-
ably because the seagrass root-mat impeded burrowing (48). Lateral move-
ment of the bivalve Macoma secta was influenced more by sedimentary
properties than by the dense arrays of phoronid (Phoronopsis viridis) tubes
(34, 106). A summary of the available data indicates that the tube-builders or
root-mats may be associated with diminished numbers of mobile burrowers
but that burrowers are never totally excluded.

BIOTURBATORS  Disruption of the sediment by animal activities (feeding,
burrowing) is predicted to have negative effects on suspension-feeding and
tube-building infauna. Depressed growth of suspension-feeders in the pres-
ence of bioturbating organisms was first shown for bivalves (103) and scler-
actinian corals (1). A suspension-feeding bivalve (Sanguinolaria nuttallii)
increased after the experimental removal of a burrowing thalassinid shrimp,
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Callianassa californiensis (85). Exclusion of epibenthic gastropods resulted
in increases of spionid polychaetes (135) and oligochaetes and capitellid
polychaetes (41). For tube-building organisms, removal of a mobile cockle
(Cerastoderma edule) led to an increase in the tube-building amphipod crusta-
cean, Corophium volutator (55). Brenchley (18) conducted a thorough labora-
tory analysis of the effect of sedimentation on a tube-building assemblage and
showed that mortality of the tube-dwellers was a function of the size of the
animal, presumably correlated positively with the ability to burrow through
newly deposited sediment, as well as a function of the magnitude and
frequency of the sedimentation episodes. Wilson (129) demonstrated a reduc-
tion of spionid polychaetes in areas of high sediment disturbance by the
polychaete Abarenicola pacifica. A small spionid polychaete (Pygospio ele-
gans) was reduced in the presence of A. pacifica relative to controls while a
larger spionid (Pseudopolydora kempi) was unaffected. Laboratory ex-
periments indicated that suffocation rather than emigration was the likely
mechanism of reduced spionid abundances. However, emigration from in-
termediate levels of sediment disruption permitted local survival; despite
emigration, mortality was great at high levels of bioturbation. Highsmith (49)
demonstrated significant reductions in the abundance of tube-dwelling tanaids
(Leptochelia dubia) in the presence of burrowing sand dollars (Dendraster
excentricus), providing an explanation for the patchy distribution of these two
species in the field. The deposit-feeding bivalve, Macoma balthica, and a
cockle, C. edule, caused a local reduction of the small spionid, P. elegans,
but not a larger confamilial species (Spio filicornis) (101). Ronan (34, 106)
showed that the thalassinid shrimp, Callianassa californiensis, disrupted the
orientation of the tubes of the phoronid Phoronopsis viridis in California. In
Oregon, the densities of most sedentary species were reduced in the presence
of C. californiensis (92). Laboratory experiments indicated that tube-builders
could coexist with a small, mobile clam (Transennella tantilla), indicating
that the sediment disruption of the bivalve was insufficient to affect other
members of the community (131).

The available data therefore indicate that animal-mediated sediment dis-
turbance can have significant deleterious effects on suspension-feeders and
tube-builders in infaunal communities. The result of such disturbance is a
complex function of the sizes of the organisms and the magnitude and
frequency of the sediment disturbance (94, 129). Presently, there is in-
sufficient information to allow the formulation of a predictive model of the
effect of bioturbators on other functional groups. A major barrier to such a
model is the inadequacy of functional groupings (57). Depending on animal
density, sediment microflora, and the strength of ambient flow, an assem-
blage of tube-builders may stabilize or destabilize sediments, with corre-
spondingly divergent effects on other members of the infauna (38, 46, 57,
68).
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Influence of Adults on Settling Larvae and Juveniles

ESTABLISHED COMMUNITIES In her expansion of the trophic group
amensalism hypothesis (103), Woodin (138) presented the hypothesis that
discrete, densely populated patches of infaunal invertebrates maintain their
integrity by preventing the recruitment of larvae of other species. The mech-
anism of such adult-larval interactions is predicted to vary among functional
groups: Bioturbators should suffocate larvae, suspension-feeders should filter
larvae from the plankton, and tube-builders should exclude larvae by preemp-
tion of space and defecation on the sediment surface. Although exceptions are
frequently seen to the predicted associations of functional groups (138), the
concept of adult-larval interactions has had a pervasive influence in the study
of marine infaunal communities. In the laboratory, Wilson (128) demon-
strated that terebellid polychaetes significantly depress the survivorship of
nereid polychaete larvae. Field experiments have met with mixed success in
their support of the adult-larval hypothesis. Williams (126) showed reduced
survivorship of clam spat (Tapes japonica) among high densities of conspecif-
ic adults to that in areas where adult clams were absent or at low density.
Through field and laboratory experiments, Highsmith (49) showed that tanaid
crustaceans (Leptochelia dubia) prey on the settling larvae of sand dollars
(Dendraster excentricus). Negative effects of organisms on the settlement and
survivorship of larvae or recently settled juveniles have been demonstrated for
drifting algal mats (80), nereid polychaetes (3), spionid polychaetes (69, 100,
113, 123, 125, 129), a mixed polychaete assemblage (133), phoxocephalid
amphipods (82, 83), pontoporeid amphipods (39), nassariid gastropods (54),
and bivalves (15, 55). Intraspecific adult-larval interactions are demonstrably
strong in a nereid polychaete (58) and a corophiid amphipod (134). Despite
these observations and experimental support for the importance of adult-larval
interactions, other data fail to support the hypothesis. Using microcosms,
Maurer (74) was unable to demonstrate any effect of varying densities of
venerid bivalves on larval recruitment. In field experiments, Hines et al (51)
varied the densities of a suspension-feeding bivalve (Mya arenaria) and a
deposit-feeding bivalve (Macoma balthica). Although they could demonstrate
reduced larval abundances at high adult densities for both bivalves, the
responses of the larvae of individual settling species were inconsistent. Posi-
tive effects of adult density were even documented for some species with
planktonic larvae. Similarly, Commito (23) found that the infauna below
mussel (Mytilus edulis) beds were not reduced; oligochaete abundance de-
creased in response to experimental removal of M. edulis (26).

Recently, Watzin (120-122) has identified meiofaunal predators, particu-
larly turbellarians, as potent predators on settling infauna. She experimentally
doubled the densities of meiofauna in experimental containers and compared
settlement in those containers to settlement in cores of unmanipulated
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meiofauna. Although ambient meiofaunal density served as a control rather
than, for instance, half-normal density or absence of meiofauna, the strengths
of the meiofauna-larval effects documented suggest that these interactions
may be important determinants of macrofaunal settling success.

The present data indicate that adult-larval interactions are detectable in the
field and in the laboratory. However, the mechanism of the interaction is
typically not determined in field experiments. Field tests are unable to distin-
guish between avoidance of high densities of adults by larvae and increased
mortality of settling larvae by ingestion or suffocation by established adults.
Woodin (143) provided field data which show reduced settlement of larvae of
a spionid polychaete (Pseudopolydora kempi) in the presence of an arenicolid
polychaete (Abarenicola pacifica). Eckman (37) presented data showing that
passive hydrodynamic effects from tubes or plant stalks may cause the
accumulation of larvae. Similarly, Ertman & Jumars (40) showed that larvae
may passively accumulate around projecting bivalve siphons. Our present
level of understanding of these phenomena does not allow prediction of
conditions where adult-larval interactions are important structuring forces in
the community.

SUCCESSION Following a disturbance that clears a soft-sediment habitat,
colonization may be quite rapid and proceed with an early pulse of op-
portunistic species, followed by the arrival of species whose abundance
remains relatively constant (70, 71). The successional models of Connell &
Slatyer (29) have provided a theoretical framework for soft-sediment succes-
sion. The models presume that early colonists may have a negative (inhibition
model), a positive (facilitation model), or no effect (tolerance model) on
subsequent recruits. Three major successional studies in soft-sediment habi-
tats have been conducted in light of these theories. Zajac & Whitlatch (149,
150) followed the colonization of defaunated sediment at three tidal heights in
Connecticut. Succession did not vary as a function of tidal height. Recruit-
ment did not vary consistently as a function of the number of residents, and
hence their data are most consistent with the tolerance model of succession.
Gallagher et al (43) examined succession on a smaller scale on an estuarine
flat in Washington as a function of several common species on the flat
(polychaetes, bivalves, crustaceans) as well as simulated tubes. They moni-
tored the dynamics of eight species over five manipulations. Twenty-four of
the treatment X recruiting species combinations showed no effect of the
experimental treatment, 11 showed a positive effect, and only one showed a
negative influence. Although “facilitation” appears in the title of their paper,
the tolerance model is most applicable to their successional dynamics.
Ambrose (3) followed succession in defaunated sediments in Maine. Later
recruitment varied inversely with the density of established juveniles. These
studies demonstrate that all three models of succession may be operative. The



