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Sediment processing in a marine subtidal sandy bottom
community: I. Physical aspects1
by Allen C. Myers 2

ABSTRACT
Sediment processing by animals may include burrowing, ingestion/defecation, tube-building,
and biodeposition. In a benthic community, combinations of these processes will occur, their
proportions and relative importance depending on the composition of the fauna and the sedimentary environment. Although the various kinds of sediment processing and the effects of
each have been studied, there have been no studies of total sediment processing by all the various members of a community: what each contributes and how the separate processes integrate.
Yet an understanding of biologically-mediated sediment-water interactions must include an
understanding of daily, seasonal, or geological aspects of total sediment processing.
Field studies, including weekly quantitative samples of the infauna, sediments, temperature,
and salinity, were made at a single site in the West Basin of Charlestown Pond, a Rhode Island
coastal lagoon, between July, 1969, and August, 1970.
Laboratory experiments determined the mode of burrowing, form of burrow, and sediment
reworking characteristics of the holothurian Leptosynapta tenuis and the polychaete Scoloplos
robustus. The effects each of these animals had on the compactness of the sediment were measured with a rotational viscometer. Tube-building, burrowing, and biodeposition by the other
species at the study site were also examined.
Observations resulted in a sediment processing budget. Ingestion/ defecation by the holothurian Leptosynapta tenuis dominated sediment processing at the study site, followed by
burrowing and tube-building. Biodeposition was quantitatively insignificant. Tube-building
dominated the sediment surface for a short period during the summer when the tubicolous
amphipod Corophium insidiosum invaded the study area. This was accompanied by a temporary
increase in near-surface burrowing activity by small animals taking advantage of the tuberoughened sediment surface.
Reworking and deep-burrowing both extend the depth of the surface oxidized sediment layer
and create oxidized microenvironments below the oxidized zone in the immediate vicinity of
burrows.
Total community sediment processing in the summer resulted in sediment turnover times for
the top 1 cm of 0.7-4 days; for the top 2 cm, 2.4-11.8 days; and for the top 10 cm, 0.5-2.4
years. There was no apparent sediment processing activity during the winter when the water
temperature was below I0°C.
I. Taken in part from the author's Ph.D. thesis, University of Rhode Island, Graduate School of
Oceanography, Kingston, Rhode Island.
2. Curriculum in Marine Sciences, 12-5 Venable Hall 045-A, University of North Carolina, Chapel
Hill, North Carolina, 27514, U.S.A.
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Future studies of nutrient, trace-metal, or pollutant exchanges between sediments and water,
or of biogenic sedimentary structures for use in paleoenvironmental reconstruction, should be
referred to the appropriate sediment processing time-scale.

1. Introduction

Benthic animals physically affect the sediments in which they live in a variety of
ways. Movement of any kind will result in physical displacement of sediment particles (Schafer, 1962), which may have various effects on sediment mass properties
(Rhoads, 1974). Ingestion by deposit-feeders usually results in a somewhat larger
displacement (Rhoads, 1963; Powell, 1977), and may include spatial separation of
grain sizes (biogenic sorting, Rhoads and Stanley, 1965; Gordon, 1966; Warme,
1967), pelletization (Rhoads, 1967), and in carbonates even grain dissolution
(Crozier, 1918). Filter-feeders may add fine-grained matter filtered from suspension and introduced into the substratum as fecal pellets and pseudofeces (Lund,
1957; Haven and Morales-Alamo, 1966). Construction of tubes may alter the
compactness of surrounding sediments (Rowe, 1974; Richards and Parks, 1976),
and may stabilize loose sediments (Fager, 1964; Mills, 1967; Rhoads and Young,
1971). Burrows, tubes, and excavation and defecation mounds may create a biogenic microtopography (Heezen and Hollister, 1971).
In any benthic community, combinations of these processes will occur, the proportions and relative importance of each depending on the composition of the fauna
and the sedimentary environment. Most studies of these processes have only considered either (1) the activities of a single, usually conspicuous, member of a community, or (2) the net result of a community's activity. Both approaches stem
largely from geological interest in diagenetic processes occurring near the sedimentwater interface and in biological activities which may produce structures recognizable in sedimentary rocks and therefore useful in paleoenvironmental reconstruction.
Recent interest has focused on biologically-mediated sediment-water interactions
as pathways for the movement of organic matter, nutrients, and pollutants between
the sediment and water column and into benthic and pelagic food chains. For understanding these pathways, the different kinds of sediment processing occurring
within a single community, their rates, and interactions may be more significant
than either the study of a single process alone or the study of the net community
effects. Further, Rhoads and Young (1971) have successfully used such an integrated approach to explain the physical and biological structure of a community
in Cape Cod Bay, Massachusetts.
The purpose of the work reported here was to examine the rates and effects of
the various kinds of sediment processing in a subtidal marine community. The
general approach was to (1) choose a study site which could be observed and sampled readily and frequently throughout the year; (2) determine what animals were
present; (3) determine in what kinds of sediment processing each community
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Figure 1. Location map of the study site (x) in the West Basin of Charlestown Pond, Rhode
Island, U.S.A. Maximum depth of the West Basin is 2 m, in the center. Zostera beds cover
most of the bottom, except on the south side, where Zostera growth (stippling) outlines the
edges of washover fans.

member engaged, and get some estimates of rates and effects; (4) apply the results
from the study of each individual species to an understanding of the total sediment
processing at the study site. This paper focusses on physical processes; a subsequent
paper will focus on biological consequences.
2. Methods

A study site on the south side of the West Basin, Charlestown Pond, Rhode
Island (Fig. 1) was chosen. Physiographic and environmental characteristics of
Charlestown Pond were described by Phelps (1964). The West Basin has a maximum central depth of 2 m, and shoals shoreward. The basin waters are well mixed.
Average tidal amplitude is less than 30 cm, but southerly and easterly winds can
produce a tidal surge. Sediments are fine-grained silt-clays in the center, giving
way to sands which coarsen both to the south toward the barrier beach and to the
east toward the breachway. Much of the central and northern portions of the basin
are covered with stands of Zostera; vegetation is sparser along the southern margin
and reflects storm washovers which infrequently inundate this area with sediment
from the barrier beach. The study site was on an unvegetated washover lobe, 120 m
from the south shore of the basin, in 30-90 cm of water.
Weekly sampling began on 13 July, 1969, and continued through 13 August,
1970. For identification and enumeration of the contained animals, each sampling
consisted of two one-gallon box cores of sediment (16.8 cm X 10.4 cm x 11 cm
min. height) taken about 1 m apart. All animals retained on a 0.5 mm screen were
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removed, identified, and counted alive. Separate samples of the top 2 cm of sediment (80-100 cc, for grain size analysis) and bottom water (for salinity determination) were taken. Temperatures were measured in situ, 5 cm within the sediment.
In addition, routine observations of the study area during weekly collections and
occasional qualitative samples of the infauna from the more general area were made.
Surface sediment samples were preserved with formalin and stored wet. Subsequently, each sample was washed with distilled water by stirring and elutriation
until the elutriate was clear. All the elutriate was passed through a pre-weighed
glass-fiber filter. Any animals visible to the unaided eye in the elutriate or on the
filter were removed. After drying to constant weight at 62 °C, the filters were combusted in covered crucibles at 450°C for 3.5-4 hours to remove organic matter,
allowed to cool, and weighed.
Experiments on reworking rates and biogenic sedimentary structures of Leptosynapta tenuis and Scoloplos robustus were conducted in specially designed aquaria,
each of which had a stainless steel frame and bottom, three glass sides, and a fourth
hinged plexiglass side. Inside measurements were 30.5 cm X 38.1 cm x 30.5 cm
high. Each aquarium could be filled or drained through a valve in the funnelshaped bottom. A constant flow of unfiltered seawater was supplied at ambient
temperatures and salinities from Narragansett Bay, Rhode Island, adjacent to the
laboratory. Maximum differences in temperature and salinity between the study
site and the laboratory at the times that animals were used were 2.0°C and 3.4%0,
respectively. Sediment for use in experimental aquaria was collected fresh from the
study site, and any macroinvertebrates, pieces of Zostera, or shell fragments larger
than 1 cm were removed by sieving. After washing in fresh water to remove salt,
the sediment was oven-dried at 77°C. In order to differentiate between reworked
and unreworked sediment in experiments, the aquarium sediment was constituted of
natural-colored and stained layers. Sediment was stained as follows: 1.5 g of Sudan
III (red) dissolved in 3.8 l of benzene was added to dry sediment with vigorous
stirring until all grains were evenly coated with the dye. Dyed sediment was allowed
to air dry. Deposit-feeding organisms showed no avoidance of dyed sand.
To set up an aquarium, the funnel-shaped bottom was filled with rounded beach
pebbles, fine pebbles, and coarse sand, in layers. Seawater level was raised through
the aquarium bottom until it just barely moistened the surface of the sand. Then a
layer of undyed sediment was carefully trowelled on top of this. The water level
was again raised slightly, and a colored layer was trowelled and smoothed in on
top of the previous layer. This method prevented the formation of air pockets
and of graded bedding within layers. Dyed and undyed sediment layers were put in
one at a time until there were 20-40 layers, each 3-5 mm thick, making a sediment
block 9-12 cm thick. Water was allowed to continue flowing in from the bottom
until the aquarium was full, whereupon the flow was reversed-passing through the
sediment block-until the overlying water was clear. During experiments, the bot-
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tom drain was closed so that water circulated over, but not through, the sediment
block.
Animals freshly collected from the study site were placed on the prepared sediment surface and allowed to burrow in by themselves. Animal activity at the
sediment surface and along the aquarium walls was checked frequently during
daylight hours. Reworking rates for L eptosynapta tenuis are qualified by the following considerations: (a) none of the experiments was run with other kinds of animals
present; (b) the experiments were run with lower than natural densities of animals;
(c) only medium-large ("adult") specimens were used; (d) most, if not all, of the
specimens used lost portions of their tails during collection: laboratory characteristics of Leptosynapta feeding and casting structures were indistinguishable from
their corresponding field characteristics, suggesting that, from that standpoint, the
holothurians were behaving normally whether eschatologically complete or not.
At the end of a given experiment, water was drained from the sediment block
through the bottom of the aquarium by both gravity and vacuum. Then the plexiglass side was opened and the sediment block dissected in parallel slices or irregularly in pursuit of specific burrows. Reworked sediment (defined as those portions
of the sediment block in which layering had been destroyed by the experimental
animals) was carefully dissected from the block and saved for volume determination
and grain size analysis. A portion of unreworked sediment representing the entire
thickness of the block was also taken for comparative grain size analysis.
Feeding behavior and tube-building activity among the smaller animals were
studied using shallow pans with two contrastingly-colored layers of sediment, or
using culture dishes with sediment and observing with a dissecting microscope.
The effects of burrowing by Leptosynapta tenuis and Scoloplos robustus on sediment compactness at discrete depth intervals in experimental aquarium sediments
(both layered and unlayered) before and after occupation by test animals was
determined using a rotational viscometer turning a T-bar spindle (Synchro-Lectric
Viscometer, Model HBT, with Helipath spindles: Brookfield Engineering Laboratories, Inc., Stoughton, Massachusetts, 02072). The T-bar spindle is a 10 cm-long
shaft 0.157 cm in diameter, at the lower end of which is a cross-bar 0 .074 cm in
diameter and varying in length from 1.09 cm to 4.81 cm. All testing was done in
water-covered sediments at ambient temperature.
In use, the viscometer with the spindle suspended below it was lowered until the
spindle was at the desired depth in the sediment, using a rack-and-cog-equipped
stand supplied with the instrument. Then the viscometer was turned on, applying
torque to the spindle at a rate of 0.5 RPM (3 ° sec- 1 ). The torque required to turn
the crossbar through the sediment was registered on a rotating dial: the highest
reading during the first one-half revolution of the spindle was recorded, except
when a piece of Zostera or shell prevented the crossbar from turning and thereby
produced an aberrantly high reading. Such cases were obvious, as the indicator
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Table 1. Statistics descriptive of sediment size distributions at the study site in Charlestown
Pond. Means, standard deviations, and ranges based on 53 weekly samples. The values for
12 June, 1970, not included in the calculations, are listed separately.
Statistic
Phi mean
Phi median
Phi std. deviation (sorting)
Phi kurtosis
Phi skewness
Values for 12 June, 1970:
Phi mean :
Phi median :
Phi std. dev:
Phi kurtosis :
Phi skewness:

Mean
1.379
1.393
0.693
0.677
-0.021

Std. deviation
0.053
0.049
0.039
0.063
0.024

Range
1.28-1.53
1.30-1.49
0.580-0.826
0.480-0.831
-0.106-+0.127

1.80
1.78
0.74
0.586
0.027

would fetch up solid until a very high torque was reached, upon which it would
break away very suddenly and fetch up on the O stop with a resounding thwack.
The same rotation rate was used in all tests to ensure comparability.
3. Results
a. Field studies. At the site, sediment temperature varied from a peak of 26°C in
July to a minimum of -l.5 °C in February. Ice cover was complete over the pond
from mid-December to mid-February. Temperature stayed below l0 °C from
mid-October to mid-April (six months). Salinity was slightly less than that for Rhode
Island Sound, as might be expected from the physiography of the pond. It varied
from a mid-summer high of 29%0 to a winter low of 22.5%0, generally hovering
about 25-26%0. The low was associated with ice melting.
Grain size statistics for the sediment samples are summarized in Table 1. Particles at the large end of the distribution consist almost exclusively of shell fragments;
less than 0.01 % of the distribution consists of silt-clays. Except for the 12 June
sample, the median varies annually between 0.405 mm and 0.355 mm, a difference
of only 0.05 mm.
Annual variation of elutriated matter is shown in Figure 2. This material consists of about 50% ash and 50 % combustible matter: only the latter is shown in
the graph. It is a consistently small amount of material the abundance of which
follows an annual pattern: low in the winter, generally higher in the warmer months.
The material included comminuted plant debris, diatom frustules, sponge spicules,
and unidentified detritus.
In gross aspect, the microtopography was dominated by animal activity when
the temperature was above l0 °C, and by wave activity when the temperature was
below 10°C. Both kinds of activity produced relief of the same scale: 2-4 cm.

1977]

Myers: Sediment processing: I. Physical aspects

615

(12. 8)
12 JI.IM-"

...
;

.§

4

. ...
O 'H

S

O

N

D 70 J

F

II

A

II

J

J

A

Figure 2. Combustible elutriated matter in weekly bottom samples from the study site. Weight
loss on ignition, mg (kg total sediment)-'.

(Fetch for prevailing winds in West Basin is short, so waves are generally small.
Partial ice cover, particularly along the north shore, further reduces wind effectiveness during the winter.)
Biogenic microtopography was dominated by the fecal mounds and feeding funnels of the holothurian Leptosynapta tenuis except during the week of 12 June,
1970, when the sediment surface was carpeted with the tubes of the amphipod
Corophium insidiosum during its reproductive season. The effect of this tube carpet
was reflected both in the grain size statistics (as a fineward shift in mean-median
grain size), and in a large increase in combustible matter (Fig. 2). The tubes of
this and other tube-builders at the study site were observed to be constantly destroyed by Leptosynapta tenuis, crabs, fish, and birds.
All animals were inferred to be inactive at the study site during the six months
of the year that water temperature was below 10°C. Very infrequently, a small
fecal mound of Leptosynapta could be seen and sometimes an amphipod trackway.
On some occasions, the sediment surface in winter appeared to be stabilized by a
micro-organism film (algal?), whereas such binding was never observed in the warm
part of the year. In the warmth of the laboratory where the samples were processed,
animals frequently became active as the water in which the samples were held
warmed, suggesting that temperature indeed was a controlling factor.
Surface sediment at the study site was yellowish-tan, and this color was taken
as representing oxidized conditions (including, presumably, the microfloral color).
Deeper sediment was gray, and smelled only slightly of H2S, assumed to indicate
reducing conditions. The boundary between the two colors tended to be close to
the surface in the winter Oess than 1 cm), and deeper in the summer (2-5 cm, with
yellowish-tan mottles down to at least 15 cm).
Benthic species collected during this study are grouped according to their occurrence at the study site in Table 2 (complete sampling records are given in Myers,
1973). The groupings were assigned on the basis of (a) the number of times (weekly
samples) a given species occurred at the site; (b) reproductive condition as indicated
by ovigerous females ; and (c) life stage Guvenile or adult). The population minimum
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Table 2. Classification of species collected during this study on the basis of their participation
in the infauna! community.
Group 1. Animals present throughout the year in relatively stable numbers.
Holothuroidea:
Leptosynapta tenuis
Polychaeta:
Scoloplos robustus (Orbiniidae)
Nereis (Neanthes) arenaceodonta (Nereidae)
Tharyx acutus (Cirratulidae)
Gyptis vittata (Hesionidae)
Polycirrus eximius (Terebellidae)
Heteromastus filiformis (Capitellidae)

Crustacea:
Leptochelia sp. (Tanaidacea)
Cyathura polita (lsopoda)
Edotea triloba (lsopoda)
Nemertea:
Amphiporus ochraceus
Amphiporus griseus
Gastropoda (Tectibranchia):
Retusa canaliculata
Platyhelminthes (Turbellaria):
Stylochus ellipticus

Group 2. Animals present throughout the year, but exhibiting strong seasonal peaks and other
wide fluctuations in their numbers.
Polychaeta:
Prionospio heterobranchia (Spionidae)
Podarke obscura (Hesionidae)
Eteone lactea (Phyllodocidae)
Capitella capitata (Capitellidae)

Crustacea (Amphipoda; Gammaridia):
Paraphoxus spinosus

Group 3. Reproductive visitors: animals which occur at the sampling site primarily during their
reproductive phase.
Polychaeta:
Brania wellfleetensis (Syllidae)
Nereis (Neanthes) virens (Nereidae)

Crustacea (Amphipoda; Gammaridia):
Corophium insidiosum
Microdeutopus gryllotalpa
Monoculodes edwardsi

Gastropoda (Mesogastropoda):
Hydrobia sp.
Group 4. (a) Seasonal community members (nonreproductive).
Crustacea (Cumacea):
Oxyurostylis smithi

Gastropoda (Mesogastropoda):
llyanassa obsoleta

(b) Occur at the station only as juveniles.

Polychaeta:
Orbinia ornata (Orbiniidae)
Hemichordata:
Saccoglossus kowalewskyi

Bivalvia:
Mya arenaria
Solemya velum
Mercenaria mercenaria
Laevicardium mortoni
Gastropoda:
Crepidula fornicata
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Table 2 (continued).
(c) Occasional visitors to the area, or occurring there in very low numbers.
Polychaeta:
Eumida sanguinea (Phyllodocidae)
Nereis (Neanthes) succinea (Nereidae)
Arabella iricolor (Arabellidae)
Clymenella sp. (Maldanidae)

Platyhelminthes (furbellaria):
Eup/ana graci/is

Bivalvia:
Gemmagemma
Gastropoda (fectibrauchia)
Haminoea so/itaria
Odostomia sp.

Crustacea:
Ampe/isca verril/i {Amphipoda)
Lysianopsis alba {Amphipoda)
Mysidopsis bigelowi (Mysidacea)

Nemertea:
Lineus socia/is
M icrura caeca
Micrura leidyi

(d) Animals deposited at the site by winds, waves, or currents.
Polychaeta :
Sco/eco[epides viridis (Spionidae)
Spio setosa (Spionidae)
Cirratulus grandis (Cirratulidae)
Scolelepis squamata (Spionidae)
Eteone longa (Phyllodocidae)
Bivalvia:
M ysel/a planulata
Gastropoda (Mesogastropoda):
Mitre/la lunata
Bittium alternatum
Nassarius vibex

Crustacea:
ldotea ba/thica (lsopoda)
Philoscia vittata (lsopoda)
Sarsiella americana (Ostracoda)
Cylindroleberis mariae (Ostracoda)
Cnidaria (Hydrozoa):
Tubularia sp.

occurred on 21 May, 1970, with 2,312 animals m- 2 distributed among 13 species.
The annual population maximum occurred three weeks later with 31,312 animals
m- 2 distributed among 26 species. Most of the difference was due to a large increase of the tubicolous amphipod Corophium insidiosum, the numbers of which
comprised 22 % of the minimum figure and 64 % of the maximum one.
b. Autecology of Leptosynapta tenuis and Scoloplos robustus. Leptosynapta tenuis,
a synaptid holothurian, burrows by ingesting most of the particles in front of it,
going around particles too large to ingest. Clark (1899) has described the burrowing process for this animal. In both field and aquarium observations, L. tenuis was
found to live in a U-shaped burrow, the head of which was marked by a funnelshaped depression in the sediment surface (the feeding funnel) into which sediment
collapsed as the holothurian fed, and the tail of which was marked by a fecal mound
of loose sediment defecated by the animal (Fig. 3).

618

Journal of Marine Research

[35, 3

Figure 3. Diagram of a typical L eptosynapta tenuis burrow in an artificially layered sediment.
A. Feeding funnel. B. Previous feeding funnel, now receiving fecal castings. C. Previous
burrow, now filled.

When Leptosynapta tenuis begins a new burrow from one it is already occupying,
it starts near the tum of the "U" at its head end (Fig. 3). As it burrows, it fills the
old burrow with defecated sediment. At the new feeding position, the head occupies a new limb of the "U," while the tail now occupies the old head limb with its
still-extant feeding funnel. As the animal feeds, a new feeding funnel forms around
the head while the fecal castings fill up the old feeding funnel, so that previous
castings must be pushed up by new ones. Frequently, the old feeding funnel is
completely filled by castings before L. tenuis moves to a new feeding position. The
animal occupies a new feeding site approximately every 1.5 days.
The dimensions of the burrow vary with the size of the occupant, but diameter
is typically 2 mm, depth to the bottom of the "U" is 10-15 cm, and the limbs of
the "U" are about 10 cm apart. Feeding funnels commonly have a diameter and
depth of 2-3 cm, although they occurred with diameters up to 7 cm in experimental aquaria, and smaller ones were noted in the field during cold weather.
When in its burrow, Leptosynapta tenuis produces water currents by anteriorposterior peristalsis, drawing water in at the burrow mouth (the base of the feeding funnel) and forcing it out through the fecal mound. In aquarium observations,
suspended carmine particles were filtered out of the water as it passed through the
mound. No posterior-anterior water currents could be demonstrated.
As determined from the disruption of the layering in artificially layered aquarium
sediments, intensive reworking by Leptosynapta tenuis completely homogenized the
top 3 cm of sediments, with some destruction of layering extending deeper. The
lower portions of burrows were difficult to see in experimental sediment blocks
due to chemical reduction which darkened the color. In ten separate experiments,
comparison of mechanical analyses of sediments from the fecal mounds of L.
tenuis with uningested sediment from unreworked portions of the same aquarium
showed that, except for the largest and finest grain sizes, the holothurian ingested
all the sediment sizes available to it. A bias of 2-5 % against particles larger than
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1.0 mm (0 0) was probably a simple function of mouth size. A bias of less than
0.5 % against the finest sizes may be attributed to the fact that the unreworked
parts of the aquarium from which the control sediments were taken accumulated
fine-grained sediment contributed by the sea water system.
In contrast to Leptosynapta tenuis, the large polychaete Scoloplos robustus appears to ingest finer-grained sediment from among the sizes available to it (one
experiment). S. robustus ingests and defecates minute amounts of sediment and,
consequently, samples are difficult to obtain. Further studies would be necessary
to establish biogenic sorting.
Scoloplos robustus burrows by narrowing and forcing its pointed prostomium
into the sediment, enlarging the cavity by retrograde peristaltic contractions which
die out in the anterior branchial region. The prebranchial segments are wider than
the prostomium and serve as an anchor during forward thrusts. The remaining
10-15 cm of the worm are dragged passively. Once within the sediment, S. robustus
makes two kinds of burrows: (1) a smooth-walled burrow 2 mm in diameter, of
irregular plan, reinforced with mucus, and connected to the sediment surface by a
frequently rusty-colored vertical tube 3-4 cm long, flaccid although heavily plastered
with mucus; and (2) a smooth-walled burrow 2 mm in diameter, irregular in plan,
but unreinforced or very lightly reinforced with mucus. The division of the burrow
into semi-permanent and temporary burrows as suggested here for Scoloplos robus. tus has been described for Glycera sp. by Frey and Howard (1972). From observations of Scoloplos temporary burrows along the aquarium wall, it appears that they
collapse easily. To feed, Scoloplos robustus thrusts its prostomium into the sediment along the sides of one of its burrows. Then, as the prostomium is withdrawn,
the worm everts its lobed proboscis into the cavity (see Pettibone, 1963 : 289) and
begins to manipulate sediment grains. Some are evidently ingested, while most are
not. After about 5 minutes of such "tasting," the proboscis is inverted, the prostomium withdrawn, and the cavity collapses.
During feeding activity of S. robustus, carmine suspensions introduced into the
water near the sediment surface moved in and out of the burrow mouth, roughly
corresponding to thrusts and withdrawals of the prostomium as just described. At
other times, posteriorward currents could be demonstrated for worms in burrows
along the aquarium wall. Rust-colored plumes of flocculent detritus formed on the
aquarium walls near some burrow openings, indicating the presence of excurrents.
In reduced sediments in aquaria, light-colored aureoles 2-10 mm in diameter
formed around burrows occupied by Scoloplos robustus within 12-24 hours (Fig.
4). When water was being drained from the aquarium at the end of an experiment,
both the burrows proper and the aureoles were marked by relatively rapid drainage compared with the surrounding sediment. The drainage pattern also suggested
the presence of temporary burrows which had collapsed. However, there was no
detectable disturbance in any artificially layered sediments occupied for extended
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Figure 4. Sketch of a slice from an unlayered aquarium sediment block after occupation by 7
Scoloplos robustus for 87 days. A . Sediment surface. B. Light gray zone. C. Dark gray zone.
D . Worm burrow surrounded by oxygenation aureole. Fresh oxidized sediment is yellowishtan; reduced sediment turns various shades of gray corresponding to the degree of reduction.

periods by either single or multiple S. robustus. The worms did produce tiny fecal
piles at the rate of 6 mms per animal per day.
Results of the reworking experiments using Leptosynapta tenuis are shown in
Table 3. The average reworking rate for this animal at summer temperatures was
19.5 cm 3 (animal-day)- 1 based on the volume of sediment included in ingestion/
defecation. The U-portion of the burrow probably accounts for an additional
1 cm3 day- 1 •
c. Autecology of other animals in the community. The mechanical effects of most
other animals at the study site were confined mainly to the top 1 cm of sediment,
and involved three processes: (1) displacement of grains by simple movement; (2)
incorporation of sand grains into tubes; and (3) the addition of fecal pellets incorporating fine-grained mineral matter.
Non-tube-building crustaceans such as the isopod Edotea triloba and the amphipods Paraphoxus spinosus and Monoculodes edwardsi were found to move through
the top 1 cm of sediment rapidly and suddenly between periods of epistratal feed-

Table 3. Summary of sediment reworking experiments with Leptosynapta tenuis.
No.
1
2
3
4
5

6
7
8
9

Average
temp.
20°
21.50
20.5°
23.5°
22.5°
22 °
23 °
19 °
24 °

Average (Exp. 1-8)

Duration
(days)
7

17
IO

4
6
8
8
9
29

Number of
animals
1
1
4
18
5
5

4
5

8

Reworking rate
cm• (animal-day)-1
21.0
11.3
12.1
13.2
17.8
30.6
23 .9
25.9
22 (minimum)
19.5
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ing. E. triloba was observed to feed in one position, head down, for up to 2 hours
before moving to a new location. Feces were voided on the sediment surface as
short cylindrical rods in piles at each feeding site. M . edwardsi and P. spinosus
both feed at least 5 mm below the sediment surface and void long (c. 5 mm)
cylindrical fecal rods at the sediment surface. In contrast to Edotea triloba, Paraphoxus spinosus scuttles about more frequently : in culture dish observations, the
amphipod was estimated to move at least 15 cm br- 1 • Oxyurostylis smithi, a
cumacean, feeds epistratally from individual sand grains which it picks up, licks
off, and tosses aside. The average rate of processing for five specimens observed at
different times of day was 6.4 grains min- 1 , or roughly 400 hour- 1 . There was no
obvious size selection. 0. smithi also produces cylindrical fecal strings at the sediment surface.
Among the tube-builders, Leptochelia sp. (a tanaid) built 30 mm of new tube
overnight (16.5 hours). Counts showed an average of 60 sand grains per mm of
tube. Microdeutopus gryllotalpa (an amphipod) built tubes 10 mm long with an
outside diameter of 4 mm and an inside diameter of 2 mm. Although this amphipod
could be chased out of its tube by a needle or by the flatworm Euplana gracilis, in
culture dish observations it always returned to the same tube. A second amphipod,
Corophium insidiosum, builds a tube 15 mm long, 2 mm outside diameter and 1 mm
inside diameter, within which it creates water currents bringing in suspended particles which the amphipod filters for food . These currents enter the entrance but exit
through the walls. C. insidiosum was found to mate and moult within its tube, for
both of which functions the tube was sealed at both ends. Otherwise, it left its
tube frequently and rebuilt. Euplana gracilis often chased the amphipod out of its
tube in persistent (but in observations never successful) pursuit.
Unlike the mortared constructions of the amphipods, the tube of the small
spionid polychaete Prionospio heterobranchia consists of a simple mucus sheath to
which sand grains adhere. The polychaete lies in its tube, which is oriented obliquely
to the sediment surface, with its palps extended into the overlying water. If the
palps are disturbed, the worm withdraws into its tube; if the sediment near the tube
is disturbed, however, the worm leaves its tube, swimming rapidly through the
water by translational figure-eight contortions (i.e. the origin and end-points of the
"8" are laterally separated). When the contortions cease, P. heterobranchia settles
back onto the sediment and burrows in, forming a new sheath. The lashing about
of one Prionospio apparently arouses others of the same species to leave their tubes
as well.
Two polychaetes, Nereis arenaceodonta (nereid) and Eteone lactea (phyllodocid),
were associated with flaccid mucus-sheath tubes and adherent sand grams in all
collections· the occurrence of these worms at several cm depths makes it difficult
'
to decide whether
the mucus sheath represents a tube or simply a locomotory aid.
Mucus produced by the two Amphiporus species (nemerteans) never formed a
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Figure 5. Compactness profiles: rotational work done in turning a T-bar, 1 cm long by 0.074
cm diameter, through 180° (1r rad.), as a function of depth in the sediment. Combined vertical profiles from different parts of the aquarium. A. Profiles in unlayered sand, after standing 8 hours in running seawater, before adding animals. B. Combined profiles from the same
aquarium after occupation by 8 Leptosynapta tenuis for 29 days.

sheath of adherent sand grains, and therefore may be considered exclusively a
locomotory aid.
Capitellid polychaetes at the site-Capitella capitata and Heteromastus filiformis
-are very thin random burrowers, usually found deeper than 1-2 cm in the sediment. They were not found to be associated with any tubes or sheaths, and may be
interstitial at this site.
The two polychaetes Polycirrus eximius (terebellid) and Tharyx acutus (cirratulid)
both feed by collecting, on tentacles spread out among the surface sediment grains,
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Figure 6. (See legend for Fig. 5) A. Dots : Profiles in layered sand, after standing 3 days in
running seawater, before adding animals (readings below 5.5 cm were all off-scale). Triangles:
A derived control (see text) in unreworked sediment 9-17 days after the beginning of the
experiment. B. Profiles in the same aquarium after occupation by 8 L eptosynapta tenuis for
29 days.

fine particles which they transport to their mouths. Feces are voided subsurface,
while rejected particles remain near the surface. Cohesive "clay" balls, 1-2 mm in
diameter, found in the study site sediments especially in summer, were attributed to
subsurface defecation by these polychaetes.
Of the animals listed in Table 2 (Groups 1-4a) not thus far considered, the polychaetes Gyptis vittata (hesionid) and Brania wellfleetensis (syllid) live interstitially;
the turbellarian Stylochus ellipticus and the polychaete Podarke obscura (hesionid)
do not burrow (although Podarke is found below the sediment surface in the burrow
galleries of Scoloplos robustus) ; the tiny (2 mm) gastropod Retusa canaliculata
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moves freely in the top 2 mm, but occurs in very low numbers; the gastropods
Hydrobia sp. and Nassarius obsoletus are found at the study site only during the
winter, when both are inactive; the isopod Cyathura polita was not studied, but
this free-burrower may rework as much sediment as the isopod Edotea triloba.
Finally, the nereid polychaete Nereis virens occurred at the study site in numbers
too low to consider its possible effects separately. Most specimens of N. virens were
juveniles, and probably burrow through as much sediment as N. arenaceodonta.

d. Effects of Leptosynapta and Scoloplos activity on sediment compactness: results
of viscometer measurements. Results of compactness measurements are shown in
Figures 5-7. Compactness of an unlayered aquarium sediment before adding animals increased geometrically with depth down to 5 cm, below which there was no
identifiable trend (Fig. 5A). After 29 days of ingestion/ defecation by the holothurians, the compactness profile had changed (Fig. 5B), becoming nearly linear down
to 4 cm in addition to showing a substantial shift to the right (= more compact): at
0.5 cm depth, there is at least a 2.5-fold increase. Below 4 cm, the data points are
too scattered to support any inferences about compactness changes.
Figure 6 shows the more striking results of a similar experiment, using layered
sand. Ingestion/defecation by Leptosynapta tenuis for 29 days produced marked
changes in the compactness profiles. In the top 3 cm, the pattern is similar to that
of the previous experiment; below 3 cm, the compactness clearly decreased. In the
unreworked sediment, layered (Fig. 6) and unlayered (Fig. 5) sands show the same
profile down to 3 cm. Below 3 cm, layered sands were clearly more compact than
unlayered sands. This difference may have been due to subtle effects arising from
the way each form of sediment was put into aquaria: layered sediments were
trowelled in layer by layer; unlayered sediments were put in as a whole mass and
thoroughly stirred by hand to expell air and homogenize the sediments.
An increase in compactness in the top 3 cm after reworking by Leptosynapta
tenuis was quite unexpected, so comparative data were marshalled from unreworked
parts of aquaria in which L. tenuis had been active in order to test for possible
time-related effects (Fig. 6A, Triangles). As both feeding funnels and fecal mounds
are obvious from the sediment surface, their absence at the surface guaranteed an
unreworked sediment down to at least 3 cm, and this profile may be considered a
control. This derived control suggests that in layered aquarium sediments, some
compaction will occur with time even in the absence of a macrofauna (though possibly abetted by a meiofauna). From this new perspective, sediment processing by
Leptosynapta tenuis decreases compactness in the interval 2-10 cm and has no
measurable effect in the surface 2 cm.
Extended occupation of unlayered sediment by Scoloplos robustus (6 specimens
for 85 days) generated a compactness profile (Fig. 7) similar to the derived control
though slightly less compact.
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4. Discussion

Sediment processing in the study site community was found to involve four
processes: ingestion, physical displacement through burrowing, tube-building, and
biodeposition: in short, most of the kinds of sediment processing reported in the
literature (cf. Introduction). The results presented here can be combined with sampled population densities (Myers, 1973) to estimate the amounts and relative importance of each kind of sediment processing at the study site. Because the animals
were apparently inactive during the winter, this discussion will be limited to the six
months of the year when water temperature exceeded l 0°C.
Calculations for the sediment processing budget are based on experimental measurements of Leptosynapta tenuis and Scoloplos robustus ingestion rates, plus the
observations on the other animals together with the following assumptions: (1) the
polychaete Scoloplos robustus moves its own length (10 cm) in new burrows each
day; (2) the cumacean Oxyurostylis smithi maintains its average feeding rate 12
hours per day; (3) the amphipod Paraphoxus spinosus moves 15 cm per hour, and
has a cross-sectional area of 1.5 mm2; (4) the polychaetes Tharyx acutus and
Polycirrus eximius each produce one fecal ball per day; (5) the tanaid L eptochelia
sp. builds 30 mm of new tube each day, with 60 average-sized grains per mm; (6)
the amphipod Microdeutopus gryllotalpa builds one new tube each day; (7) the
amphipod Corophium insidiosum builds 6 new tubes each day; (8) the polychaete
Prionospio heterobranchia forms two new tubes per day. A sediment processing
rate of 1 cm8 (animal-day)- 1 for the small free-burrowing animals not itemized
separately in the budget under "Burrowing" was assigned by comparing their
activity to that of Paraphoxus. The group includes the polychaetes Nereis arenaceodonta, N. virens, and Eteone lactea; the gastropods Retusa canaliculata and Hy-
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Table 4. Calculated budget for sediment processing at the study site, April to October. See
text for assumptions; population density from Myers (1973).
Population
processing
Population
Individual
rate
density
processing
(range)
(range)
rate
ID_,,
cm•m-2day-1
cm• (animal-day)-1
Item
Ingestion
Leptosynapta tenuis
feeding funnels
U-portion of burrow
Scoloplos robustus

19.5
1.0
0.06

87 - 433
87 - 433
58 - 519

1688 - 8439
87 - 433
3.5 - 31

Burrowing
Paraphoxus spinosus
(other free-burrowing animals:
amphipods, isopods, small gastropods,
and polychaetes)
Sco/oplos robustus
Oxyurostylis smithi

5.4

29- 1154

157 - 6232

1.0
0.31
0.125

115 - 779
58 - 519
0-404

115 - 779
18 - 162
0- 50

Tube-Building
Prionospio heterobranchia
Corophium insidiosum
Leptochelia sp.
Microdeutopus gryllotalpa

0.19
0.28
0.047
0.094

1673 - 6376
0- 19272
0 - 1933
0- 866

318 - 1211
0 - 5396
0- 91
0 - 81

Biodeposition
Tharyx acutus
Polycirrus eximius

0.004
0.004

0- 952
0-115

0 - 3.8
0-0.5

drobia sp.; the isopods Edotea triloba and Cyathura polita; and the amphipod
Monoculodes edwardsi. These species occur in low numbers and discontinuously at
the study site. These assumptions are more conservative than those of Myers
(1973)-an adjustment for pre-doctoral hyperbole. The calculated sediment processing budget is shown in Table 4.
Inspection of Table 4 reveals that Leptosynapta tenuis dominated community
sediment processing. This agrees with the observations of other authors that holothurians in general are champion sediment processors (Rhoads and Young, 1971;
Powell, 1977 and refs. there). Ingestion was the dominant kind of sediment processing at the study site. Though dominance of sediment processing by ingestion has
never been reported from a sandy sediment, it has been reported for muddy sediment
both in Buzzards Bay where the dominant deposit-feeders were protobranch
bivalves (Rhoads and Young, 1970), and in Cape Cod Bay where the dominant
deposit-feeder was the holothurian Molpadia oolitica (Rhoads and Young, 1971).
However, Molpadia oolitica feeds 20 cm deep within the sediment and voids feces
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at the surface, in contrast to Leptosynapta tenuis, which feeds and defecates in the
top 2-4 cm with relatively minor ingestion from 2-10 cm. Ingestion by Scoloplos
robustus appears quantitatively insignificant in the processing budget.
Burrowing-the next largest item in the budget-was dominated by the freeburrowing amphipod Paraphoxus spinosus. All the burrowers except for Scoloplos
robustus are active generally in the top 2 cm. Scoloplos confines its activity generally
to the 2-13 cm interval, discussed later under compactness changes.
Tube-building was dominated by the spionid polychaete Prionospio heterobranchia except when the amphipod Corophium insidiosum invaded the site for two
months in mid-summer. As tube-building is primarily a surface activity, it may
affect the hydrodynamic properties of the sediment surface, promoting the retention
of fine-grained material by increasing the effective critical erosion velocity: such a
result can be seen both in the plot of elutriable matter (Fig. 2) and in the grain-size
statistics (Table 1) for 12 June, 1970, when Corophium tubes densely carpeted the
entire bottom in the study site area. Destruction of these tubes by Leptosynapta
tenuis, fish, and birds, contributes to their high turnover rate.
Biodeposition was a quantitatively insignificant process at the study site even
through the amount calculated in the table probably underestimates the actual
amounts, which include the feces of epistratal feeders (such as the cumacean Oxyurostylis smithi, the amphipods, and isopods) as well as those of the suspension feeders
Corophium insidiosum and Prionospio heterobranchia. On the basis of very rough
calculations, these additional sources might add another 1 cm 3 m- 2day- 1 • There is
sufficient movement in the sediments to expose these materials to the overlying
currents, which are strong enough to transport them out of the area (Phelps, 1964).
These fine-grained materials may be important in short-term nutrient regeneration
even though they are not ultimately retained at the study site.
In this bottom community, most of the sediment processing occurs in the top
1-2 cm: 58% of the animals were found in the top 1 cm, 85 % in the top 2 cm
(Myers, 1973); plus most of the ingestion by Leptosynapta tenuis takes place here.
However, the maximum and minimum processing rates for each population in Table
4 do not necessarily coincide. To show the relative proportions of the kinds of
sediment processing in the top 1 cm during the warm half of the year, Figure 8 was
constructed by applying the individual sediment processing rates to the weekly
sampled population densities. This diagram shares the weaknesses of (a) population
density estimates from small and therefore variable samples, and (b) the rigid
application of rates of animal function which may themselves vary. Figure 8 indicates that ingestion by Leptosynapta tenuis was a fairly constant feature of sediment processing in this community; tube-builders other than Corophium ("Others")
also constituted a fairly uniform amount of sediment processing, due to the fact
that this group was dominated by a stable ever-present member of the community,
Prionospio heterobranchia. Burrowing, too, though more variable than the other
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Figure 8. Proportions of tube-building, burrowing, and ingestion/defecation in the top 1 cm of
sediment at the study site during the warm part of the year. Note that data from 1969 have
been plotted adjacent to 1970, although in the actual study these periods were separated by
a winter. Ingestion includes only the reworking activity of Leptosynapta tenuis estimated to
take place in the top 1 cm (66% ). Biodeposition is too small a quantity to illustrate. Constructed from sediment processing rates (Table 5) and weekly sampled population densities
from Myers (1973).

two types of sediment processing shown in Figure 8, remained a rather constant
quantity except during the two months when tube-building by Corophium insidiosum
dominated sediment processing. The correlation between increased burrowing
activity and greatly increased tube-building by Corophium insidiosum probably reflects the observation that the alteration of the sediment surface by the large
number of tubes provided additional niches and food resources for the free-burrowing species (the number of species per sample reached its annual maximum during
this period). However, the correlation between Corophium tubes and increased
burrowing extends well beyond the major effect of the tubes on grain size and elutriable matter content, which lasted only for a week or so around 12 June, 1970 when
the numbers of Corophium reached their maximum.
Table 5 summarizes the sediment processing information from Figure 8, allowing for sediment processing-population density interactions which could not be
determined from Table 4. Sediment processing in the top 1-2 cm is extremely rapid,
especially in view of the fact that these processing rates may be conservative.
Sediment processing below 2 cm goes on at a much lower rate. The two dominant
sediment processors and processing activities between 2 and 10 cm are ingestion/
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Table 5. Sediment processing at the study site during the warm months of the year (AprilOctober), derived from Figure 8; biodeposition ignored.

Item
Sediment processing, top 1 cm
Tube-building, top 0.5 cm
Burrowing, top 1 cm
Ingestion, top 2 cm
Sediment processing, 2-10 cm

Rate
(Range)
cm' (m'-day)-1
2500-14050
320-6200
140-6280
1688-8439
90-464

Turnover time
days
0.7-4
0.8 - 15.6
1.6 - 71
2.4-11.8
172-889
(0.5-2.4 years)

defecation by Leptosynapta tenuis and ingestion and burrowing by Scoloplos
robustus.
Ingestion/ defecation by Leptosynapta tenuis decreases compactness in the 2-10
cm interval, whereas burrowing and ingestion in the same interval by the polychaete
Scoloplos robustus does not. In fact, comparison of the effect of Scoloplos on compactness (Fig. 7) with either Figure 5 or Figure 6B suggests that sediment processing
by the polychaete will tend to counteract the effects of the holothurian. However,
Leptosynapta is reworking sediment between 2-10 cm almost four times as fast as
Scoloplos, so the holothurian's effect is expected to dominate.
It is unfortunate that compactness measurements could not have been made in
situ at the study site so that the mechanical effect of all the animals living in the
top 2 cm could be evaluated. The laboratory tests indicated that Leptosynapta had
no effect of its own on compactness in the top 2 cm. It is expected that only the
tube-builders will affect compactness in this interval, and, except for the mucus
tube sheaths of the polychaete Prionospio heterobranchia and the mucus-plastered
entrance shaft of Scoloplos burrows, tubes were discrete and generally confined to
the top 5 mm, leaving the compactness of the 0.5-2 cm interval substantially determined by Leptosynapta activity.
The two-component compactness profile of the study site sandy sediment, consisting of an upper 2 cm interval which is not affected by burrowing/ ingestion and
a lower 2-10 cm interval the compactness of which is decreased by Leptosynapta
ingestion/defecation or increased by Scoloplos burrowing, may be explained by the
interaction of gravity (overburden pressure) and changes in the sedimentary fabric
produced by the animals. Burrowing and ingestion/ defecation in the top 2 cm and
ingestion/ defecation in the lower 2-10 cm create a looser, less compact fabric, the
maintenance of which depends on the frictional inertia of grain-to-grain contacts.
In the top 2 cm, the overburden pressure is apparently not sufficient to maintain
loose, open grain contact configurations and the sediment assumes a denser, equilibrium packing. Below 2 cm, however, the overburden pressure is sufficient to rein-
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force the more open grain fabric. Burrowing by Scoloplos, then, apparently collapses and consolidates the loose fabrics created by Leptosynapta. These opposing
effects are manifestations of each species' method of movement through the sediment.
Leptosynapta tenuis ingests virtually all the sediment grains in its path, plucking
them out with its tentacles. Sediment passes through the gut and is defecated as a
loose mound or burrow-filling. Scoloplos robustus forces its way through the sediment, using coelomic pressure on the body wall to consolidate the burrow wall
(cf. Clark, 1964), possibly with some help from mucus secretions. Consolidation of
the burrow by body wall pressure is not effective without some overburden pressure, apparently, as reflected by the short, heavily mucus-plastered tube which
connects the deeper burrow galleries of Scoloplos with the sediment surface. (This
reinforced tube may also represent an adaptation for maintaining contact with the
overlying water through the intensively reworked near-surface sediments.)
In addition to the short-term physical phenomena thus far considered, a seasonal
effect on sediment chemistry apparently correlatable with animal activity is reflected in the migration of the redox potential discontinuity (as indicated by the
tan/ gray boundary) from near the sediment surface in winter to 5 cm or more in
the summer. This can be attributed mainly to fluid exchange by ventilatory pumping, plus biogenic particle transport (primarily by Leptosynapta tenuis). The deepest mottles (to 15 cm depth) are probably oxygenation aureoles formed locally
around the burrows of Scoloplos robustus (Fig. 4). A decrease in compactness
caused by LeptoSYnapta ingestion/defecation between 2-10 cm may promote fluid
exchange in this interval. A substantial decrease in these activities during the winter
allows the RPD to assume a diffusional profile near the surface. This effect is enhanced by the lack of physical disturbance during the winter due to ice cover and
ice-reduced wind fetch: deep physical reworking commonly associated with sandy
sediments in high energy situations does not occur at the study site. Micro-organism
carpets can form in the winter when the sediment surface is not reworked by animals, and these may further decrease oxygen diffusion into the upper few cm.
A still longer-term effect of animal sediment processing at the study site is the
alteration and/ or destruction of primary sedimentary structures. Sediments along
the south shore of the West Basin are derived from the barrier beach by infrequent
storm washovers (Dillon, 1970). Poor sorting and a coarse-skewed distribution consistently reflect such a high-energy event. The sedimentary characteristics and development of washover fans described from Delaware Bay by Maurmeyer, Allen,
and Kraft (1976) are probably very similar to those occurring at the West Basin
study site. Intensive bioturbation at the study site would effectively destroy any
primary sedimentary structures within the top 10-15 cm within two years after the
original deposition of the washover fan. Because fine-grained materials do not accumulate at the study site and because there is no biogenic sorting, the completely
bioturbate horizon should be largely homogeneous. Preservation of this horizon
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could occur when a subsequent washover covered it: Maurmeyer et al. (1976) cite
examples of both conformable and scoured contacts within sequences of washover
fans. Encroachment over the study site of Zostera beds from the lagoon would
destroy any existing faunigenic structures through rhizome development and would
cause selective attrition of species in the present community as muddy sediment
accumulated in the Zostera bed.
The foregoing discussion has indicated that sediment processing at the study site
can be viewed within three different time scales: the daily-to-weekly, the seasonal,
and the geological. The daily-to-weekly time scale will be the most important one
from which to view the effects of sediment processing on nutrient regeneration and
transfer, productivity (cf. Marshall, 1970), and sediment-mediated species interactions (e.g. trophic group amensalism: Rhoads and Young, 1970). The seasonal
time scale will be an appropriate one from which to view the effects of seasonal
changes in sediment processing rates on nutrient and trace element transfer from
deep within sediments, short-term diagenesis of organic compounds (as affected,
for example, by the migration of the RPD), and on temporary accumulation of
soluble or labile materials in the sediments during periods of relative animal quiescence. The geological time scale is the most appropriate one from which to view the
role of sediment processing (bioturbation) in the destruction and creation of unique
sedimentary textures and structures which can be recognized in the rock record.
Most studies of sediment processing have been made from this last point of view,
whereas the study of sediment processing within the smaller time scales is more
applicable to the burgeoning interest in sediment-water interactions.
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