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Sediment processing in a marine subtidal sandy bottom
community: II. Biological consequences1
by Allen C. Myers 2

ABSTRACT
Sediment processing by benthic animals is acknowledged to destroy, alter, or create sedimentary structures. Sediment processing also has consequences for benthic community trophic
structure and spatial distribution. Previous workers have shown that biogenic instability of
muddy sediments may exclude one feeding type from an area dominated by a different feeding
type (trophic group arnensalism). The present study shows that trophic group amensalism
can operate in a clean sandy environment and that the amensalism affects primarily bivalves.
The mechanism of the amensalism in the sandy environment of the study site appears to be
intense mechanical agitation of the near-surface sediments by animals actively processing
sediment in various ways, which could prevent bivalve suspension feeders from supplying
their metabolic needs.
Accomodations to the work required for burrowing appear to be ( 1) the construction of
semipermanent burrows consisting of a stable connection to the overlying water from the base
of which constantly-renewed feeding burrows fan out; (2) use by nonburrowing animals of
existing burrows built by other animals; and (3) the occupation by one burrowing species of
a sediment zone the compactness of which is decreased by another species.
Work required to burrow in the sediment may limit the vertical distribution of some small
free-burrowing crustaceans. Biogenic sediment instability may affect both hard-shelled and
soft-bodied animals living near the sediment surface by requiring movement which (a) requires more work than the energy available to do it, or (b) exposes the organism to its
predators.

1. Introduction

It is now commonly acknowledged that sediment processing by benthic animals
may destroy or alter primary sedimentary structures as well as create unique structures in sediments, and studies of these processes and their results have been widely
applied to understanding the depositional environments of ancient sedimentary
rocks (Frey, 1975). In addition, Rhoads and Young (1970) have argued convincingly that sediment processing may have some biological consequences, among
1. Taken in part from the author's Ph.D. thesis, University of Rhode Island, Graduate School of
Oceanography, Kingston, Rhode Island.
2. Present address: 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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which they described trophic group amensalism: namely, that intensive reworking by deposit feeders excludes suspension feeders and sessile epifauna from
the muddy bottom of Buzzards Bay by creating an easily-resuspended unstable
sediment-water interfacial layer which tends to clog the delicate gills of suspension
feeders, bury their larvae or discourage them from settling, and prevents attachment
of epifauna. Subsequently (Rhoads and Young, 1971; Young and Rhoads, 1971),
they showed a similar interaction (though with some exceptions) among different
species of deposit feeders and suspension feeders in the muddy sediments of Cape
Cod Bay. Rhoads (1974) has summarized other biological consequences of sediment processing. Thus far, there have been no studies of sandy bottom communities
from this point of view.
The purpose of the present report is to explore the biological consequences of
sediment processing in a marine bottom macrofaunal community living in sandy
sediments in the West Basin of Charlestown Pond, Rhode Island (U.S.A.). Physical
aspects of sediment processing in this community were reported in a previous paper
(Myers, 1977).
2. Study site

The study site was located on the south side of the West Basin, on an unvegetated
storm washover fan, in 30-90 cm of water. This site is described and located in
greater detail in Myers (1977). Waters were well-mixed; salinity was generally 2526%0 ; temperature varied from -l.5 °C in February to 26 °C in July, and remained
above 10°C between mid-April and mid-October.
The sediment is a clean, poorly-sorted, angular, medium sand (median = 0.38
mm) with less than 0.01 % silt-clay. There is a tiny amount of elutriable matter
present [0.6-25 mg (kg total sediment)- 1 ), roughly half of which is combustible.
The amount of this material follows a seasonal pattern of scarcity in winter and
relatively greater abundance in summer. It includes comminuted plant debris,
diatom frustules, sponge spicules, and unidentified detritus.
Phelps (1964) concluded that Charlestown Pond was one of the biologically most
productive areas known. The pond supports recreational and commercial fisheries
for scallops (Argopecten irradians), quahogs (Mercenaria mercenaria), soft-shelled
clams (Mya arenaria), and various bait and edible finfish. The study area lacked
adults of the bivalve species, and was generally undisturbed by human activities,
based on the author's observations and discussions with commercial and recreational
fishermen at the marina opposite the study area, on the north side of the pond.
3. Methods

Between July, 1969, and August, 1970, weekly quantitative samples of the bottom fauna were collected in box cores, sieved through 0.5 mm mesh screens, and
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the animals retained on the sieve were identified and counted. These samples and
observations at the study site were supplemented with qualitative samples and observations of the more general study site area. In addition, one brief study determined differences in animal distribution among the dominant microtopographic
features. The sampler consisted of a 120 ml collecting jar into which sediment and
its contained animals were sucked from the feature of interest by a single squeeze
of a one-way rubber suction bulb. The samples were sieved through a 0.5 mm
screen, and the retained animals identified and counted. A second brief study determined the vertical distribution of animals at the study site in July by slicing 25
freshly-taken cores (15 cm X 5 cm diameter) into 1 cm intervals at the study site,
and sieving the samples for animals as before.
Observations in the field at the study site were supplemented extensively by
laboratory observations of study site animals in aquaria (see Myers, 1977).
The work required for burrowing is proportional to sediment compactness. The
actual work required should vary from species to species, depending on the mode of
burrowing as well as on the depth and rate. The work required to turn the rigid
T-bar through the sediment-the measure used by Myers (1977) to determine compactness profiles-may be considered analogous to the work required of an animal
to push a similar cross-sectional area through the sediment. In a clean sandy sediment where pore waters may migrate freely and the sediment structure is grainsupported, the rate of burrowing (within natural limits) probably does not affect
the sediment's resistance to being burrowed, and therefore the rate differences
between the rate of rotation of the viscometer T-bar (3 ° • sec- 1 ) and a small burrowing animal may be ignored. Further, the rotational work measured by the viscometer as used in Myers (1977) may be related to work done over a linear distance
by taking the path length of one end of a 1-cm cross-bar (1.57 cm).

4. Results
Composition of the study site fauna by species, feeding type, type of occurrence,
sediment processing type, and depth of occurrence is shown in Table 1. Feeding
and sediment processing types were determined by direct observation of animals at
the study site and in laboratory aquaria. Species which have no apparent functional
role in the study site community (wind- or wave-transported exotic species; migrating species present very briefly at the study site) are not included in the table.
Polychaetes and crustaceans dominated the macrofaunal community in numbers
of individuals and species (Myers, 1973). Feeding types are roughly correlated with
taxonomic groups: most deposit feeders are polychaetes, all the epistratal feeders
are crustaceans, and most of the suspension feeders are bivalves found at the study
site only as juveniles. The important exceptions are the deposit-feeding holothurian,
Leptosynapta tenuis, which dominates sediment processing in the community, and
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Table 1. Species composition of the study site macrofaunal community. Feeding type-SF
suspension feeder; DF = deposit feeder; SDF = selective deposit feeder; SDFE = epistratal
feeder; C = carnivore. Groups from Myers (1977)-Group 1: animals present throughout
the year in relatively stable numbers; Group 2: animals present throughout the year, but
showing wide seasonal fluctuations; Group 3: animals occurring at the study site during
their reproductive phase; Group 4a: animals present at the study site only seasonally;
Group 4b: animals occurring at the study site only as juveniles. Sediment processing typelB = ingestion burrower; FB = free-burrower; SPB = semi-permanent burrow dweller; S =
sedentary; I = interstitial dweller; NB = nonburrower; TB = tube-builder; E = epifaunal;
Q = quiescent (seasonal burial). Depth of maximum occurrence from Table 2 and additional
observations. Minimum population density required for a species to appear consistently in
quantitative samples was 50 • m-•.

Taxonomic
Group
Holothuroidea
Polychaeta:
Orbiniidae
Nereidae
Terebellidae
Cirratulidae
Capitellidae:
Hesionidae:
Spionidae
Phyllodocidae
Syllidae

Species

Leptosynapta tenuis
Scoloplos robustus
Neanthes arenaceodonta
Neanthes virens
Polycirrus eximius
Tharyx acutus
Heteromastus filiformis
Capitella capitata
Gyptis vittata
Podarke obscura
Prionospio heterobranchia
Eteone lac/ea
Brania wellf/eetensis

Maximum
depth of
occurrence in
sediment (cm)

Feeding
Type

Group

Sediment
Processing
Type

DF

1

1B

11

SDF

1
1

FB/ SPB
SPB?/ FB

DF/ C
SDF
SDF
DF
DF
?

3

s

1
1
1

S! FB

FB / 1
FB/ 1

13
13
6
3
3
6
4

1

I

10

DF! C

2
2
2
3

NB
TB
FB / 1

6
4
2

I

8

DF! C

SF
?
?

2

s

two species of suspension feeders-a polychaete (Prionospio heterobranchia) and a
tubicolous amphipod (Corophium insidiosum)- which between them dominated
the community numerically.
Results of the vertical distribution study are shown in Table 2. Most animals
(85 % ) are found in the top 2 cm. Except for the holothurian Leptosynapta tenuis,
all the animals found below 3 cm are polychaetes. There were no organisms or
fragments of organisms recovered below 13 cm, although light-colored sediment
mottles attributed to oxygenation aureoles around Scoloplos robustus burrows were
found down to 15 cm. Some viable egg capsules of /lyanassa obsoleta were found
between 6 and 7 cm, possibly buried by Leptosynapta tenuis sediment processing.
The distributions of some animals among Leptosynapta tenuis feeding funnels,
fecal mounds, and the areas in between are shown in Table 3. The total numbers
of animals near feeding funnels is rather similar to the numbers between funnels
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Table 1 (continued).

Taxonomic
Group
Crustacea:
Tanaidacea
Isopoda :
Amphipoda:

Cumacea

Species

Leptochelia sp.
Cyathura polita
Edotea triloba
Paraphoxus spinosus
Corophium insidiosum
Microdeutopus gry/lotalpa
Monoculodes edwardsi
Oxyurostylis smithi

Gastropoda:
Tectibranchia
Retusa canaliculata
Mesogastropoda: Hydrobia sp.
Ilyanassa obsoleta

Bivalvia:

Nemertea:
Platyhelminthes

Crepidula fornicata
Mya arenaria
Mercenaria mercenaria
Solemya velum
Laevicardium mortoni
Amphiporus ochraceus
A. griseus
Sty/ochus el/ipticus

Feeding
Type
SDF
DF! C

SDFE
SDFE
SF
SDFE
SDFE
SDFE

DF! C?

DF
DF
SF
SF
SF
SF
SF
DF! C
DF! C
C

Group
1
1
2
3
3
3
4a
(summer)
1
3
4a
(winter)
4b
4b
4b
4b
4b
1
1
1

Sediment
Processing
Type

Maximum
depth of
occurrence in
sediment (cm)

TB
FB
FB
FB
TB
TB
FB
FB

2
2
2
2
2
2
2
1

FB
FB
Q

2

E
FB / S
FB / S
FB / S
FB / S
FB
FB
NB

2
2
2
2
2
2
2
1

and fecal mounds because the feeding funnel sample consisted of sediment within
1 cm of the funnel.
The relationships among relative work required to burrow (Myers, 1977, Fig.
6B), vertical distribution, and relative sediment processing is shown superimposed
on one end of a block diagram of the study site community (Fig. 1).
5. Discussion
For macrofaunal communities in sandy areas of Charlestown Pond, Phelps (1964)
concluded that (a) selective deposit feeders and suspension feeders dominated the
feeding types; (b) tube builders dominated the dwelling types; and (c) interactions
between animals and their physical environment were more important for determining community structure than interactions among animals. The more detailed study
of one community within Charlestown Pond reported here and in Myers (1977)
showed that feeding types were dominated numerically by two suspension feedersthe polychaete Prionospio heterobranchia and the amphipod Corophium insidiosum
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T able 2. Results of the vertical distribution study, 29 July, 1970. Numbers of individuals in each 1
cm segment of 25 cores, 15 cm long by 5 cm in diameter. (F = fragment).
Depth in Sediment, cm

Species
0
N eanthes arenaceodonta
Scoloplos robustus
Arabella iricolor
Leptosynapta tenuis
Gyptis vittata
Brania wellfleetensis
Podarke obscura
N eanthes virens
Heteromastus
filiformis
Prionospio heterobranchia
Capitella capitata
M ysella planulata
Tharyx acutus
Polycirrus eximius
Ampelisca verrilli
Eteone lactea
Paraphoxus
spinosus
Corophium insidiosum
Cyathura polita
Leptochelia sp.
Cylindroleberis
mariae
Gemma gemma
Crepidula fornicata
Amphiporus sp.
Microdeutopus
gryllotalpa
N eanthes succinea
Oxyurosty lis smithi
Sarsiella am ericana
Odostomia sp.
H aminoea solitaria
Euplana gracilis

TOTAL

1

2
6

3

4
2

3
2

F

5

6

5

1
2

3

8

7

1

1
2

1
F

1
F

1

1

F

F

12

11

10

9

13

F
F
F
F

4
F

F

4

5

2

14

15

0

0

1

59 26
1
1

1
3
2

1

1

77

6
4

31

11

4
2
2

1

3
2

2
2

3

2

13

9

2
1

1

1
1
1
2

2
1

1
1

1

47

4

65
1
11

5
1
3

1
3

2
2
2

1
102

7

1

8
1
1

10
1

349 159

26

17

2

5

3

4
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Table 3 . Summary of study results of the distribution of animals among microtopographic
features produced by L eptosynapta tenuis: combined results of 12 samples from each microtopographic feature.
Numbers occurring in each
microtopographic feature

Species Found

Within 1 cm of
funnels

Prionospio heterobranchia
Podarke obscura
Tharyx acutus
Oxyurostylis smithi
L eptochelia sp.
L eptochelia rapax
Paraphoxus spinosus
Monoculodes edwardsi
Microdeutopus gryl/otalpa
L eptosynapta tenuis (iuv.)
Corophium insidiosum
N eanthes arenaceodonta
Edotea triloba
M ya arenaria (juv.)
Odostomia sp.
Retusa canaliculata
TOTAL

Between mounds
and funnels

In fecal
mounds

49

44

30

28
7
3
1

21
8

4

9

3

1
2
2

3
2
3
1
2
2

2
3

98

2
2
2

98

49

-but sediment processing was dominated by the nonselective deposit-feeding
holothurian Leptosynapta tenuis; further, that although the dwelling types were
numerically dominated by tube builders (also Prionospio and Corophium), the
numbers of species and sediment processing were dominated by burrowers; finally,
the observations at the study site as well as the estimated community sediment
processing rates suggested that biogenic instability of the sediment surface and
near-surface was a major factor in preventing the occurrence of adult bivalve suspension feeders, thus determining trophic as well as spatial structure of the macrofaunal community.
In proposing their hypothesis of trophic group amensalism, Rhoads and Young
(1970) limited it to areas of high primary productivity in more or less shallow water,
where suspended food would not be limiting to suspension feeders, a test which is
met at the study site described here. Sediment processing in the clean medium sands
of the study site, however, appears to have none of the effects which Rhoads and
Young (1970) found at their muddy bottom site in Buzzards Bay: the sandy sediment- water interface is not made less compact by sediment processing; there is an
insignificant quantity of fine-grained matter to resuspend, and this is carried out of
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Figure 1. Schematic block diagram of the study site at midsummer. Numbers of animals
drawn do not reflect actual abundance. Graph: stippling shows the envelope of compactness
profiles (from Fig. 6B, Myers, 1977) in sediment reworked by Leptosynapta tenuis, believed
to represent the natural compactness profile; - - - - - relative sediment processing rate;
- - - - relative numbers of animals. The scale varies from O to a maximum value, which
is 65 X 10' ergs (0.074 cm2 • 1r rad.)-1 for compactness, (2.5-14) X 10' cm• (m'-day)-1 for
sediment processing, and 350 individuals 0.2 m-• for animal density.
1.
2.
3.
4.
5.
6.
7.

L eptosynapta tenuis
Scoloplos robustus
Neanthes arenaceodonta
Po[ycirrus eximius
Tharyx acutus
Capitellidae
Gyptis vittata

S.
9.
10.
11.
12.
13.
14.

Podarke obscura
Prionospio heterobranchia
Eteone lactea
Brania wellfleetensis
Leptochelia sp.
Cyathura polita
Edotea triloba
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the area; the only biogenic change in effective grain size is represented by amphipod
tubes, but these do not apparently affect the bivalves bcause they are generally few
in number and are scattered. Even the dense tube carpet of Corophium insidiosum
in June, 1970, (Myers, 1977) failed to display any effect on the numbers of juvenile
bivalves, although a few Gemma gemma-norrnally transported through the study
area by bottom currents (Phelps, 1964)-were temporarily retained at the study
site. Thus, there must be some mechanism for the amensalism as applied to the
bivalves other than gill-clogging and entombment in super-soft sediment.
Myers (1977) discussed the high rates of sediment processing at the study site:
during the warm months of the year, all the sediment in the top 1 cm may be
biologically processed (ingested, displaced, built into tubes, manipulated) every
0.7-4 days. It is suggested that the mechanical agitation resulting from high rates
of sediment processing in the top 1-2 cm limits suspension-feeding bivalves through
the work required to maintain contact with the overlying water for feeding and
ventilation while trying to remain within the sediment to avoid predators. This requirement fatally reduces the time and energy available for suspension feeding and
thus growth.
The two major sources of mechanical agitation in the top two cm are ingestion
and defecation by Leptosynapta tenuis, and free burrowing by (primarily) small
crustaceans. Leptosynapta tenuis derives its nourishment from the organic and
microbial films on the sand grains it ingests. Much of this organic matter is removed
during the sediment's passage through the holothurian's gut (Powell, 1977), but
Leptosynapta pumps its ventilatory water through its fecal mound and some suspended matter is filtered out there (Myers, 1977), enriching the organic content of
the fecal mound (Powell, 1977). Small animals must move out of the way of a
developing Leptosynapta feeding funnel in order to avoid accidental ingestion or
burial. (There was no evidence that the holothurian was actively carnivorous). Thus,
there will be a more or less constant movement away from feeding funnels and a
gradual repopulation of fecal mounds. This picture is borne out by the distribution
data in Table 3, particularly with regard to the contrast between nonmound areas
Figure 1 (continued).
15. Paraphoxus spinosus
16. Corophium insidiosum
17. Microdeutopus gryllotalpa
18. Oxyurostylis smithi
19. Retusa canaliculata
20. juvenile Mya
21. juvenile Mercenaria
22. juvenile Solemya
23 . Amphiporus sp.
14. Stylochus el/ipticus

A. Active feeding funnel of L eptosynapta tenuis
B. Active fecal mound of L. tenuis, filling previous
feeding funnel.
C. Inactive fecal mound of L. tenuis (filled abandoned
burrow beneath).
D. Entrance and mucus-reinforced shaft of Sco/oplos
robustus burrow
E. Semi-permanent feeding burrow galleries of
S. robustus.
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and the mounds themselves. As expected, fresh fecal mounds show a dearth of
epistratal and other deposit feeders, while the highly mobile suspension-feeding
polychaete Prionospio heterobranchia, which uses the fecal mound only as a substratum, has already "moved in."
Movements of free burrowers in the top 2 cm may disturb the small bivalves,
causing them to withdraw their siphons and thus temporarily cease feeding, or even
reorienting them within the sediment, forcing them deeper or to the sediment surface-from all of which the bivalve must re-establish its contact with the overlying
water. There is also a possibility of deep burial-like the egg capsules of llyanassa
-if the bivalve should fall down a Leptosynapta feeding funnel/burrow entrance.
While all the suspension-feeding bivalves are affected by the amensalism, two
nonbivalve suspension feeders are not: the tubicolous amphipod Corophium insidiosum and the tubicolous polychaete Prionospio heterobranchia. Young and
Rhoads (1971) also found unexpected exceptions to their trophic group amensalism
hypothesis in the muddy bottom of Cape Cod Bay. In their study area, the bottom
was mechanically dominated by the sediment processing of a holothurian, Molpadia
oolitica, which created fecal mounds 2-3 cm high. These mounds were densely
populated by three suspension feeders: a tubicolous sabellid polychaete, the tubes
of which stabilized the mounds and themselves provided a stable substratum for a
caprellid amphipod, and a deep-living bivalve which builds a mucus-reinforced tube
the functional maintenance of which was aided by the relative stability of the tuberidden mound surface. The inter-mound swales lacked any suspension feeders due
to the instability of the sediment there.
In contrast to the success of the suspension feeders in the Cape Cod Bay study,
the success of Corophium insidiosum and Prionospio heterobranchia at the West
Basin study site appeared to be related to special nonbiogenic conditions. Though
these two species between them dominated the study site numerically throughout
the year, their apparent success is tempered by the observation that both occur in
much higher densities in other parts of Charlestown Pond (Phelps, 1964). For
Prionospio, numerical dominance occurs during the winter following reproductive
recruitment in the fall. This coincides with lowered temperatures which lead to (a)
an emigration of some epistratal feeders and virtual cessation of sediment processing
by the other animals remaining at this study site; and (b) a local decrease in the
number of fish (and thus fish predation). During the summer, the P. heterobranchia
population diminishes by a factor of 2-3, possibly due to the reverse of the above
factors , and perhaps additionally due to some emigration of the worm itself to
adjacent areas.
The success of Corophium insidiosum is limited to eight weeks in the summer
(circa mid-May to mid-July) when its usual low numbers (0-200 m- 2) are exceeded
by a factor of ten or more during its reproductive season. During one week (7-14
June, 1970) this amphipod occurred at the study site in numbers sufficient to carpet
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the sediment surface with its tubes (see Myers, 1977). This peak was followed by
a decrease in numbers which may have been due to predation or emigration. Phelps
(1964) showed that this amphipod prefers vegetated areas. It is possible that the
presence of large numbers of these two species at the study site actually reflects
density pressures on their populations in adjacent areas.
Although the tube carpet of Corophium had an apparent stabilizing effect so
that the numbers of species and of individuals living in the top 1 cm increased while
the tubes were present, this effect was temporary and disappeared with the Corophium population. The flaccid mucus-tube-sheaths of Prionospio appeared to have no
such stabilizing effect.
Trophic group amensalism, then, in the sandy sediments of this study site as well
as in the biologically destabilized muddy sediments of Cape Cod Bay and Buzzards
Bay, appears to affect primarily bivalve suspension feeders. Tubes appear to be
effective sediment stabilizers for some suspension feeders living in muddy sediments,
but they do not appear to serve this function except very emphemerally in the sandy
sediment studied here. Phelps (1964) regarded tubes in Charlestown Pond as a
means for preventing transport of species by water currents, to which may be added
the observation that a tube may afford some protection from fish predation for
surface-dwelling animals like Corophium.
While bivalves appear to be the group most prominently affected by biogenic
agitation of the sandy sediments at the study site, it would seem that the work required for burrowing might be a general problem for any animal living in sediments,
and it may be useful to consider other organisms in the study site community from
this point of view.
Tubes and burrow galleries of various animals are one of the serendipities of
benthic collecting, and sandy substrates usually contain several kinds. A semipermanent burrow may limit the amount of new burrows an animal must make
each day by filling one indispensable function: that of a connection with the overlying water for an oxygen supply. One such connection can serve as a central point
from which subsurface burrows can be made. Such structures are fairly common in
the fossil record (Frey, 1975). At the study site, however, only the polychaete
Scoloplos robustus lives in a burrow of this type. The 3-4 cm long, mucus-reinforced,
vertical shaft connecting the deeper burrow galleries with the overlying water may
be an adaptation to the unstable character of the medium sand (Myers, 1977) as
well as an adaptation for maintaining an open burrow in the midst of intensive
near-surface sediment processing by other animals. The semi-permanent galleries
beneath this entrance shaft are constantly created by the feeding activities of
Scoloplos and are constantly destroyed by the feeding of the holothurian Leptosynapta tenuis. Scoloplos may, in fact, be taking advantage of two effects of the
holothurian: (1) ingestion/ defecation by Leptosynapta decreases the compactness
of the sediments between 2-10 cm and thus the work required to burrow (burrow-
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ing by Scoloplos has the opposite effect, but sediment processing by Leptosynapta
proceeds at a faster rate); and (2) algae and micro-organisms common in the epibenthic layer (Marshall, 1967) may be buried both by Leptosynapta sediment
processing and by filtering from ventilatory water currents, thus renewing the
polychaete's food supply at depth. Pamatmat (1968) reported living algae down to
10 cm depth in a sand flat in which a close relative of Leptosynapta tenuis lived:
it is likely that these cells were buried during the holothurian's feeding activity and
burrow ventilation.
The burrow galleries of Scoloplos robustus are used extensively by the nonburrowing polychaete Podarke obscura : as many as two-thirds of the total number of
Podarke in quantitative samples were found beneath the sediment surface, and the
worms were observed to enter Scoloplos burrows in the field and to traverse
Scoloplos burrow galleries in laboratory aquaria. None were ever seen to burrow.
It is at least possible that the small polychaetes Brania wellfleetensis and Gyptis
vittata used Scoloplos burrow galleries as well. Whether the nereids-commonly
considered good burrowers in their own right-used them or parts of abandoned
burrows is not known, but use of such preexisting burrows by any of these polychaetes would decrease the energy required of them for burrowing. Many tubefocussed commensal relationships may have developed originally from such energysaving strategies.
With the exception of the polychaete species just discussed and the surfacedwelling tubicolous species (Table 1), most species at the study site are free-burrowing and live within the top two cm. In the study site sediment, compactness of this
zone is not affected by sediment processing (Myers, 1977): tubes built here occupy
generally the top 5 mm at most, and appear to behave as discrete large particles
except during the Corophium insidiosum reproductive explosion discussed earlier.
Free burrowers more or less plough through the sediment, and the energy required
for this activity increases linearly with depth down to 2 cm. These animals must
balance the food resources available to them with the work required to burrow,
escape from predators, and the energy required for other life processes (ventilatory currents, maintenance metabolism, growth, and reproduction). The cost of
burrowing for a specific animal from the study site community can be estimated.
If the analogy between a small free-burrower and the viscometer is accepted, then
the energy required for burrowing some distance at some given depth in the sediment for an animal of a given cross-sectional area may be calculated from a compactness profile. This has been done for the free-burrowing amphipod, Paraphoxus
spinosus (Table 4). Assuming that Pamatmat's figure represents a resting value and
assuming a scope of activity of 2.5 (Boyden, 1972; Halcrow and Boyd, 1967 : an
average value for several marine invertebrates including an amphipod), then the
energetic cost of burrowing exceeds the metabolic scope of activity by between 2-3
cm. Of course, the metabolic cost of burrowing can be decreased simply by bur-
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Table 4. Calculated energy costs of burrowing for Paraphoxus spinosus at different depths in
the sediment. Work required to burrow (based on compactness profile, Fig. 6B, in Myers,
1977) for a specimen of 1.5 mm• cross-section, burrowing 15 cm• hr-1 (based on lab observations). Metabolic rate of P. spinosus (assumed resting) is (0.45 - 1.45) X 10---a g-cal • hr-1
(Pamatmat, 1968).
Depth in
sediment (cm)

Work required
to burrow (10----' g-cal)

% of P. spinosus
metabolism

0.5
1.0
2.0
3.0

0.13
0.55
1.18
1.52

9- 29
38-122
81-262
105-338

rowing less, but there is always the balance between the cost of burrowing and the
food resources available per unit of burrowing. It is possibly significant, then, that
over 90% of the specimens of Paraphoxus were found in the top 1 cm (Table 2),
even though food resources (micro-organisms adhering to sand grains) should be
available throughout the top 2-3 cm due to biogenic mixing and the enrichment of
Leptosynapta tenuis fecal mounds from beneath by the holothurian's ventilatory
pumping.
The cost of moving through different media can be compared on an energy cost
(unit weight• unit distance)- 1 basis (Tucker, 1970), so swimming for one species
of amphipod can be compared with burrowing by Paraphoxus. Halcrow and Boyd
(1967), in their work with Gammarus oceanicus, placed single animals in an annular respirometer with a mean diameter of 28.3 cm. They placed photocells on opposite sides of the bottom of this ring so that activity (measured as interruptions of
the light path) could be monitored. Their data are presented in terms of oxygen
consumption (unit weight-hour)- 1 as a function of photocell interruptions (activity)
and various temperatures (the data for 10°C and 15 °C are used here, since they
fall in the optimal range). If one assumes that two interruptions equal one complete
circuit of the respirometer by the amphipod, then it is possible to calculate the
energetic cost of swimming for this amphipod, namely 10-12.6 kcal (kg• km)- 1 •
This cost is 14-17 times less expensive than the cost of burrowing at 5 mm sediment
depth for Paraphoxus, 173 kcal (kg• km)- 1 • Thus for an animal which feeds in,
on, or from the sediments, the cheapest method of locomotion is to swim from
feeding site to feeding site (e.g. the isopod Edotea, cumaceans), but this must be
balanced by the risk of predation which, on a sandy bottom with no cover, may
be high.
Clark (1964) explored thoroughly the adaptations animals display for burrowing
through sediments: a functional coelom and deformable body wall are characteristics
of the most agile burrowers. Among animals with rigid exoskeletons, the larger
crustaceans are generally effective excavators, and Callianassa and Emerita can be
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cited as examples of facile excavation burrowers. Certain bivalves are also good burrowers-Donax and Spisula both live in the surf zone of beaches where they may
be frequently washed out of the sediment by waves. It has been calculated that
Donax may expend 30-33% of its resting metabolic value maintaining its position
in the surf zone, a large item in the bivalve's metabolic budget which appears to be
justified by the decreased competition and predation Donax encounters in the surf
zone (Ansell and Trueman, 1973). This is comparable to the estimated cost to
Paraphoxus spinosus for burrowing in the top 0.5-1 cm. In contrast, the larger
crustacean Emerita holthuisi was calculated to expend only 4 % of its resting metabolic value maintaining its position in the surf zone (Ansell and Trueman, 1973).
If the cost of burrowing is a function of the cross-sectional area of an animal, then
that cost will be a smaller proportion of a larger animal's metabolism than of a
small animal's. This relationship between size and cost of locomotion has been
found for mammals (Schmidt-Nielsen, 1972), and is suggested for the free-burrowing
invertebrates discussed here.
Work required for burrowing becomes limiting when the search for food, escape
from predators, and maintenance of position within the sediment require more
energy than the animal has available. The data presented here suggest that such a
limit may be operating among small free-burrowing animals with rigid exoskeletons,
such as juvenile bivalves lacking specific adaptations to sediment instability, or small
amphipods.
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