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ABSTRACT

The gignificance of large mobile predators in controlling
the distribution and abundance of infauna in a shallow subtidal sand
community was tested using manipulative field experiments. Blue crabs
(Callinectes sapidus) and two specles of bottom-feeding fishes, spot
(Leiostomus xanthurus) and hogchoker (Trinectes maculatus), were
either excluded from or confined to small areas using wire mesh cages.

The infauna responded to decreased predation with a large
increase in density and diversity within 2 months. The largest
population increases were exhibited by opportunistic species, which
are considered to be most subject to predation. Species whose pop-
ulations were least affected by predation were those speciles which
either live deep in or quickly retract into the sediment. These
species thus avoild predation and were generally the dominant species
in the natural community. For most species, recruitment was by
planktonic larvae and growth was very rapid, individuals growing to
maturity in only a few months.

All species increased in exclosures, suggesting that their
population densities are not controlled by competitive interactiomns.
In this community, infaunal population sizes are limited by predation
and not by food or space. Severe predation pressure and physical
disturbances, particularly sediment instability, keep population
levels far below the carrying capacity of the enviromment. The
severe predation, and the rapid growth, short generation times, and
rapld turnover rates of constituent populations, suggests that such
infaunal communities, despite a low standing crop, are an important
food source for predator species important to man.

ix



EFFECTS OF PREDATION ON AN INFAUNAL COMMUNITY



INTRODUCTION

Soft-bottom communities are extremely important in terms
of ecosystem structure and function, nutrient recycling (Davies 1975,
Rowe et al. 1975) sediment dynamics (Rhoads and Young 1970, Rhoads
1974), energy flow (Pamatmat 1968, Marshall 1970, Smith 1973, Davies
1975), and are a major food source for epibenthic and demersal predators
(Medcof and MacPhail 1952, Smith 1970, Stickney et al. 1975, Arntz
and Brunswig 1975), many of which are directly valuable to man.

Many theories of soft-bottom community organization have
grown from studies heavily dependent on sampling approaches which stress
the descriptive aspects of the community (e.g. Thorson 1957, Sanders
1960, Boesch 1971, 1973, Lie 1974). While this descriptive work is
a necessary first step, few experiments have been conducted to identify
the functional roles of the major community components of any soft-
bottom community. The concept of community structure and organization
suggests more than a mere description of the assemblage of populations
dayton 1971). A better method of determining structure is to experi-
mentally change variables or populations (Connell 1972). To do so
requires manipulation such that there are comparable altered (experi-
mental) and unaltered (control) areas. The information gained by such
manipulations should indicate the Important parameters controlling the
community structure and ideally should explain and predict the observed
distributional patterns and abundances of the specles in the community

(Dayton 1971, Connell 1972). 1In a series of field experiments,



Connell (196la, b, 1970, 1972), Dayton (1971), Paine (1974), and Menge
(1970) have demonstrated clearly that both physical and biological
factors are important in determining vertical distribution and abundance
of organisms on marine rocky intertidal surfaces.

These experimental studies on rocky intertidal surfaces have
several advantages over similar experiments on subtidal soft-bottoms:
the rocky areas are accessible; their species are well known; species
abundances and distributions can be seen and thus measured or estimated
directly without removing the animals; and populations are amenable to
experimental manipulation in the field (Connell 1972). In contrast,
subtidal soft-bottom areas are less accessible; species cannot be
removed easily or selectively; and, most importantly, the infauna of
soft bottoms cannot be enumerated without permanently removing some of
the animals and substrate, thus disturbing and partly destroying that
which was to be measured. Due to these inherent difficulties, ecologists
working on soft-bottom infauna are only recently progressing past the
stage of community descriptions to assess the role of physical and
biotic interactions in community structure. Predation by epibenthic
crabs and fish is one such potentially important biotic interaction.

Many studies have shown that demersal fish (Darnell 1958,
Bakus 1964, Medcof and MacPhail 1952, Smith 1970, Peer 1970, Arntz
and Brunswig 1975, Stickney et al. 1975, McEachran et al., in press)
and crabs (Darnell 1958, Landers 1954, Menzel and Hopkins 1955,
Dunnington 1956) feed on soft-bottom benthos, including infauna.
Although the assumption is often made that a large proportion of infaunal
mortality is due to predation, few studies have examined the effect of

predation on infaunal communities, particularly subtidally. Woodin



(1974) inadvertently found that crabs could reduce greatly the abundance
of tube-building polychaetes in a North Pacific intexrtidal soft-sediment
environment. Naqvi (1968) used 6 mm mesh cages to provide protection
from predation to the intertidal infauna at Alligator Harbor, Florida.
He found four times as many animals inside the cages as outside the
cages. No predators, however, were noted or identified, and it was
not demonstrated that results were due to lack of predation.

Many bottom~feeding fishes migrate into Chesapeake Bay and
its tributaries in the spring, feed throughout the spring and summer,
and then leave the Bay in the fall (McHugh 1967, McErlean et al.. 1973).

Some of these more abundant species are spot (Leiostomus xanthurus),

Atlantic croaker (Micropogon undulatus) and summer flounder (Paralichthys

dentatus). The hogchoker {Trinectes maculatus) is a year-round, but

migratory, resident. The blue crab (Callinectes sapidus), an especially

voracious feeder on the infauna, is very abundant throughout the Bay
during summer but is inactive during winter, when it hibernates in the
sediment of the deeper waters of the lower Bay.

Shallow-water subtidal communities in Chesapeake Bay have
low infaunal densities compared to similar but vegetated sediments
(Orth, 1973), where crabs have difficulty digging through the rhizome
mat of submerged grasses. Also, these densities are lowest in summer
and fall (when crabs and fish have been feeding on the infauna) and
highest in winter and spring (when these predators are absent), sug-
gesting an inverse functional relationship between intensity or duration
of predation and infaunal abundance.

This thesis reports the results of manipulative field experi-

ments to test the significance of large moblle predatoxs in controlling



the distribution and abundance of infauna in shallow subtldal com~

munities.



METHODS AND MATERIALS

The area investigated was a shallow (1.4 m at MLW) sandy
bottom 70 m from the mean low water line in the lower York River at
the Virginia Institute of Marine Science (Fig. 1). Wire mesh cages
were used either to exclude predators from, or to confine certain
predators to, a small area. Cages measuring 50 cm square by 15 cm
high were constructed of 12 mm (half-inch) mesh wire hardware cloth
over a frame of 9 mm-diameter steel rods (Fig. 2). A trap door was
cut in the top of each cage to provide access inside the cages. The
30 cm legs and 5 cm of the bottom edge of the sides were pushed into
the sediment to keep the cage in place and to prevent predators from
digging under the cage. TFouling organisms were removed by scrubbing
the cages frequently with a wire brush (weekly scrubbing after the
first 3 weeks).

Cages and other treatments were placed 3 m apart at randomly
assigned positions of a 4 x 6 grid measuring 12 x 20 m (long axis paral-
lel to shore). In each experiment, all cages and treatments were started
on the same date, left for a predetermined period of time, and then
sampled on the same date. Preliminary experiments in 1973 showed that
significant changes took place within 2 months. Therefore, the experi-
ments in 1974 were run for 2 months. There were two repllcates of
each treatment. The various treatments were: control (uncaged);

empty cage; cage containing a crab; 1 m2 cage containing a crab;



Figure 1. Map showing location of study area in the lower

York River, Virginia.
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Figure 2. Photograph of cages. The standard cage used is on
the left, the 1 m2 cage on the right. When set out,
the lower horizontal bar was pushed below the

sediment-water interface.
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cage divided by mesh into quadrants each containing a crab; cage con-
taining a fish (1973: hogchoker, 1974: spot); cage with the inside
sediment manually disturbed; two-sided cage (with top); and a crab
tethered to a stake. The crabs used were 9-11 cm carapace width; the
spot and hogchokers were 12-13 cm total length. The fish were measured
before being put in the cages and then again at the end of the experi-
ment (if they could be recaptured). All fish survived, but no crab
survived the full two months of an experiment, having an average life
expectancy of one month in the cages. When a crab died, it was replaced
by another. Major experiments were run July to September in 1973 and
May to July in 1974. Additional empty cages were put in and sampled
after 2, 4, 6, 9, and 12 months in 1974. A complete table of treatments
and replicates is given before the results of each experiment.

To sample the infauna in a cage, the cage was carefully
pulled out of the sediment and set aside. Five cores were taken at
randomly assigned positions from within the area where the care had
been. Samples were taken with an 8.1 cm inside diameter (0.005 mz)
hand-held PVC pipe corer to a depth of 10 em. 1In 1973, samples were
sieved through a 0.5 mm screen and then fixed in formalin with the
vital stain phloxine B added. In 1974, sampleswere fixed in formalin
first and then sieved. This latter procedure increased the number of
animals retained, since many thread-like worms (especially oligochaetes)
would crawl through the screen if sieved alive. The retained animals
were sorted from the sediment under a dissecting microscope; identified,
counted, many measured, and all retained in ethanol. Samples were taken

in the same manner from randomly assigned uncaged plots whenever a cage
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was put in or sampled, as well as during most other months. All
servicing of cages, sampling, and observations were carried out using
SCUBA gear.

Samples for analysis of sediments were taken with a 5 ecm
corer 5 cm deep, and analyzed for particle size according to methods
given by Folk (1968). The sand fraction was separated from the silts
and clays by wet sieving through a 62 y mesh sieve and analyzed by
dry sieving through a Wentworth sieve series. The silt-clay fraction
was measured by pipette analysis. Orange-painted sand was placed on
the sediment both inside and outside the cages so that any differences
in sediment stability and transport by currents and waves could be
observed.

Quantitative analyses of faunal samples were done using the
pooled data from both replicates. In the few cases where replicates
were quite different, each replicate was treated separately.

Comparisons of total density, number of species, and number
of individuals of abundant species were made between the treatments
using a one-way analysis of variance (Sokal and Rohlf 1969). Homo-
geneity of variance was tested using the Fmax-test. If a significant
departure from homogeneity was found, a log(x + 1) tramsformation was
applied, and the transformed data then retested with the Fhax-test.
If the analysis of variance indicated significant differences between
means, all means were compared using the a posteriori Student-Newman-
Keuls multiple comparison test. A t-test was used to test whether
a sample mean was significantly greater than zero. Significance was
chosen to be the o = 0.05 level. Any departures from this standard

procedure are noted.
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Basic assumptions of the experimental design

In addition to the standard assumptions of random sampling,
adequate sample size, etc., there are two other basic assumptions
underlying the scheme of the experimental design. One assumption is
.that the infauna throughout the area where the cages were placed was
homogeneous, i.e. that significant differences did not exist from one
small plot to another a few meters away, and when cages were placed
over different plots on the same date, that they all originally enclosed
the same infaunal community. This assumption was tested by comparing
replicates from randomly selected uncaged areas for all months when
replicates were taken. Uncaged replicates were taken, in the sense that
two uncaged plots the size of a cage were randomly selected and five
randomly placed cores were taken from each of the two replicate plots.
Total density and number of species per core of replicates were com-
pared using a one-way analysis of variance, and there were no significant
differences (o > 0.05) between replicates from any one month. There-
fore the position of a cage did not have any effect on the infauna
within that cage.

The second assumption is that if two cages were put in at

the same date, and one cage sampled at time t, and another at time ty,

1
then both cages had the same infauna at time t;. Unfortunately, this
assumption was untestable due to the destructive nature of the sampling.

Repeated observations of cages, however, partially confirmed this

assumption for those specles visible at the sediment surface.



RESULTS AND INTERPRETATION

The Natural Community

The area investigated, a shallow, (1.4 m) sandy, unvegetated
bottom in the lower York River (salinity 16-23 o/oo0) is probably repre-
sentative of many of the extensive shoal areas of the Chesapeake Bay
and its subestuaries. Sediments and communities were similar at 1.5
and 3.0 m-deep sites studied earlier by Haven er al. (1967). Sediments
were poorly sorted (ry = 1.10 4) fine sands (Mdg = 2.52 ¢ = 0.178 mm)
(Folk 1968) with a 15% silt-clay content. The sediment surface had a
slight topographic relief of 1-2 cm, covered with a layer of fecal
pellets, particularly concentrated in the slight depressions (Fig. 3).

Rank analysis (Fager, 1957) was used to determine dominant
species based on the ten months of 1974 samples from uncaged areas
(Table 1). For each month's sample, the top-ranked species was given
10 points, second-ranked 9 points, etc., for the top 10 species.
Maximum possible score (for a species top-ranked in every sample) is
100. Of the top 12 species, 1l are annelids (one oligochaete and 10
polychaetes). The top five species build vertical tubes or burrows in
the sediment but exhibit diverse feeding types: two feed on the sediment

surface (Spiochaetopterus oculatus and Streblospio benedicti), two feed

anterior end down at the bottom of their tubes or burrows (Peloscolex

gabriellae and Heteromastus filiformis), and one species is a tentaculate

suspension feeder (Phoronis psammophila). Indeed, Phoronis is the only

12



Figure 3.

Profile (top) and vertical (bottom) photographs of
natural éediments taken in the field using methods
similar to that of Rhoads and Cande (1971), using a
hand-held Nikonos camera. Actual field of view is
approximately 10 x 12 cm. The predominant feature
in the lower photograph is the paired siphons of the

angel-wing clam, Cyrtopleura costata (L.).







TABLE 1
Rank analysis of dominant species in the natural community based on

samples from ten months in 1974.

Average Varlability of density
Species Rank Score densitz (variance of monthly
(No./m<) means about the
yearly mean)

Peloscolex gabriellae (0) 1 96 3971 7.03
Spiochaetopterus oculatus (P) 2 80.5 890 0.36
Heteromastus f£iliformis (P) 3 79 1424 1.00
Streblospio benedicti (P) 4 63 1162 10.06
Phoronis psammophila (Ph) 5 50.8 436 0.68
Glycinde solitaria (P) 6 45.3 349 0.89
Polydora ligni (P) 7 27 450 11.90
Paraprionospio pinnata (P) 8 22.3 167 0.46
Scolelepis squamata (P) 9 15.5 153 0.51
Scoloplos robustus (P) 10 15.3 107 0.54
Eteone heteropoda (P) 11 13 105 1.34
Nereis succinea (P) 12 9.5 110 0.37
Acteon punctostriatus (G) 13 9 89 0.64

0 = oligochaete, P = polychaete, Ph = phoronid, G = gastropod

14
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suspension-feeding species of the top 13 species; the other 12 species
ingest sediments or surface deposits. Of significant note is the
complete absence of bivalves and crustaceans from this list of dominant
species.

The ranking of the dominant species was rather constant
throughout the year. For example, in the ten samples Peloscolex ranged

in rank only from 1-3, Spiochaetopterus ranked 2-5, Heteromastus 1-5,

and Glycinde solitaria 4-~9. A relative index of persistence, calculated

as the ratio of the wvariance of the monthly means to the yearly mean

(Table 1), indicates that Spiochaetopterus was the specles most constant

in abundance throughout the year, and Streblospio and Polydora were the
least persistent (also indicated in Fig. 4).

There was a general, though non-significant trend indicating
that total density and numbers of speciles were lowest in September or
November in both 1973 and 1974 (Fig. 4A, B). Crabs and most fish have
been feeding on infauna throughout the summer until this time of the
year, then elther stop feeding or leave the shallow areas. Thus, the
decline in density and number of species may have been due to the con-
tinual predation on the infauna throughout the summer. 1In 1974, total
density in December was significantly greater than in November, possibly
indicating a rapid repopulation of infauna when predators leave, although
other explanations are possible. The opportunistic species (Grassle

and Grassle 1974) Streblospio benedicti, Polydora ligni, and Mulinia

lateralis, followed this trend of a decrease in density concomitant with
continued activity of predators, followed by a large increase in density
in late fall after predators leave. These three species live very near
or at the surface, and are thus very susceptible to predation or to

disturbance at the surface of the sediments.



Figure 4. Monthly abundance patterns, 1973-1974, of (A) total
macrofaunal density, (B) number of species, and

(C-R) the 16 most common species.
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1973 Caging Experiments
In 1973, preliminary experiments were conducted to test the
effect on the infauna both of exclusion from and confinement of pred-
ators within small areas using wire mesh cages. Predators tested for

effects on infauna were the blue crab Callinectes sapidus Rathbun and

the hogchoker Trinectes maculatus (Bloch and Schneider), a flat~fish.

One cage was divided with wire mesh into quadrants and a crab put in
some quadrants ("4-crabs" treatment) to test the effect of density of
crabs, or intensity of crab predation. Other quadrants were left
empty ("empty %" treatment) to test the effect of cage size. Since it
was suspected that the cages might affect water currents and sedimen-
tation, a cage with a top but only two sides was used. This cage was
placed with the two sides perpendicular to thé direction of tidal cur-
rents, so as to have maximum effect on currents, while the two open
sides would allow crabs and fish access to the infauna under the cage.
In the course of the experiment, crabs were observed digging within
this partially open cage.

Empty cages and cages with crabs were sampled at two time
intervals to determine the time course of the response of the infauna.
A summary of treatments, dates, and replicates is given in Table 2.

For each experimental period, differences between treatments

were tested by a one-way analysis of variance. Parameters tested

were total density, number of species per core, and numbers of individ-

uals per core of all species sufficiently abundant to suspect any

significant differences.
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TABLE 2
1973 experiments. The number of samples of each replicate
treatment at each sampling date. The entry "5 4+ 5" indicates

five cores sampled from each of two replicates.

Treatment At start of After 2% After 2
experiment weeks months
(7-31-73) (8-17-73) (9-29-73)
Uncaged area 5+ 5 5 5+ 5
Empty cage 5 545
Empty quadrant
of cage 5
Cage with
Hogchoker 54+ 5
Cage with crab 5 54+ 5
Cage with crab
in each :
quadrant 3 5+ 5
Cage with 2
sldes 5

20
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Results after 2% weeks

On 17 August 1973, after the cages had been in place 2% weeks,
there were few significant differences between any of the treatments
sampled. Although there was less than half the total density in the
4-crabs treatment, none of the differences was significant at o = 0.05.
The number of species per core in the empty cage was significantly
greater than all other treatments, and was highly significantly less
(0. < 0.01) in the é4-crabs treatment than any other treatment. Of the
species with sufficient density to test statistically, only the chaetop-

terid polychaete Spiochaetopterus oculatus showed any significant

differences between treatments, the 4-crabs treatment having signifi-
cantly fewer individuals per core than any other treatment and uncaged
August samples having more individuals than all other treatments except
the empty cage. There were no significnat differences between treat-—
ments for any other species.

Apparently the number of species per core is a parameter
which responds more quickly to the treatments tested. Thils response
was due to the rarer species being eliminated from the cage with four
crabs, and increasing in the empty cage. A relatively small change
in density of a rare species may be sufficient to affect its prob-
ability of being sampled.

The ranks of treatments averaged over both composite parameters
and all species tested fall in the following order (top ranked to lowest
ranked): empty cage, uncaged at start, uncaged at end, crab, 4-crabs.
Species diversity (Shannon H', Pielou 1966) decreased from 3.63 to
3.15 bits/individual in this ordering, which might also be congidered

an ordering of treatments from low to high disturbance, thus supporting



the hypothesis that high stress causes low diversity (Sanders, 1968).

Results after 2 months

On 29 September 1973, after the cages had been in place 2
months, there were many more significant differences between treatments
than after only 2% weeks. Total density, number of species per core,
and number of individuals per core of six species were significantly
greater in the empty cage than in either of the cages with crabs (Fig.

5). These six species were Paraprionospio pimnata, Spiochaetopterus

oculatus, Streblospio benedicti, Scoloplos robustus, Mulinia lateralis,

and Edwardsia elegans. Of these six species, Streblospio and Mulinia

are two of the three species shown above to best follow the seasonal
pattern of decreasing density coinciding with presence of predators,
and are indeed subject to control by crab predation (the third species,

Polydora ligni, was present only in cages that were empty or contained

a hogchoker, but were not abundant enough to test statistically.

Of the 12 most abundant species, only Phoronis psammophila
did not show any significant differences between any of the treatments.
Phoronis has a vertical rigid tube which extends deep enough into the
gsediment (10 cm) to possibly escape predation by crabs. Also showing
few significant differences between treatments were Peloscolex

gabriellae, Heteromastus filiformis, and Mya arenaria, all of which

live or can retract rather deeply into the sediment -- and could thus
avoid predation and surface disturbances.

Both total density and number of species per core were highly
significantly greater in empty cages, empty % cages, and cages with

a heogchoker than in any other treatments, there being an average of
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Figure 5.

July to September 1973 experiment. Mean and 95% con-
fidence limits (X = t.OSSi) of total macrofaunal
sensity (A), number of species (B), and density of
abundant species (C-N). A, C, D, F-I, K, and N were
log (x+1) transformed; retransformed means and con-
fidence limits are presented. A heavy vertical line
extending between two treatments indicates a non-

significant (& = 0.05) difference between means.
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over three times the total density and twice as many species per core
(Fig. 5A, B)., These three treatments resulted in similar responses
(although all were not significant) in the densities of seven of the

12 species tested: Paraprionospio pinnata, Streblogpio benedicti,

Spiochaetopterus oculatus, Nerels succinea, Mulinia lateralis, Mya

arenaria, and Edwardsia elegans.

There was a general pattern of greater density of.most
species in empty cages, with the hogchoker treatment producing the
same results as an empty cage (Fig. 5). Thus hogchokers (Trinectes
maculatus) had little or no controlling influence on the infuana.

Both hogchokers used survived the 2 months in the cages, but lost

an average of 15% of their body weight over this period. They are
abundant (Dovel, Mihursky, and McErlean, 1969) nocturnal feeders
(Castagna, 1955), and may feed on animals such as mysids and cumaceans,
which are more epifaunal than infaunal, although mainly annelids were
found in hogchoker stomachs by Castagna and by Hildebrand and Schroeder
(1928). Captivity may have inhibited feeding behavior and caused this
discrepancy. Hogchokers are more abundant on mud than sand bottoms,
although they were often observed in the study area.

The cages with crabs had essentially the same infauna as the
two-sided cage and uncaged areas, implying that natural areas are as
disturbed or as preyed upon as an area in which there was a caged crab.
Densities in the two-sided cage were generally not significantly dif-
ferent from uncaged areas or cages with crabs, but were significantly
less than empty cages, implying that the main effect of the cage was
exclusion or inclusion of crabs, and that results were not due in some

way to the physical presence of the cage.



The ranks of treatments were averaged over all the species
and pafameters tested in Fig. 5, and arranged from highest rank (highest
density) to lowest rank: empty cage, cage with hogchoker, empty %
cage, uncaged area at sta;t of experiment, two-sided cage, uncaged
area at end, cage with crab, and cage with four crabs (Table 3). As
in the August experiment, this ordering might be considered as ranking
the treatments from low to high disturbance. Species diversity
(Shannon H') generally followed the same pattern, averaging 3.54 bits/
individual for the first three treatments, and 3.04 for the latter five

treatments.

1974 Caging Experiments
Based on results of 1973 experiments, similar experiments
were set up in 1974, but were revised in the following ways. Experi-
ments were started in the spring (May) when moré species were spawning,
and before blue crabs became abundant. Enough empty cages were put in
at this time for sampling at regular intervals. Since the hogchoker
apparently did not prey on the infauna, it was replaced by the spot

(Sciaenidae: Leiostomus xanthurus Lacépéde), known to prey on

infauna (Chao, personal communication, Hildebrand and Schroeder 1928,
Stickney et al. 1975), dominant in this area (Illowsky and Colvocoresses
1975, Pacheco 1962a, b) and observed feeding in the experimental area.

To further test the effect of different crab densities, crabs in three
different sized cages were used: al n? cage with a crab ("crab/m?"
treatment), a standard size cage (0.5 m square = 0.25 mz) with a crab
("crab" treatment), and a standard size cage divided by wire mesh into

quadrants with a crab in each quadrant ("4-crabs" treatment). Thus,



TABLE 3
July to September, 1973, experiment. Frequency of rank of each
treatment, based on rank of abundance of total density, number
of species, and the 12 most abundant species. All vertical

columns do not add up to 14 due to ties in rank.

Rank
Average
Treatment 1 2 3 4 5 6 7 8 Rank
Empty 5 8 1 1.7
Hogchoker 6 3 2 1 1 1 2.6
Empty % 3 2 6 2 1 2.8
OQut Start 2 4 5 2 1 4.9
2-Sided 1 2 4 6 1 5.8
Out End 1 2 6 2 3 6.1
Crab 1 1 2 5 1 4 6.1
4-Crabs 3 3 1 6 1 6.1
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the effective crab densities were 1/m2, 4/m2, 16/m2, respectively.

To test the effect of confining a crab to a small area without the
presence of a cage, a crab was tethered to a buried stake by a corxrd
attached to a wire looped around the points of the crab's carapace.
The 28 cm tether allowed the crab to roam over the same area as a cage
(0.25 mz). These crabs fought to escape the tether, appeared to he
more active than the crabs 1n cages, and averaged either one escape

or death per month. Tethered crabs and crabs in cages were replaced
as soon as they were found to be dead or missing.

An attempt was made to differentiate the effects of crabs
caused by: (1) the actual eating of infaunal animals, and (ii) physical
burying, crushing, and tube or burrow disruption caused by digging
activities associated with feeding and protective burrowing. To make
this distinction, I tried to duplicate the physical disturbances
caused by a crab. Every 4-5 days the top 2-3 cm of sediment was
disturbed and fairly well mixed by reaching through the trap door
opening of a cage and walking my fingers heavily through the sediment
(as in mixing biscuit dough) and by pushing my fist into the sediment
(to simulate the activities of crabs digging for food and burrowing),
referred to as the "hand" treatment. A summary of 1974 treatments,

dates, and replicates 1s given in Table 4.

Results after 2 months

On 18 July 1974, after cages had been in place 2 months,
composite parameters and most dominant species showed scme significant
differences between treatments (Fig. 6). Both total density and

number of species per core followed the same pattern -- the empty cage,
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Figure 6.

May to July 1974 experiment. Mean and 95% confidence
limits (X % t.OSSE) of total macrofaunal density (A),
number of species (B), and density of abundant species
{(C-P). All but B were log (x+l) transformed; retrans—
formed means and confidence limits are presented. A
heavy vertical line extending between two treatments
indicates a non-significant (o = 0.05) difference

between means.
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crab/mz, and hand treatments were not significantly different from each
other, but were all significantly greater than all other treatments.
The density and number of species per core were significantly less in
the tethered crab treatment than in all other treatments except the
cage with four crabs.

Abundances of individual species also followed a pattern
similar to 1973. For 12 of the 14 species sufficiently abundant to
test statistically, two out of the three treatments with greatest
densities were from among the empty, hand, or crab/m2 treatments. For
12 of the 14 species, the lowest abundance, excluding that outside the
cages at the start of the experiment in May, was either the 4-crabs
treatment or the tethered crab treatment. The lowest abundance in
nine of these cases was in the tethered crab treatment, but was never
significantly less than in the 4-crabs treatment (Fig. 6).

For all species except the bivalves and Heteromastus filiformis,

the hand treatment was not significantly different than the empty cage.
Thus, the decreases in abundances due to crabs must be due to physical
disturbances more severe than the hand treatment, or to actual eating
of the infaunal animals, or to a combination of both.

The three species of bivalves, Mya arenaria, Mulinia lateralis,

and Lyonsia hyalina, were effectively eliminated by the hand treatment

and by any treatments where a crab or fish (spot) was present. Mya

was significantly more abundant in uncaged areas at the start of the
experiment (May) than in the empty cage in July; otherwise, the densities
of all three bivalves were significantly greater in the empty cage

than in any other treatment (Fig. 6M, N, 0). This difference was highly

significnat (o < 0.01) for Mulinia and Lyonsia, which both live very




close to the sediment surface and thus are available to predators and
would be disturbed, buried, or crushed by the hand treatment.
Densities in the crab/m2 treatment were greater than the
crab treatment (a density of 4 crabs/mz) for nine of the 14 dominant
species (two of these differences were significant at o = 0.05),
Dengities in the crab treatment were greater than in the 4-crabs

treatment (16 crabs/mz) for all species except Scoloplos robustus

(five of these differences were significant). Thus, as blue crab
density increases, infaunal densities decrease.

Densities in the tethered crab treatment were less than or
equal to those in the 4-crabs treatment for nine of the top 14 species,
but were never significantly less. Apparently the increased activity
of the tethered crab (noted above) was sufficient to disturb the
infauna as much as 16 crabs/mz.

The spot (Leiostomus xanthurus) was also effective in reducing

infaunal densities. Densities of 12 of the top 14 specles were less
in the cage with the spot than in an empty cage (seven of these dif-
ferences were significant). Densities in the spot treatment were
intermediate between those in the crab/m? and 4-crabs treatments for
10 of the top 14 species, and intermediate between those in the crab
and 4-crabs treatments for seven species (Fig. 6). Thus, the spot was
at least as effective as a crab in reducing infaunal densities of most
species.

Densities in natural (uncaged) sediments at the time of
sampling the cages (July) were intermediate between those of the crab/m2
and 4-crabs treatments for seven of the top 14 species, were less than

in the crab treatment for 11 of the species (significantly less for



four species), and were greater than in the 4-crabs treatment for
seven of the species (Fig. 6). Thus, the infauna of the natural
uncaged sediments is at least as disturbed as a caged area with a crab
(a density of four crabs/mz).

The ranks of treatments averaged over all species and com-
posite parameters tested in Fig. 6 were arranged from highest rank
(highest density) to lowest rank in the following order: empty cage,

cage with sediment disturbed by hand, m?

cage with crab, cage with
crab, cage with spot, uncaged area at end of experiment (July), uncaged
at start of experiment (May), cage with four crabs, and the area with
a tethered crab (Table 5). As in 1973, this ordering might be con-
sidered as ranking the treatments from low to high disturbance.

Diversity (H') was only 2.14 bits/individual in the 4~crabs treatment,

and averaged 2.78 1n the other treatments.

Results after 4 months

On 18 September 1974, after cages had been in place 4 months,
the following treatments were sampled (Table 4): an uncaged area, an
empty cage, and a cage empty for 2 months but then with a crab in it
for the next 2 months ("empty—>crab" treatment). Results were very
similar to those of July 1974.

The empty cage had significantly greater total density more
specles, and more individuals per core of most species than any other
treatment (Fig. 7). The species which were not significantly more
abundant in the empty treatment were the deeper-living species

Peloscolex gabriellae, Spiochaetopterus oculatus, Mya arenaria (mean

size = 32.7 mm), and Phoronis psammophila. Total density, number of
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TABLE 5
May to July, 1974, experiment, Frequency of rank of each
treatment, bagsed on rank of abundance of total density,
number of species, and the 14 most abundant species. All

vertical columns do not add up to 16 due to ties in rank.

Rank

Average
Treatment 1 2 3 4 5 6 7 8 9 Rank

Empty 6 7 2 1 1.9
Hand 4 3 5 2 1 1 2.8
Crab /m? 3 3 3 5 2 3.0
Crab T 1 3 5 2 2 2 4.3
Spot 1 1 1 2 6 3 2 4.7
Out End 1 1 5 1 4 3 1 6.1
Qut Start 1 3 3 4 2 3 6.6
4 Crabs 1 3 3 2 4 3 6.8
Tethered Crab 1 2 2 1 4 6 7.4
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Figure 7.

May to September 1974 experiment. Mean and 957 con-
fidence limits (i + t.OSSi) of total mécrofaunal
density (A), number of species (B), and density of
abundant species (C-1). C, D, E, H, and J were log
(x+1) transformed; retransformed means and confidence
limits are presented. A heavy vertical line extending
between two treatments indicates a non-significant

(o = 0.05) difference between means.
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species per core, and densities of half of the species tested were
lowest in the empty-—crab treatment.

The densities of most species in the uncaged area were more
nearly equal to and usually not significantly different from densities
in the empty —ecrab treatment, again indicating that the uncaged natural
areas are rather highly disturbed. The ranks of treatments were averaged
over all specles and composite parameters tested in Fig. 7 and arranged
from highest rank (highest abundance) to lowest rank in the following
order: empty cage, uncaged area at end of experiment (September),
uncaged area at start (May), cage empty for 2 months and then with a

crab for 2 months (Table 6).

Results after 6 months

On 16 November 1974 the following treatments were sampled:
uncaged areas, empty cages in place for 6 months (since May), an empty
cage in place for 1 month, and an empty cage in place for 1 year. The
results from cages set out in May will be described first.

The empty cage in place since May (6 months) had highly sig-
nificantly greater total density and specles per core, and significantly
greater density of 10 of the 15 species tested than the uncaged areas
(Table 7). Species with especially high densities in the empty cage

were: Peloscolex gabriellae, Heteromastus filiformis, Pectinaria

gouldii, Polydora ligni, Nerels succinea, Mulinia lateralis, and Mya

arenaria. All of the above species had also been abundant in empty
cages in July (after 2 months) and September (after 4 months), with

the exception of Mya in September (Table 7).



TABLE 6
May to September, 1974, experiment. Frequency of rank
of each treatment, based on rank of abundance of total
density, number of species and the 10 most abundant
species. All vertical columns do not add up to 12 due

to ties in rank.

Rank
Average
Treatment 1 2 3 4 Rank
Empty 9 2 1 1.3
Out End 2 3 6 1 2.5
Out Start 1 5 3 3 2.7
Empty+Crab 4 5 4 3.3
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Sediments
The cages did affect sediment size and movement. Empty

cages, the least disturbed treatment, tended to have g higher percentage
(up to 35%) of fine sediments (silts and clays) than physically dis-
turbed sediments (18-19%), or cages with crabs or spot (14-16%), or
areas outside cages (11-16%). This increase in fine sediments in the
empty cage could be due either to reduction of currents or to increased
biodeposition and binding of fine particles by animals such as Streb-

logpio benedicti or Polydora ligni.

Orange-painted sand placed outside the cages was noticeably

dispersed in the direction of tidal currents within a few hours, whereas

inside the cages this sediment did not move for at least 7 days. Part
of this effect may have been due to increased binding of sediments by

the greater density of animals in the cages. However, on one occasion
in November when painted sand was put out, within a few hours it was

covered over and stabilized by diatoms, mainly Nitzschia closterium,

both inside and outside cages (see Holland et al. 1974).

The Empty Cage: General Results
The general pattern of results from thc empty cage treatment
is presented here; individual species patterns will be presented below.
the empty cage resulted in increased densities of most species, but the
specific results depended on a number of factors.
The length of time a cage had been in place determined
whether there were any significant differences in density between the

infauna in an empty cage and in an uncaged area. After 2% weeks in

1973, there were no significant differences for any of the speciles.
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After 2 months, densities of seven specles were significantly greater
in the empty cage than in an uncaged area (Fig. 5). 1In 1974, after
1 month there were only two species with significantly greater densities
in the empty cage; after 2, 4, 6, and 12 months, there were 8, 6, 9 and
9 specles, respectively, that had significantly greater densities in
the empty cage than in an uncaged area (Figs. 6, 7; Table 7). Thus,
few significnat differences occur in 1 month or less, but many sig-
nificant differences occur after2 months. Leaving the cage in longer
than 2 months did not, however, appreciably change the results.
Essentially the same species were more abundant after 2, 4, or 6 months.
It is possible that density-dependent regulation of these populations
prevented further increases after 2 months. Number of species per
core, total density, and diversity did not change much from 2 to 6
months, indicating that succession was not taking place after 2 months
(Fig. 8).

The season when a cage was set out determined which species
increased in abundance in the empty cage. Recruitment into empty
cages was predominantly by larvae rather than by adults, a finding
based on gizes of individuals. Thus, if, during the time the cage
‘'was in place, the larvae of species A were in the plankton and ready
to set, but those of species B were not, species A would increase in
abundance in the empty cage and species B would not. A summary of
result s of empty cages set out at various times and left for various
lengths of time is presented in Table 7. In general, any empty cage
left for 2 months or longer had significantly preater total density,
more species per core, and more individuals per core of most species

than there were outside the cages in natural uncaged sediment.
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Figure 8. Community parameters of infauna versus time in
exclosures (A) total density, (B) number of species,
and (C) diversity (H'), richness (d = S-1/ln N),
and evenpness (J'= H'/logZS) components, where § =

number of species.
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Individual Species Patterns

Peloscolex gabriellae Marcus

The tubificid oligochaete Peloscolex gabriellae, which lives

in a vertical burrow with its posterior end sticking above the sediment
surface, feeds at the bottom of its burrow which may be 5 cm or more
deep and ejects its fecal pellets in é mound at the surface. This
species broods its young, which develop directly, and has a highly
clumped spatial distribution (average variance-to-mean ratio = 8).
There is no distinct seasonal pattern of abundance (Fig. 4C); perhaps
the species breeds over a period of many months. Probably due to its
deep~dwelling habit, its ability to retract very quickly into its

burrow, and its mode of reproduction, Peloscolex gabriellae showed

relatively small increases in empty cages (Table 7), was relatively
unaffected by crabs in cages (Figs. 5G, 6I, 7E), and showed no signif-
icant differences in abundance at crab densities of 0, 1, 4, or 16
crabs/m2 (Fig. 6D). Thus, by a rapid avoidance reaction, Peloscolex
gabriellae avoids predators, and its abundance is not controlled by
predation, which may in part explain why Peloscolex is the most

abundant species in the natural community.

Heteromastus filiformis (Claparede)

The capitellid polychaete Heteromastus filiformis lives iIn

a mucus-lined burrow and is similar in living and feeding habit to

Peloscolex gabriellae. Heteromastus, and opportunistic species with

planktonic larvae, was varlable in abundance (Fig. 4D, Table 1), and
was able to recruit heavily into empty cages. For example, in two of

the cages set out in May and sampled in July 1974, one replicate each
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of the empty and crab/m2 treatments had Heteromastus dengities of over

51,000/m2,

In the natural uncaged sediment, Heteromastus had a peak

abundance in summer, 1974. Inany empty cage that was out during this
period (May to July, May to September, May to November, and November

1973 to November 1974), Heteromastus density increased significantly

over the density in uncaged sediments.

Spiochaetopterus oculatus (Gitay)

The chaetopterid polychaete Spiochaetopterus oculatus lives

in a vertical chitinous tube which often protrudes above the sediment

surface and extends 10-15 cm into the sediment. Splochaetopterus was

observed, both in the laboratory and the field, to feed on surface
deposits within a radius up to 10 cm with its paired tentaculate palps,
moving the food particles along ciliated grooves, in contrast to pri-
marily suspension feeding as reported by Barnes (1964).

As measured by an index of persistence, Spiochaetopterus

had the least fluctuating abundance of any of the dominant species
(Table 1, Fig. 4E). Embryos brooded in tubes were observed from May
to September, and juvenlles were present in samples from uncaged areas
from June to November, with the most juveniles present (42-46% of
total) in samples from August through October.

Spiochaetopterus did not increase in abundance in empty cages

as much as many other speciles, and was significantly reduced in abundance
by predation by crabs but not by fishes. The fishes, particularly the
hogchokers, were not able to forage as deeply into the sediment as the

crabs.
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Streblospio benedicti Webster

The spionid polychaete Streblospio benedicti feeds in much

the same manner as Spiochaetopterus, feeding on surface deposits with

long peristomial palps. Itsfragile membranous-and-mud tubes help to
bind togehter the top 1-2 cm of surface sediments, In the empty cage
in place from November 1973 to May 1974, Streblospio was extremely
dense (140,000/m2). Its short, approximately vertical tubes bound the
surface sediments together in a mat so well that the top 2 cm of sedi-
ment could be carefully picked up intact. Perhaps it was this sediment
stability that gllowed the soft clam Mya arenaria to set in this cage
in such great density (65,000/m25_'- .-

Streblospio exhibits ttfe typical pattern of an opportunistic
species (Grassle and Grassle. 1974) whose population fluctuates ir—
regularly (Fig. 4F) and responds to available space (an empty cage)
with a large population increase (Table 7). Both juvenile individuals
and adults brooding embryos were found in samples from uncaged areas
in most months sampled. Juveniles were most abundant in April and May,
and gravid individuals were most abundant in May, June, and July (an
average of 245/m?) .

Streblosplo had been very abundant in empty cages set out In
May and sampled after 2 months in July 1974 (most were Jjuveniles 2~4 mm
long; some were gravid adults 10-12 mm) . By September (after 4 months),
Streblospio was less abundant in the empty cage than outside cages.
Also, in November 1974 (after 6 months), Streblospio density in the
empty cage was not significantly different than outside the cages and
was less than that in May when the cages were originally set out. Out-

side the cages, Streblospio density also declined from May to November,
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suggesting that this decline is a natural occurrence after spawning,
unrelated to crab or fish predation. |

Neither of the fish species used was effective in reducing
densities of Streblospio. The crab and 4-crab treatments were effective

in significantly reducing Streblospio densities below densities in

empty cages in both 1973 and 1974 (Figs. 5C, 6F).

Polydora ligni Webster

Another opportunistic spionid polychaete, Polydora ligni

feeds on surface depogits in much the same manner as Streblospio

benedicti and Spilochaetopterus oculatus mentioned above. The mud tubes

of Polydora also help to stabilize the surface sediments. Polydora
behaves as an annual or semiannual species in Chesapeake Bay, with
peak density in late winter or early spring and very low densities at
other times of the year (Fig. 4G, Orth 1971, Boesch 1973, Virnstein
1975) .

Even though Polydora abundance was very low during the periods
that most cages were set out, abundances increased significantly in
nearly all empty cages. However, the largest increases in abundance
were in empty cages set out during pericds when Polydora larvae were

heavily setting (Table 7; Figs. 6G, 7H).

Paraprionospic pinnata (Ehlers)

Another spionid polychaete, Paraprionospio pinnata, was

common, but never abundant during the 1960's in mud bottoms in the
lower York River, then became a dominant species from 1972-1975 fol-
lowing Tropical Storm Agnes in June 1972 (Boesch, Diaz, Virnstein,

in press, Virnstein 1975, Beesch, Wass, Virnstein, in press).
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Paraprionospio pinnata was significantly more abundant in

empty cages after 2 months in 1973 (Fig. 6D), but was never significantly
more abundant in empty cages in 1974 and, in fact, was usually less

abundant in empty cages. Densities of Paraprionospio in cages with

crabs were significantly less than in empty cages, but were not dif-

ferent than densities in uncaged areas. Thus, Paraprionospio abundance

may be controlled by crab predation.

Paraprionospio is an active worm, moving about in its branching

burrows. Recruitment into the empty cages in 1973 could have been by

adults, based on the large size of the individuals.

Scolelepis squamata (Muller)

Another spionid polychaete, Scolelepis squamata, commonly

occurred in low densities in most months' samples from uncaged areas
in 1974 (Table 1, Fig. 4I), but was never more abundant in any empty
cage than outside cages. Thus, Scolelepis abundance does not seem to
be regulated by crab or fish predation. Perhaps Scolelepis lives
deeply enough in the sediments to avoid predation. lowever, many
individuals were found with their guts stuffed with sand grains,
foraminiferans, and ostracods--the latter two most agbundant at the

sediment surface.

Pectinaria gouldii (Verrill)

The pectinariid polychaete Pectinaria gouldii feeds on

deposits at the bottom of its inverted cone-shaped tube, and is normally
found only in very low densities in uncaged sediments; average density
in 1974 was 2/m?. Density was significantly greater in empty cages in

July and September (0<0.001) and in November (&.<0.05) 1974 than in
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uncaged areas (Table 7, Figs. 6H, 7F). Crabs and spot were effective
in reducing Pectinarla abundance, but the hand treatment was not.

Peer (1970) estimated that 807 of Pectinaria hyperborea mortality in

St. Margaret's Bay, Nova Scotia was due to fish predation.

In the empty cage in July, most of the Pectinaria were small
(2-3 mm long, 0.6 mm opercular plate diameter); in September, most
were very large individuals (30~58 mm long, 7 mm opercular plate); in
November, individuals were larger still (48-60 mm long, 8 mm opercular
plate). Such large individuals are rarely, if ever, found in Chesa-
peake Bay, the implication being that Pectinaria rarely lives more
than a few months in the natural environment (at least during the
summer) and that crab and fish predation may be the major factor

regulating Pectinaria density.

Glycinde solitaria (Webster)

The goniadid polychaete, Glycinde solitaria, had a relatively

uniform density with peaks of abundance in July of both 1973 and 1974
(Table 1, Fig. 4J), when most of the individuals were juveniles (2-3 mm).
Glycinde density followed the usual pattern of being greater in empty
cages than in cages with crabs in September 1973 and July 1974

(Figs. 5I, 6E). In September and November 1974, there were mo signif-
icant differences between any of the treatments in spite of continuing
recruitment, as indicated by the fact that the majority of individuals
in samples from uncaged areas in September and November were juveniles.
Glycinde density is thus only moderately controlled by crab predation;

the decline after the July peak may be unrelated to crab predation.
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Glycera dibranchiata Ehlers

The density of the glycerid polychaete Glycera dibranchiata

was normally very low (averaging 54/m2) except in May, when the density
of juveniles (1.5-4 mm) was 390/m2 (Fig. 4K). May was the only month
that juveniles were present, except for one 2 mm individual found in
February.

The cage in place from November 1973 to May 1974, during the
early spring setting of Glycera, had a significantly greater density
(1940/m2) than outside the cages (Table 7); most were juveniles 2-3 mm.
However, the cage in place from November 1973 to November 1974 had
the same low density as that outside the cages (39/m?) . Perhaps this
decline is due to natural mortality, or the actively burrowing Glycera

may have migrated from the empty cage hetween May and November.

Scoloplos robustus Verrill

Juvenile individuals (1-4 mm) of the orbiniid polychaete

Scoloplos robustus were found in uncaged areas in December 1973 and

August to December 1974, with maximum abundance in December 1974,

The peaks in abundance of Scoloplos correspond fairly well to peaks in
juvenile abundance, and fluctuations in abundance thus appear to be
due partly to fluctuations in larval recruitment.

Scoloplos was significantly more abundant in empty cages
only in September 1973 and November 1974 (Fig. 5J, Table 7); almost
all of these individuals were juveniles 2-5 mm long. In July, the
greater density of Scoloplos in the empty and hand treatments was

due to larger individuals 16-40 mm long.
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Eteone heteropoda Hartman

The abundance of the phyllodocid polychaete Eteone heteropoda,

like Scoloplos, depends on larval recruitment. Juvenile Eteone (1-4
mm) were present in samples from uncaged areas (in order of decreasing
abundance) in May, February, December, and June 1974. All peaks in
density of Eteone (Fié. 4M) correspond to peaks of juvenile density.
It is thus reasonable that the empty cage in place from
November to May, during the recruitment period of Eteone (December to
June), had the greatest Eteone density (3600/m2, mostly juveniles 2-3
mm long) of any treatment at any time (Table 7). There were also
significantly more Eteone in empty cages put out in November 1973 and
May 1974 and sampled in November 1974; these periods also included all
or part of the recrultment pericd. There were too few individuals
present in any treatment at other major sampling dates (August and
September 1973 and July and September 1974) to discern any pattern of

response of Eteone to other treatments.

Nereis succinea (Frey and Leuckart)

The peaks in density of the nereid polychaete Nerels (Neanthes)

gsuccinea in June and October (Fig. 4N) also corresponded to peaks in
density of juveniles. Juveniles were found in samples from uncaged
areas from June through December.

All empty cages in place longer than 1 month had a greater
density of Nereis (approximately half juveniles) than did uncaged areas
(Table 7): most of these differences were significant (Figs. 5H, 6K, 7G).
The hogchoker and hand treatments were not effective in reducing Nereis

densities, but the crab and spot treatments were (Figs. 6K, 7G).
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Phoronis psammophila Cori

The phoronid Phoronis psammophila (= P. architecta Andrews)

lives in a rigid vertical tube of sand grains cemented together and
suspension feeds with its lophophore. Phoronis was present in samples
outside the cages every month (Fig. 4 0); juveniles were present in
samples from June through December 1974.

Although recruitment was occurring during periods that cages
were in place, none of the empty cages in 1973 or 1974 had significantly
greater densities of Phoronis than outside the cages (Table 7, Figs.
5M, 6L, 71). There was a non-significant trend, however, of greater
densities in empty cages and decreasing density with increasing crab
and fish predation. Crabs and fish may eliminate some of the smaller
individuals, but Phoronis abundance apparently is not significantly

regulated by predation.

Mulinia lateralis (Say)

0f all the species collected, the mactrid bivalve Mulinia
lateralis best exhibits the characteristics of an opportunistic species.
Periodic eruptions of very dense populations of Mulinia occur in
Chesapeake Bay, particularly in deeper muddy sediments, in winter or
early spring (Boesch 1973, Huggett et al. 1975, Boesch 1974, Boesch,
Wass, Virnstein, in press), but then experience very high mortalities
in early summer, maintaining low-density reservoilr populations in
shallow sandy areas (Wass et al. 1972). Summer densities were 20/m2
in this study area and 37/m? at three 3 m-deep stations in the lower
York River from 1972 to 1974 (Virnstein 1975).

Juveniles were found in February, May, June, July, August,

September, and November. Additional sampling would likely show that
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Mulinia juveniles are present year-round; Chanley and Andrews (1971)
found Mulinia larvae in the plankton from May to November,

Young Mulinia can grow very rapidly. At temperatures above
20 C, they grow to sexual maturity in 6 weeks (Calabrese 1969, 1970)
at an approximately logarithmic rate that decreases with age (Fig. 94).

Every empty cage, no matter when set out or sampled, had a
greater density of Mulinia than outside cages; most of these differences
were significant (Figs. 6~9, Table 7). Mulinia densities in empty cages
were highly significantly greater (o < 0.01) than in any other treatment
on the following dates: November 1973 to May 1974, May to September
1974, May to November 1974, and May 1974 to February 1975.

In those empty cages which remained densely populated with
Mulinia, it was probably the increase in size of individual Mulinia
(Fig. 9A) which caused overcrowding and a subsequent decline in density
(Fig. 9B). The density of the clams was so great that to bury itself,
a clam would have to dig through a layer of clams (Figs. 10, 11). By
lying on their sides and thrusting their feet out rapidly, clams were
observed to "hop'" along the sediment surface and thus move laterally.
Presumably in response to overcrowding, some clams moved out of the
cage in this way. If they moved out during the seasons when crabs
were present, these clams were eaten within a few days, as evidenced
by the broken Mulinia shells outside the cages.

From the experiments of 1973 (Fig. 5K), 1t can be seen
that Mulinia density is not affected by hogchokers, but is effectively
controlled by crab predation. In 1974, crabs and spot were also
effective in reducing Mulinia density (Figs. 6M, 7J). As had happened

with many other species, the greater the density of crabs, the less the



Figure 9., Mulinia lateralis size versus age (A), density versus

age (B), and density versus blue crab density (C).

All are plotted on log scale.
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Figure 10.

Photograph of undisturbed core taken from exclosure

in September 1974, showing Mulinia lateralis and

Pectinaria gouldii on the surface, and the numerous

siphons of Mulinia. Inside diameter of the core
is 10 cm. The animals from this core are pictured

in Fig. 11.






Figure 11. Photograph of the animals removed from the core
pictured in Fig. 10, consisting of mostly Mulinia

lateralis, and some Pectinaria gouldii and Lyonsia

hyalina. Diameter of the core is 10 cm; thus the
animals are pictured in the actual density from the

field.
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density of Mulinia (Fig. 9 C). The actual mechanism by which Mulinia
populations were kept low may have varied from treatment to treatment.
The hand treatments had significantly fewer Mulinia than the empty
cages, but significantly more individuals than outside the cages
(Fig. 6 M). This manual disturbance of the sediments may eliminate
many Mulinia by crushing, burying, or dislodging the newly settled
clams from the sediment so that they may be carried away by tidal
currents. This hand treatment was less effective than the crabs or
spot in eliminating Mulinia. Spot feed mainly in the top few milli-
meters of sediment (Stickney et al. 1975) and may have eliminated many
Mulinia both by actually eating them, and by physical disruption of
sediments. By thelr digging and burrowing, the blue crabs may also
have eliminated many Mulinia; in addition, they also were observed to
have eliminated a cage full of large Mulinia by eating them.

To verify that blue crabs could actually dig up and eat
Mulinia, several large (approximately 18 mm) Mulinia were put into an
aquarium containing sediment from the study area and allowed to burrow
into the sediment. A blue crab was then put into the aquarium and
observed. Two different crabs were used on two different occasions.
In both cases, the crabs were observed to find the Mulinia (apparently
by chance), dig them up, and eat them. Usually the crab crushed the
clams with its chelae, often near the clam's siphon, then proceeded
to use its mouthparts to scrape the tissue out of the valves. With
two clams, however, the crab was able to get the point of a dactyl of
one of its chela between the valves of the clam, did the same with the
dactyl of the other chela, and pried open the valves, all in about 15

seconds. The crab then ate the whole c¢lam, even scraping the abductor
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muscles off both valves, without breaking either valve of the clam.

There is other evidence that blue crabs eliminated the
Mulinia by actually eating them, not just by physically disturbing
the sediment. The unplanned but fortuitous empty+crab treatment was
a cage that had been empty for 2 months (May to July 1974). Then two
small crabs (6-8 cm) somehow got into the cage; one was allowed to
remain for the next two months (July to September). In mid-July I
observed that this cage contained a dense population of large Mulinia
(14,700 individuals/m2 with a mean length of 13.4 mm in another empty
cage set out in May and sampled in July). Four days later, I observed
the two crabs and hundreds of empty and broken Mulinia shells in the
cage. The crab that was allowed to remain grew considerably in the
next 2 months (to 13 cm carapace width). No Mulinia were found-in
samples from this cage in September 1974 (Fig. 7J). In contrast, the
empty cage sampled at this time was so densely packed with Mulinia
(7950/m2, 18.2 mm mean length) that some of the clams were sitting on
top of each other (Figs. 10, 11). 1In fact, 4 days after this cage had
been removed, exposing approximately 2,000 clams to crab predation,
the sediment surface was littered with empty and broken shells, and
not one live Mulinia could be found.

In November 1974 and February 1975, empty cages also full
of Mulinia were sampled. After the cage was removed and the samples
taken, the cage was put back so that approximately half of the Mulinia
were within the cage and half were outside the cage. At both of these
times, crabs were not feeding in shallow parts of the estuary and
nearly all clams survived both inside and outside the cages. In late

April 1975, when crabs first started to appear, a few broken Mulinia



shells were found outside these cages and one crab was observed carrying
off a large Mulinia. By the middle of May, no live Mulinia could be
found outside the cages, while most of the Mulinia inside the cages
survived until August and some until September 1975, when the mesh of
the cages corroded, holes appeared, and crabs were seen inside the cages.
At this time the Mulinia were 16 months old. Most were 22-23 mm; the
largest was 26.3 mm, much larger than is ever found in natural habitats,
J. Kraeuter {personal communication) has grown Mulinia in the laboratory
to over 30 mm in less than a year. Thus, it appears that Mulinia is

a favored food of blue crabs and that crab predation is probably the

major factor controlling the adult population size during warmer months,

Mya arenaria (Linnaeus)

The soft clam Mya arenaria spawns in spring and fall. The
spring set is usually unsuccessful, presumably because of predation
(Wass et al. 1972). 1In this study, juvenile Mya (0.5-~5 mm) were found
only in May, November, December, and February. The spring set was
much larger than the fall set, but no Mya were found outgide the
cages from June through October 1974 (Fig. 4R). During thig same
period, however, Mya survived well in the empty cages and grew rapidly
there. Every empty cage in place during one of the spawning periods
of Mya had more individuals than outside the cages (Table 7; Figs. 3K,
6N, 7K). The empty cage in place from November 1973 to May 1974,
during the larger spring spawning period, had an unusually dense set
(over 65,000/m2) of small Mya (1.2 mm mean length) (Table 7). An empty
cage set out at the same time (November 1973) and sampled in November

1974 also had a dense set of Mya (over 3000/m2) , but thege were all



small juveniles (2.0 mm mean length) and were all from the f£all 1974
set. It is not known whether this cage had contalned any of the Mya
from the spring set, or whether there had been a large spring set as
in the other cage with the Mya all dying during the summer. Two small
crabs (6-7 cm) removed from this cage, one in June and one in September,
possibly ate the Mya.

All of the empty cages set out in May 1974 had more Mya than
outside the cages (Table 7). The empty+crab treatment sampled in
September had no Mya, but there were many broken Mya shells on the
surface after the crabs got in. Empty cages set out at the same time
as the empty*crab treatment had Mya densities of 388/m2 in July (when
the crabs got in) and 232/m2 in September.

The spot, hand, and crab treatments were all effective in
eliminating Mya (Figs. 6N, 7K); the hogchoker was not as effective
(Fig. 5K). Samples from any cage containing a crab never contained

more than one Mya. Like Mulinia, Mya is a favored food of blue crabs,

and crab predation is a major factor controlling Mya abundance.

Lyonsia hyalina Conrad

Only one individual of the lyonsiid bivalve Lyonsia hyalina

was found in samples from outside the cages. Empty cages set out in

May 1974 had highly significantly (0<0.01) more Lyonsia than outside

cages in July and significantly more in September 1974 (Figs. 6 O,

7 LY. There were no Lyonsia in samples from the empty*crab treatment

in September. Average lengths of Lyonsia in empty cages were 0.5 mm

in May, 15 mm in July, 22 mm in September, and 24 mm in November.
Lyonsia live close to the sediment surface, often with the

valves sticking partially above the sediment. Thus, like Mulinia,



they are easily preyed upon by crabs. Like Mulinia and Mya, Lyonsia

abundance is controlled by blue crab predation.
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DISCUSSION

The effect of predation on a community depends on the severity
and selectivity of the predation. Low-level predation pressure may
increase species diversity by (1) reducing the density of the dominant
species, thus allowing for an increase in density of competitively
inferior species (Paine 1966, 1969, Brooks and Dodson 1965); (ii)
randomly reducing most species densitiles to a level below that regulated
by competitive exclusion of species (Dayton and Hessler 1972,
Roughgarden and Feldman 1975); or (iii) creating patches with lowered
densities at different stapes of succession to a hypothetical "climax

community,"

thus creating "contemporaneous disequilibrium'" (Hutchinson
1961, Levin and Paine 1974, May and MacArthur 1972, Horn and
MacArthur 1972).
Sufficiently severe predation pressure will decrease species
diversity by reducing population densities of all species (Sammarco
et al. 1974), rarer species thus being eliminated or reduced to densities
too low to be sampled. Effects of predation may be most drastic in
physically controlled environments, since the prey organisms must give
adaptive priority to the physical regime, rather than to refinement
of biological interactions (Slobodkin and Sanders 1969, Sanders 1969).
In the community studied, increasing predation pressure caused
a slight decrease in species diversity, and decreasing predation

pressure below natural levels allowed a large increase in diversity,

indicating that natural predation pressures are severe.
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Density-dependent Interactions

The theory of competitive exclusion (Gause 1934) predicts
that if two species compete for the same limited resource, one species
will eliminate the other. However, predation can alter the outcome of
competition betweern two species in such a way that two species can
continue to coexist in a space in which only one could exist without
predation (Slobodkin 1961, Brooks and Dodson 1965, Paine 1966,
Cramer and May 1972, Levin and Paine 1974, Roughgarden and Feldman
1975). Smith et al. (1975) concluded that the competitive exclusion
principle has only limited validity and that, given certain conditions,
any number of consumer species may coexist and compete for the same
food. Competition for space, food, and light ahs been demonstrated
in marine benthic environments between intertidal barnacles (Connell
196la, b), between algae (Dayton 1971, 1975a, b), between deposit-
feeding mud snails (Fenchel 1975), and between tube-building and
burrowing polychaetes (Woodin 1971, 1974).

Herbivores are frequent exceptions to the influence of
density-dependent competition, but rather are often predator-limited
(Hairston et al. 1960). In an analagous manner, energy for deposit
feeders may be available as detrital organic matter in a large "sink'
(Levinton 1972, 1974) often three to four orders of magnitude greater
than required (Smith 1973). However, much of this organic matter is
refractory (Young 1968), and bacteria may be the rate-controlling
step in utilization of the organic matter (Fenchel 1975), causing
deposit~feeders to be food-limited (Levinton 1972).

In the community studied here, densities of most species
increased when protected from predators and no species decreased in

density. This lack of preferential increase of any specles, including
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tube-builders vs. burrowers, suggests that competitive pressures are
not important in the regulation of population densities in the natural
community. Resources are thus not limiting in these shallow sand
communities in Chesapeake Bay. Most gpecles densities in this com-
munity are controlled by density-independent factors: predators,
sediment instability, and other physical factors.

At the extremely high population densities found in some
exclosures, compeﬁition probably occurred. For example, at a density

of 140,000/m2 in one exclosure, individuals of Streblospio benedicti

were an average of only 3 mm apart and had almost totally overlapping
feeding radii (the tentacular palps extend 10-20 mm along the sediment

surface). 1In some exclosures, Mulinia Jateralis were so dense that

they could not all fit in a single layer (Figs. 10, 11), and apparently
competed with each other for space-as they grew (Fig. 9A,B).
In such great density, Mulinia apparently also competed with

other species; e.g., Heteromastus filiformis densities were much lower

in exclosures with dense Mulinia than in exclosures with fewer Mulinia.
This exclusion of other species by Mulinia may have been due to (1)
filtering out settling larvae while filter feeding (predation), or

(ii) sediment instability caused by Mulinia's active movements
(amensalism), or (iii) occupying most available habitat space (com-

petition.

Some Problems of Interpretation

Effect of an empty cage

It is difficult to distinguish the extent to which the increase
of infaunal density and diversity in exclosures is caused by (i) ex-

clusion of predators, (ii) changes in currents and sediment stabllity,
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or (iii) "trapping" of larvae. The exclusion of predators has been
stressed above, but other factors may alsc be important.

The cages did affect sediment stability as shown by the
increase of silt-clay content and decrease of movement of orange-
painted sediment in the exclosures. However, some of this enhanced
sediment stability may have been due to increased binding and sta-
bilizatlion of sediments by the dense populations of infaunal tube-

building species (e.g. by Streblospio benedicti) forming a "turf"

{(Buchanan 1963, Young and Rhoads 1971).

Orth (in press) has shown that eelgrass, Zostera marina,

increases sediment stability, which causes an increase in infaunal
density and diversity. Part of this increase in the infauna may be
due to the partial exclusion of predators by the rhizome mat 1-2 cm
below the sediment surface which prevents digging by most predators.
Infaunal density and diversity increased in eelgrass when predators
were excluded; however, this increase was less than when predators
were excluded from bare sand. Both eelgrass and exclosures in bare
sand produced similar high-density, diverse infaunal communities
(Table 8); both stabilize sediments and offer protection from predators.
Planktonic larvae may have preferentially set in cages in
response either todecreaged current velocity or to contact with the
wire mesh. However, while cages may increase setting of larvae, their

survival is not ensured--a predator would negate this effect.

Ef fect of a predator

It 1s likewige difficult to distingulsh the exact nature of

the causeg of the decrease of infauna due to a predator: (i) predation



TABLE 8

A comparison of infaunal densities in eelgrass, Zostera marina, beds

with caged areas in the eelgrass, and caged areas in bare sand.

Numbers from eelgrass are rarefied so that all numbers are reported

as mean number per 0,005 m?.

Mean density per 0.005 m?
Caged Uncaged Caged bare sand
eelgrass eelgrass  July-Sept-Nov mean

Total Individuals 264.8 201.6 213.4
Number of Species 20.1 19.0 17.7
Peloscolex gabriellae 41.4 41.1 53.0
Heteromastus filiformis 27.9 21.6 37.3
Streblospio benedicti 26.7 12.5 18.7
Spilochaetopterus oculatus 52.3 28.3 2.4
Nereis succinea 7.8 7.9 4.7
Polydora ligni 130.7 5.1 6.8
Glycinde solitaria 1.9 1.0 3.7
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on adults (implicitly stréssed aﬁove), (11i) predation on newly-set
larvae, (iil) decreased sediment stabllity caused by the foraging
activities of the predators, or (iv) physical disruption of tubes and
burrows.

The incompletely answered question is whether the cage causes
sediment stability which in turn allows an increase of infauna, or
whether the cage excludes predators which allows an increase of infauna
which stabilizes sediment. To better differentiate the biological
and physical aspects, more careful analyses of predators' feeding
activities and sedimentary parameters are necessary. Aquaria could
be used for observation of feeding modes and preferences, and for

verification of results of caging experiments.

Effect of cage gize

The size of cages was varied in order to vary crab densities,
rather than directly varying the number of crabs in the standard size
cage; otherwise cannibalism would have been a problem. Thus both the
size of the cage and the area over which a crab could roam was dif-
ferent for each crab density. Therefore part of the effect of the
different crab densities may have been due to cage size. However,
empty cages of two different sizes were not different from each other
for number of species, number of individuals, or individuals of most
species (Fig. 5). Therefore, differences in the infauna in different-
sized cages with crabs were probably due to the different crab densities

rather than to different sizes of cages.

Effect of cage mesh size

Although cages did keep out most large predators, many

smaller individuals of many predatory species undoubtedly had free



passage through the 12 mm mesh of the cages. Naqvi (1968) concluded
that 6 mm mesh cages offered more protection from predators in Alligator
Harbor, Florida, than 12 mm or 24 mm mesh cages. However, the larger
individuals of the species I studied (blue crab, spot and hogchoker)
were effectively caged in or out, and these larger individuals of

blue crabs and spot are apparently the major predators in the area

studied.

Susceptibility to Predation
While there was a large variation among species in the degree
of response to altered predation pressure, species with similar life
habits responded similarly.
Least affected by increased crab and fish predation pressure
were those species which live deep in the sediments and/or can retract
quickly into the sediments. Species surviving in greatest numbers in

cages containing crabs were Peloscolex gabriellae, Spiochaetopterus

oculatus, Phoronis psammophila, large Mya arenaria, Heteromastus

filiformis, and Streblospio benedicti. Included here are the five

top-ranked species in the natural community (Table 1), suggesting that
avoidance of predation allows their success. Such protective habits
have also evolved in other shallow-water invertebrates in response to
predation by fishes (Bakus 1964, Levinton 1971).

Species whose densities were most severely reduced by pred-
ators were larger animals living close to the sediment surface, e.g.

the polychaete Pectinaria gouldii and the bivalves Mulinia lateralis,

Lyonsia hyalina, and small Mya arenaria. Blue crabs could also dig

up deep-living Mya (Dunnington 1956, Orth, in press). For example,

in the empty*crab treatment the invading blue crabs presumably



eli-mingted all the Mulinia and the Mya, which were fairly large (25 mm
measn ghell length) and probably lived 50-60 mm deep in the sediment.
Some species of bivalves are abundant presumably because
the=y can avoid crab predation by either of two methods: (1) living
tooo deep for crabs to dig (e.g. large Mya arenaria, and perhaps Macoma
SPE=.), or (ii) having a shell too thick (as adults) for crabs to break

(e--g Mercenaria mercenaria, Rangia cuneata, and Crassostrea virginica).

However, none of these mechanisms offers safe refuge from

cow~-nosed rays, Rhinoptera bonasus, which are significant predators of

larxge deep-burrowing and heavy~sghelled bivalves over extensive areas
of Chesapeake Bay (Orth 1975). Crab and ray predation may be respon-
sitole for the relative lack of bivalve dominance in infaunal communities
in Chesapeake Bay. Muus (1973) concluded that predation was the
dor=ninant cause of juvenile bivalve mortality in the @resund, Denmark.
Large individuals of many species are cropped by predators

aned never grow to their maximum attainable size. Mulinia lateralis,

Lyeonsia hyalina, and Pectinaria gouldil grew to a much larger size

in . exclosures In only a few months than is found in natural sediments
ou tside cages. The very rapid growth rates and absence of large

in -dividuals implies that for many species there is more than one
ge=nengtion per year.

Trophic group amensalism (Rhoads and Young 1970) may be
re=sponsible for some filter-feeding bivalve mortalities in summer.
Tuarbidlity becomes higher in summer (Patten et al. 1966), presumably
dume ty greater resuspension of bottom materials (Oviatt and Nixon
15975) reworked by deposit feeders (Young 1971, Rhoads and Young

1E371, Aller and Dodge 1974). This blologleally-induced higher
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turbidity adversely affects filter-feeding organisms by clogging
filtering and respiratory surfaces, and may cause the demise of dense
populations in muddy sediments (Levinton and Bambach 1970, Rhoads
1974, Boesch, Wass, Virnstein, in press, Peddicord, in press a, b).
In sandy areas, however, since Mulinia survived in exclosures through
two consecutive summers, it was obvious that blue crab predation
limited survival in the natural community.

Species exhibiting the largest population increases in
response to decreased predation pressure were the opportunistic species

Streblospio benedicti, Heteromastus filiformisg, Polydora ligni, and

Mulinia lateralis. Young and Young (1975) also found that the species

which showed the largest increases in density inside mesh exclosures
in a coastal lagoon, the Indian River, Florida, were the opportunistic

polychaetes Capitella capitata and Polydora ligni.

Diversity, Stability, and Opportunistic Species

It has generally been accepted that diverse communities with
complex food webs and alternate trophic pathways are inherently more
stable (MacArthur 1955, Emlen 1973, Malay 1975, Smith 1975). Rather,
it is envirommental constancy that allows a diverse community to develop
(Sanders 1968). While diverse communities may be more constant over
time ("persistent"), they are not necessarily more stable in terms of
resisting change due to perturbations ("resistant') or of recovering
from such changes (“"resiliency'") (Boesch 1974).

Recent evidence suggests, however, that trophic complexity
and diversity of community interactions does not lead to greater sta-
bility (May 1973, Boesch 1974, Malay 1975, Peterson 1975, Steele

1974). Older more diverse fields were experimentally found to be less



stable when perturbed by fertilization (Hurd and Wolf 1974). Estuarine
ecosystems are characterized by environmental stress and inconstancy,
and although they may lack persistence, they have high resistance and
resilience (Boesch 1974), as shown by the resistance and quick recovery
of the benthos of Chesapeake Bay when subjected to severe flooding
(Boesch, Dilaz, Virnstein, in press). Estuarine systems are already
subjected to energy-requiring stresses and are more likely to resist
changes than those adapted to relatively constant environments (e.g.
tropical ecosystems) (Copeland 1970).

Opportunistic eurytopic species play a large role in response
to disturbances, and are abundant in most Chesapeake Bay habitats
(Boesch 1973, in preés), indicating stressed or disturbed environments,
characteristic of most estuaries. These r-strategists are able to
react rapidly to changing environments, temporarily open space, and
relaxed predation pressures (Boesch, in press, Boesch, Diaz, Virnstein,
in press, Grassle and Grassle 1974, Levinton 1970). Pollution may
also exclude predators in a manner similar to experimental exclosures,
allowing densities of these eurytolerant opportunistic species to
increase (Young and Young 1975).

Opportunistic species played a large role in the community

studied. Two of the top-ranked species, Heteromastus filiformis and

Streblospio benedicti, acknowledged opportunists (Grassle and Grassle

1974), were among the most abundant species in natural sediments and

in cages with crabs. Together with the opportunistic Mulinia lateralis,

these species were dominant in most exclosures, with densities one to

two orders of magniltude greater than outside exclosures.
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IMPLICATIONS

Species populations in the community studied are not resource-
limited as has been found in other marine communities, both on hard
substrates (Dayton 1971, Connell 1972) and in soft sediments
(Woodin 1974). Predation pressures and physical disturbances are
severe in this community and keep population levels far below the
carrying capacity of the environment. At these lowered densities,
competitive interactions, both inter- and intra-specific, are
relatively unimportant. Physical factors, such as sediment instability
(Orth, in press, Aller and Dodge 1974), changes in salinity and
temperature (Boesch, Wass, Virnstein, in press), and high turbidity,
together with severe predation pressures stress the community. The
community structure is not controlled by processes operating exclu-
sively within the benthos; rather, this infaunal community is con-
trolled by factors external to the infauna. In this community, the
patterns of species occurrence and density are disproportionately
affected by the activities of a single species of high trophic status--
Paine's (1969) definition of .a "keystone species". The blue crab

Callinectes sapidus fits this definition.

A corollary of the conclusion that predators are important
to the benthic community studied is that this community is important
to the predators. Secondary productivity is probably very high with

two or three generations per year for many species and a bilomass of

76



77

7 g/m2 (wvet weight) (Virnstein 1975). The annual turnover rate of

the macrobenthos of Kiel Bight in the Baltic Sea is one to several

times the mean biomass, most of which is consumed by commercial fish
(Arntz and Brunswig 1975). A similar relationship probably exists

in Chesapeake Bay, except that growth and production rates in Chesapeake
Bay are greater than in the Baltic and other northern areas. Growth
rates for bivalves in the Baltic (Muus 1973) are much slower than

found in this study. For example, two year old Mya arenaria are only

28 mm long in the southern Baltic (Munch-Petersen 1973), 20 mm in
the Bay of Fundy (Newcombe 1935), and 80 mm in Chesapeake Bay (J.

Lucy, unpubl. data). Mature Mulinia lateralis (10-15 mm) are 1-2

years old in Long Island Sound (Calabrese 1969); this size is attained
in only 2 months in Chesapeake Bay (Fig. 94). Cephalic plate width

{a standard measure of overall size) of Pectinaria hyperborea in St.

Margaret's Bay, Nova Scotia 1 year after setting was 4 mm (Peer 1970),

3 mm for P. californiensis in Puget Sound (Nichols 1975), and 7 mm

for P. gouldii after only 4 months in Chesapeake Bay (this study).
Although growth rates of these three specles are not necessarily
comparable, all attain a similar maximum size. Both Nichols and Peer
reported an annual production to mean biomass ratio of 4.3 for Pectinaria.
Turnover ratios would be greater in Chesapeake Bay due to faster growth
and low population densities, thus providing a potentially larger food
supply for bottom-feeding fishes and crabs.

Hayne and Ball (1956) found that although the standing crop
of bottom fauna in ponds was decreased in the presence of bottom-

feeding fishes, the rate of production of the bottom fauna increased.
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They reported the average production of bottom fauna during a growing
season to be approximately 17 times the standing crop, when fish were
present. Thus, the heavily preyed-upon infauna of shallow, sandy
areas studied here may be more important in terms of crab and fish
food production than the higher density, but less preyed-upon, infauna
of grass beds. 1In grass beds, predators apparently prey more heavily
on epifauna than infauna (Orth, in press, Young and Young, in press).

Since food and space are not limiting, resources are under-
utilized and a much greater biomass could be maintained (properties
characteristic of low-diversity ecosystems) (Odum 1971). If pro~
tected from predators; much larger standing crops of infaunal bivalves
could be raised as food for man, as is done for epifaunal oysters.

In summary, such shallow water infaunal communities are
highly stressed; species populations are not resource~limited, but
rather are predator-controlled, and these communitles are an important
food source for predatory species important to man.

The degree of importance attributed to predators as deter-
mined by this study could probably not have been determined by other
than experimental methods. Any merely correlative non-manipulative
studies could not have determined the effects of increasing or
decreasing predation pressure--proper controls are simply not avail-
able. Just as the experiments of Connell, Dayton, Paine, and others
in the rocky intertidal zone have demonstrated the importance of
both physical and biological interactions, more experimental works
such as Woodin (1974), Orth (in press), and this study in soft-sediment

communities, though inherently more difficult, are necessary.



REFERENCES CITED

Aller, R. C. and R, E. Dodge. 1974. Animal-sediment relations in a

tropical lagoon Discovery Bay, Jamaica. J. Mar. Res.
32: 209-232.

Arntz, W. E. and D. Brunswig. 1975. An approach to estimating the

production of macrobenthos and demersal fish in a western
Baltic Abra alba community. Merentutkimuslait. Julk./
Havsforskningsinst. Skr. 239: 195-205.

Bakus, G. J. 1964. The effects of fish-~grazing on invertebrate

Barnes,

Boesch,

Boesch,

Boesch,

Boesch,

Boesch,

Boesch,

Brooks,

evolution in shallow tropical waters. Allan Hancock Found.,
Occas. Rap. 27: 1-29.

R. D. 1964. Tube-bullding and feeding in the chaetopterid
polychaete, Spiochaetopterus oculatus. Biol. Bull. 127:
397-412. :

D. F. 1971. Distribution and structure of benthic com-
munities in a gradient estuary. Ph.D. Thesls, College of
William and Mary, Williamsburg, Va. 120 p.

D. F. 1973. C(Classification and community structure of
macrobenthos in the Hampton Roads area, Virginia. Mar.
Biol. 21: 226-244.

D. F. 1974. Diversity, stability, and response to human
disturbance in estuarine ecosystems. Proc. First Inter.
Congress Ecology, the Hague, Netherlands: 109-114.

D. F. In press. A new look at the zonation of benthos along
the estuarine gradient. In B. C. Coull, ed. Ecology of
marine benthos. Unilv. South Carolina Press, Columbia.

D. F., R. J. Diaz, and R. W. Virnstein. In press. Effects
of Tropical Storm Agnes on soft-bottom macro-benthic com-
munities of the James and York estuaries and the lower
Chesapeake Bay. Chesapeake Sci.

D. F., M. L. Wass, and R. W. Virnstein. In press. The
dynamics of estuarine benthic communities. Recent Advances
in Estuarine Research. Estuarine Research Federation.

J. L. and S. I. Dodson. 1965. Predation, body size, and
composition of plankton. Science 150: 28-35.

79



80

Buchanan, J. B. 1963. The bottom fauna communities and their
sediment relationships off the coast of Northumberland.
Oikos 14: 154-175.

Castagna, R. M. 1955, A study of the hogchoker Trinectes maculatus
(Bloch and Schneider) in the Walkulla River, Florida. M. S.
Thesis., Fla. State Univ., Tallahassee, Fla. 23 p.

Calabrese, A. 1969, Mulinia lateralis, molluscan fruit £fly? Proc.
Nat. Shellfish Asgoc. 59: 65-66.

Calabrese, A. 1970. Reproductive cycle of the coot clam, Mulinia
lateralis (Say), in Long Island Sound. Veliger 12: 265-269.

Chanley, P. and J. D. Andrews. 1971. Aids for identification of
bivalve larvae of Virginia. Malacologia 11: 45-119.

Connell, J. H. 196la. The influence of interspecific competition
and other factors on the distribution of the barmacle
Chthamalus stellatus. Ecology 42: 783-794,

Connell, J. H. 1961b. Effect of competition, predation by Thais
lapillus, and other factors on natural populations of the
barnacle Balanus balanoides. Ecol. Monogr. 31l: 61-104.

Connell, J. H. 1970. A predator-prey system in the marine inter-
tidal region. 1. Balanus glandula and several predatory
species of Thais. Ecol. Monogr. 40: 49-78.

Connell, J. H. 1972. Community interactions on marine rocky inter-
tidal shores. Ann. Rev. Ecol. Syst., 3: 169-192.

Copeland, B. J. 1970. Estuarine classification and responses to
disturbances. Trans. Amer. Fish. Soc. 99: 826-835.

Cramer, N. F. and R. M. May. 1972. Interspecific competition,
predation and species diversity: A comment. J. Theor.
Biol. 34: 289-293.

Darnell, R. M. 1958. Food habits of fishes and larger invertebrates
of Lake Pontchartrain, Louisiana, an estuarine community.
Pub. Inst. Mar. Scil. Univ. Texas 5: 353-416.

Davies, J. M. 1975. Energy flow through the benthos in a Scottish
sea loch. Mar. Biol. 31: 352-362.

Dayton, P. K. 1971. Competition, disturbance, and community
organization: The provision and subsequent utilization of
space in a rocky intertidal community. Ecol. Monogr. 41:
351-389.

Dayton, P. K. 1975a. Experimental studies of algal canopy inter-
actions in a sea otter-dominated kelp community at Amchitka
Island, Alaska. Fish. Bull. 73: 230-237.



81

Dayton, P. K. 1975b. Experimental evaluation of ecoclogical dominance
in a rocky intertidal algal community. Ecol. Monogr. 45:
137-159.

Dayton, P. K. and R. R. Hessler. 1972. The role of disturbance in
maintaining diversity in the deep sea. Deep~Sea Res. 19:
199-208.

Dovel, W. L., J. A. Mihursky, and A. J. McErlean. 1969. Life history
aspects of the hogchoker, Trinectes maculatusg, in the Patuxent
River Estuary, Maryland. Chesapeake Sci. 10: 104-119.

Dunnington, E. A. 1956. Blue crabs observed to dig soft shell clams
for food. Md. Tidewater News 12(12): 1, 4.

Emlen, J. M. 1973. Ecology: An evolutionary approach. Addison-
Wesley Publ. Co., New York. 493 p.

Fager, E. W. 1957. Determination and analysis of recurrent groups.
Ecology 38: 586-595.

Fenchel, T. 1975. Factors determining the distribution patterns of
mud snails (Hydrobiidae). Oecologia 20: 1-7.

Folk, R. L. 1968. Petrology of sedimentary rocks. Hemphill's,
Austin, Texas. 170 p.

Gause, G. F. 1934. The struggle for existence. Williams and
Wilkins, Baltimore. 163 p.

Grassle, J. F. and J. P. Grassle. 1974, Opportunistic life histories

and genetic systems in marine benthic polychaetes. J. Mar.
Res. 32: 253-284,

Hairston, N. G., F. E. Smith, and L. B. Slobodkin. 1960. Community
structure, population control and competition. Amer. Natur.
94: 421-425.

Haven, D. S., J. Kraeuter, R. Swartz, and M. Wass. 1967. An animal-
sediment study in the lower York River, Virginia. in Final
Rept. to US AEC Contract No. AT-(40-1)-2789. 60 p.
(Virginia Institute of Marine Science, Gloucester Point, Va.)

Hayne, D. W. and R. C. Ball. 1956. Benthic productivity as influenced
by fish predation. Limnol. Oceanogr. l: 162-175.

Hildebrand, S. F. and W. C. Schroeder. 1928. The fishes of Chesapeake
Bay. Bull. U. S. Bur, Fish., 53, pt. 1 (Reprinted 1972,
for Smithsonian Inst. by T. F. H. Publ., Inc., Neptune,
N. J.). 388 p.

Holland, A. F., R. G. Zingmark, and J. M. Dean. 1974. Quantitative
evidence concerning the stabllization of sediments by marine
benthic diatoms. Mar. Biol. 27: 191-196.



82

Horn, H. S., and R. H. MacArthur. 1972. Competition among fugitive
species in a harlequin environment. Ecology 53: 749-752.

Huggett, R. J., R, W. Virnstein, and D. F. Boesch. 1975. A chemical
and biological survey of the lower Potomac River in the
vicinity of Piney Point, Maryland. VIMS T. D. 425. Final
Report to Steuart Petroleum Company. 16 p.

Hurd, L. E. and L. L. Wolf. 1974. Stabllity in relation to nutrient
enrichment in arthropod consumers of old-fileld successional
ecosystems. Ecol. Monogr. 44: 465-482.

Hutchinson, G. E. 1961. The paradox of the plankton. Amer. Natur.
95: 137-146.

Illowsky, J. E. and J. Colvocoresses. 1975. Fish and major decapods.
Section III. p. 336-462. 1in Yorktown Power Sta. Ecol.
Study. Va. Inst. Mar. Sci. Spec. Sci. Rept. No. 76.

Landers, W. S. 1954. Notes on the predation of the hard clam,
Mercenaria mercenaria, by the mud crab, Neopanope texana.
Ecology 35: 422.

Levin, S. A. and R. T. Paine. 1974. Disturbance, patch formation,
and community structure. Proc. Nat. Acad. Sci. 71: 2744-2747.

Levinton, J. S. 1970. The paleoecological significance of oppor-
tunistic species. Lethaia 3: 69-78.

Levinton, J. S. 1971. Control of tellinacean (Mollusca: Bivalvia)
feeding behavior by predation. Limnol. Oceanogr. 16: 660-662.

Levinton, J. 1972, Stability and trophic structure in deposit-
feeding and suspension-feeding communities. Amer. Natur.
106: 472-486.

Levinton, J. 8. 1974. Trophic group and evolution in bivalve molluscs.
Palaeontology 17: 579-585.

Levinton, J. S. and R. K. Bambach. 1970. Some ecological aspects
of bivalve mortality patterns. Amer. J. Sci. 268: 97-112.

Lie, U. 1974. Distribution and structure of benthic assemblages in
Puget Sound, Washington, USA. Mar. Biol, 26: 203-223.

MacArthur, R. H. 1955. Fluctuations of animal populations. Ecology
36: 533-536.

McEachran, J. D., D. F. Boesch, and J. A. Musick. In press. Food
division within two sympatric pairs of skates (Pisces,
Rajidae). Mar. Biol.



83

McErlean, A, J., S. G. 0'Connor, J. A. Mihursky, and C. Y. Gibson.
1973. Abundance diversity and seasonal patterns of estuarine,
fish populations. Estuarine Coastal Mar. Sei. 1l: 19-36.

McHugh, J. L. 1967. Estuarine nekton. p. 581-620. in G. H. Lauff,
ed. Estuaries. Amer. Assoc. Adv. Sci.,Wash., D.C.

Malay, E. J. 1975. Interactions among the predatory rotifer Asplancha
and two prey, Paramecium and Euglena. Ecology 56: 346-358.

Marshall, N. 1970. Food transfer through the lower trophic levels
of the benthic environment. p. 52-66. in J. H. Steele,
ed. Marine food chains. Oliver and Boyd, Edinburgh.

May, R. M. 1973. Stability and complexity in model ecosystems.
Princeton Univ. Press, Princeton, N. J. 276 p.

May, R. M. and R. H. MacArthur. 1972. Niche overlap as a function
of environmental variability. Proc. Nat. Acad. Sci. 69:
1109-1113.

Medcof, J. D. and J. S. MacPhail. 1952. The winter flounder--a clam
enemy. Fish. Res. Bd. Can. (Progr. Repts. Atl. Coast
States). No. 52: 3-8.

Menge, B. A. 1970. The population ecology and community role of
the predaceous asteroid, Leptasterias hexactis (Stimson).
Ph.D. Thesis, Univ. Washington, Seattle, Wash. 212 p.

Menzel, R. W. and S. H. Hopkins. 1955. C(Crabs as predators of
oysters in Louisiana. Proc. Nat. Shellfish Assoc. 46:
177-184.

Munch-~Petersen, S. 1973. An investigation of a population of the
soft clam (Mya arenaria L.) in a Danish estuary. Meddr
Danm. Fisk.- og Havunders. N. S. 7(3): 47-73.

Muus, K. 1973. Setting, growth and mortality of young bivalves in
the @resund. Ophelia 12: 79-116.

Naqvi, S. M. Z. 1968. Effects of predation on infaunal invertebrates
of Alligator Harbor, Florida. Gulf Res. Repts. 2: 313-321.

Newcombe, ¢. L. 1935. Growth of Mya arenaria L. in the Bay of Fundy
Region. Can. J. Res. 13: 97-137.

Nichols, F. H. 1975. Dynamics and energetics of three deposit-
feeding benthic invertebrate populations in Puget Sound,
Washington. Ecol. Monogr. 45: 57-82.

Odum, E. P, 1971. Fundamentals of ecology. 3rd ed. W. B. Saunders
Co., Philadelphia. 574 p.



Orth, R. J. 1971. Observations on the planktonic larvae of Polydora
ligni Webster (Polychaeta: Spionidae) in the York River,
Virginia. Chesapeake Sci. 12: 121-124,

Orth, R. J. 1973. Benthic infauna of eelgrass, Zostera marina,
beds. Chesapeake Sci. 14: 258-269.

Orth, R. J. 1975. Destruction of eelgrass, Zostera marina, by the
cownose ray, Rhinoptera bonasus, in the Chesapeake Bay.
Chesapeake Sci. 16: 205-208.

Orth, R. J. In press. The importance of sediment stability in sea-
grass communities. in B. C. Coull, ed. Ecology of marine
benthos. Univ. South Carolina Press, Columbia.

Qviatt, C. A. and §. W. Nixon. 1975. Sediment resuspension and

deposition in Narragansett Bay. Estuar. Coastal Mar. Sci.
3: 201-217.

Pacheco, A. L. 1962a. Age and growth of spot in lower Chesapeake
Bay, with notes on distribution and abundance of juveniles
in the lower York River system. Chesapeake Sci. 3: 18-~28,

Pacheco, A. L. 1962b. Movements of spot, Leiostomus xanthurus, in
the lower Chesapeake Bay. Chesapeake Sci. 3: 256-257.

Paine, R. T. 1966. Food web complexity and species diversity.
Amer. Natur. 100: 65-75.

Paine, R. T. 1969. A note on trophic complexity and community
stability. Amer. Natur. 103: 91-93.

Paine, R. T. 1974. Intertidal community structure. Experimental
studies on the relationship between a dominant competitor
and its principal predator. Oecologia 15: 93-120.

Pamatmat, M., M. 1968. Ecology and matabolism of a benthic community

on an intertidal sand flat. Int. Revue gesamten Hydrobiologie

53: 211-298.

Patten, B. C., D. K. Young, and M, H. Roberts, Jr. 1966. Vertical
distribution and sinking characteristics of seston in the
lower York River, Virginia. Chesapeake Sci. 7: 20-29.

Peddicord, R. K. In press a. Salinity and substratum effects on the
condition of the bivalve Rangia cuneata. Mar. Biol.

Peddicord, R. K. In press b. Effects of substratum on growth of the
bivalve Rangia cuneata Gray, 1831. Veliger.

Peer, D. L. 1970. Relation between biomass, productivity, and loss
to predators in a population of a marine benthic polychaete
Pectinaria hyperborea. J. Fish. Res. Board Can. 27:
2143-2153.

84



85

Pielou, E. C. 1966. Shannon's formula as a measure of specific
diversity: its use and misuse. Amer. Natur. 100: 463-465.

Peterson, C. H. 1975. Stability of species and of community for the
benthos of two lagoons. Ecology 56: 958-965.

Rhoads, D. C. 1974. Organism-sediment relations on the muddy sea
floor. Oceanogr. Mar. Biol. Ann. Rev. 12: 263-300.

Rhoads, D. C. and S. Cande. 1971. Sediment profile camera for in
situ study of organism-sediment relations. Limnol. Oceanogr.
16: 110-114.

Rhoads, D. C. and D. K. Young. 1970. The influence of deposit-feeding
organisms on sediment stability and community trophic
structure. J. Mar. Res. 28: 150-178.

Rhoads, D. C. and D. K. Young. 1971. Animal-sediment relatiomns in
Cape Cod Bay, Massachusetts. II. Reworking by Molpadia
oolitica (Holothuroidea). Mar. Biol. 11: 255-261.

Roughgarden, J. and M. Feldman. 1975. Species packing and predation
pressure. Ecology 56: 489-492,

Rowe, G. T., C. H. Clifford, K. L. Smith, Jr., and P. L. Hamilton.
1975. Benthic nutrient regeneration and its coupling to
primary productivity in coastal waters. Nature 225: 215-217.

Sammarco, P. W., J. S. Levinton, and J. C. Ogden. 1974. Grazing and
control of coral reef community structure by Diadema antillarum
Philippi {Echinodermata: Echinoidea): A preliminary study.
J. Mar. Res. 32: 47-53.

Sanders, H. L. 1960. Benthic studies in Buzzards Bay III. The structure
of the soft-bottom community. Limnol. Oceanogr. 5: 138-153.

Sanders, H. L. 1968. Marine benthic diversity: a comparative study.
Amer. Natur. 102: 243-282.

Sanders, H. L. 1969. Benthic marine diversity and the stability-
time hypothesis. Brookhaven Symp. Biol. 22: 71-81.

Slobodkin, L. B. 196l. Growth and regulation of animal populations.
Holt, Reinhart and Winston, New York. 184 p.

Slobodkin, L. B. and H. L. Sanders. 1969. On the contribution of
environmental predictability to species diversity. Brookhaven
Symp. Biol. 22: 82-95.

Smith, D. F. 1975. Quantitative analysis of the functional relation-
ships existing between ecosystem components. IIIL. Analysis
of ecosystem stability. Oecologia 21: 17-29.



86

Smith, F. E. 1970. The benthos of Block Island Sound. I. The
invertebrates, their quantities and their relations to the
fishes. Ph.D. Thesis, Yale Univ., New Haven, Conn. 213 p.

Smith, K. L., Jr. 1973. Respiration of a sublittoral community.
Ecology 54: 1065-1075.

Smith, 0. L., H. H. Shugart, R. V. 0'Neill, R. S. Booth and D. C.
McNaught. 1975. Resource competition and an analytical

model of zooplankton feeding on phytoplankton. Amer. Natur.
109: 571-591.

Sokal, R. R. and F. J. Rohlf. 1969, Biometry. W. H. Freeman and Co.,
San Francisco. 776 p.

Steele, J., H. 1974. The structure of marine ecosystems. Harvard
Univ. Pregs, Cambridge. Mass. 128 p.

Stickney, R. R., G. L. Taylor and D. B. White. 1975. Food habits
of five species of young southeastern United States estuarine
Sciaenidae. Chesapeake Sci. 16: 104-114.

Thorson, G. 1957. Bottom communities. in J. W. Hedgpeth, ed.
Treatise on marine ecology and paleoecology. Vol. 1.
Ecology. Mem. Geol. Soc. Am. 67: 461-534,

Virnstein, R. W. 1975. Benthic macroinvertebrates. Section II.
p. 290-335. in Yorktown Power Sta. Ecol. Study. Va. Inst.
Mar. Sci. Spec. Sci. Rept. No. 76.

Wass, M. L. et al. 1972. A checklist of the biota of lower Chesapeake
Bay. Va. Inst. Mar. Sci. Spec. Sci. Rept. No. 65. 290 p.

Woodin, S. A. 1971. Competitive interactions of some Intertidal
polychaetous annelids. Amer. Zool. 11: 694.

Woodin, S. A. 1974. Polychaete abundance patterns in a marine soft-
sediment environment: the importance of bilological inter-
actions. Ecol. Monogr. 44: 171-187.

Young, D. K. 1968. Chemistry of southern Chesapeake Bay sediments.
Chesapeake Sci. 9: 254-260.

Young, D. K. 1971. Effects of infauna on the sediment and seston
of a subtidal environment. Vie Milieu, Suppl. 22: 557-571.

Young, D. K. and D. C. Rhoads. 1971l. Animal-sediment relations in
Cape Cod Bay, Massachusetts I. A transect study. Mar. Biol.
11: 242-254,

Young, D. K. and M. W. Young. In press. Community structure of the
benthos associated with sea grasses of the Indian River
Estuary, Florida. in B. C. Coull, ed. Ecology of marine
benthos. Univ. South Carolina Press, Columbia.



VITA

Robert William Virnstein

Born in Washington, D. C. on 19 March 1943. Graduated from
Ryken High School, Leonardtown, Maryland, 1961. B.A. in biophysics
from the Johns Hopkins University, Baltimore, Maryland, 1966. M.A. in
zoology from the University of South Florida, Tampa, Florida, 1972.
EPA Predoctoral Fellowship, 1971~72. Ph.D. in marine science from the
College of William and Mary, Williamsburg, Virginia, 1976. Research
assistant in ecology-pollution 1972~75, and marine scientist B, 1975-76

at the Virginia Institute of Marine Secience.

87



