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ABSTRACT: Structured habitats within several aquatic systems have been characterized as having
higher abundances of both predators and their prey. Understanding this somewhat paradoxical
phenomenon requires teasing apart how habitat complexity influences predator-prey dynamics. To
determine whether habitat complexity influences predator foraging efficiency, we measured pre-
dator foraging rates within structurally simple and complex habitats. We selected as our test system
mud crabs feeding on juvenile hard clams within biogenic reefs formed by the eastern oyster. At low
and intermediate crab densities, foraging rates of mud crabs were similar between simple and com-
plex habitats. However, at high crab densities foraging rates were higher for crabs in the complex
reefs than in the simple reefs. In addition to providing refuge to both intermediate predators and their
prey, habitat complexity appears to enhance predator foraging efficiency by reducing interference
competition among predators. In systems where interference competition among densely populated
predators may be intense, complex habitats may not provide survival benefits to all trophic levels.
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INTRODUCTION

Biogenic habitats such as seagrass beds, oyster reefs,
and coral reefs create structurally complex habitats
that generally have higher densities of macroinverte-
brate prey than unstructured mud bottom habitats
(Summerson & Peterson 1984, Lenihan & Peterson
1998). Within a particular habitat of varying complex-
ity (e.g. sea grass patches with different grass blade
densities), macroinvertebrate densities and species
richness generally are positively correlated with struc-
tural complexity (Crowder & Cooper 1982, Diehl 1988,
Diehl 1992, but see Fonseca et al. 1996, Kelaher 2003).
Experimental studies have demonstrated that en-
hanced habitat structure increases prey survival (Heck
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& Thoman 1981, Crowder & Cooper 1982, Schriver et
al. 1995, Beukers & Jones 1997, Grabowski 2004), and
that the spatial extent of prey is often constrained by
the availability of refuge (Beck 1997, Gutierrez et al.
2003). Irrespective of reducing predatory controls, bio-
genic habitats that create emergent structure may
enhance densities of prey by baffling water and subse-
quently enhancing the deposition of food and settle-
ment of larvae or post-larvae (Tegner & Dayton 1981,
Summerson & Peterson 1984, Commito & Rusignuolo
2000, Reise 2002).

In addition to small-invertebrate prey, intermediate
predators such as juvenile fish and transient macro-
invertebrates also aggregate within complex habitats
(Summerson & Peterson 1984, Lenihan et al. 2001, Hei-
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thaus & Dill 2002). Although foraging in structurally
complex habitats may be more difficult than unstruc-
tured habitats for intermediate predators (Summerson
& Peterson 1984), added structural complexity reduces
the foraging success of higher-order consumers and
thus may increase survivorship of intermediate preda-
tors (Diehl 1992, Schriver et al. 1995, Corona et al. 2000,
Grabowski 2004). Intermediate predator use of subopti-
mal foraging habitats that offer refuge suggests that
predation risk from higher-order consumers is intense
(Sih 1980, Werner et al. 1983, Werner & Hall 1988). Sev-
eral investigations have determined that top predators
induce many intermediate predators such as juvenile
American lobsters Homarus americanus and other
crustaceans to seek shelter and forage less in open
habitat (Wahle 1992, Appleberg et al. 1993, Spanier et
al. 1998). Yet other studies have found that foraging ef-
ficiency of top predators is maximized within interme-
diate or even higher levels of structural complexity,
presumably as a result of increased prey densities or
decreased predator detection within more complex
habitats (Crowder & Cooper 1982, Winfield 1986).

Independent of prey density, habitat complexity may
also impact predator foraging efficiency by influencing
behavioral interactions among predators and their
prey (Werner & Peacor 2003, Schmitz et al. 2004). In
systems where competitive interactions among preda-
tors are strong, habitat complexity could alter predator
foraging efficiency by decreasing encounter rates of
predators and thus reducing interference behavior.
Clark et al. (1999) documented that interference
behavior among blue crabs Callinectes sapidus re-
duced their foraging efficiency, and that more widely
distributed prey patches decreased interference inter-
actions by reducing intraspecific encounter rates
among crabs. Increased structural complexity also may
decrease encounter rates and thus increase foraging
efficiency. Experiments that address how habitat
complexity impacts intra- and interspecific competitive
interactions among predators and the consequences
for prey survivorship are limited. In this study, we
identify whether habitat complexity affects mud crab
Panopeus herbstii predation on juvenile hard clams
Mercenaria mercenaria at multiple predator densities
to assess if habitat complexity influences intraspecific
interactions among mud crabs. Specifically, we manip-
ulated mud crab density and structural complexity of
oyster reef habitats within mesocosms to determine
how these factors influence crab foraging rates.

MATERIALS AND METHODS

We conducted experiments in a concrete settling
tank (6 X 9 x 1.2 m) at the University of North Carolina

Institute of Marine Sciences (UNC-IMS) laboratory in
Morehead City, North Carolina, in May 2002. Unfil-
tered seawater from Bogue Sound, North Carolina,
was pumped (0.27 to 0.29 1 s7!) into the concrete tank
continuously during the experiment, maintaining a
constant depth of 1.2 m. To test the effects of predator
density and habitat complexity, we submerged indi-
vidual square (0.6 x 0.6 x 1.0 m) mesocosms evenly
spaced within the settling tank. Mesocosms consisted
of a wooden tray (0.6 x 0.6 x 0.2 m) as the base and
6.25 mm mesh plastic fencing along the sides and top.
Each mesocosm was elevated on cinder blocks 0.5 m
above the bottom of the settling tank so that meso-
cosms extended just above the water surface. Tops
were removable to permit construction and break-
down of experimental reefs.

We tested whether habitat complexity affects forag-
ing rates of mud crabs on hard clams at 3 densities
(11, 22, and 44 m?) of mud crabs. These 3 densities
represent a realistic range of mud crabs on oyster
reefs in the wild (Meyer et al. 1996, Grabowski 2002).
Reef construction consisted of a sand (20 1) base in
each mesocosm followed by unaggregated oyster
shell (20 1) in each of 6 mesocosms (simple reefs), or
oyster clusters (20 1) on top of unaggregated shell
(20 1) in each of the other 6 mesocosms (complex
reefs). Oyster clusters extended 10 to 30 cm upward
from the unaggregated shell, and created an irregu-
lar, high vertical relief in contrast to simple reefs
(<5 cm vertical relief). One hundred juvenile clams
(mean 13.7 + 0.1 SE mm shell length) were deposited
after adding sand to each experimental mesocosm,
and were buried before adding shell material. Clams
were obtained from D. Gilgo's aquaculture lease in
the Newport River, Carteret County, North Carolina,
and were stored in upwellers at UNC-IMS prior to
use in the experiment. Each of 2 high and 2 low com-
plexity reefs received 4, 8, and 16 mud crabs (32.8 +
0.7 mm carapace width) after mesocosms were sub-
merged in seawater. Previous experiments of crab
consumption on oysters and clams within this experi-
mental arena determined that bivalve survivorship is
>98% in the absence of crab predators (Grabowski
2004, unpubl. data). Mud crabs were collected on
oyster reefs in Back Sound, Carteret County, North
Carolina, and held in upwellers at UNC-IMS prior to
use in the experiment.

Living, dead, and missing mud crabs and clams
were quantified after 48 h to avoid prey depletion
(maximum prey depletion of 59.9 + 4.2% occurred in
the high crab density—complex habitat treatment). A
very small proportion (2.4 %) of mud crabs was miss-
ing or dead at the end of each experimental run. Bro-
ken remnants of clam shells were retrieved in all
pools and suggested predation by crabs. Because pre-
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Fig. 1. Foraging rates (mean + 1 SE) of mud crabs on hard clams in structurally simple versus structurally complex oyster habitat at
3 different densities of mud crabs. Results of unpaired ¢-test are given in the upper left-hand corner of each panel. ns: not significant

liminary trials in the absence of predators indicated
that clam survival and retrieval was extremely high
(>98%) in our mesocosms, we assumed that missing
clams were dead and consumed by mud crabs. Space
limitations within the tank permitted only 2 replicates
of each treatment in any given experimental trial;
therefore, we conducted three 48 h trials and treated
each experimental trial as a block to achieve a total
of 6 replicates of each treatment. After each experi-
mental trial was completed, we removed and sieved
all shell and sand material from the pools and quanti-
fied mortality levels. Before beginning a new experi-
mental run, we randomly reassigned treatments and
reconstructed reefs within mesocosms. Before each
experimental run, we collected additional mud crabs
to avoid reusing crabs that may have been condi-
tioned during previous experimental runs. Additional
small prey organisms such as isopods, amphipods,
polychaetes, and mollusks entered the individual
enclosures via the UNC-IMS water pumping system
(Martin et al. 1989, Grabowski 2004). For each enclo-
sure, we analyzed individual crab predation on clams
to standardize for patterns in clam mortality attribut-
able to differences in crab density. Specifically, crab
predation was calculated after each experimental run
for each mesocosm by dividing clam mortality by the
average number of crabs in each mesocosm during
the course of the experimental run. Finally, we tested
if habitat complexity affects foraging rates of mud
crabs at each density using separate, unpaired t-tests.
Violation of the assumption of homogeneity of the
variances precluded the use of a 2-way ANOVA to
examine the interaction between habitat complexity
and crab density on crab foraging rates.

RESULTS AND DISCUSSION

The effect of habitat complexity on foraging rates of
mud crabs was dependent upon crab density. At low
crab density (4 crabs per mesocosm), habitat complex-
ity did not affect foraging rates of mud crabs (t;o = 0.2;
p = 0.86; Fig. 1). Crab foraging rates ranged from 5.6
clams per crab per experimental run on simple reefs to
6.0 clams per crab on more complex reefs. Habitat
complexity also did not affect foraging rates of mud
crabs at the medium density (8 crabs per mesocosm).
Crab foraging rates were slightly lower on simple reefs
(4.3 clams per crab per experimental run) than on more
complex reefs (5.1 clams per crab per experimental
run), though this trend was not significant (t;o = 1.3;
p = 0.22). Crabs consumed 51.5 % more clams on com-
plex reefs (3.7 clams per crab per experimental run)
than on simple reefs (2.5 clams per crab per experi-
mental run) when crab density was high (16 crabs per
experimental mesocosm; t;p = 4.4; p = 0.001). We did
notice a trend regardless of habitat complexity that
variances were greatest at the low density, moderate at
the intermediate density, and lowest at the high den-
sity, suggesting that experimental power may have
been insignificant to detect differences at the lower
crab densities. However, crabs at the lowest density
consumed only 6.7 % more clams on complex than on
simple reefs, indicating that the effect of habitat com-
plexity on intraspecific interactions among crabs and
their foraging rates at lower crab densities is largely
diminished, if not completely insignificant.

Added reef complexity may not affect mud crab for-
aging at low or intermediate crab densities, but it
enhanced mud crab foraging rates on juvenile clams at
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high crab densities. This finding is counter to a previ-
ous study by Grabowski (2004), in which habitat com-
plexity reduced mud crab foraging efficiency on juve-
nile oysters Crassostrea virginica, an epifaunal prey
common within oyster reefs. Because juvenile oysters
are located within the shell matrix, added complexity
probably reduces crab-oyster encounter rates, result-
ing in reduced crab foraging rates on oysters. On the
other hand, added complexity apparently does not
reduce crab-clam encounter rates, perhaps because
juvenile hard clams are located slightly beneath the
shell matrix. Mud crab densities were stocked at a den-
sity of ~20 crabs m™2 in Grabowski (2004), which is sim-
ilar to our intermediate density and below the thresh-
old at which interference interactions were modified
by habitat complexity in our clam study.

Although decreases in individual feeding rate were
evident as crab density increased in our study, this
decrease was significantly greater in the high crab
density-simple habitat treatment than the high crab
density-complex habitat treatment. Because prey den-
sity was constant across our experiment, a factor other
than prey density was controlling foraging rates. The
most plausible explanation for the observed pattern of
higher crab foraging success in complex than in simple
habitats at high crab density is that higher structural
complexity reduces interference among crabs. Aggres-
sive behavior within crab populations is well estab-
lished (Beck 1997, Clark et al. 1999). Thus, increasing
structural complexity would minimize contact among
crabs and as a consequence reduce intraspecific inter-
actions.

Complex habitats often are characterized by dense
assemblages of predators and prey in part because
habitat complexity typically increases prey survival.
For instance, intertidal oyster reefs with greater habi-
tat complexity have almost an order of magnitude
greater bivalve (other than oysters) densities over less
complex reef habitat (Summerson et al. 1995,
Grabowski 2002). In addition to offering refuge for
both intermediate predators and prey, habitat com-
plexity may increase intermediate predator foraging
efficiency through mechanisms that decrease intra-
and interspecific aggression or competition. Thus,
mechanisms driving increased predator foraging effi-
ciency within complex habitats counteract habitat
complexity driven benefits to prey survival. In this
study, we demonstrate that the effect of habitat com-
plexity on predator foraging efficiency is density-
dependent. In particular, habitat complexity increases
foraging efficiency at high predator densities by
reducing intraspecific interference among mud crabs.
Dense aggregations of prey within complex habitats
could be analogous to schools of fish, which have been
reported to both increase prey survivorship (Turner &

Pitcher 1986, Krause et al. 1998) and enhance predator
foraging efficiency (Sharpe & Dill 1997, Domenici et al.
2000). Further investigations of how habitat complex-
ity mediates predator-prey dynamics should consider
the relative importance of trait- and density-mediated
interactions and their resultant impacts across multiple
trophic levels.
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