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Abstract Seagrasses, which form critical subtidal
habitats for marine organisms worldwide, are frag-
mented via natural processes but are increasingly
being fragmented and degraded by boating, fishing,
and coastal development. We constructed an individ-
ual-based model to test how habitat fragmentation and
loss influenced predator—prey interactions and cohort
size for a group of settling juvenile blue crabs
(Callinectes sapidus Rathbun) in seagrass landscapes.
Using results from field studies suggesting that strong
top-down processes influence the relationship between
cannibalistic blue crab populations and seagrass
landscape structure, we constructed a model in which
prey (juvenile blue crabs) are eaten by mesopredators
(larger blue crabs) which in turn are eaten by top-level
predators (e.g., large fishes). In our model, we varied
the following parameters within four increasingly
fragmented seagrass landscapes to test for their
relative effects on cohort size: juvenile blue crab
(prey) predator avoidance response, hunting ability
of mesopredators and predators, the presence of a
top-level predator, and prey settlement routines.
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Generally, prey cohort size was maximized in the
presence of top-level predators and when mesopreda-
tors and predators exhibited random searching
behavior vs. directed hunting. Cohort size for station-
ary (tethered) prey was maximized in fragmented
landscapes, which corresponds to results from field
experiments, whereas mobile prey able to detect and
avoid predators had higher survival in continuous
landscapes. Prey settlement patterns had relatively
small influences on cohort size. We conclude that the
effects of seagrass fragmentation and loss on organ-
isms such as blue crabs will depend heavily on
behaviors of prey and predatory organisms and how
these behaviors change with landscape structure.
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Introduction

Seagrasses, of which there are ca. 50 species
worldwide, form fragmented, subtidal landscapes
along coastal and estuarine shorelines throughout
the world (Robbins and Bell 1994; Hemminga and
Duarte 2000). By forming productive, structurally
complex habitats in otherwise unstructured marine
soft sediments, seagrasses serve as critical refuge and
foraging areas for the postlarvae, juveniles, and adults
of many species (e.g., crabs: Perkins-Visser et al.
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1996; Pile et al. 1996; shrimp: Murphey and Fonseca
1995; bivalves: Peterson 1986; Bologna and Heck
1999; fishes: Jenkins et al. 1998) and seagrasses
therefore are classified as essential fish habitat by
many federal and state management agencies. Seag-
rasses also promote biodiversity by harboring diverse
epifaunal and infaunal assemblages among blades,
roots, and rhizomes.

Seagrass coverage generally has declined world-
wide due primarily to increased estuarine nutrient
enrichment and suspended sediment loads associated
with human population growth along coastlines (Orth
and Moore 1988; Fonseca et al. 1998). At smaller
scales (i.e. within seagrass meadows), waves and
currents (Fonseca and Bell 1998), bioturbation (Town-
send and Fonseca 1998), and the actions of humans
(e.g., propeller scarring, trampling, and vessel ground-
ings: Sargent et al. 1995; Eckrich and Holmquist
2000; Bell et al. 2001; Uhrin and Holmquist 2003)
fragment continuous stands of seagrass into discrete
patches of various sizes and shapes, making seagrass
habitat an aquatic analogue to many fragmented
terrestrial landscapes (Robbins and Bell 1994). Dif-
ferences in organismal survival (Irlandi et al. 1995),
density (Eggleston et al. 1998), and diversity (Eggle-
ston et al. 1999; Healey and Hovel 2004) are evident
among patch sizes varying by as little as several square
meters, allowing seagrass habitats to serve as a
convenient experimental model system (EMS) in
which to test landscape ecology theory.

As in fragmented terrestrial habitats, landscape
structure can strongly influence predator—prey rela-
tionships in seagrasses. Relative survival of epifaunal
and infaunal organisms varies with seagrass patch
size (Irlandi 1997; Hovel and Lipcius 2001; Hovel
2003), proportional cover (Irlandi et al. 1995; Hovel
2003), and patch isolation (Micheli and Peterson
1999). However, several aspects of seagrass habitat,
and the methodology typically used to measure prey
mortality rates, limit our knowledge of the effects of
seagrass habitat fragmentation and loss on prey
survival. First, as in most fragmented habitat types,
covariation of landscape cover and aspects of land-
scape configuration (e.g., patch size and isolation)
make it difficult to single out which aspects of
landscape structure may have the largest influence on
predator—prey interactions. A second complication is
that seagrass habitat structure at fine scales (i.e.
structural complexity), which strongly influences
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prey survival (Heck and Thoman 1981; Wilson et al.
1987; Schulman 1996; Hovel and Lipcius 2001; see
reviews by Heck and Crowder 1991; Orth 1992) often
covaries with seagrass patch size and proportional
cover (Irlandi 1997; Hovel and Lipcius 2002). Thus,
aspects of habitat structure at different scales in
naturally occurring seagrass habitat may jointly
influence prey survival.

A third major limitation in evaluating the influence
of landscape structure on predator—prey relationships
in seagrass is the fact that tethering nearly always is
used to measure relative rates of survival within and
among habitat types and landscapes (e.g., Heck and
Thoman 1981; Wilson et al. 1987; Pile et al. 1996;
Ryer et al. 1997; Lipcius et al. 1998; Heck et al.
2001; Hovel and Lipcius 2001; Eggleston et al. 2005;
Hovel and Fonseca 2005). In this technique, prey
typically are tethered by leashing organisms to ca. 5—
50 cm strands of monofilament line or some other
strong material, and attaching the line to the substra-
tum. Tethering restricts all but very fine-scale prey
movement and behavior, and therefore results in
inflated estimates of prey mortality by limiting the
ability of prey to respond to predator presence
(Peterson and Black 1994; Zimmer-Faust et al.
1994). For tethering to accurately estimate relative
rates of prey mortality among treatments, there must
be no treatment-specific bias due to the technique
(Peterson and Black 1994). While some studies
suggest that tethering does not bias estimates of prey
mortality among structural complexity treatments
(e.g., different levels of seagrass shoot density: Pile
et al. 1996; Hovel and Lipcius 2001), no studies have
addressed whether tethering may bias estimates of
prey mortality among landscape structure treatments
(e.g., patch sizes, or different levels of proportional
cover).

We created a spatially explicit, individual-based
model (IBM) to investigate how seagrass habitat
fragmentation and loss (in the absence of differences
in structural complexity among fragmentation types),
prey mobility (tethered vs. mobile), and prey and
predator behavior influence the outcome of predator—
prey interactions in seagrass landscapes. Within
seagrass landscapes, patterns of prey and predator
movement and the foraging behavior of predators are
largely unknown (but see Darcy and Eggleston 2005,
Drew and Eggleston 2006), yet variability in organ-
ismal behavior may strongly dictate the outcome of
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predator—prey interactions. While the model is rele-
vant to a variety of taxa that use seagrass as a refuge
(e.g., scallops, clams, shrimp, crabs, lobsters, and
fishes), we based our model on the blue crab
(Callinectes sapidus Rathbun), a commercially valu-
able, ubiquitous crustacean that inhabits shallow
coastal waters of the Eastern and Gulf coasts of
North America (Williams 1984). Blue crabs are
relatively well-studied, but also exhibit a life history
that typifies seagrass associated species. In this
species, a planktonic larval stage is followed by
postlarval settlement and metamorphosis to the
juvenile form primarily in seagrass, salt marsh, or
oyster reef habitats. Seagrasses form a critical nursery
area for blue crab juveniles by providing them with
food and refuge from predators (van Montfrans et al.
1995; Pile et al. 1996). Juvenile and adult conspecif-
ics are a major predator of newly settled juvenile blue
crabs and likely are the primary contributors to newly
settled crab mortality (Moody 1994; Moksnes et al.
1997). Fishes such as striped bass (Marone saxatilis),
flounder (Paralichthyus dentatus), and Atlantic
croaker (Micropogonias undulatus) consume blue
crabs as well (Hines et al. 1990; Mansour 1992).

Previous field experiments using tethered juvenile
crabs indicate that per capita crab mortality decreases
with seagrass fragmentation and loss: small juvenile
blue crab mortality rates were lowest in small,
isolated seagrass patches in Chesapeake Bay and
North Carolina (Hovel and Lipcius 2001; Hovel
2003; Hovel and Fonseca 2005). This trend may be
due to strong top-down interactions involving blue
crabs in seagrass landscapes (Schulman 1996; Eg-
gleston et al. 2005): larger cannibalistic blue crabs
may not be abundant in fragmented portions of
seagrass landscapes because they may be vulnerable
to higher-order predators such as fishes and birds
(Micheli and Peterson 1999). In a Chesapeake Bay
seagrass landscape, abundances of large juvenile and
adult blue crabs were inversely correlated with
habitat fragmentation (Hovel and Lipcius 2001).
Thus, trends in juvenile blue crab (prey) mortality
with seagrass habitat fragmentation may be reversed
in the absence of higher-order predators. We there-
fore also varied trophic structure in our model to
determine whether relationships between habitat
fragmentation and juvenile blue crab survival depend
on the presence of higher-order predators in the
landscape.

Methods
Model description

Our model was written using NetLogo software
(Wilensky 1999). Individual behaviors such as
movement, predator avoidance, hunting, and prey
capture were governed by a set of rules, and each
individual in the populations was explicitly modeled
in a grid of cells which collectively represented a
seagrass landscape. Cells represented areas of sea
floor ca. 1 m X 1 m in size and total landscape size
was ca. 2500 m% an appropriate size for small (ca.
1 cm) newly settled prey organisms that also allows
us to compare results to field studies that often are
conducted at this scale (e.g. Irlandi 1994, 1997,
Hovel and Fonseca 2005). All cells were classified
into three possible habitat types: seagrass patch
interior, seagrass patch edge, and matrix. The land-
scape was constructed on a torus, i.e. the bottom and
top rows of cells and the far left and right columns of
cells were adjacent to each other, respectively
(Schneider 2001). In all seagrass patches the edge
was one cell layer (1 m) thick (Fig. 1).

To simulate different levels of habitat fragmenta-
tion, we created four landscape types modeled after
actual seagrass landscapes in Chesapeake Bay (see
Hovel and Lipcius 2001, 2002 for aerial photos, GIS
information, and complete description). The “contin-
uous seagrass” landscape type represents large
expanses of unfragmented seagrass that often are
found in areas of relatively low wave height and
current speeds (Fonseca and Bell 1998). The “large
patch” landscape type represents large patches of
seagrass that typically are created from current
scouring and are isolated by at least several meters
of unvegetated sediment (matrix). The “small patch”
landscape type represented small but highly con-
nected patches of seagrass that may be created by
waves and currents, digging predators (Townsend and
Fonseca 1998), propeller scarring, and fishing prac-
tices (Sargent et al. 1995). Finally, the “very small
patches” landscape type represented small seagrass
patches isolated by large distances of unvegetated
sediment that often are found in areas of high
hydrodynamic activity (Fonseca and Bell 1998). By
modeling simulated landscapes after these naturally
occurring patterns of seagrass patchiness, we were
able to represent increasing levels of habitat
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Fig. 1 Generated
landscape types. (A)
Continuous habitat, (B)
Large patches, (C) Small
patches, (D) Very small
patches. Grey cells
represent interior habitat,
white cells represent edge
habitat, and black cells
represent the matrix
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fragmentation and habitat loss in a landscape of
constant size (Fig. 1).

Our model included prey, mesopredator, and top-
level predator (henceforth referred to simply as
predator) organisms. Prey represent newly settled
juvenile blue crabs, mesopredators represent larger
cannibalistic blue crabs that consume juveniles, while
predators represent large fishes that prey on the larger
blue crabs. As the primary predators of newly settled
blue crabs are larger conspecifics (Mansour 1992;
Moody 1994; Moksnes et al. 1997), we allowed prey
to be eaten by mesopredators but not predators. Based
on evidence that newly settled blue crabs are unlikely
to cross expanses of unvegetated sediment between
seagrass patches (Worthington et al. 1992; Pile et al.
1996; but see Etherington and Eggleston 2000), prey
were confined to the interior and edge, while
mesopredators and predators can move about interior,
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edge and matrix (Pile et al. 1996). All trophic levels
have different levels of habitat preference represented
through probabilities of moving from habitat type
(Table 1). At the beginning of each simulation, prey,
mesopredators, and predators were randomly distrib-
uted throughout their allowable portion of the
landscape according to one of three settlement
patterns (see below).

We created three general types of movement
rules: random movement within habitat types, pre-
dation avoidance movement, and directed hunting.
In the case of prey and mesopredators, random
movement about habitat types represents the search
for more favorable habitat. Prey prefer interior
(Hovel and Lipcius 2002) and so have a higher
probability of moving out of edge habitat than
interior, while mesopredators prefer edge, have a
lower preference for interior, and will always move
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::r:ireleter]:?lsseel(lin?n the Parameter Prey Mesopredator ~ Predator®
model Initial abundance 200 30 10
Natural mortality probability per time step 0.002  0.000 0.001
Probability of moving from matrix cell N/A 1.0 1.0
Probability of moving from edge cell 0.70 0.25 1.0
Probability of moving from interior cell 0.10 0.80 1.0
Rate of movement per time step 1cell 2cells 3 cells
Probability of consuming prey item in matrix N/A N/A 1.0
4 For simulations where Probability of consuming prey item in edge or interior ~ N/A 0.85 0.25
predators are present Handling time (time steps) N/A 5 10
b For simulations with Number of trials to check for predator-free openings 10 10 N/A
directed hunting; Cell radius within which individual can detect predator 3 3 N/A
(m) = matrix, Cell radius within which individual can detect prey® N/A 3 (m), 2 (s)

(s) = seagrass

from a matrix cell (if it does not mean encountering
a predator). Prey move one cell in each time step,
while mesopredators are more mobile and move two
cells per time step in a consistent direction (i.e. the
direction of movement across cells does not change
within a time step). Predators can move randomly
through all habitat types equally in search of food,
and have the highest mobility of the three organism
types (three cells per time step in a consistent
direction).

The model simulated the settlement and survival
of 200 blue crab juveniles (prey), and the subsequent
interactions of the three trophic levels (with 30
mesopredators and 10 predators), for a period of
300 time steps, at which time we measured the
number of prey remaining (i.e. cohort size). Abun-
dances of each trophic level were chosen to reflect
general ratios of prey, mesopredators and predators
from field studies (Hovel and Lipcius 2001; Table 1).
While somewhat abstract in this model, a time step
represents the average amount of time an organism
takes to make a movement decision for the purpose of
finding prey or avoiding predators, and to act on that
decision. Our intent was to model the persistence of a
cohort of juvenile blue crabs for a short time period
(days) after they settled into seagrass habitat. Settle-
ment of juvenile crabs only occurs once in the
simulation and there is no emigration or immigration
beyond initial settlement (i.e. change in cohort size is
due to mortality alone). To simulate deaths from
starvation, disease, or physiological stress, all indi-
viduals had a constant, low rate of non-predator
induced mortality.

Organismal behaviors

To test how seagrass habitat fragmentation and the
behavior of prey and predators influences prey cohort
size, within the four fragmentation types we varied
three behavioral parameters in the model: (i) meso-
predator and predator hunting ability, (i) prey
settlement routine, and (iii) prey movement ability.
We chose to vary these parameters because there is
little information on these behaviors, and our goal
was to determine how the effects of habitat fragmen-
tation on crab survival are affected by plausible
ranges of organismal behaviors. We also varied (iv)
trophic structure by running the model with and
without top-level predators.

First, because methods of predator foraging vary
among taxa (e.g. tactile vs. visually oriented forag-
ing) and even within taxa depending upon the
surrounding environment (e.g., high vs. low turbidity
(Macia et al. 2003) or dense vs. sparse vegetation
(Savino and Stein 1982)), mesopredators and preda-
tors were given two different hunting strategies:
random hunting and directed hunting. In random
hunting, mesopredators move in response to habitat
preferences and to predator proximity, and predators
move about the landscape randomly. Predators and
mesopredators do not check if a prey item is in the
vicinity and are only aware of prey items if they
occur in the same cell. In directed hunting, mesopre-
dators and predators can detect their prey within a
radius of two cells (in seagrass) or three cells (for
predators in matrix habitat) from their position. To
determine how hunting ability influences patterns of
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prey cohort size with habitat fragmentation, the
random and directed hunting routines both were used
in model runs testing for the effects of settlement
routine, prey movement ability, and predator
presence.

Second, one of our primary goals was to determine
how restricting prey movement (tethering) may
influence the relationship between juvenile blue crab
survival and habitat fragmentation. Tethering inflates
predation rates on juvenile crabs, primarily by
restricting the distance that juvenile crabs swim to
escape predators (Zimmer-Faust et al. 1994). We
therefore compared results for simulations in which
prey could or could not move after settlement. For
model runs in which prey were allowed to move, prey
were given the ability to detect mesopredators and
predators within a radius of 3 cells in the matrix, and
2 cells in seagrass, and then were able to move in the
opposite direction, provided they did not move to a
cell with another mesopredator or predator and that
they do not leave the patch. Two levels of escape
response were used: prey could move one cell away
from mesopredators and predators, or two cells away
from mesopredators and predators. These distances
seemed plausible because juvenile crabs can swim up
to 40 cm s™' when pursued by larger conspecifics
(Zimmer-Faust et al. 1994). Mesopredators also were
given the ability to detect and avoid predators by
moving one cell in the opposite direction. In these
runs, prey settled randomly within seagrass habitat.

Third, because small-scale settlement patterns
largely are unknown, we incorporated three patterns
of settlement into the model: (1) edge settlement, in
which juvenile crabs initially were distributed ran-
domly throughout patch edges only, as would be the
case if crabs settle upon first encountering seagrass
patch edges (Worthington et al. 1992; McNeill and
Fairweather 1993); (2) interior settlement, in which
juvenile crabs initially were randomly distributed
throughout patch interiors only, as would be the case
if settling crabs choose patch interiors, or if the
buffering of currents deposits crabs in patch interiors,
as Bell et al. (1995) found with macroalgae, and
Eggleston et al. (1998) suggested may partially
explain high blue crab settler densities in large
patches; and (3) random settlement throughout all
habitat cells.

Fourth, to determine the effect of the presence of
predators on prey cohort size, we ran the model (with
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random settlement and directed hunting) with and
without predators. Prey were given an intermediate
ability to avoid mesopredators.

For all tests, model output was mean prey cohort
size after 300 time steps (+1 standard error) from 100
repetitions. We also recorded the number of time
steps to mesopredator extirpation for each landscape
type with and without directed hunting.

Results
General observations and model sensitivity

For all models, prey cohort size declined hyperbol-
ically with time. Cohort size dropped rapidly until ca.
50 time steps, after which declines in prey cohort size
were gradual (e.g., Fig. 2A and B). Thus, relative
differences in prey cohort size among fragmentation

200 —e— Cont no predators
—O— LP no predators
—w— SP no predators
—— VSP no predators
150 1% —m— Cont predators

= —0O— LP predators
—&— SP predators
—O— VSP predators

100

—@— Cont mobile
—O— LP mobile
—w— SP mobile
—v— VSP mobile

Mean no. prey remaining
n
o
o

150 —&— Cont tethered
—O— LP tethered
—&— SP tethered

100 - —O— VSP tethered
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1
o B
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Time step

Fig. 2 (A) Prey cohort size with respect to time in the
presence and absence of top-level predators. (B) Prey cohort
size with respect to time when prey were tethered vs. mobile.
(“Cont” = Continuous habitat; “LP” = Large patches; “SP” =
Small patches; “VSP” = Very small patches; “no preda-
tors” = top-level predators absent; “predators” = top-level
predators present)
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types were established fairly rapidly in the model.
Simulations of more than 300 time steps revealed few
differences among fragmentation types, as the
primary source of mortality after ca. 150 time steps
was non-predator induced mortality. Final prey
cohort sizes ranged between 0 (when predators were
absent) and ca. 100 individuals after 300 time steps.

We performed sensitivity analyses for prey and
mesopredator habitat preferences, landscape size, and
the density of organisms in the landscape. The model
was insensitive to prey and mesopredator habitat
preferences; when prey and mesopredators had
equivalent preferences for edge habitat and interior
habitat, results were very similar to when prey
preferred interior habitat and mesopredators preferred
edge habitat. In contrast, landscape size was impor-
tant in the model; as total landscape size increased
from 41 x 41 cells to 141 x 141 cells, differences in
prey cohort size among fragmentation types grew
smaller and became negligible at the largest land-
scape size. This is due to the low encounter rate,
irrespective of habitat fragmentation level, when all
individuals are spread over a larger area. Therefore,
all subsequent model runs were performed with a
landscape size of 50 x 50 cells. When we doubled the
density of all organisms in the landscape (to 400
prey: 60 mesopredators: 20 predators), but kept ratios
of organismal densities equivalent (thereby increas-
ing the encounter rate), the proportion of prey
remaining differed by only 2-5% from that of
baseline densities (200 prey: 30 mesopredators: 10
predators) (Fig. 3). However, the pattern of prey
cohort size among fragmentation types changed
slightly: prey cohort size tended to increase with
fragmentation and loss in both models, but prey
cohort size was maximized in small patches at
standard densities, but was maximized in very small
patches at double density.

Prey movement

Effects of habitat fragmentation on prey cohort size
varied with hunting ability and with prey movement
ability (Fig. 4). When predators and mesopredators
hunted randomly, in all fragmentation types prey
cohort size was lower when prey were tethered (i.e.
not able to move) than when prey were mobile, and
differences in prey cohort size between models with

30

mmm Standard density
3 Double density
25 el

20 A

15 -

10 -

No. prey remaining (+SE)

0 T T T
Cont LP SP VSP
Landscape type

Fig. 3 Percentage of prey remaining under baseline and
doubled initial population densities after 300 time steps with
untethered prey and directed hunting by both predators and
mesopredators
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A
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Y 100 | == Min
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Fig. 4 Final prey cohort size for tethered and mobile prey
(minimum and maximum movement) with (A) and without (B)
directed hunting

tethered vs. mobile prey ranged from 5 to 40%
depending on fragmentation type (Fig. 4). When prey
were tethered or exhibited minimal movement, cohort
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size was maximized in small patches, and was lowest
in continuous seagrass. However, when prey exhib-
ited maximum mobility, patterns reversed such that
cohort size was maximized in continuous seagrass
and was lowest in very small patches.

When mesopredators and predators exhibited
directed hunting, prey cohort size increased with
prey movement ability but was ca. two-fold lower
than when mesopredators and predators hunted
randomly (Fig. 4). For tethered prey and for prey
with minimal movement ability, cohort size was
highest in small patches and lowest in continuous
seagrass. For prey exhibiting maximum movement
ability, patterns reversed such that cohort size was
highest in large patches and lowest in very small
patches.

Predator presence

There were dramatic differences in patterns of prey
cohort size when predators were present vs. absent
(Fig. 5). Regardless of fragmentation type or
whether mesopredators and predators exhibited
directed hunting, not surprisingly prey cohort size
was greater in the presence of predators than when
predators were absent. When mesopredators and
predators hunted randomly, prey cohort size was
lowest in continuous seagrass than in all three
fragmented seagrass landscapes, and prey cohort
size peaked in very small patches. When mesopre-
dators hunted randomly and predators were absent,
prey cohort size was lowest in very small patches,
was intermediate in continuous seagrass, and was
highest in (and similar between) large patches and
small patches. A comparison of the two model
versions (presence and absence of predators) indi-
cates that the largest difference in prey cohort size
occurred in very small patches, where cohort size
was more than twofold greater in the presence of
predators than in their absence, and the smallest
difference occurred in continuous seagrass.

When mesopredators and predators exhibited
directed hunting and predators were present, prey
cohort size was lowest in continuous seagrass,
intermediate in large patches and very small patches,
and was highest in small patches. When mesopreda-
tors exhibited directed hunting and predators were
absent, no prey remained after 300 time steps. Prey
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Fig. 5 Final prey cohort size in the presence and absence of
top predators with (A) and without (B) directed hunting

extinction occurred approximately twice as quickly in
very small patches as in all other fragmentation types.

Settlement

When mesopredators and predators hunted randomly,
prey cohort size was lower in continuous seagrass
than in large patches, small patches, and very small
patches in all three settlement routines (random,
edge, and interior settlement), and differences in prey
cohort size among large patches, small patches, and
very small patches were slight (Fig. 6).

When mesopredators and predators exhibited
directed hunting, and when settlement occurred
randomly within habitat, prey cohort size was lowest
in continuous seagrass, was highest in small patches,
and was intermediate in large and very small patches.
When settlement was only allowed along the edges of
patches, the trend among fragmentation types was
similar to that of random settlement, except that prey
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Fig. 6 Final prey cohort size in different settlement routines
(random, edge, and interior) with (A) and without (B) directed
hunting

cohort size was slightly lower in continuous seagrass
and was slightly higher in small patches. When prey
only settled in the interior of patches, prey cohort size
did not increase relative to models with other
settlement routines in continuous seagrass, large
patches, and very small patches, but prey cohort size
increased by ca. 8% in small patches (Fig. 6).

Discussion

In our model, seagrass habitat fragmentation and loss
strongly influenced prey cohort size, but predator
hunting strategy, prey movement, trophic structure,
and patterns of prey settlement modified the effects of
fragmentation and loss on prey. Overall, prey cohort
size was maximized in fragmented landscapes vs.
continuous landscapes, which corresponds to results
from field experiments examining relative survival of
tethered juvenile blue crabs. However, this overall
pattern was modified by aspects of prey and predator

behavior. We found that the presence of top-level
predators, the relative ability of predators and mes-
opredators to detect and respond to their prey, and
prey movement had large influences on prey cohort
size and on relative differences in prey cohort size
among landscape types, whereas variability in prey
settlement had smaller influences on prey cohort size.
Not surprisingly, prey cohort size was maximized
when predators were present to rapidly reduce
mesopredator populations, and when predators and
mesopredators hunted randomly vs. when they were
able to detect and respond to prey. Finally, we found
that increasing prey mobility reversed patterns of
prey survival vs. seagrass fragmentation.

Prey movement

One of our chief goals in this study was to determine
how restricting prey movement (tethering) may
influence rates of prey mortality (as measured by
prey cohort size), and whether tethering may bias
relative rates of prey mortality among fragmentation
types. Tethering not only overestimates absolute rates
of prey mortality (Zimmer-Faust et al. 1994), but also
has the potential to bias rates of prey mortality among
habitat structure treatments (Peterson and Black
1994). For instance, at the landscape scale, tethering
may bias experiments on prey survival among
seagrass patch sizes. Prey organisms such as very
small blue crabs and small fishes generally are
reluctant to leave patches to escape from predators
(see also With et al. 1999 for a terrestrial analog), and
they rely more on movement and crypsis within
patches to avoid detection and capture (Savino and
Stein 1982; Main 1987; KAH, personal observation).
In a very small patch, mobile prey therefore may not
travel farther or exhibit different behaviors than
tethered prey, whereas in large patches, mobile prey
may be able to more effectively avoid predators than
can tethered prey. This likely was responsible for
changes in the effects of habitat fragmentation on
prey cohort size with prey movement ability in our
model (Fig. 4). Tethered juvenile blue crabs survived
best in fragmented seagrass (small or very small
patches), whereas highly mobile juvenile blue crabs
survived best in continuous seagrass or large patches.
This suggests that tethering has the potential to bias
estimates of relative mortality among fragmentation
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types by restricting prey movement, though the bias
is relatively small until juvenile blue crabs travel >

1 m to escape from predators. Though juvenile blue
crabs traveled up to 40 cm s~ to avoid predators in
laboratory trials, reducing predator capture success
by 60% compared to tethered prey (Zimmer-Faust
et al. 1994), little is known about escape behaviors of
prey in seagrass habitat. Studies on the potential for
tethering to bias relative survival data among habitat
treatments have focused on small-scale habitat struc-
ture, but more information is needed from field or
laboratory studies on the potential for bias at
landscape scales.

Hunting ability and predator presence

Predators such as large blue crabs may use tactile,
chemosensory, and visual cues to search for prey
(Hughes and Seed 1995; KAH personal observation).
Large blue crabs (>100 mm carapace width) used
tactile hunting to search for marsh mussels Geukensia
demissa, and visual hunting to hunt for mobile prey
such as fiddler crabs Uca spp. (Hughes and Seed
1995). Though many fishes hunting in seagrass and in
unvegetated sediment use visual cues to hunt for
prey, variability in turbidity (Macia et al. 2003),
hydrodynamics (Pile et al. 1996; Hovel and Fonseca
2005), and seagrass structural complexity (Stoner
1979; Heck and Orth 1980; Hemminga and Duarte
2000; Bartholomew 2002) may influence predator
hunting ability. For instance, as vegetation density
increased, largemouth bass Micropterus salmoides
switched from actively pursuing prey to a sit-and-
wait strategy (Savino and Stein 1982).

Variability in hunting ability of mesopredators and
predators had dramatic effects on prey cohort size. In
general, when mesopredators and predators exhibited
directed hunting, prey cohort sizes were far lower
then when mesopredators and predators hunted
randomly. This corresponded to strong effects of
predator hunting on mesopredator persistence; in all
but very small patches, predators with directed
hunting caused mesopredators to become extirpated
2-5 times faster than when predators hunted ran-
domly. This was true even though mesopredators had
the ability to respond to predators in their vicinity by
moving away from predators. Another general effect
of directed hunting was the maximization of prey
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cohort size in small patches, rather than in very small
patches as was true when hunting occurred randomly.

The first major pattern observed from these results
was that when predators hunted randomly, the
number of prey remaining was lower in continuous
seagrass than in other landscape types, corresponding
to high mesopredator abundance in continuous sea-
grass (Fig. 5). This corresponds to field experiments
using tethered juvenile blue crabs, in which per capita
crab (=prey) mortality was highest in continuous
seagrass and decreased with increasing seagrass
fragmentation and loss (Hovel and Lipcius 2001;
Hovel and Fonseca 2005). Additionally, in Chesa-
peake Bay, the abundance of larger blue crabs
(represented by mesopredators in our model) was
inversely correlated with seagrass fragmentation and
loss (Hovel and Lipcius 2001). Larger blue crabs may
be reluctant to cross expanses of unvegetated sedi-
ment due to predation by large fishes and birds (see
also Micheli and Peterson 1999), or they may
experience high mortality in unvegetated sediment.
In our model, when predators were in seagrass habitat
they had a lower probability of detecting mesopre-
dators in their vicinity and of consuming
mesopredators once arriving in the same cell than
within matrix habitat. This simulated the difficulty
that many predators have in detecting and capturing
their prey in structured vs. unstructured habitat
(Wilson et al. 1987; Heck and Crowder 1991; Orth
1992). This also resulted in high mortality rates of
mesopredators in the very small patch landscape type
that had a high proportion of matrix habitat, resulting
in high prey cohort sizes in very small patches.

The second major pattern was that when meso-
predators and predators exhibited directed hunting,
the number of prey remaining increased considerably
and differences among landscape types were less
dramatic. However, the small patch landscape type
may have had the best overall conditions for prey, in
terms of their ability to avoid mesopredators and the
vulnerability of mesopredators to predators. This may
be because mesopredators are widely dispersed in the
small patch landscape, which may increase encounter
rates with predators, and small patches are sur-
rounded by a fair amount of matrix habitat in which
predators hunt more efficiently. Additionally, small
patches were highly connected, such that prey were
better able to avoid mesopredators by moving away
from them, rather than being trapped in small,
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isolated patches. Similarly, in an individual-based
model for shrimp (=prey) in Gulf Coast salt marsh
habitats, landscapes with a high proportion of edge
habitat produced higher simulated shrimp survival
rates than landscapes with less edge habitat, because
high amounts of edge habitat allowed shrimp access
to vegetation that provided food and cover without
additional movement-related mortality (Haas et al.
2004).

Regardless of whether mesopredators and preda-
tors exhibited random or directed hunting, prey
cohort sizes were nearly always lowest in continuous
seagrass when simulated top-level predators were
present. However, prey cohort sizes were lowest in
very small patches when top-level predators were
absent. Without the risk of predation, mesopredators
persisted and were able to find and exploit isolated
patches of dense prey in very small patches. High
rates of predator-induced mortality in small patches
with high edge-to-interior ratios is common in
fragmented terrestrial systems (e.g., Wilcove 1985;
Small and Hunter 1988; Robinson et al. 1995;
Rushton et al. 2000; Seymour et al. 2004; but see
Donovan et al. 1997, Tewksbury et al. 1998). While
there are a variety of differences between the forested
habitats used in these studies and our simulated
seagrass habitat (e.g. temporal and spatial scales,
organism behaviors and life histories, etc.), one
important difference may be trophic structure. Egg
predators and nest parasites in forested landscapes
often are relatively immune to predation. In contrast,
trophic cascades likely are more prevalent in low
diversity aquatic systems than in terrestrial systems
(Strong 1992; but see Pace et al. 1999 and Crooks
and Soulé 1999 for an example of mesopredator
release in fragmented terrestrial systems), and may be
common in seagrasses where herbivorous crustaceans
are fed upon by resident juvenile fishes and inverte-
brates, that are in turn fed upon by larger, transient
fish predators (Hemminga and Duarte 2000; Williams
and Heck 2001). Additionally, the cannibalistic
nature of blue crabs creates strong top-down controls
on juvenile blue crab survival and cohort size
(Moksnes et al. 1997). The vulnerability of mesopre-
dators to higher-order predators, particularly in
matrix habitat, changed the relationship between
prey cohort size and habitat fragmentation in our
model such that prey cohort size was maximized in
fragmented landscape types and minimized in

continuous seagrass. Juvenile blue crab relative
survival was highest in small isolated seagrass
patches and lowest in continuous seagrass in Virginia
and North Carolina (Hovel and Lipcius 2001; Hovel
and Fonseca 2005). This pattern is not exclusive to
seagrass habitats, and also can occur in grassland
(Kareiva 1987) and forested habitats (Tewksbury
et al. 1998).

Settlement

In contrast to predator presence and hunting ability,
settlement patterns (random, edge, and interior) had
relatively little influence on prey cohort size. Prey
populations that settled exclusively in edge habitat or
in interior habitat had similar patterns of cohort size
vs. landscape type as did prey populations that settled
randomly within seagrass habitat. This may have
partly been due to rapid redistribution of prey after
settlement, though patterns were similar even when
prey were tethered after settlement (data not shown).
The largest difference among settlement patterns
occurred in small patches, in which settlement in the
patch interiors increased prey cohort size over
random and edge settlement. In the small patch
landscape type, edge habitat was rare and widely
dispersed, which may have reduced encounter rates
of prey with mesopredators.

Though many studies suggest that densities of
recently settled organisms vary among patch sizes
and landscapes, little information is available on how
seagrass patchiness influences organismal settlement.
Habitat encounter rates for settling larvae or postlar-
vae may be maximized when the habitat is composed
of many small patches, or in landscapes with high
proportions of edge (Keough 1984; McNeill and
Fairweather 1993). Settling larvae and postlarvae
therefore may be abundant at patch edges if they
remain where they first encounter seagrass blades.
Alternatively, attenuation of currents in patch interi-
ors (Bell et al. 1995) or post-settlement movement
(e.g, by strong swimming postlarvae such as blue
crabs) may concentrate newly settled individuals in
patch interiors or in large patches. Higher abundance
of newly settled blue crabs in large (4 m?) vs. small
(0.25 m?) artificial seagrass patches in North Carolina
may have been due to predation on postlarvae by
grass shrimp in small patches or to attenuation of
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currents carrying postlarvae in large patches (Eggle-
ston et al. 1998). Similar processes may have been
responsible for greater juvenile blue crab densities in
patch interiors vs. patch edges in Chespeake Bay
(Hovel and Lipcius 2002). Field studies are needed to
better document how patchiness and post-settlement
predation interact to influence the distribution of
seagrass epifauna.

Caveats

Our model was intended to simulate interactions
among predator and prey organisms in seagrass
habitat over short time scales following settlement
(i.e. hours to days). In order to study predator—prey
interactions in the absence of confounding effects and
feedbacks, some processes were not included that
may play a role in dictating prey cohort size. First, we
did not incorporate density-dependence into the
model. Blue crabs are agonistic, and large blue crabs
may interfere with one another when foraging,
resulting in higher prey survival than would other-
wise be expected when mesopredator densities are
high (see also Mistri 2003). We also did not include
competition of the prey species with other prey
species. Simulation studies have shown that in patchy
environments with a common predator and two
competitive prey species, competition between prey
can drive one prey species to extinction while the
predator population is maintained because of the
alternative prey (Namba et al. 1999; Schenider 2001).
Our study, on the other hand, is primarily concerned
with the relative effects of movement and hunting
ability across trophic levels and fragmentation types
over short time scales.

Second, we did not incorporate variety in seagrass
structural complexity into our model. Structural
complexity often differs among seagrass patch sizes
(Irlandi 1994, 1997; Hovel and Lipcius 2001) and
structural complexity may interact with seagrass
landscape structure to dictate prey survival (Hovel
and Fonseca 2005). Our goal, however, was to
determine the singular effects of landscape structure
on prey populations and on predator—prey relation-
ships. The effects of seagrass structural complexity
on predator—prey relationships is the subject of
ongoing research.

@ Springer

Third, we did not include population dynamics in
this model. However, it is well known that the
persistence of prey and mesopredator populations
will depend on annual survival rates, fecundity,
dispersal (Graf et al. 2007) and density-dependent
processes through time. For instance, it is expected
that the cannibalistic nature of blue crabs would
have a population-level feedback over time periods
much longer than the one used in this model
(Govindarajulu et al. 2005; Wise 2006). We focused
on very short time scales to better investigate the
relationship between movement, hunting ability and
fragmentation level without the confounding effects
of longer-term positive and negative feedbacks on
population dynamics. Seymour et al. (2004) have
shown that for nest predation by red foxes (Vulpes
vulpes) the use of IBMs over short time scales
elucidates the explicit relationship between move-
ment, predation and fragmentation and leads to
practical management recommendations that might
not be revealed for studies over longer time scales
(see also Alderman et al. 2005). We also did not
explicitly consider the role of movement rules based
on energy intake in the persistence of prey, though
in heterogeneous landscapes, important trade-offs
exist between moving to minimize predation risk
and moving to maximize energy intake (Gardner and
Gustafson 2004). In our model, both mesopredators
and prey moved to minimize predation risk and
directed hunting rules were a surrogate for energy-
based movement rules.

The results of our model highlight the importance
of habitat fragmentation and organismal movement in
determining predator—prey relationships. Further-
more, our results suggest priorities for future field
research on the behaviors of prey and predators in
seagrass habitats, and how these are modified by
seagrass landscape structure. From our results, we
suggest that trophic structure, modes of hunting, and
to a lesser extent the interaction of landscape
structure and prey movement should be priorities
for research.
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