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Abstract Predation is among the most important biotic fac-
tors affecting benthic populations. Habitat complexity, such as
seagrass shoot density, can significantly reduce rates of pre-
dation by changing predator and prey behaviors, increasing
searching and handling times, and reducing encounter rates;
this relationship is assumed to be nonlinear. For bay scallops,
and other commercially important seagrass-associated prey,
understanding the relationship between survival and habitat
can have important implications. In this study, we looked at
the shape of the habitat survival function (HSF) for bay
scallops across four different decapod predator species
(Callinectes sapidus, Carcinus maenas, Dyspanopeus sayi,
and Libinia sp.) using a series of mesocosm experiments at
four different levels of habitat complexity (0, 200, 400, and
800 shoots m−2). As expected, scallop survival was higher in
the complex seagrass habitat than when no seagrass was
present. However, the shape of the HSF varied among pred-
ators: when green crabs were predators, the HSF was linear,
whereas the HSF was hyperbolic in the presence of both mud
and blue crabs. These data suggest that even small increases of
seagrass shoot density from very low levels may rapidly
increase prey survival, but that prey survival is unlikely
to increase across broad changes in habitat complexity.

Further, this experiment suggests that predator identity may
be important in determining the relationship between prey
survival and habitat complexity. For scallop restoration, ef-
forts can be enhanced by selecting even relatively low levels
of seagrass habitat, regardless of perceived “value” based on
shoot density.
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Introduction

Predation has been considered one of the most important
factors affecting marine populations and communities
(Connell 1975; Menge 1983). Habitat complexity can impact
predation rates and prey survival which can have major con-
sequences for population dynamics (Lipcius et al. 1998;
Bartholomew et al. 2000). Oyster reefs (Grabowski 2004),
seagrasses (Orth et al. 1984; Hovel and Fonseca 2005), man-
groves (Dorenbosch et al. 2009), kelp (Johnson 2006), and
cobble (Hovel and Wahle 2010) all form complex structured
habitats that have been demonstrated to increase prey survival.
This enhanced survival is due to increased search/handling
time, altered behavior of predators and prey, detection inter-
ference, and reduced encounter rates (Main 1987; Heck and
Crowder 1990; Beukers and Jones 1997; Stoner 2009).
Therefore, high habitat complexity is extremely important
for enhancing survival of many marine benthic species.

Seagrasses provide a variety of valuable ecosystem ser-
vices and contribute to the high productivity of many coastal
systems. One of the most studied aspects of seagrass ecology
is the creation of critical habitat formed by the complex three-
dimensional canopy. Investigations of patterns in abundance
and survival between vegetated and barren substrates demon-
strated higher abundance and survival of a variety of species in

Communicated by Lawrence P. Rozas

Electronic supplementary material The online version of this article
(doi:10.1007/s12237-014-9902-6) contains supplementary material,
which is available to authorized users.

J. M. Carroll (*)
Department of Biology and Marine Biology, University of North
Carolina Wilmington, Wilmington, NC 28403, USA
e-mail: johncarroll31@gmail.com

L. J. Jackson :B. J. Peterson
School of Marine and Atmospheric Sciences, Stony Brook
University, Stony Brook, NY 11794, USA

Estuaries and Coasts (2015) 38:1569–1579
DOI 10.1007/s12237-014-9902-6

http://dx.doi.org/10.1007/s12237-014-9902-6


the structured habitat, leading to seagrass being considered a
“nursery” habitat (Heck and Orth 1980; Orth et al. 1984; Bell
and Westoby 1986; Orth 1992; Heck et al. 1995; Irlandi et al.
1995; Irlandi 1997; Bell et al. 2001; Heck et al. 2003; Ford
et al. 2010; Warren et al. 2010). Habitat complexity provided
by seagrasses, such as shoot density, can significantly influ-
ence predation rates, and while prey survival tends to increase
with habitat, the synthesis has been that the relationship be-
tween complexity and survival is nonlinear (Orth 1992; Hovel
and Fonseca 2005; Heck and Orth 2006). This relationship
could be sigmoid, with a threshold habitat value above which
prey survival increases rapidly before reaching an asymptote,
or the relationship could be hyperbolic, where survival is
enhanced rapidly even with a small increase in habitat struc-
ture (Crowder and Cooper 1982; Gotceitas and Colgan 1989;
Lipcius et al. 1998; Hovel and Fonseca 2005; Mattila et al.
2008). The shape of these relationships can be modelled using
a habitat survival function (HSF; Lipcius et al. 1998).

Decapod crustaceans are among the most important con-
sumers of juvenile benthic invertebrates (Seed 1980; Nelson
1981; Seed 1993; Hunt and Scheibling 1997), and predator
identity can play a major role in prey survival (O’Connor et al.
2008; Kulp et al. 2011). There is debate about which predators
have larger impacts on shellfish populations; larger crabs,
such as blue, Callinectes sapidus, and green, Carcinus
maenas, crabs are considered major consumers capable of
controlling shellfish populations (Eggleston et al. 1992;
Seitz et al. 2001; Floyd and Williams 2004; Miron et al.
2005). More recently, studies have highlighted the importance
of smaller mesopredators, such as xanthid crabs, on shellfish
populations (Milke and Kennedy 2001; O’Connor et al. 2008;
Rindone and Eggleston 2011). Given the range of sizes of
crustacean predators and their varied foraging behaviors, it is
possible that seagrass shoot density might affect each species
differently; i.e., as space between shoots decreases, access by
larger predators could also decrease (Bartholomew et al.
2000). Much of the literature to date on submerged aquatic
vegetation complexity (stem and/or shoot density) and prey
survival has utilized finfish as the predators (Nelson 1979;
Gotceitas and Colgan 1989; Bartholomew et al. 2000; Canion
and Heck 2009), and while decapod crustaceans are consid-
ered major consumers of benthic invertebrates, including in
seagrass habitats (Nelson 1981; Hovel and Lipcius 2001),
relatively few studies have examined their impact across
multiple levels of seagrass shoot density (but see Hovel and
Lipcius 2002;Wong 2013). In a review of over 70 papers from
1980 through 2014 that examined predation and some metric
of submerged vegetation, we identified 23 studies which used
decapods as predators; however, only four of those studies
examined predation across multiple levels of habitat complex-
ity (see Electronic Supplement). Further, no study has sought
to quantify the effects of a range of seagrass habitat complex-
ity across a suite of common decapod crustacean predators.

For bay scallops, Argopecten irradians, seagrasses have
historically been considered the preferred habitat which they
use as a refuge from predation (Belding 1910; Thayer and
Stuart 1974; Prescott 1990; Pohle et al. 1991; Irlandi et al.
1999). However, like with many other species, survival studies
tend to focus within vs. outside of seagrass (Prescott 1990;
Bologna and Heck 1999), within a seagrass seascape (Irlandi
et al. 1995; Carroll and Peterson 2013), or between seagrasses
and other habitats (Carroll et al. 2010; Hernandez-Cordero et al.
2012) and have given little consideration to the amount of
habitat, either in shoot density or biomass. During their life
history, bay scallops undergo an ontogenetic shift in habitat,
starting post-set life in the seagrass canopy, and transitioning to
the sediment surface when they are between 15 and 30mm shell
height (Garcia-Esquivel and Bricelj 1993). This can be a partic-
ularly vulnerable time for these recent recruits, as the seagrass
canopy offers a refuge from predation by most benthic preda-
tors, including most crabs (Pohle et al. 1991), while scallops are
still vulnerable to most predators to a size >30 mm (Tettelbach
1986). Despite being more vulnerable, seagrass still provides
refuge to scallops on the bottom (Tettelbach 1986; Prescott
1990; Bologna and Heck 1999). Seagrasses have declined
throughout the bay scallop’s geographic range (Orth et al.
2006), so understanding the relationship between scallop sur-
vival and habitat in the presence of different predators can
potentially enhance numerous scallop restoration efforts along
the Atlantic and Gulf coasts of the USA (Goldberg et al. 2000;
Arnold et al. 2005; Tettelbach et al. 2013).

In estuaries of Long Island, NY, where scallop restoration
efforts have been successful in enhancing larval supply
(Tettelbach et al. 2013), there are multiple decapod crustacean
predators of juvenile bivalves, including green (C. maenas),
blue (C. sapidus), mud (Dyspanopeus sayi), and spider
(Libinia sp.) crabs (Polyakov et al. 2007; Carroll et al.
2010). Understanding whether the relationship between prey
survival and seagrass complexity varies among different pred-
ator species can have important implications for conservation
and restoration. Thus, this study investigates the relationship
between habitat and scallop survival across a range of preda-
tors and habitat complexity. Specifically, we examined scallop
survival across four levels of habitat complexity in the pres-
ence of four different crab predators using mesocosms to
answer two main questions: (1) How does increasing shoot
density affect scallop survival, and (2) Is this relationship
similar across different crustacean predators?

Methods

Predator Species

The green (C. maenas), blue (C. sapidus), spider (Libinia
spp.) and mud (D. sayi) crabs were chosen as they are
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common decapod crustaceans in our region (Ropes 1989) and
known predators of juvenile scallops in the region (Tettelbach
1986). These predators vary in abundance throughout Long
Island estuaries (Polyakov et al. 2007; Carroll et al. 2010;
Carroll 2012). Mud crabs were hand-collected via SCUBA
from Shinnecock Bay, NY. Spider crabs and green crabs were
collected using modified lobster traps deployed near the
Shinnecock Inlet (40.8383° N, 72.4750° W), Long Island,
NY. Blue crabs were collected by a commercial fisherman in
Great South Bay, Long Island, NY. Seagrass is common in
both embayments, and scallops are present at low (but har-
vested) levels (NYSDEC 2014).

Predation Experiments

A series of mesocosm experiments were conducted at the
Stony Brook-Southampton Marine Station, using 378.5-L
Rubbermaid ® tubs, with an approximate bottom area of
0.78m2. The tubs were lined with 7.5 cm of sand and received
one of four levels of habitat complexity using seagrass mimics
of 0, 200, 400, and 800 shoots m−2, within the ranges natural
eelgrass beds found in eastern Long Island embayments
(Eckman 1987; Pohle et al. 1991). Seagrass mimics were
constructed using 5-mm-wide curling ribbon (Virnstein and
Curran 1986). Each shoot consisted of four 35-cm tall leaves.
Tubs were plumbed with constantly flowing seawater from
Old Fort Pond (40.8845° N, 72.4419° W), Southampton, NY,
to allow conditions among the mesocosms (temperature, sa-
linity, dissolved oxygen) to remain at ambient conditions. Air
diffusers were placed within each tub to ensure that water in
the mesocosms contained adequate oxygen.

Twenty-five scallops were free-released into each
mesocosm; scallop sizes varied by predator and trial—be-
tween 10 and 25 mm shell height (SH) dependent upon the
predator used (see Table 1 for size ranges for each experi-
ment). These sizes were used as they are common for scallops
undergoing transition from the canopy to the bottom, when
they are most vulnerable to benthic predators (Garcia-
Esquivel and Bricelj 1993), and because these are sizes com-
monly used in bay scallop restoration efforts (Tettelbach and
Smith 2009). Crabs were starved for 48 h and added to the
mesocosms. To mimic differences in field abundances, groups
of five adult mud crabs were allowed to forage together, while
a single individual of other crab species was used (Grabowski
et al. 2008; Hill and Weissburg 2013). While the densities of
mud crabs were similar to those in the field at the sizes used
for these experiments, larger adult blue, green, and spider crab
densities used in mesocosms were much higher than observed
in the field using suction surveys (Carroll 2012; Table 2). Only
male crabs were used to control for variability in feeding
between sexes. Crabs were measured for carapace width
(CW) which ranged from 17 to 24 mm for mud crabs, 63 to

81mm for green crabs, 84 to 103mm for spider crabs, and 118
to 139 mm for blue crabs.

Trials were allowed to run for 20 h (Tettelbach 1986), after
which time, predators were removed, and surviving scallops
were enumerated. Artificial seagrass was then removed and
rinsed onto a sieve to ensure retrieval of all scallops from the
tubs. Broken shells were also removed. Any scallops whose
shells were crushed but still had remaining tissues were con-
sidered consumed. Control mesocosms resulted in 100 %
retrieval of scallops at all seagrass densities. Temperature
and salinity were recorded at the beginning and end of each
trial. Temperature ranged from 16 to 26 °C across all experi-
ments, although it did not vary more than 0.8 °C within any
one trial. Salinity ranged from 25 to 29 across all experiments
(see Table 1).

Although attempts were made to run the same number of
trials for each predator, availability of both scallops and the
ability to collect suitable numbers of appropriate species of
crabs led to unequal numbers of trials. Each trial contained
three replicates of each habitat complexity. Green crabs were
used in five trials (n=14 per habitat, one trial only had two
replicate sets), mud crabs were used in four trials (n=12 per
habitat treatment), blue crabs were used in three trials (n=9),
and spider crabs were only used in two trials (n=6 per habitat).
Crabs were only used once and then released.

Statistical Analysis

Due to logistical constraints of having 12 mesocosms, we
chose to run each trial with a single crab species and three
replicates of each seagrass habitat randomized in the 12
mesocosms. Since running trials iteratively over 2 months
might increase the possibility that chance events, i.e., unmea-
sured “intrusions,” could affect our experimental outcomes
(Hulbert 1984), we attempted to account for this by measuring
water quality parameters during each experiment.
Additionally, we did not run any experiments for a 5-day
period around Hurricane Irene (landfall on Long Island,
August 28 2011, no experiments between August 26 and
September 1, 2011), and experiments were also halted for a
10-day period during a Cochlodinium polykrikoides harmful
algal bloom in the local pond (September 3 to 12, 2011), since
both these events could have had unwanted impacts on our
experiments.

Because both predator size and water temperature varied
throughout the course of the experiment (Table 1), analyses of
covariance (ANCOVAs) were initially performed. A one-way
ANCOVA was performed on each of the four crab species
where the dependent variable was proportional scallop sur-
vival, the categorical dependent variable was habitat, and the
two covariates were differences in temperature and crab car-
apace width between trials. The analysis was performed in R
(3.0.2, R Core Team 2013). The proportional scallop survival
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for mud crabs was raised to the 1.8 power to satisfy the
assumption of homogeneity of variances. Habitat was found
to have a significant effect on scallop survival for blue, green,
and mud crab predators after correcting for temperature and
carapace width covariates. However, scallop survival at vary-
ing habitats with spider crab predators was only marginally
significant once covariates were corrected for (p=0.06).

Due to the iterative nature of the experimental trials, a
series of blocked one-way ANOVAs was performed. Habitat
complexity (shoot density) was considered to be the explana-
tory factor for scallop survival in the presence of each predator
species individually, blocked by trial, in order to test whether
any of the trials were different from each other. When neces-
sary, data were transformed to meet the assumptions of an

ANOVA.When significant differences were found, a post hoc
Tukey honest significant difference (HSD) test was performed
for multiple comparisons.

In order to determine the relationship between seagrass
habitat and scallop survival in the presence of different pred-
ators, proportional scallop survival was regressed against
seagrass shoot density in the mesocosms, and a HSF was fit.
This was performed for each predator species separately, and
then data were pooled across all predators. The form of the
HSF as a function of seagrass density was analyzedwith linear
regression and a general functional response model (Lipcius
and Hines 1986; Lipcius et al. 1998). The dependent variable
is the proportional survival of juvenile bay scallops, and the
independent variable was the shoot density within each
mesocosm. First, a linear regression was used, and if the fit
was significant and met statistical assumptions of normality
and constant variance, then the HSF was determined to be
linear. When the linear model was either nonsignificant or
failed to meet assumptions, we used the following equation:

Y ¼ AX β

Bþ X β

where Y is the proportional survival of scallops in each
mesocosm, X is the seagrass shoot density, A is the asymptotic
survival, assumed to be 1.0 in this case, B is the value of X at
which Y=0.5A, and β is the parameter associated with the
form of the HSF, either sigmoid (when β>1) or hyperbolic
(when 0<β<1; Lipcius et al. 1998). The linear form of the
equation is as follows:

log
Y

A−Y

� �
¼ log

1

B

� �
þ βlog Xð Þ

Table 1 Predator identity, size, scallop size, and environmental conditions during each trial of the mesocosm experiments

Trial Date Predator Predator size (mm) Scallop size (mm) Temperature (°C) Salinity (PSU)

1 August 19, 2011 Dyspanopeus sayi 17–22 14–18 24.0–24.6 29.1–29.2

2 August 20, 2011 Dyspanopeus sayi 17–22 14–18 24.2–24.8 27.3–27.6

3 August 25, 2011 Dyspanopeus sayi 17–23 10–15 25.9–26.4 25.4–25.6

4 September 1, 2011 Carcinus maenas 69–81 15–18 24.8–25.4 28.1–28.3

5 September 2, 2011 Carcinus maenas 65–70 15–18 25.2–25.4 28.5–28.6

6 September 12, 2011 Carcinus maenas 63–73 17–20 23.8–24.3 28.4–28.7

7 September 13, 2011 Carcinus maenas 66–76 18–21 25.2–26.0 26.5–26.7

8 September 14, 2011 None NA 17–21 24.9–25.6 26.7–27.0

9 September 20, 2011 Libinia dubia 90–102 18–22 19.8–20.2 30.5–30.6

10 September 23, 2011 Libinia dubia 84–103 18–22 21.4–21.5 25.9–26.2

11 September 26, 2011 Callinectes sapidus 120–139 23–25 23.4–23.7 28.9–29.0

12 September 28, 2011 Carcinus maenas 66–78 23–25 21.8–22.1 28.1–28.5

13 September 29, 2011 Callinectes sapidus 118–133 20–25 21.7–22.2 25.7–26.1

14 October 3, 2011 Callinectes sapidus 124–132 20–25 18.6–19.3 28.0–28.2

15 October 12, 2011 Dyspanopeus sayi 18–24 13–16 18.3–18.6 29.6–29.7

Table 2 Predator densities (m−2) of the four crab predators used for this
study in Shinnecock Bay, NY, based on suction survey data performed in
Carroll (2012). Forty-eight 1-m2 suction samples were conducted across
six sites and four dates in the summer of 2011. Based on the sizes of
scallops used in this study, and optimal foraging sizes from the literature
(Seed and Hughes 1995), Carcinus maenas and Callinectes sapidus
densities are for individuals ≥40 mm carapace width (CW), while
Dyspanopeus sayi densities are for individuals ≥16 mm (Carroll et al.
2010). Due to lack of knowledge on Libinia sp. prey size selection, all
Libinia (range 27–67 mm) were counted. Argopecten irradians densities
are for all sizes

Species Density (m−2) Maximum size (mm)

Cacinus maenas 0.21±0.07 59

Callinectes sapidus 0.54±0.13 77

Dyspanopeus sayi 2.67±1.05 22

Libinia sp. 0.56±0.18 67

Argopecten irradians 1.25±0.67 20
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Therefore, using a linear regression of log (Y / [A−Y]) on
log (X) provides an estimate of β that can be tested against
values of 0 or 1 using standard t tests (Lipcius et al. 1998;
Hovel and Fonseca 2005). Regressions were performed
using R.

Results

As expected, scallop survival increased with shoot density
regardless of the species of predator tested; however, the
relationship between survival and shoot density varied depen-
dent upon the predator examined. Habitat was found to have a
significant effect on scallop survival for blue (ANCOVA, F1,

32=5.70, p=0.023), green (F1, 54=9.90, p=0.003), and groups
of mud (F1, 28=14.77, p<0.001) crab predators after
correcting for temperature and carapace width covariates.
The blue crab analysis also indicated a significant negative
effect of carapace width on scallop survival (F1, 32=7.12, p=
0.012; Fig. 1), while green and mud crabs had no such
relationship. The effect of shoot density on scallop survival
with spider crab predators was marginally significant once
covariates were corrected for (F1, 22=3.82, p=0.063).

Within most crab species, scallop survival was significantly
affected by seagrass shoot density. For green crabs, scallop
survival was significantly affected by seagrass shoot density
(blocked one-way ANOVA, F3, 54=3.373, p=0.025, Fig. 2a).
Survival at 800 shoots m−2 was significantly higher than
survival at both 0 and 200 shoots m−2 (Tukey HSD p=0.039
and p=0.048, respectively). Survival did not significantly
vary between any other habitat combinations. Similarly,

scallop survival in the presence of mud crabs was also signif-
icantly impacted by seagrass habitat complexity (F3, 44=
6.739, p<0.001, Fig. 2b). Survival was significantly lower at
0 shoots m−2 than all shoot densities, 200, 400, and 800 shoots
m−2 (Tukey HSD p=0.010, 0.011, and 0.001, respectively),
but did not differ among the treatments with shoots. There was
a significant block effect for mud crabs, with scallops during
the last trial exhibiting significantly lower survival than other
trials. This may have been due to the crabs being slightly
larger and scallops being slightly smaller during this trial than
previous trials, despite the cooler temperatures, and was likely
not the result of some unmeasured/unknown variables (see
Table 1).

Scallop survival in the presence of blue crabs was also
affected by habitat (F3, 32=2.821, p=0.004, Fig. 2c). Scallop
survival was highest at 400 shoots m−2; a post hoc Tukey test
revealed that differences occurred between 0 and 400 shoots
m−2 (p=0.004) and between 0 and 800 shoots m−2 (p=0.015),
while survival did not vary between 0 and 200, 200 and 400,
and 400 and 800 shoots m−2. Scallop survival in the presence
of spider crabs did not vary significantly among habitat treat-
ments (F3, 20=1.942, p=0.155, Fig. 2d).

When all predators were pooled, the effect of seagrass
density on scallop survival was highly significant (F3, 160=
10.14, p<0.001, Fig. 3). Survival was significantly lower with
0 shoots m−2 than both 400 and 800 shoots m−2 (p<0.001 for
both). Scallop survival was also significantly lower at 200
shoots m−2 than 800 shoots m−2 (p=0.007). Survival was not
different between 0 and 200 shoots (p=0.329), 200 and 400
shoots (p=0.086), or 400 and 800 shoots (p=0.793).

Habitat Survival Function

Scallop survival in the presence of green crabs showed a
significant linear relationship which met the assumptions of
normality and homoscedasticity (survival = 0.335+
0.000412×shoot density; p=0.035; Fig. 2, Table 3). Similar
to green crabs, mud crabs and blue crabs displayed significant
linear relationships (p<0.001, for mud crabs; p=0.035, for
blue crabs); however, both regressions failed to meet the
assumption of constant variance, and for spider crabs, there
was no relationship.

To find the shape of the habitat survival function, β was
calculated using Eq. 2. For mud crabs, β=0.34, which signif-
icantly differed from both 1 (p<0.001) and 0 (p=0.002),
suggesting a significant hyperbolic response (p=0.004;
Fig. 2b and Table 3). With blue crabs as predators, β=0.26,
which was also different than hypothetical values of 0 and 1
(p=0.04 and p<0.001, respectively), which again resulted in a
marginally significant HSF which was also hyperbolic (p=
0.08; Fig. 2c). While β was 0.28 for spider crabs as predators,
using t tests, this value was not different than zero (p=0.27;

Fig. 1 The effect of blue crab,Callinectes sapidus, carapace width (CW)
in millimeter, on scallop survival at the different levels of seagrass shoot
density. Squares represent 0 shoots, circles represent 200 shoots m−2,
triangles represent 400 shoots m−2, and diamonds represent 800 shoots
m−2. The solid line is the relationship between survival and CW at 0
shoots, the dashed dotted line at 200 shoots, the small dashed line at 400
shoots, and the long dashed line at 800 shoots
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Fig. 2d). Across all predators, the HSF was also significantly
hyperbolic (β=0.28; p<0.001; Fig. 3 and Table 3).

Discussion

Using mesocosms, this study demonstrated that both habitat
complexity (seagrass shoot density) and predator identity can
significantly affect bay scallop survival, but that the

relationship between prey survival and habitat complexity
may vary across predator species. Across all predator species
investigated, scallop survival increased as seagrass shoot den-
sity increased from bare sand, although this trend was not
significant for spider crabs. The relationship between seagrass
shoot density and prey survival has long been considered to be
nonlinear (Heck and Orth 2006 and references therein); how-
ever, this study, using a suite of common benthic predators,
suggests that the shape of the relationship may be variable
dependent on predator identity. Scallop survival increased
linearly when green crabs were used, while survival increased
hyperbolically when both mud crabs and blue crabs were the
predators, with no complexity–survival relationship apparent
when spider crabs were used as predators. In locations where
crabs are the dominant benthic predators, this study can help
inform the relationship between seagrass shoot density and
scallop survival, which could, in turn, help enhance restora-
tion efforts for this commercially important species.

These results add to the generality that increasing shoot
density does not necessarily lead to an increase in prey sur-
vival. Many previous studies have arrived at this conclusion
by using one predator species, typically fish, across multiple
habitat levels, to suggest that prey survival increases
nonlinearly with habitat complexity (Russo 1987; Gotceitas
and Colgan 1989; Bartholomew et al. 2000; Mattila et al.
2008; Canion and Heck 2009; Lannin and Hovel 2011).
Typically, studies suggest that a threshold level of habitat
complexity occurs, such that below this level prey survival
increases rapidly with increasing habitat; however, above this
level, prey survival changes very little regardless of additional

Fig. 2 Proportional survival of
scallops at different artificial
seagrass shoot densities as box
plots for green crabs (a), mud
crabs (b), blue crabs (c), and
spider crabs (d). The boundaries
of the box represent the 25th and
75th percentiles, the solid line
represents the median, the dashed
line represents the mean, the
whiskers are the 10th and 90th
percentiles, and the dots represent
outliers. The lines of fit
demonstrate the results of the
habitat survival function

Fig. 3 The cumulative habitat survival function for bay scallops across
all crab predators investigated (line of fit). The boundaries of the box
represent the 25th and 75th percentiles, the solid line represents the
median, the dashed line represents the mean, the whiskers are the 10th
and 90th percentiles, and the dots represent outliers
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habitat (Nelson 1979; Heck and Thoman 1981; Bartholomew
2002; Orth and van Montfrans 2002). An unfortunate short-
coming of most prior studies is that only one species of predator
is used, rather than testing the generality of these findings across
a suite of predators. Further, while decapod crustaceans have
frequently been used as prey in seagrass habitat complexity
studies (Hovel and Lipcius 2001; Heck et al. 2003; Heck and
Orth 2006; see Electronic Supplement), crabs have been less
frequently used as predators across multiple levels of seagrass
complexity. Thus, this is one of the only studies which has
attempted to both use crabs as predators in a seagrass shoot
density study and investigate complexity across a suite of
different predators.

The few studies which have examined crabs as predators
with seagrass complexity have led to rather inconclusive
results, suggesting the effect of seagrass shoot density on prey
survival in the presence of crab predators may vary both inter-
and intraspecifically.With xanthid crabs as predators, seagrass
shoot density has been shown to decrease (Bauer 1994), have
no effect (Ray-Culp et al. 1999), or significantly increase prey

survival (this study). The discrepancy across studies might be
attributable to different sizes and species of xanthids. Bauer
(1994) demonstrated that increased shoot density allowed
smaller D. sayi to climb into the seagrass canopy and access
bysally attached juvenile scallops. Likewise, Ray-Culp et al.
(1999) used much smaller xanthid predators (Micropanope
sp.) and queen conch prey (Strombus gigas), while also main-
taining experiments in small microcosms. Both predators and
prey from the current study were larger than those xanthids
used previously, which likely contributes to the discrepancy
between the studies. Specifically, scallops in this study were of
the size which is typically undergoing transition from the
canopy to the bottom, i.e., detaching from the leaves
(Garcia-Esquivel and Bricelj 1993), and larger mud crabs are
less likely to climb seagrass.

For blue crabs, the effect of habitat complexity on prey
survival is similarly equivocal. Hovel and Lipcius (2001) found
that survival of juvenile blue crabs, C. sapidus, whose main
predator was assumed to be larger blue crabs, increased in the
late summer with increasing artificial seagrass density in the
field. However, the same authors also found that juvenile crab
survival decreased with increasing shoot density due to their
larger conspecific predators being more abundant in these habi-
tats (Hovel and Lipcius 2002), suggesting the abundance of
predators, and not necessarily foraging efficiency, was driving
the pattern observed. In mesocosm studies, blue crabs have been
demonstrated to be significantly affected by habitat complexity,
but the highest survival of prey actually occurred at intermediate
seagrass complexity (Florido and Sanchez 2010). Similarly,
when comparing across the seagrass shoot density in this study,
the highest survival occurred in 400 shoots m−2, although the
shape of the relationship suggests that all levels of complexity
have higher survival than no shoots. Most recently,Wong (2013)
demonstrated that green crabs, C. maenas, increased their forag-
ing efficiency on clams as the area between seagrass rhizomes
increased, independent of above-ground shoot density. However,
unlike the scallops used here, clams are infaunal, so it is unlikely
we would have observed a similar affect for our study.

The relationship between prey survival and seagrass shoot
density when crabs are the major predators thus remains
unresolved. Using a quantitative approach in the form of a
habitat survival function (Lipcius et al. 1998; Hovel and
Fonseca 2005), and parsing the HSF responses in the presence
of different predators, can help define the relationship between
prey survival and seagrass shoot density. For this study, scal-
lop survival when green crabs were predators displayed a
linear response to shoot density, suggesting that when green
crabs are predators, prey survival may increase monotonically
with habitat complexity (Crowder and Cooper 1982; Nelson
and Bonsdorff 1990). However, in the presence of both mud
and blue crabs, the scallop survival relationship was hyper-
bolic, suggesting rapid increases in survival toward an asymp-
tote across small increases in habitat complexity, while also

Table 3 Regression results for scallop proportional mortality as a func-
tion of seagrass shoot density. For green crabs, the results are for a linear
regression. For mud crabs, blue crabs, and all crabs, the results are for the
habitat survival function

Green crab Coefficient Std. error t p

Intercept 0.334975 0.059988 5.584 7.85E-07 ***

Slope 0.000412 0.000131 3.146 0.00269 **

DF SS MS F p

Regression 1 0.831035 0.831035 9.897 0.003

Error 54 4.53424 0.083967

Mud crab Coefficient Std. error t p

Intercept 0.1566 0.5784 0.271 0.7878

β 0.3413 0.1109 3.077 0.00352 **

DF SS MS F p

Regression 1 38.998 38.998 9.466 0.004

Error 46 189.514 4.11987

Blue crab Coefficient Std. error t p

Intercept 0.4178 0.7561 0.553 0.5842

β 0.2594 0.145 1.789 0.0826 .

DF SS MS F p

Regression 1 16.89586 16.89586 3.2 0.0826

Error 34 179.544 5.280705

All crabs Coefficient Std. error t p

Intercept −0.51558 0.3895 −1.324 0.18746

β 0.28381 0.07484 3.792 0.00021 ***

DF SS MS F p

Regression 1 91.8224 91.8224 14.38 <0.001

Error 162 1,034.291 6.384512

"***" ≤ 0.001, "**" 0.01, "*" 0.05, "." 0.1, level of significance
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suggesting little to no change across increasing habitat com-
plexity. Scallop survival exhibited no significant relationship
with seagrass complexity when spider crabs were used as
predators. Therefore, relationship between habitat and prey
survival may differ according to predator identity.

Numerous prey species have exhibited similar hyperbolic
HSF, including blue crabs (Schulman 1996; Hovel and
Fonseca 2005), amphipods (Graham et al. 1998;
Bartholomew et al. 2000; Bartholomew 2002), grass shrimp
(Lannin and Hovel 2011), spiny lobster (Lipcius et al. 1998),
and some juvenile fish (Harris et al. 2004). Additionally, a
number of recent studies also suggest that there is no increased
benefit of prey survival with increasing seagrass or other
submerged aquatic vegetation density (Mattila et al. 2008;
Canion and Heck 2009; Scheinin et al. 2012). The combina-
tion of the results presented here and previous studies supports
the idea that increasing habitat complexity does not necessar-
ily result in increasing prey survival. Further, these studies
also suggest that there might be an ideal seagrass shoot density
for enhancing prey survival, above which prey survival does
not continue to increase with increasing seagrass complexity.
Having only four levels of habitat complexity makes estab-
lishing thresholds difficult (Nelson and Bonsdorff 1990; Heck
and Orth 2006), a shortcoming of the present study, and it is
likely that the threshold is below the seagrass density used
here (Orth and van Montfrans 2002). Additionally, if prey
survival is determined by prey size, predator size, and habitat
complexity (Bartholomew et al. 2000; Wong 2013), then the
threshold density will likely change with predator identities.
Regardless, the results presented here support the nonlinear
relationship between prey survival and habitat complexity; for
seagrasses, this suggests that there is a level of shoot density
above which there is no added protection for prey.

The variability of predator and prey sizes across trials made
direct statistical comparisons between crab species difficult.
While scallop sizes varied between trials with different pred-
ators which could impact consumption rates, it is unlikely to
be driving differences in treatment effects on scallop survival
between predators observed here for three reasons. First, the
sizes of scallops used reflect the sizes which are typically
undergoing a transition from the seagrass canopy to the sea-
floor (Garcia-Esquivel and Bricelj 1993) and thus likely to be
encountered by the predators tested. Second, for the predators
used in this study, it has been demonstrated that there was no
significant difference in the frequency which size classes of
scallops were consumed between 17 and 32 mm (Tettelbach
1986). Lastly, a recent study suggests that in complex habitats
(oyster shell), large blue crabs showed no preference in scal-
lop size between 10 and 50 mm and demonstrated that scallop
size (<30 mm) had no impact on survival in complex habitats
in the field (Hernandez Cordero and Seitz 2014). For differ-
ences related to predator size, Tettelbach (1986) also demon-
strated that across a size range of green crab (41–84 mm) and

blue crabs (102–180mm), size selection of prey was the same.
Further, studies have shown that despite being much smaller,
mud crabs consumed as many or more juvenile shellfish than
much larger blue crabs (Grabowski et al. 2008; O’Connor
et al. 2008; Hill and Weissburg 2013). Thus, even though
direct comparisons could not be made due to limitations in
the study design, given the literature, it is likely that the results
presented here are a good representation of the relative differ-
ences in scallop prey survival across habitat complexity in the
presence of these different predators.

For bay scallops, these results can have major restoration
implications. Most studies of scallop survival have focused on
presence/absence of seagrass, in the context of seagrass land-
scapes, and/or between qualitatively different habitats
(Prescott 1990; Irlandi et al. 1995; Bologna and Heck 1999;
Carroll et al. 2010; Hernandez Cordero and Seitz 2014). This
study, however, investigated how scallop survival varied with
habitat in the presence of different potential scallop con-
sumers, which vary in abundance and their impact throughout
the geographical range of bay scallops. In Connecticut, the
important predator for scallops is the green crab (Tettelbach
1986), while in NY, it is the small mud crab, D. sayi (Streib
et al. 1995; Carroll et al. 2012), and farther south in Virginia
and North Carolina, the blue crab is an important scallop
predator (Bishop et al. 2005; Hernandez Cordero and Seitz
2014). These results suggest that for this portion of the scal-
lops’ range, survival will likely rapidly increase across a
change from no seagrass habitat to relatively low seagrass
densities. However, these results also suggest that above some
density of seagrass, which may depend on the predator pres-
ent, there is no added protection. This suggests that any
seagrass may be a valuable habitat for scallops, and restoration
efforts can be enhanced by targeting even low density seagrass
habitats.

In conclusion, these results suggest that across a suite of
potentially important crab predators, scallop survival with-
in structured habitat is increased relative to no habitat.
However, these results also suggest that the relationship
between habitat and survival for scallops is affected by the
identity of the predator. Across all predators, survival rap-
idly increases across a small range of complexity at very
low habitat levels, quickly reaching asymptotic survival
where it remains relatively unchanged across broad chang-
es in habitat complexity. This supports findings from the
literature which suggest both that small increases in
seagrass cover are likely to significantly enhance prey
survival and that survival is unlikely to change across
broad increases in habitat complexity. For restoration and
management efforts, it appears that traditional metrics of
seagrass, or other submerged aquatic vegetation, percent
cover and shoot density may not be as important as previ-
ously thought in impacting prey survival from crustacean
predators as simply the presence or absence of seagrass.
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