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Abstract Seagrass, an important subtidal marine ecosys-
tem, is being lost at a rate of 110 km? year™!, leading to
fragmented seagrass seascapes. Habitat fragmentation is
predicted to affect trophic levels differently, with higher
trophic levels being more sensitive, stressing the impor-
tance of a multi-trophic perspective. Utilizing the trophic
relationship between the blue crab (Callinectes sapidus)
and hard clam (Mercenaria mercenaria), where adult blue
crabs prey on juvenile blue crabs, and juvenile blue crabs
prey on small hard clams, we examined whether preda-
tion rates, abundance, and behavior of predators and prey
differed between continuous and fragmented seagrass in a
multi-trophic context at two sites in Barnegat Bay, NJ. We
tested the hypothesis that fragmented habitats would dif-
ferentially affect trophic levels within a tri-trophic system,
and our results supported this hypothesis. Densities of adult
blue crabs were higher in fragmented than continuous habi-
tats. Densities of juvenile blue crabs, the primary predator
of hard clams, were lower in fragmented habitats than con-
tinuous, potentially due to increased predation by adult blue
crabs. Clams experienced lower predation and burrowed to
a shallower depth in fragmented habitats than in continuous
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habitat, likely due in part to the low densities of juvenile
blue crabs, their primary predator. Our results suggest that
while trophic levels are differentially affected, the impact
of habitat fragmentation may be stronger on intermediate
rather than top trophic levels in some marine systems.
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Introduction

Habitat fragmentation is an important attribute of landscape
structure and can shape patterns of species richness (Fahrig
2003), community composition (Crist et al. 2006; Krauss
et al. 2010), and ecosystem function (Layman et al. 2007,
Waycott et al. 2009). Less is known, however, about how
fragmentation may affect interactions among species par-
ticularly multi-species interactions and behavioral changes
of both predators and prey due to altered trophic relation-
ships (Fahrig 2003). Habitat fragmentation, where large
continuous habitat is broken into smaller and more isolated
habitat patches, has been shown to alter species relation-
ships including trophic interactions, but often this research
focuses on single predator—prey relationships (Crist et al.
2006; Martinson et al. 2012). This approach may overlook
important variation in trophic-dependent responses to frag-
mentation as not all trophic levels are predicted to respond
similarly to fragmentation (van Nouhuys 2005). Differ-
ences in habitat requirements (Davies et al. 2000), disper-
sal ability and demography (Kareiva 1987) and behavior
(Tigas et al. 2002) may contribute to differing responses to
fragmentation among trophic levels.

Most empirical examples examining the effects of frag-
mentation on species interactions within a multi-trophic
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context are in terrestrial insect systems, where fragmenta-
tion has been shown to lead to declines in predation, her-
bivory, and parasitism (Tscharntke and Brandl 2004; Valla-
dares et al. 2006; Wimp et al. 2011). The effects of habitat
fragmentation on multi-trophic interactions (>two levels) in
marine systems are rare (but see Johnson and Heck 2006
for a mesocosm study). Fragmented habitats in marine
systems may differ in conditions such as flow (Martinson
et al. 2012), sedimentation (Scoffin 1970), and prey refuge
(Macreadie et al. 2012), which may differentially affect
species’ responses in marine ecosystems.

Species losses due to fragmentation have been shown
to vary based on trophic position (Zabel and Tscharntke
1998; Krauss et al. 2010), with higher trophic levels being
disproportionately impacted (Didham et al. 1998; Roslin
et al. 2014; Hovel and Lipcius 2001; Layman et al. 2007).
This pattern may be due to the larger space requirements
and smaller population size of higher trophic levels (van
Nouhuys 2005; Greenleaf et al. 2007; Briickmann et al.
2011). The effects of habitat fragmentation may be espe-
cially strong in marine systems where predation by higher
trophic levels is a particularly important biotic interaction
that can influence prey population sizes, community struc-
tures, and ecosystem function (Paine 2002; Shurin et al.
2002; Duffy et al. 2003; Casini et al. 2012). In marine sys-
tems, however, higher trophic level species may disperse
farther, perhaps providing some buffering capability to the
effects of fragmentation (Kinlan and Gaines 2003). Effects
on predators may subsequently impact prey either directly
or indirectly via trophic cascades (Johnson and Heck
2006). While mesocosm experiments suggest that prey sur-
vival can vary with the number of trophic levels present in
a fragmented system (Johnson and Heck 2006), no multi-
trophic in situ studies have previously been performed that
explore the impact of fragmentation on the distribution and
abundance of predators and prey.

Predator foraging behavior and predator avoidance
behavior of prey may also be altered in fragmented habi-
tats (Bernot and Turner 2001; Dill et al. 2003; Johnson and
Heck 2006; Heithaus et al. 2008; Burkholder et al. 2013;
Ljungberg et al. 2013). Fragmentation produces edge
effects that can result in enhanced encounter frequencies
between predators and prey (Fagan et al. 1999; Ries et al.
2004) and subsequent increases in predator foraging rates
(Hovel and Regan 2008; Carroll et al. 2012). Fragmenta-
tion can also cause a decrease in prey foraging rates due to
increased threat of predation (Macreadie et al. 2012) and
influence habitat preference (Ljungberg et al. 2013, but see
Tait and Hovel 2012), but only a handful of marine studies
have examined prey behavior in response to fragmentation.

Identifying the consequences of marine habitat frag-
mentation is becoming increasingly important. In the past
several decades, mangrove losses have reached 35%, while
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coral reefs have declined by 20% and an additional 20%
are now classified as degraded (Millennium Ecosystem
Assessment 2005). Seagrass has been disappearing at a rate
of 110 km? year~! since 1980 (Waycott et al. 2009). While
seagrass naturally occurs in a variety of spatial configura-
tions (Bostrom et al. 2006), current rates of fragmentation
are unprecedented and fragmentation is increasing beyond
historical levels (Orth et al. 2006), making seagrass an ideal
habitat to examine questions regarding the effects of habitat
fragmentation. Seagrass is particularly useful for examin-
ing how habitat fragmentation may affect patterns of spe-
cies distributions, behavior, and trophic relationships as it
supports a wide variety of flora and fauna, and seagrass-
associated food webs are complex and both commercially
and ecologically important (Costanza et al. 1997; Christian
and Luczkovich 1999; Hemminga and Duarte 2000).

To determine how habitat fragmentation influences
multi-trophic food web relationships, predator and prey
behavior, and species distributions in marine systems, we
utilized the trophic relationship between the adult blue crab
(Callinectes sapidus), juvenile blue crabs, and the hard
clam (Mercenaria mercenaria). In this tri-trophic system,
adult blue crabs consume juvenile blue crabs; it is esti-
mated that as much as 25% of the adult blue crab diet is
other blue crabs (Speir 1999). Juvenile blue crabs preferen-
tially prey upon small-sized hard clams (<15 mm) (Arnold
1984). Seagrass is an important habitat for these species,
particularly juvenile blue crabs and hard clams (Heck et al.
2003). Blue crabs have been shown to be more abundant
in continuous seagrass habitats than in fragmented habitats
(Hovel and Lipcius 2001). Juvenile blue crab survival may
be inversely related to patch size in fragmented habitats
(Hovel and Lipcius 2001; Hovel and Fonseca 2005), while
the effect of fragmentation on basal prey bivalves such as
the hard clam can be variable and may be related to preda-
tor distributions (Irlandi 1994, 1997).

We tested the hypothesis that fragmented habitats would
differentially affect trophic levels within a tri-trophic sys-
tem. We predicted that adult blue crabs would be less abun-
dant and change their behavior by increasing foraging rates
in fragmented habitats due to increased encounter rates. We
also predicted that juvenile blue crabs would experience
reduced predation rates in fragmented habitats driven by
lower densities of adult blue crabs. In response to increased
predation rates by juvenile blue crabs, we hypothesized that
hard clams would employ stronger anti-predator responses
in fragmented habitats.

Materials and methods

In Barnegat Bay-Little Egg Harbor Estuary, New Jer-
sey, 50-88% of seagrass biomass has been lost since the
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1980s (Kennish et al. 2009), making the area well suited to
examine the impacts of seagrass habitat fragmentation. We
selected two sites in Island Beach State Park, a preserved
area of Barnegat Bay, New Jersey. At site one, “Seining”
(39°51'17.84"N, 74°5'27.69"W), the study area consisted
of a 0.60 km? continuous meadow of Zostera marina and
Ruppia maritima, the two dominant seagrass species in
the estuary. At site two, “Sedge” (39°47’ 24.8064"N, 74°6/
28.476"W), the study area consisted of a 0.32 km? continu-
ous meadow of Z. marina. A matrix of fragmented seagrass
patches and unvegetated sediment surround each meadow.
Patch size in the fragmented seascape ranged from 0.5 to
9.9 m? with a mean of 3.02 m?. At Seining, seagrass shoot
density was slightly greater in the seagrass fragments, and
averaged 968.48 =+ 347.83 shoots m~2 in the continuous
meadow and 1345.34 + 546.5 shoots m~2 in fragmented
habitats. At Sedge, there were no difference in shoot den-
sity between habitat types and seagrass density measured
350.63 + 89.57 shoots m~2 in continuous habitats and
299.85 £ 118.84 in fragments. These values are consist-
ent with previous measures of seagrass density in the same
location (Kennish et al. 2009), and other estuaries in the
Northwest Atlantic (New York State Department of Envi-
ronmental Conservation 2009). The large differences in
densities between sites are likely driven by the presence of
Ruppia at Seining, which grows more densely than Zostera.
Barnegat Bay-Little Egg Harbor Estuary is a relatively shal-
low estuary with a maximum depth of 20 m. At our sites,
depth, temperature, and salinity were consistent with depth
ranging from 0.5 to 0.9 m, temperature from 21 to 25.3°C,
and salinity from 20 to 25 ppt. Vertical clarity (measured
with a Secchi disk) usually reached the sediment, and hori-
zontal clarity ranged from 0.5 to 2.1 m. We conducted four
field experiments to determine if habitat fragmentation dif-
ferentially affects predation rates, predator and prey abun-
dances, and prey behavior among three trophic levels. All
data were collected between late July and early September
2014. All statistical analyses were performed in JMP® Ver-
sion 11 (SAS Institute 2000).

Predation rates

To test for effects of fragmentation on predation of juvenile
blue crabs we employed a tethering experiment. Tethering
is widely used to measure survival rates among treatments,
provides an experimental method of assessing predation,
and has been used in a variety of marine habitats includ-
ing seagrass (Heck and Thoman 1981; Bologna and Heck
1999; Hovel and Lipcius 2001, 2002; Peterson et al. 2001).
Juvenile blue crabs were collected by seining along 10 m
transects with a 1.75 m seine net, in both continuous and
fragmented habitats. Seines occurred over six weeks in
August and early September. Each day of sampling covered

both habitat types at both sites. Crabs were tethered the day
of collection. Only intermolt crabs with no missing perio-
peds between 45 and 75 mm were selected for tethering.
The tethering harness was looped under each lateral spine
and secured with a drop of cyanoacrylate glue. The har-
nessed crab was attached to a 30.5 cm stainless steel 15 kg
test fishing leader (AUSLINE) which was then affixed to
a stake. Harnessed crabs were then haphazardly staked
directly in the sediment in either continuous seagrass or a
seagrass patch within the fragmented seagrass habitat. For
this experiment, and all others, selected seagrass patches
within the fragmented habitat were between 10 and 15 m
from the continuous seagrass habitat and were between 0.5
and 2 m?. Within each habitat type, replicates were placed
between 2.5 and 5 m away from each other depending on
seagrass distribution. Half of all crabs in both habitats were
tethered inside plastic 2.5 cm mesh cages (one crab/cage)
that eliminated predator access to serve as a control for the
effectiveness of the tether apparatus. At Seining, we teth-
ered seven crabs per treatment (N = 28). At Sedge, we teth-
ered five crabs per treatment (N = 20). We assessed juve-
nile blue crab survival after 72 h by categorizing crabs as
alive or missing. Missing crabs were assumed to be lost to
predation as no crabs were lost or separated from their teth-
ers in the control treatments. We used a nominal logistic
regression to test for differences in survival rate at each site
with factors of habitat type (fixed effect), treatment (fixed
effect), and a habitat type by treatment interaction term. For
this, and all other experiments, plots in continuous habitat
were place within 1 m of habitat edge to control for edge
effects that may emerge in fragmented habitats.

To test for the effects of habitat fragmentation on preda-
tion of hard clams we used a mark and recapture predator
exposure experiment. At Seining, we haphazardly estab-
lished ten 0.09 m? circular plots for each of four treat-
ments (N = 40) by lowering landscape edging completely
(14 cm depth) into the sediment around the plot. The treat-
ments were (1) predator exposure in fragmented seagrass,
(2) predator control in fragmented seagrass, (3) predator
exposure in continuous seagrass, and (4) predator control
in continuous seagrass. Ten clams were added to each plot.
Clams were between 8 and 12 mm, the preferred size for
juvenile blue crabs (Arnold 1984), and marked with a small
dab of white paint to facilitate recapture. Control treat-
ments were covered with plastic 0.65 cm mesh to exclude
predators. At Sedge we utilized the same experimental
design; however, each treatment had nine replicates instead
of ten. One continuous predator exposure replicate and one
fragmented predator control replicate were not recovered at
Sedge at the completion of the experiment (N = 34). After
10 days we hand dug the plots to a depth of 20 cm and
sieved all material (500-micron sieve) to collect remaining
clams and recorded seagrass shoot density and patch size.
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Adult Mercenaria mercenaria have been shown to have a
maximum burrowing depth of 20 cm, with juvenile clams,
such as those used in this experiment, burrowing to a shal-
lower depth (Eversole 1987; Roberts et al. 1989). Whole
live clams were categorized as surviving. Any unburied
clams were assumed to be dead and were excluded from
analysis. Missing or fragments of clams were categorized
as consumed. We used an analysis of variance (ANOVA)
with factors of treatment (fixed factor), habitat type (fixed
factor), and the interaction term to test for the effect of hab-
itat type and predation on the proportion of clams surviv-
ing at each site. Among plots exposed to predators, we used
regression to test for a relationship between crab survivor-
ship and patch size and seagrass shoot density.

Predator and prey distribution

To test for differences in the distribution of adult and juve-
nile blue crabs we recorded number and carapace width
for all captured crabs from the standardized 10 m length
seines in continuous and fragmented habitats used to catch
the crabs for the previously described tethering experiment.
We performed thirteen seines per habitat type at Sein-
ing (N = 26) and fifteen seines per habitat type at Sedge
(N = 30). Crab abundances were converted to catch per
unit effort (CPUE) which represents the number of crabs
caught per each seining effort. We used a 7 test to test for
differences in number of crabs caught per seining effort and
a Welch’s test to test for differences in carapace width in
continuous and fragmented habitats due to unequal vari-
ances in the data.

Behavior

We used tethering experiments to test for differences in
hard clam anti-predator behavior (burrowing) across frag-
mented and continuous habitats using a blocked design.
Juvenile hard clams between 8 and 12 mm were teth-
ered to metal landscaping staples (22 cm in length) with
20 cm long monofilament fishing line (13.6 kg test). One
end of the line was glued to the valve of the shell using a
drop of cyanoacrylate glue. The other end of the line was
secured to the landscaping staple. Clams were deployed
into paired plots approximately 1 m apart which were each
0.5 m x 0.5 m in area. Each plot received nine clams by
securing the metal staple into the sediment; clams were
placed on top of the sediment hinge up (living position).
All plots were covered in plastic 0.65 cm mesh to pre-
vent predator access. A blue crab actively foraging on
hard clams, which we provided as a resource, was placed
within a plastic 0.65 cm mesh cage over one plot in each
pair to serve as a control. The actively foraging blue crab
sends chemical cues signaling the presence of a predator,
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inducing predator avoidance behavior in the hard clams
(burrowing). Hard clams exposed to actively foraging pred-
ators burrow significantly deeper than clams excluded from
predators (Flynn and Smee 2010). Each block consisted of
a set of paired plots in the continuous habitat and a nearby
set of paired plots in the fragmented habitat. Within each
block, 15-20 m separated paired plots in continuous habitat
and fragmented habitat; 25-30 m separated each block. At
Seining, we established three blocks (N = 108 clams) and
at Sedge we established two blocks (N = 72 clams). After
10 days we measured the distance on the 20 cm mono-
filament line that remained exposed above the sediment
on each clam after it had burrowed and subtracted it from
the total length of the line to determine how far each clam
had burrowed. Any missing or dead clams were excluded
from analysis. We used a mixed model with factors of site
(random effect), block (random effect nested within site),
treatment (fixed effect), habitat type (fixed effect), and
all interaction terms to test for differences in clam burial
depth among continuous and fragmented habitats. Prelimi-
nary analyses showed that the effect of “site” accounted
for a negligible amount of variation in the model, therefore
“site” was removed, and “block” was retained as the only
random effect in the model.

We used underwater video to test for differences in pred-
ator behavior between continuous and fragmented habitats.
In both continuous and fragmented seagrass habitats we
haphazardly provided a bait resource (Brevoortia tyrannus)
in a plastic 2.5 cm mesh envelope staked into the sediment.
This allowed active foraging but prevented predators from
completely removing the bait. We placed an underwater
video camera (GoPro Hero3) approximately 0.25 m away
from the prey item. Each filming event was 1-2.5 h, and we
recorded nearly 18 h of video. Recording session replicates
were deployed on different days but on each day both a con-
tinuous and fragmented video were filmed simultaneously
(Seining: N = 6; Sedge: N = 8). The video footage was pro-
cessed in the laboratory and we recorded the number of blue
crab visits to the bait resource per hour, duration of each for-
aging event, and length of time to first visit. We performed ¢
tests to test for differences in number of visits per hour, and
length of time to first visit for fragmented and continuous
habitats. All video data were square root transformed prior
to analysis to adhere to assumptions of normality. We used
a Welch’s test to test for differences in duration of foraging
events due to unequal variances in the data.

Results

We found that the effect of habitat fragmentation on preda-
tion rates was dependent on the trophic level of the predator.
Predation on juvenile blue crabs was higher in fragmented
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habitats than continuous habitats at Sedge (Fig. 1, Nomi-
nal logistic regression: R? = 0.580, X2 = 16.18, P < 0.001;
Tethering treatment: x> = 11.32, P = 0.0008; habitat type x
treatment: X2 = 5.91, P = 0.015). At Seining, however, pre-
dation on juvenile blue crabs was high in both habitat types,
and we found no difference in loss of crabs between the two
treatments (Fig. 1, Nominal logistic regression: R* = 0.050,
XZ = 21.15, P < 0.001; Tethering treatment: X2 = 21.09,
P < 0.0001, habitat type x tethering treatment: x> = 1.47,
P = 0.23). No crabs were lost from control tethers at either
site, demonstrating the effectiveness of the tethering method.

In contrast, we found significantly higher predation on
hard clams in continuous habitats than in fragmented habi-
tats (Fig. 2, Seining, ANOVA: R}y = 0.76, Fy35 = 37.57,
P < 0.0001; habitat type: F;s = 6.10, P = 0.018; treat-
ment: F;, = 101.67, P < 0.0001; habitat type x treat-
ment interaction: F 3, = 4.68, P = 0.037; Sedge, ANOVA:
Ridj = 0.86, F3;3, = 62.07, P < 0.0001; habitat type:
P = 0.18; treatment: F;, = 183.98, P < 0.0001; habitat
type X treatment interaction: F;, = 9.003, P = 0.0054).
Clams exposed to predators in both the fragmented and
continuous habitats experience higher mortality than
the predator exclusion controls. However, among clams
exposed to predators those in continuous habitat experi-
enced higher mortality than clams in fragmented habi-
tats. Among experimental plots, we found no relation-
ship between survivorship and seagrass density (Seining,
Regression: Rgdj = —0.02, Fy;;3 = 0.51, P = 0.48; Sedge,
Regression: Rfldj = 0.17, Fy;;5 = 4.28, P = 0.060). We
also found no relationship between survivorship and
patch size in fragmented habitat (both sites, Regression:
Ry = —0.015, Fy s = 0.87, P = 0.58).

Habitat fragmentation also affected predator abundance
and the size structure of the population. Overall, blue
crabs were more abundant in continuous habitats than in
fragmented habitats at both sites (Seining, Welch’s test:
Fin3 = 4360, P = 0.0048; Sedge, ¢ test: Rﬁdj = 0.15,
F\ppg = 5.235, P = 0.029). Adult blue crabs were found in
higher densities in fragmented habitats at Seining (Fig. 3a,
b, Seining-adult blue crabs:  test, Rgdj =0.13, F 5, = 4.90,
P = 0.036; Sedge-adult blue crabs: P = 0.56). In con-
trast, juvenile blue crabs were much less abundant in frag-
mented than continuous habitats (Fig. 3a, b, Seining-juve-
nile blue crabs: Welch’s test: F,;, = 12.30, P = 0.0022;
Sedge-juvenile blue crabs: ¢ test, Ridj = 0.10, Fyj,3 = 4.48,
P =0.0433).

Habitat fragmentation changed both prey and predator
behavior. Clams burrowed deeper in continuous habitats than
fragmented habitat (Fig. 4, mixed model: Rﬁdj = (.65, habi-
tat type: P = 0.16; treatment: P = (0.43; habitat type x treat-
ment: F;, = 29.31, P = 0.0086). The continuous habi-
tat predation exposure treatment was not different from
either of the treatments with actively foraging blue crabs
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Seining Sedge

Fig. 1 Juvenile blue crab (Callinectes sapidus) mortality at two sites
and in two different habitats. Binomial data (survived/consumed) was
collected and analyzed to explore the effect of fragmentation on crab
mortality. The figure shows the overall percentage of mortality among
tethered juvenile blue crabs in continuous habitats (white bars) and
fragmented habitats (gray bars). Letters indicate significant differ-
ences between treatments, as determined using Nominal Logistic
Regression. At Seining the sample size was seven replicates per treat-
ment, and five replicates per treatment at Sedge

100 * |

[e2]
o
L
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N
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Clam mortality (percent)

0

Seining
O Continuous predator exposure

Sedge
OFragmented predator exposure

m Continuous predator exclusion m Fragmented predator exclusion

Fig. 2 Hard clam (Mercenaria mercenaria) mortality in fragmented
and continuous habitats at two sites. Mortality is higher in continu-
ous habitats (white bars) than in fragmented habitats (light gray bars)
when exposed to ambient predation. The continuous and fragmented
controls (predator exclusion) are indicated by the dark gray and black
bars, respectively. Error bars indicate standard error and different let-
ters above bars indicate significant differences between treatments, as
determined using a Tukey’s HSD test. At Seining the standard error is
based on sample sizes of ten per group. At Sedge the standard error is
based on sample sizes of nine for fragmented predator exposure and
continuous control, and eight for fragmented control and continuous
predator exposure
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Fig. 3 Blue crab densities in fragmented and continuous habitats at
two sites. Adult densities were higher in fragmented (gray bars) than
continuous habitats (white bars) at Seining, and juvenile blue crab
densities were higher in continuous habitats than fragmented habi-
tats at both (a) Seining and (b) Sedge. Crab densities are reported as
the number of crabs caught per 10 m seine (Catch Per Unit Effort).
Error bars indicate standard error, based on sample sizes of 13 per
treatment at Seining and 15 per treatment at Sedge. Different letters
above bars indicate significant differences between treatments, as
determined using Welch’s test for juvenile blue crabs at Seining due
to unequal variances and a ¢ test for all other comparisons

(experimental control). Clams in the fragmented habitat pre-
dation exposure, however, burrowed to a shallower depth
than all other treatments. Habitat fragmentation also changed
predator behavior. The video observation of predator forag-
ing showed that blue crabs took more time to find the offered
prey item in continuous habitats than in fragmented habitats
(ESM 1, Fig. 5a, Seining, ¢ test: de =049, F,,, = 5.903,

= 0.036; Sedge, ¢ test: R‘ld = 074, F,s = 17.89,
P 0.0055). Blue crabs also actlvely foraged longer in con-
tinuous habitats than in fragmented habitats (Fig. 5b, Sein-
ing, Welch’s test: F, ¢ = 5.384, P = 0.029; Sedge, Welch’s
test, Fj;s34 = 8.865, P = 0.0044). By contrast, blue crabs
had higher number of visits per hour in fragmented habitats
(Fig. 5c, Selmng, ttest: Ry =074, F = 15.36, P = 0.017;
Sedge, t test: R agj = 031, F1/6 =6.25, P = 0.047).

Discussion

Our results demonstrate that different trophic levels are dif-
ferentially affected by habitat fragmentation, and suggest
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Fig. 4 Hard clam burrowing depth across both sites in two habitat
types. Clams exposed to ambient predation burrowed deeper in con-
tinuous habitats than in fragmented habitats (pooled data from both
sites). Error bars indicate standard error based on samples sizes of 45
clams per treatment. Different letters below bars indicate significant
differences between treatments, as determined using a Tukey’s HSD
test

that the effect of habitat fragmentation on higher trophic
levels may cascade to lower trophic levels. While blue
crabs overall were more abundant in continuous habitat
compared to fragmented habitat, we found that juvenile
and adult blue crabs had distinctly different distributions.
Within fragmented habitats, we found higher numbers of
adult blue crabs per seine than juvenile blue crabs. By con-
trast, in continuous habitat we found a greater number of
juvenile blue crabs per seine than adult blue crabs (Fig. 3a,
b). Additionally, at each site, there were greater numbers of
juvenile blue crabs in continuous habitats than fragmented
habitats; and adult blue crabs were more abundant in frag-
mented habitats than in continuous habitats (Fig. 3a, b).

We then showed that juvenile blue crabs can experi-
ence higher predation in fragmented habitats (Fig. 1). High
predation on juvenile blue crabs in fragmented habitats
is likely driven, at least in part, by the presence of larger
adult blue crabs in fragmented habitats. Juvenile blue crabs
encounter intense cannibalism by adult blue crabs (Hines
and Ruiz 1995), but predation by other species or other
juvenile blue crabs (Moksnes et al. 1997) may contribute to
these high predation rates as well. Juvenile blue crabs are
also thought to utilize depth as a refuge from cannibalism,
with higher survivorship of juvenile blue crabs at shallow
depths (Dittel et al. 1995; Hines and Ruiz 1995). However,
because there was little variability in the depth of frag-
mented and continuous seagrass habitat at both study sites,
it is not likely to be a primary driver of the distribution pat-
terns we observed. Other studies have suggested that blue
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Fig. 5 Blue crab behavior in fragmented and continuous habitats at
two sites. Blue crabs took less time to find offered resource (a), spent
less time foraging (b), and had more frequent visits to offered prey
item (c) in fragmented habitats (gray bars) than continuous habitats
(white bars). Untransformed data are shown. Error bars indicate
standard error based on sample sizes of four per treatment at Sedge
and three per treatment at Seining. Different letters above bars indi-
cate significant differences between treatments, as determined using
attest

crab habitat selection is more related to microhabitat selec-
tion rather than depth (Ramach et al. 2009). The abundance
of adult blue crabs in fragmented habitats may result from
a low refuge value of fragmented habitats for juvenile blue
crabs. If fragmented habitats do not serve as a useful prey
refuge for juvenile blue crabs, adult blue crabs are more
easily able to capture prey (Hovel 2003). A preference for
habitat edges may also explain higher abundances of adult
blue crabs in fragmented habitats. Marine carnivorous fish
have been shown to increase abundance at seagrass edges
(Macreadie et al. 2009), though benthic predators such as
blue crabs may experience different impacts from fragmen-
tation than fish predators.

Low abundances of juvenile blue crabs in fragmented
habitats may explain why hard clams experience lower pre-
dation rates in fragmented habitats. Additionally, juvenile
blue crabs have been shown to decrease foraging in frag-
mented habitats due to increased predation risk (Macreadie
et al. 2012). The large numbers of juvenile blue crabs in
continuous habitats are likely responsible for heavy pre-
dation rates on hard clams in continuous habitat (Fig. 2),
emphasizing responses to fragmentation may be trophic
level specific and cascade from higher trophic levels. Our
results suggest that changes in top predator distributions in
this multi-trophic relationship is likely to be the underly-
ing driver of lower trophic level abundance patterns in frag-
mented habitats.

Habitat fragmentation is often studied in tandem with
patch size and/or habitat complexity. In seagrass ecosys-
tems, seagrass density and patch size may covary with
fragmentation making it difficult to isolate effects of frag-
mentation per se from impacts of low density or patch size
(Canion and Heck 2009). Complex seagrass habitats have
been shown to increase survivorship of both juvenile blue
crabs and scallops regardless of patch size (Hovel and
Lipcius 2001; Hovel and Fonseca 2005; Canion and Heck
2009; Carroll et al. 2012). Because the fragmented seagrass
habitat had similar or greater seagrass density than the con-
tinuous habitat at our study sites, and clam survivorship
was not related to seagrass density or patch size, our results
likely reflect differences in distributions and predation
driven primarily by fragmentation per se rather than other
factors such as patch size and complexity.

Habitat fragmentation also changed behavioral
responses in both predators and prey. Hard clams, experi-
encing greater predation in continuous habitats, employed
stronger anti-predator avoidance strategies in continuous
habitats by burrowing deeper than in fragmented habitats
(Fig. 4). Therefore, deeper burrowing depths are likely
to be a response to increased chemical cues from blue
crab foraging, and not a direct result of habitat structure.
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Chemical cues may have traveled farther than the 1 m sepa-
rating control and experiment plots; however, the large dif-
ference between the experimental plot burrowing depths in
continuous versus fragmented habitats suggests this likely
did not affect our results. Results from the video analysis
support increased foraging of blue crabs in continuous hab-
itats as well. Blue crabs in fragmented habitats find prey
items more quickly, have more frequent visits to prey items,
but forage for less time (Fig. 5). These changes in blue crab
behavior support the prediction that fragmented habitats
lead to enhanced encounter rates between predators and
prey (Irlandi 1997; Bologna and Heck 1999), and increased
predator movement, a probable result of edge effects from
habitat fragmentation (Hovel and Regan 2008; Ljungberg
et al. 2013). The effect of fragmentation on the abundance
and distributions of consumers clearly manifested not only
in changes in predation rates among fragmented and con-
tinuous habitats, but also in behavioral responses of both
predators and prey.

Taken together, these results demonstrate the importance
of examining the effects of habitat fragmentation on species
distributions and behavior in a multi-trophic context. Habi-
tat fragmentation did not affect all trophic levels similarly,
and the effect on a particular trophic level was likely deter-
mined by the distribution and behavior of its predator in the
seascape. Higher predation rates on intermediate predators
(juvenile blue crabs), most likely by top predators (adult
blue crabs), in fragmented habitats and lower utilization
of fragmented habitats by juvenile blue crabs translated to
lower predation on the basal prey (hard clam). Juvenile
blue crabs select predator free environments regardless of
food availability (Tapia-Lewin and Pardo 2014); therefore,
the distribution of their prey item may not be as important
as the habitat selection of their top predators. Lower preda-
tion rates on basal prey led to weaker predator avoidance
behaviors in fragmented habitats. These results support
previous studies that suggest the effect of fragmentation
on lower trophic levels is determined by the effect of frag-
mentation on higher trophic levels (van Nouhuys 2005;
Krauss et al. 2010; Roslin et al. 2014). While our results
focus on benthic marine species, pelagic species such as
fish may respond differently to marine fragmentation due
to greater dispersal capabilities (Hines et al. 1995); how-
ever, many juvenile species of fish heavily rely on seagrass
as a nursery area and refuge from predation as well (Beck
et al. 2001). In marine systems where predation is a critical
biotic interaction, changes in the abundance of predators
may have implications for food web stability in fragmented
habitats and the potential for trophic cascades.

As habitat and biodiversity loss accelerate, we expect
that the abundance and diversity of higher-level consum-
ers will be more affected than lower trophic levels (Estes
et al. 2011). Here, we found that while trophic levels are
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differentially affected by fragmentation, the top predator is
seemingly benefiting from the increased vulnerability of its
prey in fragmented habitats. Our results suggest that effects
on top predators may be more nuanced than others have pre-
dicted. Fragmentation can drive changes in abundance, how-
ever, which will cascade through trophic levels. Changes in
diversity at one trophic level can produce changes in diver-
sity at other trophic levels (Dyer and Letourneau 2003),
potentially influencing ecosystem function (Duffy 2003;
Tilman et al. 2001). Here, we have shown that changes in
the distribution of a top consumer in a system due to habitat
fragmentation are likely contributing to changes in preda-
tion intensity and behavior of lower trophic levels, suggest-
ing the potential for strong effects of habitat fragmentation
not just on higher trophic levels but ecosystem wide.

While our results support predictions found in the ter-
restrial literature that different trophic levels will be
affected differentially by fragmentation, we do not show
the expected pattern of top trophic levels disproportion-
ately affected by fragmentation. Marine and terrestrial food
webs are different in ways that may influence trophic level
responses (Shurin et al. 2006). Predation is thought to be a
stronger influence in marine systems than terrestrial, and
top—down control on prey can be very strong (Shurin et al.
2002). Therefore, continuous habitat may be more impor-
tant to intermediate trophic levels, such as the juvenile blue
crab, as a refuge. Many marine foundation species such as
mangroves, coral reefs, and seagrasses are utilized as a shel-
ter from predation for juvenile invertebrates and fish. Frag-
mentation and loss of these habitats reduces habitat continu-
ity, complexity (Airoldi et al. 2008), and available refuges
for juvenile marine species and may explain why we found
fragmentation negatively affected intermediate trophic lev-
els rather than top trophic levels. Our results emphasize the
critical importance of marine habitats as nursery areas for
many marine species and demonstrate the consequences of
continued fragmentation on this essential ecosystem role.
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