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Abstract Management agencies are considering intro-
ducing the Suminoe oyster Crassostrea ariakensis into
Chesapeake Bay, USA. It is unknown if the growth of feral
populations of this non-native oyster would be regulated by
the same predators that once controlled the abundance of
the native eastern oyster C. virginica. In laboratory studies,
we compared the relative susceptibility of juvenile diploids
(shell height <25 mm) of both oyster species to inverte-
brate predators of eastern oyster juveniles. Predators
included four species of mud crabs [Rhithropanopeus har-
risii (carapace width 7-11 mm), Eurypanopeus depressus
(621 mm), Dyspanopeus sayi (8-20 mm), and Panopeus
herbstii (9-29 mm)], the blue crab Callinectes sapidus (35—
65 mm), and two sizes of polyclad flatworms (Stylochus
ellipticus and possibly Euplana gracilis; planar area
<5 mm? and ~14 to 88 mm?). All four species of mud crab
and the blue crab preyed significantly (ANOVA, P < 0.05)
more on C. ariakensis than on C. virginica, but predation
by flatworms of both sizes did not differ significantly
between oyster species. The greater susceptibility of
C. ariakensis to crab predation was likely due to its shell
compression strength being 64% lower than that of C. virg-
inica (P =0.005). To test for predator-induced enhance-
ment of shell strength, we held oysters of both species for
54 days in the presence of, but protected from, C. sapidus
and R. harrisii. Crabs were fed congeneric oysters twice
weekly within each aquarium. Compared to controls, shell
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strength of C. virginica exposed to R. harrisii increased sig-
nificantly (P < 0.043), as did shell strength of both oyster
species exposed to C. sapidus (P <0.01). Despite the
changes in shell strength by both oyster species in the pres-
ence of C. sapidus, the shell of C. ariakensis remained 57%
weaker than C. virginica. We conclude that, because
C. ariakensis exposed to predators continued to have a
weaker shell relative to C. virginica, the natural suite of
crab and flatworm predators in Chesapeake Bay will likely
serve to control the abundance of feral C. ariakensis. We
caution that the situation in the natural environment may be
sufficiently different in some locations that C. ariakensis
may be able to compensate for its greater vulnerability to
crab predation and hence become a nuisance species.

Introduction

Stocks of native eastern oysters, Crassostrea virginica, in
Chesapeake Bay have been severely depleted by long-term
over-harvesting and resultant habitat destruction (Kennedy
and Breisch 1983) and ongoing epizootics of two protistan
parasitic diseases Haplosporidium nelsoni and Perkinsus
marinus (Ford and Tripp 1996). This loss of suspension-
feeding oysters has diminished their crucial ecosystem role
(Newell et al. 2005) and imposed economic hardships asso-
ciated with the collapse of the once valuable oyster fishery
(NRC 2004). In response to this decline in C. virginica
stocks, scientists and managers began seeking an alterna-
tive disease-tolerant oyster species that might be suitable
for Chesapeake Bay conditions (NRC 2004; Allen 2005).
An Asian species, the Suminoe oyster Crassostrea ariaken-
sis, was identified as a candidate species for establishing a
self-recruiting population by the deliberate release of dip-
loid oysters into Chesapeake Bay (NRC 2004). A central
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question that must be answered when evaluating the possi-
ble introduction of C. ariakensis is whether the species will
undergo a rapid population increase resulting in adverse
ecosystem changes. Such dramatic population increases
have happened for non-native bivalves in North American
freshwaters (e.g., Nalepa and Schloesser 1993; Lee et al.
2005) and estuaries (e.g., Cloern 1982; Carlton et al. 1990;
Kimmerer et al. 1994) and some of these increases have
caused severe and often adverse ecological consequences
(e.g., Nalepa and Schloesser 1993; Carlton 1999; Strayer
et al. 1999).

In contrast with the extreme population-expansion sce-
nario, it is plausible that the abundance of C. ariakensis
may be controlled by the same predators that once con-
trolled C. virginica populations when that species was more
abundant. Under such a scenario, C. ariakensis might
become a naturalized species that fills an important ecolog-
ical niche within Chesapeake Bay and in other estuaries
along the Atlantic coast of North America. A suite of pred-
atory species feeding on different sizes of C. virginica
serves to control the native oyster’s overall abundance and
distribution (Osman and Abbe 1994; White and Wilson
1996). In previous research (Newell et al. 2000), we found
that the most critical post-settlement life stage for C. virgi-
nica in mesohaline Chesapeake Bay is during the first few
months after metamorphosis; once oysters grow larger than
~10 mm in shell height about 1-2 months post-metamor-
phosis, mortality rates decline. Major predators on juvenile
oysters (=spat) are flatworms Stylochus ellipticus (Newell
et al. 2000) and various species of crabs (McDermott and
Flower 1953; Krantz and Chamberlin 1978; Bisker and
Castagna 1987; Eggleston 1990; Abbe and Breitburg 1992).
Juvenile oysters have relatively greater vulnerability to
crabs than large oysters because crabs tend to concentrate
their foraging on the individuals at the lower end of the size
range that they can physically open (Eggleston 1990; Seed
and Suchanek 1992; Seed and Hughes 1995).

Because C. ariakensis is almost identical in gross
morphology to C. virginica (Zhou and Allen 2003), we
hypothesized that its abundance would also be governed
by the same suite of predators that prey on comparably
sized eastern oysters. We tested this hypothesis with a
selection of different-sized predators that control the abun-
dance of C. virginica at various shell sizes in Chesapeake
Bay. We used the blue crab Callinectes sapidus and four
species of mud crabs (Rhithropanopeus harrisii, Eurypa-
nopeus depressus, Dyspanopeus sayi, and Panopeus
herbstii). These crabs are common on oyster beds in mes-
ohaline and polyhaline regions of Chesapeake Bay and
their strong claws allow them to feed on oysters by crush-
ing or chipping the shell edge (Milke and Kennedy 2001).
As a contrast to the crabs in terms of feeding behavior, we
also used polyclad flatworms S. ellipticus and possibly
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Euplana gracilis that enter oysters through their partially
gaping valves (Loosanoff 1956). Flatworms then have
access to the soft tissue, which they start to ingest; this
attack eventually kills the oysters.

We found that all species of crabs selected C. ariakensis
to a greater extent than C. virginica. Because the former
species has a faster shell-growth rate than the latter species
(Newell, unpublished observation), we hypothesized that
species-specific differences in shell characteristics ren-
dered C. ariakensis more susceptible to shell-crushing pre-
dators. Further, juvenile and actively growing adults of
some bivalve species can modify their shell characteristics
in ways that reduce an individual’s vulnerability to preda-
tors. These defenses, induced in response to “infochemi-
cals” either from the predator itself (enemy-avoidance
kairomones; Ruther etal. 2002) or from damaged and
ingested conspecifics (alarm pheromones; Smith 1992;
Stabell et al. 2003), can become manifest in a matter of
weeks. Such induced phenotypic changes are superim-
posed upon genetic-based changes in defenses that develop
over evolutionary time scales between a predator and its
prey (Vermeij 1987; Prezant et al. 2006). For example,
Leonard et al. (1999), Smith and Jennings (2000), and
Reimer and Harms-Ringdahl (2001) have all observed that
blue mussels Mytilus edulis exposed to green shore crabs
Carcinus maenas increase the thickness and weight of
their shell, a response interpreted as rendering the individ-
ual less susceptible to predatory attack. Thus, we tested the
hypothesis that diploid juveniles of the two species of oys-
ter grown in the presence of crustacean predators would
exhibit differential changes in shell composition that
enhanced shell strength.

Methods
Experimental oysters

The C. ariakensis larvae used to produce spat were pro-
vided by Taylor Shellfish Farms at Quilcene, Washington.
The C. virginica larvae came from the Virginia Institute of
Marine Science Eastern Shore hatchery at Wachapreague,
Virginia. Species identification for 50 spat originating from
each brood of larvae was confirmed by PCR amplification
of a mitochondrial 16S gene segment using primers 16sar
and 16sbr and restriction digestion with Msel (Hare et al.
2000).

For experiments with flatworms as predators, we
compared the susceptibility of the youngest and smallest
oysters because these life stages of C. virginica are most
vulnerable to flatworm predation (Newell etal. 2000).
These small (<5 mm shell height) oysters are very difficult
to enumerate when they are attached to oyster shell, the
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natural settlement material for oysters. Thus, for all studies
with flatworms we allowed oyster larvae to metamorphose
on slate plates because their flat and uniform surface makes
the small spat more visible (Newell et al. 2000). For our
studies of predation by crabs, we allowed diploid oyster lar-
vae to metamorphose and grow on large pieces of eastern
oyster shell.

Plates and shell were suspended in static containers con-
taining eyed pediveliger larvae (~10,000 1-!) of one oyster
species or the other that were fed a mixture of cultured mic-
roalgae species until metamorphosis. After diploid C.
ariakensis and C. virginica larvae had metamorphosed,
plates and shell were transferred to flow-through ambient
Choptank River, Maryland, water (salinity 9-11). All efflu-
ent water was subject to continuous chlorination to prevent
the possible release to the estuary of any C. ariakensis
gametes. Spat were held for various periods so that they
grew to the desired sizes for use with the different-sized
predators (Table 1). For the plates, all spat on one horizon-
tal surface were removed and those on the other horizontal
surface were culled to a density of about 1 spat cm™2. For
the shell material, spat density was not excessive and so we
did not find it necessary to remove spat from either surface
of the shell.

The location of spat on each uniquely numbered plate
and piece of shell was recorded by photographing with a
digital camera just before the plate or shell was haphazardly
allocated to either a predation or control treatment. This
record of the position and number of spat was used to mon-
itor survivorship over the course of the experiments. The
shell size of each oyster (either planar shell area of the top
valve or shell height [=the maximum linear dimension from
umbo to distal margin]) was measured directly from these

photographs with image analysis software (Image]®) linked
to a digitizing pen (Graphire3 by Wacom®).

Predation experiments

Our experimental design involved comparisons of the mor-
tality of similarly sized C. ariakensis and C. virginica held
within the same aquarium and exposed to either the same
groups of flatworms or an individual crab predator. Each
aquarium was dosed daily with a mixture of cultured micro-
algae species to provide oysters with a maintenance ration.
Groups of the same oysters were held as controls in identi-
cal conditions, but without added predators, to quantify
mortality due to factors other than predation.

Due to natural variability in spat abundance on the vari-
ous substrates, we could only place approximately the same
number of oysters of each species within each aquarium.
To prevent resulting small variations in number of spat
eaten from complicating data analysis, we expressed the
numbers of oysters eaten as a percentage of the number of
that oyster species initially placed into each aquarium.
These percentages were arcsine transformed (Sokal and
Rohlf 1995) before being analyzed with one-way ANOVA
to compare the relative susceptibility of C. ariakensis and
C. virginica to each species of predator.

Crab predation studies

We collected two species of mud crabs, R. harrisii and
E. depressus, from the mesohaline Choptank River and
held them for a few days to a few weeks at ambient salini-
ties (~10 salinity) and temperatures (~22 to 25°C) while
feeding them ad libitum on eastern oyster spat. We

Table 1 Shell height (mm) of a
representative subset (sample
size in parentheses) of Crassos-

trea ariakensis and C. virginica

offered as prey simultaneously
and eaten in experiments with
five species of predatory crabs
(Rhithropanopeus harrisii, Eur-
ypanopeus depressus, Dyspa-
nopeus sayi, Panopeus herbstii,
and Callinectes sapidus) and
microscopic and macroscopic
flatworms

Predator Crassostrea ariakensis Crassostrea virginica

Height range Mean height Height range Mean height
Rhithropanopeus harrisii 1.9-8.5 4.5(52) 2.7-16.1 8.2 (47)
Eaten 1.9-8.4 4.2 (41) 2.7-7.1 4.3(5)
Eurypanopeus depressus 1.5-10.5 4.4 (76) 1.7-18.0 5.1 (126)
Eaten 2.5-94 4.5 (45) 1.7-6.1 3.6 (46)
Dyspanopeus sayi 6.8-21.9 9.5 (261) 6.3-24.7 10.6 (233)
Eaten 6.8-20.1 8.9 (97) 6.3-16.2 9.2 (61)
Panopeus herbstii 6.7-15.4 8.7 (215) 6.2-24.6 10.4 (207)
Eaten 6.7-15.4 8.5 (168) 6.4-24.6 10.3 (145)
Callinectes sapidus 7.6-32.7 14.4 (182) 6.5-24.1 10.9 (210)
Eaten 7.6-28.1 13.8 (150) 6.5-17.0 10.0 (101)
Microscopic flatworms 0.9-17.6 3.9 (879) 0.9-17.2 5.0 (768)
Eaten 0.9-13.0 2.8 (212) 0.9-10.6 3.0 (101)
Macroscopic flatworms 1.4-30.8 6.1 (330) 1.2-59.1 11.2 (250)
Eaten 1.4-30.8 5.7177) 1.2-54.1 9.0 (178)
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collected two species of mud crabs, P. herbstii and D. sayi,
and the blue crab C. sapidus from polyhaline environments
(salinity 24-28 and temperatures 23-25°C) near Ocean
City, Maryland and acclimated over a 3-day period to hold-
ing conditions of 18 salinity and 25°C, while feeding them
ad libitum on eastern oyster spat. Crab carapace width and
total live wet weights were measured at the beginning of
each experiment (Table 2).

Predation studies were performed in aquaria (21 1) main-
tained at ambient salinity and temperature. Before each
feeding study, each crab was transferred to its respective
aquarium and starved for 24 h before oysters were added
and the studies begun. Sufficient pieces of shell were added
haphazardly to each aquarium to provide ~10 comparably
sized spat of each oyster species of the required size-range.
Digital photographs were taken of all spat at the start and
end of each 30-day predation study and examined to deter-
mine mortality over the period.

Flatworm predation studies

We collected flatworms of different sizes from the Chop-
tank River. There are two species of the Order Polycladida
in Chesapeake Bay, S. ellipticus and E. gracilis, with the
main distinction being that eyespots on the anterior margin
of S. ellipticus are not present on E. gracilis. Because these
markings are not apparent in microscopic S. ellipticus, we
could not identify some flatworms to species and so in this
paper we refer to all microscopic flatworms by the common
name; the macroscopic flatworms were identified as S.
ellipticus. Microscopic flatworms (surface area <5 mm?)
were collected by holding juvenile eastern oysters in the
river within mesh cages (400 pm mesh size) that allowed
microscopic flatworms but not large predators to access the
spat (Newell et al. 2000). Cages were retrieved after 72 h,
and the contents, including any microscopic flatworms,
were rinsed with ambient saltwater into a 4 1 beaker.
Because microscopic flatworms are essentially invisible
to the naked eye and very difficult to locate and catch, we
did not collect and add an exact number of these flatworms
to each treatment. Instead, we added aliquots of the water
containing flatworms from the cages to aquaria held at ambi-
ent conditions (salinity 10; temperature 25°C) in the dark.

Although this procedure will not result in exactly the same
number of flatworms being added to each replicate, this was
not a concern because we were only interested in the relative
mortality of each oyster species and not absolute rates of
mortality. Oysters of both species attached to slate plates
were placed in approximately equal numbers and of various
sizes (Table 1) into these aquaria. At intervals after the start
of the experiment, each plate was examined under a dissect-
ing microscope mounted such that the pan contents were not
disturbed. We could clearly discern microscopic flatworms
feeding on these spat but no other predatory species were
observed feeding on oysters. Feeding trials lasted for
~30 days, with photographs taken at the start and end of the
experiment being used to estimate oyster mortality.

Macroscopic S. ellipticus (~14 to 88 mm?) were col-
lected individually by hand sorting through juvenile eastern
oysters obtained from the Choptank River. These flatworms
were photographed and their body area measured using
image analysis software. Body area is the best indicator
of flatworm size because of their amorphous shape. The
experimental protocol was identical to that described for
microscopic flatworms except that a known number of flat-
worms were added to each aquarium containing the two
species of oysters set on slate plates.

Shell strength experiments

We tested the hypothesis that both species of oysters would
respond to the presence of the effluent (infochemicals) from
crab predators feeding on congeneric oysters by altering the
composition of their shell and thereby increasing shell
strength. Oysters were held from June 22 through August
14, 2005 in 61 aquaria supplied with flowing (3.61h™1)
ambient Choptank River water (salinity ~10; temperature
22-25°C). Eighteen aquaria held individual C. ariakensis
(range of shell height 13-27.8 mm, mean =17.2 mm,
SD =2.6) and 18 aquaria held individual C. virginica
(range of shell height 9.2-27.6 mm; mean = 17.2 mm,
SD =3.7) protected within plastic-mesh cages (3.2 mm
mesh opening) from crab predators.

Because we were studying diploid oysters, these experi-
ments were conducted under laboratory quarantine condi-
tions rather than in the field, where oysters of both species

Table 2 Live weights + SD (g)
and carapace widths = SD (mm)
of the five species of crabs used

in the predation experiments
with Crassostrea ariakensis and
C. virginica offered as prey
simultaneously

Crab species Weight Mean weight Width Mean width
range (£SD) range (£SD)
Rhithropanopeus harrisii 0.1-0.5 0.25 (0.12) 7-11 8.9(1.4)
Eurypanopeus depressus 0.1-2.9 0.89 (0.99) 6-21 12.1 (4.9)
Dyspanopeus sayi 0.3-2.8 0.90 (0.75) 8-20 11.6 (3.3)
Panopeus herbstii 0.3-114 2.2 (3.0 9-29 15.6 (6.4)
Callinectes sapidus 4.2-21.9 10.2 (5.4) 35-65 46.7 (8.4)
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would have been exposed to natural abundances of crusta-
cean predators. In these laboratory studies, we did not try to
approximate a natural field abundance of predators per unit
area. Instead, we compared the response between oyster
species when exposed to a similar crab biomass. To each of
six of the aquaria holding C. ariakensis and six holding
C. virginica we added a single small blue crab C. sapidus
(carapace width 26-51 mm). Another six of the C. ariaken-
sis aquaria and six of those holding C. virginica had R. har-
risii mud crabs (carapace width 8—-13 mm) added, ranging
from 3 to 5 crabs per aquaria depending on crab size (i.e.,
five smaller mud crabs or three larger mud crabs). Finally,
six aquaria of C. ariakensis and six of those holding
C. virginica were maintained as controls with no added pre-
dators. Twice a week, the crabs were fed ad libitum by add-
ing to each aquarium C. ariakensis or C. virginica tissue, to
match the oyster species being tested in that treatment.

After 54 days of experimental treatment, some oysters
from each aquarium were narcotized in seawater that had
been bubbled for 12 h with carbon dioxide. The adductor
muscle of gaping oysters was cut and each oyster placed
individually in Petri dishes and sufficient dilute hydrogen
peroxide (15% H,0, in deionized water) added to cover the
oyster. The procedure completely digested the tissue within
12 h, after which each shell was rinsed with deionized
water, dried at 80°C for 24 h, and weighed. Each valve was
photographed and image analysis was used to measure the
planar surface area of the upper (right) valve. We then cal-
culated the shell density (valve surface area/valve total dry
weight; mg cm~?) for each top valve.

These same top valves used to determine dry weight
were then analyzed for total organic content using the
weight-loss-on-ignition procedure (Goulletquer and Wol-
owicz 1989; Prezant et al. 2006) to determine if there were
differences between C. ariakensis and C. virginica. Clean
glass beakers (50 ml) were heated at 550°C for 1 h to burn
off any residual matter, cooled in a desiccator, and weighed.
An upper valve was placed in each beaker, which was then
dried at 80°C for 1 h, cooled in a desiccator, and reweighed.
Beakers containing top valves were then heated at 550°C
for 9 h, after which they were cooled in a desiccator, and
reweighed. The loss in weight between valves at 80°C and
at 550°C was used as an estimate of shell organic content.

We used an Instron® load compression instrument to
determine the shell breaking strength for four live oysters
of each species from each aquarium, measured as the force
(Newtons) required to just penetrate the upper valve by a
blunt metal point (2 mm? surface area). Oysters of both spe-
cies grown individually on slate plates were used for this
test because the flat undersurface of the plate facilitated
holding them securely in the instrument. Also, the shells of
oysters grown on flat slate are more symmetrical and uni-
form than those grown on the uneven surface of oyster

shell. This uniformity of shell shape allowed us to position
the metal point consistently on the widest (=highest) part of the
shell which was located just anteriorally of the center of the
shell. The area of the top valve of each oyster was mea-
sured from a digital photograph.

The shell density, compression strength, and percent
organic content for the two species of oysters exposed to
either C. sapidus or R. harrisii was compared statistically to
their appropriate controls by analysis of variance. Each of
the six aquaria for the two crab treatments and the six con-
trol aquaria maintained without crabs were independent
from the others in the experiment but the oysters within an
aquarium were not independent. Data for individual oysters
in each aquarium for the individual treatments were first
analyzed to determine equality of variances using nested
analysis of variance with the Bonferroni multiple-compari-
son test. Individual aquaria within treatments found to have
unequal variances were removed (never more than two)
from further analysis. A nested analysis of variance was
then used to compare variance among treatments, with
aquaria nested within their respective treatments. Because
the data on percent shell organic content were not normally
distributed, all values were arcsine transformed before sta-
tistical analysis (Sokal and Rohlf 1995) and back-trans-
formed to percentage values for interpretation.

Results
Selective predation studies

All five crab species preyed on a range of sizes of both spe-
cies of oysters (Table 1). Crabs ate oysters both larger and
smaller than the mean oyster size made available as prey
items for each species, with no consistent pattern of preda-
tion on different sizes within one species of oyster com-
pared with the other. All five crab species fed to a
significantly (Table 3; P < 0.05) greater degree on C. ariak-
ensis compared to C. virginica when offered similarly sized
spat (Table 1). By contrast, there were no significant differ-
ences in predation by microscopic and macroscopic flat-
worms, which fed with similar intensity on both species
of oysters (Table 3). For the control oysters, maintained in
identical conditions but without added predators, there were
no significant differences (ANOVA; P =0.05) in species-
specific mortality during these experiments.

Shell strength study
Crassostrea virginica unexposed to crab predators had a
mean shell compression strength of 51.1 N and shell den-

sity of 131.6 mg cm~2 (Table 4), both of which were sig-
nificantly greater (Tables 4, 5; P =0.005 and P <0.0001,
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Table 3 Mean percent mortality (SD) of oysters due to predation by estuarine invertebrates when offered Crassostrea ariakensis and

C. virginica simultaneously in separate trials

Predator Crassostrea ariakensis Crassostrea virginica Number P value
mortality mortality of trials
Rhithropanopeus harrisii 69.0% (32.4) 11.7% (21.6) 11 0.0002
Eurypanopeus depressus 54.0% (27.1) 27.8% (25.5) 15 0.017
Dyspanopeus sayi 38.4% (12.1) 25.0% (20.9) 14 0.012
Panopeus herbstii 63.8% (25.0) 54.1% (25.5) 17 0.050
Callinectes sapidus 74.0% (19.4) 45.9% (17.6) 17 <0.0001
Microscopic flatworms 20.3% (16.2) 15.3% (13.8) 24 0.079
Macroscopic flatworms 35.4% (12.2) 44.2% (8.6) 13 0.053

P values are from ANOV A comparison of percent mortality between oyster species for each predator

Table 4 Mean 4 SD compression force (N), density (mg cm~2), and percent organic content of shell of Crassostrea ariakensis and C. virginica
held for 54 days in six replicate aquaria for each treatment in the presence of either Callinectes sapidus or Rhithropanopeus harrisii

Treatment or control Compression force

Shell density Organic content

Crassostrea ariakensis (range of shell heights = 13-27.8 mm; mean = 17.2 mm; SD = 2.6 mm)

Control 18.46 £ 11.60 (27)
C. sapidus 35.50 4+ 20.99 (23)
R. harrisii 24.87 £ 15.77 (27)

64.16 = 12.14 (40)
75.15 £ 13.80 (25)
64.15 +13.35 (32)

295 £1.97 (27)
2.01 £ 1.18 (29)
1.90 £ 1.52 (24)

Crassostrea virginica (range of shell heights = 9.2-27.6 mm; mean = 17.2 mm; SD = 3.7 mm)

Control 51.08 £+ 23.60 (18)
C. sapidus 83.44 4+ 36.59 (18)
R. harrisii 71.38 £ 35.41 (18)

131.61 % 26.39 (20)
136.64 £ 21.61 (15)
128.60 + 29.34 (24)

1.35£0.49 (14)
1.78 £ 0.89 (18)
227 £1.23 (18)

Number within parentheses is the number of shells analyzed, pooled from all six aquaria. Control oysters were not held with crabs. Shell height

data presented for each species are for all oysters used

respectively) than the values (18.5 N and shell density of
64.2 mg cm~2) for similarly sized C. ariakensis. C. ariak-
ensis exposed to C. sapidus for 54 days, but not those
exposed to R. harrisii, showed a significant increase
(P <0.039) in shell density compared to the controls. This
increase in density translated into a significant increase
(P =0.002) in compression strength, which doubled from
18.5 to 35.5 N (Tables 4, 5). This pattern was different in
C. virginica, where individuals exposed to either R. harrisii
or C. sapidus did not exhibit significant changes in shell
density compared to the control oysters (Tables 4, 5).
Despite this lack of increase in shell density, individual C.
virginica exposed to either C. sapidus or R. harrisii exhib-
ited significantly enhanced shell strength of 83.4N
(P=0.01) and 71.4 N (P = 0.04), respectively, compared to
51.1 N for controls.

The percentage organic content of the shell of control
C. ariakensis, determined by weight loss on combustion at
550°C, was 2.95%, which was significantly higher
(Tables 4, 5; P=0.006) than the value of 1.35% for
C. virginica (Tables 4, 5). The percent shell organic content
of the shells of C. ariakensis exposed for 54 days to
C. sapidus declined, although not significantly, to 2.01%
(P =0.067). For C. ariakensis exposed to R. harrisii, shell
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organic content declined significantly to 1.9% (P = 0.027),
compared to the control oysters. This pattern of declining
organic content was exactly the opposite for C. virginica
exposed for 54 days to the two species of crabs. For
C. virginica exposed to R. harrisii, the shell organic content
increased significantly (P = 0.004) to 2.27% although the
shell organic content of 1.78% for oysters exposed to
C. sapidus did not differ significantly (P = 0.074) from the
controls.

Discussion

Post-settlement predation is generally recognized as an
important factor in regulating the abundance of C. virginica
populations (e.g., Osman and Abbe 1994; White and Wilson
1996; Newell etal. 2000). We investigated if diploid
C. ariakensis juveniles are as equally vulnerable as diploid
C. virginica juveniles to predatory invertebrates native to
mesohaline and polyhaline environments in the mid-Atlan-
tic region of North America. This is an important consider-
ation because managers in Chesapeake Bay are evaluating a
series of options for increasing oyster stocks. One option
involves the deliberate release of diploid C. ariakensis to
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Table 5 Statistical comparisons (ANOVA) between treatments for

shell characteristics given in Table 4

Opyster species Statistical comparison P value

Compression force

Crassostrea ariakensis Control (6) versus C. sapidus (6)  0.0015

Crassostrea ariakensis Control (6) versus R. harrisii (6) 0.0937

Crassostrea virginica  Control (6) versus C. sapidus (6)  0.0101

Crassostrea virginica  Control (6) versus R. harrisii (6) 0.0430

Crassostrea virginica  (6) versus Crassostrea 0.0049
ariakensis (6)

Shell density

Crassostrea ariakensis Control (6) versus C. sapidus (4)  0.0386

Crassostrea ariakensis Control (6) versus R. harrisii (5) 0.7039

Crassostrea virginica  Control (5) versus C. sapidus (4)  0.4907

Crassostrea virginica ~ Control (5) versus R. harrisii (6) 0.7080

Crassostrea virginica  (5) versus Crassostrea <0.0001
ariakensis (6)

Organic content

Crassostrea ariakensis Control (6) versus C. sapidus (6)  0.0668

Crassostrea ariakensis Control (6) versus R. harrisii (6) 0.0267

Crassostrea virginica  Control (5) versus C. sapidus (6)  0.0738

Crassostrea virginica  Control (5) versus R. harrisii (6) 0.0038

Crassostrea virginica  (5) versus Crassostrea 0.0057

ariakensis (6)

Number within parentheses is the number of replicate aquaria. Percent
shell organic content data were arcsine transformed before statistical
analysis and back-transformed to percentage values

establish a self-recruiting population (NRC 2004). A
slightly more conservative option being considered involves
aquaculture of triploid C. ariakensis (Allen 2005). Because
triploid oysters do not produce gametes, they are reproduc-
tively sterile and some proponents suggest that their use will
not lead to the establishment of feral C. ariakensis popula-
tions. Unfortunately, the procedure for breeding triploid
oysters still allows ~0.1% of the spat to be reproductively
normal diploids (Allen 2005). Furthermore, as triploid oys-
ters grow older, a small percentage can produce haploid
gametes through the process of mosaic reversion (NRC
2004). Thus, if triploids from commercial aquaculture farms
are left unharvested in nature, perhaps by being lost from
storm-damaged cages, there is the potential for introducing
diploid oysters by such reversion. A major concern associ-
ated with either option is that if C. ariakensis were to escape
predator control it could become highly abundant, perhaps
to the point of becoming a nuisance species.

We compared the relative susceptibility of C. ariakensis
and C. virginica to predation from a time soon after meta-
morphosis until the spat had attained a shell height of
~25 mm. For field populations of C. virginica in Chesa-
peake Bay, larval settlement occurs predominately from
late June though early September and, under optimal

conditions, spat can grow to a shell height of ~25 mm by
November (Kennedy 1996). In a comparative study of dip-
loid C. ariakensis and C. virginica growth in quarantine
mesocosm tanks supplied with flowing seawater (salinity
~10), C. ariakensis grew in shell height at almost twice the
rate of C. virginica between metamorphosis and about mid-
November (Newell, unpublished observation). In autumn,
when water temperatures declined below ~ 8°C, C. virgi-
nica ceased to grow but C. ariakensis continued to increase
in shell size until water temperatures declined below ~
4°C. This faster rate of shell growth will enable C. ariaken-
sis to attain a size refuge from attack by the small predators
we tested sooner than C. virginica. However, C. ariakensis
will still be in the most vulnerable size category of <25 mm
shell height for at least several months post-settlement.
This period between summer and mid-autumn is a period
when water temperatures are warm enough to permit vigor-
ous foraging by the predators we studied.

Crab predation studies

Mud and blue crabs are important predators of C. virginica
juveniles (see White and Wilson 1996). We found that five
known crab predators of C. virginica, the euryhaline blue
crab C. sapidus, the mesohaline mud crabs R. harrisii and
E. depressus, and the polyhaline mud crabs P. herbstii and
D. sayi, fed significantly (Table 3; P <0.05) more on
C. ariakensis than on C. virginica. Our experiments
involved comparative choice studies with diploid C. ariak-
ensis and C. virginica held within the same aquarium and
exposed to the same individual crab. This design avoided
possible complications (e.g., those caused by differences in
degree of hunger, or phase of the crab molt cycle, etc.) that
can occur in studies where prey species are tested sepa-
rately. All spat tested were from larvae allowed to meta-
morphose and grow on large oyster shells to mimic the
conditions on natural oyster bars if C. ariakensis were to
start breeding in Chesapeake Bay. By rearing both species
of oysters under the same conditions, we eliminated the
possibility that environmental differences would alter their
shell characteristics and thereby change their vulnerability
to predators. We also found that the four species of mud
crabs used in our experiments could open C. ariakensis that
had a shell height greater than the crab’s carapace width
(unpublished data). These results are consistent with studies
by McDermott and Flower (1953) and Bisker and
Castagna’s (1987) of P. herbstii feeding on a size range of
C. virginica. We conclude that if C. ariakensis were intro-
duced into Chesapeake Bay, juveniles would be highly vul-
nerable to the various mud crab species and the blue crabs
that are common members of an oyster reef ecosystem.

We specifically avoided evaluating the vulnerability to
crab predation of single oysters that are not attached to a
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large piece of oyster shell. Such “cultchless” oysters can
suffer almost total mortality from blue crab predation
because crabs can more easily crush the oyster’s shell in
the absence of the protection afforded by a large piece of
shell substrate (Krantz and Chamberlin 1978; Bisker and
Castagna 1987). Bishop and Peterson (2006) used such
“cultchless” oysters in their laboratory study of blue crab
predation on larger (25-35 mm shell height) triploid C.
ariakensis and diploid C. virginica. They recognized that
oysters living in natural aggregations attached to shell
might exhibit different susceptibility to predators than sin-
gle “cultchless” oysters. As justification of their experimen-
tal protocol, they cited field observations and preliminary
laboratory studies indicating that C. ariakensis typically
lives as single individuals, in contrast with C. virginica
whose gregarious settling behavior permits massive reef
building. This justification is not supported by our own
ongoing laboratory studies in mesohaline mesocosms in
which we are comparing the reef-building characteristics of
diploid C. virginica and C. ariakensis (Newell, unpublished
observation). Over a 3-year period, we have found that
cohorts of diploid larval C. ariakensis that were allowed to
settle and metamorphose on the same eastern oyster shell
(10 cm deep layer of shells with an overall area of 0.8 m?)
form clusters that are essentially indistinguishable from
those formed by C. virginica in the same study.

Shell strength study

One likely reason for the significantly greater consumption
of C. ariakensis exhibited by all five species of crabs we
tested is that the shells of these non-native oysters were sig-
nificantly weaker (P = 0.005) than those of similarly sized
C. virginica (Table 5). The compression force required to
break the right valve of living oysters that had never been
exposed to crab predators was 18.5 N for C. ariakensis,
which was 64% lower than the force (51.1 N) to break the
valves of C. virginica of a comparable size (Tables 4, 5).
This differential shell strength between oyster species stems
from the fact that C. ariakensis had a shell density of
64.2mgcm~>2 a value 51% lower (significant at P <
0.0001) than the density of 131.6 mg cm~2 for comparably
sized C. virginica. Shell thickness is generally recognized
to be a good predictor of strength in bivalves because a
thick shell is an obvious means to thwart predation (e.g.,
Vermeij 1987; Leonard etal. 1999; Smith and Jennings
2000; Zuschin and Stanton 2001). A thinner shell means
that crabs can more easily access the tissue of C. ariakensis
than C. virginica by directly crushing the shell valves.

The right (upper) valve of specimens of C. ariakensis
that had never been exposed to crab predators contained
2.95% organic matter, which was significantly greater
(P=0.006) than the 1.35% present in comparably sized
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C. virginica right valves. For consistency, we only ana-
lyzed the composition of the right valve, which is also the
valve we used to determine compression strength. The right
valve is the one mainly subject to crab attack because the
left valve is generally protected by the large piece of shell
that oysters typically attach to in the natural environment.
Such consistency in analysis is important because, at least
in C. virginica, the right valve has greater organic content
than the more densely mineralized left valve (Carriker
1996). Our experimental protocol involved pre-treating
shells with 15% hydrogen peroxide to digest and remove
body tissue before measuring organic content on the right
valve using the weight-loss-on-ignition procedure. This
pre-treatment also removed other external organic material,
including the hinge ligament and the proteinaceous perios-
tracum that covers the external shell surface (Carriker
1996). Thus, we believe that our values for shell organic
content represent the conchiolin organic matrix internal to
the shell (Carriker 1996) and hence we expected them to be
slightly lower than published values for total shell organic
content (i.e., shells that had not been pretreated to remove
external organic material and the hinge ligament) in C.
virginica. As expected, Thompson and Chow (1955)
reported slightly higher organic content values (2.2 and
2.3%) than we found for two individual specimens of
C. virginica, and Price etal. (1976) found values of
3.04 £ 1.16% (SD, n = 50).

Goulletquer and Wolowicz (1989) cautioned that the
weight-loss-on-ignition procedure might overestimate shell
organic content by a factor of ~2 to 5 compared with chem-
ical extraction procedures. For the purposes of our compar-
ative study of changes in shell organic content in response
to infochemicals from crab predators, the absolute value for
the shell organic content that we report here is less impor-
tant than the relative changes in organic content both within
a species and between oyster species.

It has been suggested that higher amounts of organic
material in the matrix of mollusc shells may confer
increased resistance to fracturing because this conchiolin
contributes protective flexibility to the shell (Taylor and
Layman 1972; Carter 1980; Zuschin and Stanton 2001; Pre-
zant et al. 2006). Based on an extensive literature review,
Carriker (1996) states that, although there is no obvious
correlation between the organic content of molluscan shells
and shell strength, the microhardness of molluscan shell is
higher than would be expected based on inorganic calcite
and aragonite alone. Carriker (1996) concludes that the
combination of organic layers and inorganic minerals found
in molluscan shell contributes to attributes of microhard-
ness and pliability not present in nonbiogenic polymorphs
of calcium carbonate. We found that the shell of C. virgi-
nica, despite the fact that it has a lower organic content than
that of C. ariakensis, was twice as dense and could resist
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more than twice the compressive force as could C. ariaken-
sis. This pattern suggests that, even though shell organic
content may be useful in reducing fractures, investing
energy in producing a more massive shell is perhaps a more
certain strategy for increasing a species’ resistance to pre-
dation. Palmer (1981) hypothesized that, for bivalves in
general, faster-growing individuals should have thinner
shells than slower-growing individuals because calcium
carbonate deposition in molluscs is a rate-limited rather
than an energy-limited process. The fact that we observed
that diploid C. ariakensis grow at a rate that is about twice
that of C. virginica (see above) and possess a thinner and
less dense shell than C. virginica is consistent with this
hypothesis.

When we exposed C. virginica and C. ariakensis for
54 days to R. harrisii and C. sapidus fed on conspecific
oysters, both species of oyster showed a marked but very
different response. Importantly, the induction of these
changes in shell characteristics was not dependent on phys-
ical contact between the crab predator and the oysters, as
the only contact between them was through water-borne
infochemicals, either enemy-avoidance kairomones from
the presence of the crab or alarm pheromones from
damaged and ingested conspecifics. Shell compression
strength of C. virginica exposed to both species of crabs
increased significantly (P <0.05) to ~25% greater than
controls, although shell density did not change significantly
(Tables 4, 5). Shell organic content for C. virginica
exposed to crabs tended to increase, although the magni-
tude of this change was only significant (P =0.004) in
the R. harrisii treatment. Shell compression strength of
C. ariakensis exposed to both species of crabs also tended
to increase, although the magnitude of this change was
only significant (P =0.002) in the C. sapidus treatment.
This latter treatment increased shell compression strength
by almost 100% compared to controls. Interestingly,
changes in C. ariakensis shell composition were the con-
verse of those observed for C. virginica. C. ariakensis
exposed to C. sapidus but not R. harrisii grew significantly
denser (P =0.039) shells. In C. ariakensis exposed to R.
harrisii and C. sapidus, the shell organic content declined
to 1.9% (significant at P =0.027) and 2.01% (not signifi-
cant), respectively, which was ~33% lower than the 2.95%
found in control oysters (Tables 4, 5).

These results indicate that, in the presence of crab preda-
tors, C. ariakensis responded by growing a denser shell
which, as discussed above, is a widely occurring strategy in
bivalve molluscs for reducing susceptibility to shell-crush-
ing predators. The reduction in percent organic content we
observed in C. ariakensis shells may simply be an inciden-
tal consequence of changes in the magnitude of mineral
deposition; alternatively, it could be due to repartitioning of
energy to cover costs associated with forming this denser

shell. Conversely, C. virginica responded by increasing
percent shell organic content with no concomitant reduc-
tion in shell density. This increase in shell organic content
in a shell that was already quite robust seemed to confer
greater resistance to shell crushing without building an
even more massive shell. Remarkably, these two very
different responses of each oyster species both served to
enhance the ability of their right valves to resist a compres-
sion force to a similar degree. Nevertheless, even after
being held for 54 days in the presence of C. sapidus the
shell of C. ariakensis still remained ~57% weaker than
C. virginica.

It is possible that the oysters used in our shell strength
study had been exposed to crab infochemicals while being
reared. All oysters had been held for 1 year in flowing
ambient water pumped from the Choptank River while they
were grown to a suitable size. This flowing seawater obvi-
ously contained some low level of crab infochemicals asso-
ciated with the natural abundances of mud and blue crabs in
the Choptank River. All our studies included control oys-
ters not exposed experimentally directly to crabs nor any
damaged conspecifics. These control oysters could only
have been responding to possible background levels of crab
infochemicals in the flowing seawater. All changes in shell
strength or composition we discuss as being induced by the
presence of crabs were statistically compared to those for
control oysters (Tables 4, 5).

It is likely that the oysters used in the study of predator
induction of defense responses were exposed to elevated
concentrations of infochemicals in the experiments com-
pared to what might be present in nature. Our experiments
with diploid non-native oysters had to conducted under lab-
oratory quarantine conditions, so oysters were not exposed
to natural abundances of crab predators under normal field
conditions of water flow and hence infochemical dilution.
This same caveat applies to similar previous laboratory
studies of induction of changes in mollusc shell composi-
tion in response to predators (e.g., Leonard et al. 1999; Pre-
zant et al. 2006). However, the laboratory results obtained
by Leonard et al. (1999) matched the pattern they observed
in the field of increased shell thickness in blue mussels sub-
ject to greater crab predation. This confirmation between
field observation and laboratory results suggests that the
pattern of change in shell composition and strength we
observed in our laboratory studies, even if not the absolute
magnitude of the response, will likely apply to naturalized
stocks of C. ariakensis.

We did find that the response of each species of oysters
to the crabs from two different genera we tested was simi-
lar, although the type of response elicited differed apprecia-
bly between oyster species. Our experimental protocol did
not include treatments to determine if the responsible info-
chemical was an enemy-avoidance kairomone emitted
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directly by the two species of crab or was an alarm phero-
mone released from the damaged conspecific oysters used
to feed the crabs. Leonard et al. (1999) reported a greater
increase in shell thickening of blue mussels in response to
the presence of damaged conspecifics (14-42% shell thick-
ening) than to crab predators (10-16%). However, this
response pattern is not universal in bivalves as Cheung
etal. (2004) found changes in shell growth in the green
mussel Perna viridis only in response to predators and not
to damaged conspecifics. The response we observed in both
species of oyster, induced within a period of just 54 days, to
some infochemical signifying an immediate threat of preda-
tory attack, seems highly adaptive and perhaps capable of
reducing that individual’s vulnerability to predation.

These adaptive changes in shell composition were
expressed in the non-native C. ariakensis despite the fact
that it shares no evolutionary history with these two species
of Atlantic coast crabs. The oyster larvae we used came
from the “Oregon” stock maintained entirely on the Pacific
coast of the USA by Taylor Shellfish Company in Wash-
ington. Although the exact details concerning the introduc-
tion of C. ariakensis to the USA from Asia are not fully
known, they were first found in the late 1960s among C.
gigas oysters being cultured in Yaquina Bay, OR (Breese
and Malouf 1977; Malouf, Oregon Sea Grant, personal
communication). Because C. ariakensis responded rapidly
to novel species of crabs feeding on congeners, it suggests
that oysters have the ability to recognize some enemy-
avoidance kairomones that are generic cues of potential
crab predation or to alarm pheromones from damaged and
ingested conspecifics. We suggest that such generic recog-
nition of the threat of crab predation may be highly adap-
tive because in the native habitat of C. ariakensis in China,
crabs, including portunid crabs (to which family the blue
crab we tested belongs) are reported to be major predators
on oysters (Zhou and Allen 2003). Further research will be
required to isolate and characterize the exact nature of this
infochemical cue.

The two oyster species exhibited markedly different
changes in shell organic content in response to infochemi-
cals from crab predators and damaged conspecifics. For
C. virginica, both the organic content of the shell and the
shell strength increased; conversely, C. ariakensis reduced
shell organic content while shell strength increased. Prezant
et al. (2006) found that when adult viviparous freshwater
gastropods Bellamya chinensis were held in the presence of
a predatory crayfish, there was an increase in numbers of
juveniles released; these juveniles were smaller but pos-
sessed a significantly higher shell organic content. Prezant
et al. (2006) suggested that possible explanations for this
response might be that higher shell organic content either
confers increased resistance to crustacean attack or main-
tains shell integrity after an incomplete attack. Obviously,
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changes in shell organic content in response to predatory
attack are not necessarily the same among species and fur-
ther research on this topic is required before generalizations
can be made.

Many species of crabs, including blue crabs, will resort
to peeling away the valve margins to expose the tissue, or
prying open the valves with their chelae if the prey is large
or the shell is too strong to crush directly (Vermeij 1987;
Seed and Hughes 1995; White and Wilson 1996). We do
not know if the changes we observed in shell compression
strength and composition serve to protect larger oysters
from crustacean predators using these peeling or prying
techniques rather than direct crushing and shell compres-
sion techniques.

Our observation that all species of crab we tested
selected C. ariakensis more often than C. virginica in
choice experiments is consistent with the concurrent work
of Bishop and Peterson (2006). These authors studied C.
sapidus predation on single cultchless triploid C. ariakensis
(>25 mm shell height) under controlled laboratory condi-
tions and found that these oysters were consumed to a
greater extent compared to similarly-sized cultchless dip-
loid C. virginica. Bishop and Peterson (2006) also reported
that the compression strength of the disarticulated right
(upper) valve dried at 60°C was significantly greater in
diploid C. virginica than in triploid C. ariakensis. Such
comparisons between oysters of different ploidy must be
interpreted with some caution, however, because triploid
individuals partition less energy to reproductive processes
and thus grow faster than diploids (Allen and Downing
1986). Such differences in growth rate may affect shell
strength because faster-growing individuals tend to have
thinner shells than slower-growing individuals (Palmer
1981). Moreover, if C. ariakensis were to be deliberately
released in nature, or if some triploids reverted to the dip-
loid state, then predators would be feeding on feral diploid
individuals with their inherent growth characteristics and
not on triploid individuals.

Flatworm predation study

Numerous studies have shown that flatworms are impor-
tant predators of C. virginica (Webster and Medford
1961; Landers and Rhodes 1970; Christensen 1973;
Newell et al. 2000). In our controlled laboratory studies
we found that microscopic and macroscopic flatworms fed
with the same high intensity on C. ariakensis as they did
on C. virginica. This similarity in vulnerability between
oyster species, despite their differences in shell strength,
stems from the fact that flatworms gain access to oyster
tissue by entering between the shell valves when the oys-
ters are feeding and the valves are gaping (Loosanoff
1956).
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Summary

We found that rates of predation by common invertebrate
predators on <25 mm C. ariakensis were either similar to
or higher than on C. virginica. We conclude, therefore,
that the abundance of feral C. ariakensis in Chesapeake
Bay will likely be controlled by the natural suite of preda-
tors. Furthermore, even if the faster-growing C. ariakensis
reaches a size refuge from the smaller predators sooner
than the slower-growing C. virginica, C. ariakensis will
still be exposed to high rates of predation from the time of
metamorphosis until its first winter. It must be recognized
that these conclusions are based on studies performed
under highly controlled conditions. In the natural environ-
ment along the Atlantic or Gulf coasts of North America,
the situation may be sufficiently different in some way that
allows naturalized populations of C. ariakensis to compen-
sate for the species’ significantly greater vulnerability to
crab predation. For example, if C. ariakensis were to have
higher fecundity and larval survival, leading to greater
recruitment success than C. virginica, then the species may
still escape predator control. Further, in ongoing studies
we have found that C. virginica is more susceptible to pre-
dation by oyster drills and starfish than is C. ariakensis.
This could allow C. ariakensis to gain a competitive
advantage in marine and polyhaline locations where such
predators are abundant. Moreover, in some locations, pre-
dation by benthic predators may be low, thus allowing
C. ariakensis to have such rapid population growth that
they become ecologically and economically disruptive
pests (e.g., Carlton 1999).
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