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Abstract The prey naiveté hypothesis suggests that native
prey may be vulnerable to introduced predators because
they have not evolved appropriate defenses. However,
recent evidence suggests that native prey sometimes exhibit
induced defenses to introduced predators, as a result of
rapid evolution or other processes. We examined whether
Olympia oysters (Ostrea lurida) display inducible defenses
in the presence of an invasive predator, the Atlantic oyster
drill (Urosalpinx cinerea), and whether these responses
vary among oyster populations from estuaries with and
without this predator. We spawned oysters from six popu-
lations distributed among three estuaries in northern Cali-
fornia, USA, and raised their offspring through two gen-
erations under common conditions to minimize effects
of environmental history. We exposed second-generation
oysters to cue treatments: drills eating oysters, drills eat-
ing barnacles, or control seawater. Oysters from all popula-
tions grew smaller shells when exposed to drill cues, and
grew thicker and harder shells when those drills were eat-
ing oysters. Oysters exposed to drills eating other oysters
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were subsequently preyed upon at a slower rate. Although
all oyster populations exhibited inducible defenses, oys-
ters from the estuary with the greatest exposure to drills
grew the smallest shells suggesting that oyster populations
have evolved adaptive differences in the strength of their
responses to predators. Our findings add to a growing body
of literature that suggests that marine prey may be less
likely to exhibit naiveté in the face of invasive predators
than prey in communities that are more isolated from native
predators, such as many freshwater and terrestrial island
ecosystems.
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Introduction

Inducible prey defenses occur when organisms exhibit plas-
tic changes in phenotype in response to cues from a preda-
tor (Harvell 1990; Tollrian and Harvell 1999; Freeman
and Byers 2006). Inducible defenses tend to be favored
over constitutive defenses when predation pressure is vari-
able, predator cues can be detected, and defenses are ener-
getically costly (Harvell 1990; Tollrian and Harvell 1999).
Upon detection of predator cues, prey can exhibit chemical,
behavioral, and/or morphological defenses (Tollrian and
Harvell 1999; Ferrari et al. 2010; Bourdeau et al. 2013).

To date, most studies in animal predator—prey systems
have examined inducible defenses in response to native
predators (Ferrari et al. 2010; Carthey and Banks 2014).
Invasive predators, however, are spreading at rapid rates,
resulting in novel and often detrimental interactions with
native prey (Strauss et al. 2006; Salo et al. 2007). The
prey naiveté hypothesis proposes that native prey fail to
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Fig. 1 Field sites in California, USA, for collection of Olympia
oyster (Ostrea lurida) broodstock (NC Nick’s Cove, M Marshall,
LL Loch Lomond, B Berkeley, OP Oyster Point, and ES Elkhorn
Slough). Tomales Bay (NC and M) has a large population of the oys-

respond to introduced predators with appropriate antipreda-
tor mechanisms because they lack an evolutionary history
with these predators and do not recognize them as threats
(Cox and Lima 2006). However, native prey sometimes do
respond to novel predators with inducible defenses (Sih
et al. 2010). This can occur through a previously existing
detection mechanism, learned responses, or rapid evolu-
tion of predator detection (Sih et al. 2010; Bourdeau et al.
2013). For example, Freeman and Byers (2006) found that
mussels that co-occurred with the invasive crab Hemigrap-
sus sanguineus in the field developed thicker shells when
exposed to chemical cues from this predator. In contrast,
mussels from sites where the predator was absent did not
exhibit inducible defenses. Conversely, mussels from both
locations exhibited shell thickening in response to the long-
established invasive green crab, Carcinus maenas, provid-
ing evidence for rapid evolution of inducible defenses in
response to the newly introduced Hemigrapsus.

Clear documentation of rapid evolution in response
to invasive species is relatively rare (Strauss et al. 2006;
Carthey and Banks 2014). Moreover, although phenotypic
plasticity and adaptation are often considered indepen-
dently, it is likely that the strength of plastic responses to
invasive predators is itself under strong selection (Strauss
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tions of Urosalpinx (at OP, but not at LL or B) and Urosalpinx are
absent from Elkhorn Slough

et al. 2006). For example, different histories of exposure to
invasive predators may select for native prey populations
that are locally adapted in their plastic responses to preda-
tor cues (Trussell and Nicklin 2002; Freeman and Byers
2006). Such patterns of adaptive differentiation in induc-
ible defenses can be investigated by comparing responses
of native prey from populations that differ in their historical
exposure to an invasive predator (Freeman and Byers 2006;
Large and Smee 2013; Carthey and Banks 2014; Freeman
et al. 2014). For example, Large and Smee (2013) com-
pared behavioral and morphological responses of native
dogwhelks from different sites to invasive green crabs and
found that dogwhelks from populations with a long history
of interaction with the invasive predator exhibited the larg-
est inducible responses.

Here, we raised Olympia oysters (Ostrea lurida) from
six sites distributed among three estuaries (Fig. 1) through
two generations under common conditions in the labora-
tory, and tested whether oysters from sites with and without
Atlantic oyster drills (Urosalpinx cinerea) are adapted to
respond to this invasive predator. Olympia oysters are the
only native oyster on the west coast of the US and Canada
and they serve as a foundation species that provides habitat
and ecosystem services such as water filtration and nutrient
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cycling (Newell 2004; Kimbro and Grosholz 2006). Atlan-
tic oyster drills are native to the east coast of North Amer-
ica and were introduced to the west coast in the late nine-
teenth century (Carlton 1992). Urosalpinx have decreased
native oyster abundance in some California estuaries
including Tomales and San Francisco Bays (Kimbro et al.
2009; Zabin et al. 2010), whereas invasive drills are absent
from other California estuaries such as Elkhorn Slough
(Wasson et al. 2001). Although Urosalpinx were reported
in Elkhorn Slough in 1945, they never became established
(Carlton 1979).

We performed a laboratory experiment to answer the
following questions: (1) Do Olympia oysters exhibit induc-
ible defenses in response to invasive Atlantic oyster drills?
(2) Do inducible responses vary among oyster populations
in northern California estuaries depending on their evolu-
tionary history of co-occurrence with the predator?

Based on previous work which found that some bivalve
species exhibit inducible defenses in response to preda-
tors, including crabs and snails (Smee and Weissburg
2006; Newell et al. 2007; Lord and Whitlatch 2012; Rob-
inson et al. 2014; Scherer et al. 2016), we hypothesized
that Olympia oysters would develop smaller, thicker, and
harder shells when exposed to cues from predatory drills
as compared to control seawater. We also hypothesized that
the strength of these inducible defenses would depend on
the prey items offered to drills. In particular, we expected
cues from drills consuming conspecific oysters to signal
an imminent threat, either through conspecific alarm cues
or predator diet cues or both, and, therefore, to elicit a
stronger response than cues from drills consuming barna-
cles (Turner 2008; Shaffery and Relyea 2016). We hypoth-
esized that these inducible defenses would slow rates of
predation by Atlantic oyster drills. Finally, we hypothesized
that second-generation oysters originating from Tomales
and San Francisco Bays would exhibit inducible defenses
in the presence of drills, whereas those from Elkhorn
Slough would not, because they lack an evolutionary his-
tory of co-occurrence with this predator.

Materials and methods
General approach

We chose six sites with Olympia oyster populations and
differing densities of U. cinerea (C. Kwan, unpublished
data; Fig. 1). To obtain broodstock, we collected adult
Olympia oysters (n = 60—170 site™') in Fall 2011 from
approximately 0.0 m mean lower low water and transported
them to Bodega Marine Laboratory (Bodega Bay, Califor-
nia, USA). Oysters from each site were evenly distributed
among ten 19-L tanks (6 sites x 10 tanks = 60 tanks). We

visually checked each tank daily for release of brooded lar-
vae. Larvae were collected from multiple tanks (i.e., mul-
tiple females) from each site within a 16-day period and
were pooled by site into 100-L cylinders that were bub-
bled with air and lined with 10 x 10 cm polyvinyl chlo-
ride (PVC) tiles for settlement. When settled oysters were
approximately 6 weeks old, oysters were culled to approxi-
mately 10-20 oysters tile™! to avoid overgrowth interac-
tions, and the tiles (n = 5076 tiles site ') were transferred
to 75-L tanks for long-term growth in common garden con-
ditions (detailed in supplementary material online resource
1). After 16 months, we spawned first-generation oysters to
obtain second-generation (F2) oysters, which were raised
under common garden conditions in the laboratory for
3 months before beginning the experiment (supplementary
material online resource 1). Using F2 oysters reared in a
common laboratory environment allowed us to minimize
the potential influences of environmental history and paren-
tal effects, to better test for phenotypic differences among
populations associated with local adaptation (Kawecki and
Ebert 2004; Sanford and Kelly 2011).

Experimental protocol and response variables

To test whether oysters from different estuaries and from
different populations within a single estuary varied in their
responses to the introduced predator, U. cinerea, we per-
formed a laboratory experiment (Aug—Oct 2013) with
F2 oysters from our six sites (Fig. 1). We used 3-month-
old oysters (mean area = SEM = 0.33 £ 0.01 mm?), an
age at which oysters generally grow rapidly (Cheng et al.
2015). Two—four tiles were grouped together to achieve
12-13 oysters group'. Groups of tiles were then randomly
assigned to one of three treatments: seawater with cues
from Urosalpinx eating Olympia oysters, seawater with
cues from Urosalpinx eating barnacles (Chthamalus dalli)
or control seawater (no animals). Urosalpinx were collected
from Tomales Bay, CA and were fed Olympia oysters for
1 week and then starved for 1 week prior to the beginning
of the experiment.

We used mesocosms, each of which consisted of an
upstream treatment container (7 L) that held either control
seawater, Urosalpinx eating barnacles, or Urosalpinx eat-
ing oysters. The upstream containers delivered water to six
4-L oyster containers (one per population) that were nested
within that treatment. Tiles with juvenile oysters were
attached with cable ties to mesh on the inside of each con-
tainer. The full design consisted of 3 treatments x 6 popu-
lations x 6 replicate mesocosms = 108 oyster containers
(n = 1375 oysters). Replicate mesocosms were distributed
among three water tables. Within each replicate mesocosm,
the positions of the oyster containers were re-randomized
twice throughout the experiment to minimize the potential

@ Springer



812

Oecologia (2017) 183:809-819

for position effects. The experiment ran for 6 weeks and
predators were fed their respective food type ad libitum.
See supplementary material online resource 1 for additional
details regarding oyster husbandry during the experiment.

Opyster tiles were photographed at the beginning and end
of the experiment. Approximately one-third of oysters on
each tile (n = 429 oysters; 19-24 per treatment combina-
tion) were randomly selected for proportional growth meas-
urements [calculated as (final area—initial area)/initial area]
using ImageJ software (version 1.48, National Institutes
of Health, USA). These oysters were then dissected for tis-
sue and shell weight measurements. For each oyster, the
top (right) valve and soft tissue were collected (leaving the
lower valve cemented to the tile) and were dried in a labo-
ratory oven at 80 °C for 24-48 h. Subsequently, shells were
weighed using a microbalance (model XP2U, Mettler-Toledo
LLC, Columbus, OH, USA). Then, with the aid of a dissect-
ing microscope, we removed all tissue from the shells and
re-weighed them to obtain shell-only weights. From these
measurements, we calculated shell-to-tissue weight ratios to
examine whether oysters from different populations or treat-
ments allocated more energy towards their shells versus their
soft tissue. As an index of shell thickness, we also examined
shell weight-to-area ratios (Lord and Whitlatch 2012).

To test for differences in shell hardness, a subsample
of five replicate oysters was selected from each of four
groups [2 treatments (control and Urosalpinx consuming
oysters) x 2 populations (Elkhorn Slough and Marshall)].
We chose this subset of treatment x population combina-
tions because they were the most likely to exhibit differ-
ences in hardness based on preliminary growth data. The
top shell of each oyster was first mounted and polymerized
in epoxy resin. Samples were then ground down to expose
the outermost layer of shell. Each shell was then polished
and subsequently tested for microhardness using methods
modified from Beniash et al. (2010). Five—ten indentations
were made in each shell using a Micromet 2004 (Buehler,
Lake Bluff, IL, USA) with a 0.2-kg load and 15 s of drill-
ing time. These values were averaged for each sample and
the indent diameter was converted to gigapascals (GPa).
See supplementary material online resource 2 for addi-
tional methods.

The two-thirds of oysters that were not dissected for tis-
sue and shell weights were used for a subsequent experi-
ment to test vulnerability of treatment groups to predation.
We collected a fresh group of Urosalpinx from Tomales
Bay, starved them for 1 week, and then placed two oys-
ter drills in each 4-L oyster container (8-9 oysters con-
tainer™!; 3 treatments x 6 populations x 6 replicate meso-
cosms = 108 oyster containers). At the conclusion of the
10-day experiment, we counted the number of oysters
drilled in each container to determine whether predation
rate differed among populations and treatments.
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Statistical analyses

To assess differences in growth, thickness, and shell-to-
tissue weight ratios, we used linear mixed effects models
with population, treatment, and their interaction as fixed
effects and water table, replicate nested within water table,
container nested within replicate, and tile nested within
container as random effects. To assess whether predation
rates differed, we used a similar linear mixed effects model
but with only table and replicate nested within table as
random effects. To evaluate assumptions of normality and
homogeneity of variances, we examined probability plots
and model predictions against residuals for all response
variables. Proportional growth data were square-root trans-
formed to improve homogeneity of variances. Because of
nonlinear components of the linear models for thickness
and shell-to-tissue weight ratios, we ran a generalized addi-
tive model that revealed a quadratic relationship between
the response variables and final shell area. Therefore, final
shell area and the square of final shell area were included
as covariates for these two response variables. To assess
hardness differences, we used a two-way ANOVA with
treatment and population as fixed factors.

Significance of variables was assessed using Satterth-
waite’s approximation for degrees of freedom. All post hoc
multiple comparisons were carried out using general linear
hypothesis tests. All analyses were conducted using R (ver-
sion 3.1.0) and the Ime4, ImerTest, multcomp, gamm4, and
ggplot2 packages (supplementary material online resource 3).

Results
Proportional ~ growth  differed among treatments
(Frg43 = 210770, P < 0.0001) and populations

(F5g37 = 4.98, P = 0.00049; Fig. 2; supplementary mate-
rial online resource 4). Overall, oysters grew the most when
held under control conditions and grew 81% less when
exposed to Urosalpinx consuming oysters (P < 0.001).
There was also a significant interaction between population
and treatment (F g3 = 2.52, P = 0.010). In the Urosal-
pinx consuming oysters treatment, F2 oysters from popula-
tions with the greatest exposure to drills in the field (Nick’s
Cove and Marshall) grew significantly less (51-61%) than
oysters from Loch Lomond and Elkhorn Slough (where
Urosalpinx are absent). In the Urosalpinx consuming bar-
nacles treatment, oysters from Nick’s Cove grew signifi-
cantly less than oysters from all other sites (P < 0.05). In
the control treatment, there were no differences among
populations.

Shell ~ thickness  differed  among  treatments
(Fy,135=4.00, P = 0.043) and populations (Fs 35 = 2.75,
P = 0.021; Fig. 3). Olympia oysters exposed to cues from
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Fig. 2 Proportional growth (least squares means £+ SEM, which
have been back-transformed to the original scale) of six oyster pop-
ulations (Fig. 1) following a 6-week exposure to one of three cues:
control seawater (Control), seawater with cues from Urosalpinx
consuming barnacles (Drills—barnacles), or seawater with cues from
Urosalpinx consuming oysters (Drills—oysters) (n = 108 oyster con-
tainers; six per treatment combination). Oysters from all populations
grew more in the control treatment than the Urosalpinx consuming
oysters treatment (P < 0.001). In the Urosalpinx consuming barnacles
treatment, oysters from Nick’s Cove grew less than oysters from all
other sites (P < 0.05). In the Urosalpinx consuming oysters treatment,
oysters from Nick’s Cove and Marshall grew less than oysters from
Loch Lomond and Elkhorn Slough (P < 0.05)
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Fig.3 Shell thickness index (top shell weight-to-area ratio in
g cm™?) for oysters (mean = SEM) following a 6-week exposure
to one of three cues: control seawater (Control), seawater with cues
from Urosalpinx consuming barnacles (Drills—barnacles), or seawa-
ter with cues from Urosalpinx consuming oysters (Drills—oysters)
(n = 108 oyster containers; six per treatment combination). Since
there was no population-by-treatment interaction, results for all six
populations were pooled for this graph. Shared letters above bars
indicate treatments that did not differ (Tukey—Kramer, P > 0.05)

Urosalpinx consuming oysters were 6.9% thicker than those
in the control treatment (Z value = 2.82, P = 0.013). Oys-
ters originating from Loch Lomond were 11% thicker than

oysters originating from Elkhorn Slough (Z value = 3.56,
P = 0.0051). There was no interaction between treatment
and population (F 369 = 0.93, P = 0.51).

Shell hardness also differed among treatments
(Fi 16 = 493, P = 0.041). Oysters that had been exposed
to Urosalpinx consuming oysters had 20% harder shells
(mean + SEM = 1.94 + 0.11 GPa) than those from the
control treatment (mean &= SEM = 1.61 £ 0.10 GPa). Shell
hardness did not vary among populations (F ; = 1.76,
P = 0.20) and there was no interaction between treatment
and population (F ;4 = 0.054, P = 0.82).

Shell-to-tissue weight ratios did not differ significantly
among treatments (F, 1,9 = 3.074, P = 0.081; supplemen-
tary material online resource 5), but there was a trend for
oysters from the Urosalpinx consuming oysters treatment
to have higher shell-to-tissue weight ratios than oysters
from the control treatment. There was no significant dif-
ference in shell-to-tissue weight ratios among populations
(Fs764 = 1.50, P = 0.20). The interaction term was sig-
nificant at o = 0.1 (Fy( 75, = 1.89, P = 0.059). In control
conditions, oysters from Nick’s Cove had a higher invest-
ment in shell versus tissue than oysters from Loch Lomond.
In the treatment with Urosalpinx consuming barnacles,
oysters from Nick’s Cove and Marshall had a higher invest-
ment in shell versus tissue than oysters from Berkeley.

Oyster vulnerability to predation differed among treat-
ments (F,gg = 3.96, P = 0.023; Fig. 4). Predators con-
sumed 35-45% fewer oysters when those oysters had been
previously exposed to cues from Urosalpinx consuming
oysters. This predation rate was significantly less than that
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Fig. 4 Predation rates (mean number of oysters consumed £+ SEM)
by two Urosalpinx placed in containers for 10 days with oysters pre-
viously exposed to one of the three cues: control seawater (Control),
seawater with cues from Urosalpinx consuming barnacles (Drills—
barnacles), or seawater with cues from Urosalpinx consuming oys-
ters (Drills—oysters) (n = 108 oyster containers; six per treatment
combination). Since there was no population-by-treatment interac-
tion, results for all six populations were pooled for this graph. Shared
letters above bars indicate treatments that did not differ (Tukey—
Kramer, P > 0.05)
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for oysters that had been exposed to cues from Urosalpinx
consuming barnacles (Z value = 2.82, P = 0.014). There
was also an effect of population (F5gg = 2.43, P = 0.041)
with a post hoc Tukey—Kramer test revealing a trend for
oysters from the site lacking Urosalpinx (Elkhorn Slough)
to be preyed upon at a higher rate than oysters from
Nick’s Cove (Z = 2.72, P = 0.072). There was no inter-
action between treatment and population (Fygs = 0.75,
P =0.68).

Discussion
Inducible defenses in response to an invasive predator

Although we expected oyster populations that do not co-
occur with Atlantic oyster drills to be naive to this inva-
sive predator, we found that oysters from all populations
detected and responded to Urosalpinx in the laboratory.
Oysters from all populations grew smaller, thicker, and
harder shells when exposed to cues from invasive drills
consuming oysters. Interestingly, oysters also grew smaller
shells when exposed to cues from drills consuming barna-
cles. Thus, oysters changed their morphology in the pres-
ence of Urosalpinx regardless of predator diet, demonstrat-
ing that oysters responded to more than just a conspecific
cue (i.e. alarm cue or predator diet cue).

There are multiple mechanisms that could explain why
prey respond to a completely novel predator. In our study,
Olympia oysters might have evolved the ability to respond
to this invasive predator during the 80-100 years that these
two species have co-occurred in some California estuaries.
However, while rapid evolution might explain the occur-
rence of inducible defenses in oysters from Tomales and
San Francisco Bays, it cannot explain their presence in
oysters from Elkhorn Slough, where Urosalpinx are absent.
Rapid evolution in one estuary coupled with dispersal and
gene flow among estuaries (e.g., Carson 2010) could lead
to inducible defenses in locations that do not encounter
drills. However, there is evidence based on microsatellite
data (Stick 2011) and asynchronous recruitment (K. Was-
son, unpublished data) that Olympia oyster larval disper-
sal and connectivity among estuaries in this region may be
restricted.

Another potential explanation for the lack of prey
naiveté is that the invasive predator might release chemical
cues similar to those of a native predator. These similarities
might enable prey to detect invasive predators and respond
with antipredator defenses (Sih et al. 2010; Bourdeau et al.
2013). Although this is possible in our study system, we
were unable to compare oyster responses to Urosalpinx
with those elicited by native predatory snails; native whelks
(Acanthinucella spirata, Nucella canaliculata) did not prey
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on Olympia oysters, even when held with no other prey in
the laboratory for 3—4 weeks (J. Bible, unpublished data).
To our knowledge, A. spirata is the only native drilling
predator that preys on Olympia oysters in northern Califor-
nia estuaries (Kimbro et al. 2009). However, despite over-
lap in habitat with Olympia oysters, Acanthinucella preys
primarily on barnacles (Perry 1987). N. canaliculata is an
outer coast dogwhelk that does not co-occur with Olym-
pia oysters and consumes primarily mussels and barnacles
(Sanford et al. 2003). The moon snail Neverita lewisii may
co-occur with Olympia oysters in some locations (Baker
1995), but was not considered in this study since its diet
consists primarily of infaunal bivalves (Cook and Bendell-
Young 2010). Although selective pressure from native drill-
ing predators appears weak, it cannot be ruled out as a pos-
sible factor in the oyster’s response to Urosalpinx. Native
predators may have imposed sufficient selection on oysters
to favor the capacity to detect drilling predators, including,
perhaps, novel species like Urosalpinx.

Alternatively, oysters might detect a very general chemi-
cal cue (e.g., sulfurous compounds generated during metab-
olism) that enables them to respond to predation risk from
many different sources (e.g., both native predators such
as snails, crabs, and sea stars as well as introduced preda-
tory drills) (Sih et al. 2010; Carthey and Banks 2014). In a
supplementary experiment (supplementary material online
resource 6), we found that all six oyster populations also
responded with inducible defenses to cues from another
invasive drill (Ocenebra inornata). Because this invasive
drill is found in Tomales Bay but not in San Francisco Bay
or Elkhorn Slough, the uniform response across estuaries is
consistent with a response to either a drill-related cue or a
more general predation cue.

Inducible defenses can also be a learned response (i.e.,
cue association; Chivers and Smith 1998), which can ena-
ble prey to detect introduced predators (Scherer and Smee
2016). However, most evidence of learned responses comes
from studies of vertebrates rather than invertebrates (Chiv-
ers and Smith 1998; Ferrari et al. 2010) and is associated
with behavioral responses (Chivers et al. 2002; Brown
2003; Batabyal et al. 2014) rather than morphological ones.
In this experiment, oysters were raised for two generations
under common conditions (detailed in supplementary mate-
rial online resource 1) and were never previously exposed
to the predator; so, cue association cannot explain our
results.

Finally, oysters could also be responding to conspecific
or heterospecific alarm cues rather than cues from the pred-
ator itself (Ferrari et al. 2010; Bourdeau et al. 2013). Our
results revealed a greater response when conspecifics were
eaten, but oysters still responded with decreased growth
when predators were eating barnacles (Fig. 2). Many stud-
ies have demonstrated prey detection of heterospecific
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alarm cues (reviewed by Ferrari et al. 2010). In freshwater
and marine invertebrates, studies support the idea that prey
response to heterospecific cues is likely limited by phylo-
genetic relatedness (Hazlett and McLay 2005; Dalesman
et al. 2007; Turner 2008; Ferrari et al. 2010). For example,
mussels demonstrated the ability to detect alarm cues from
cockles (another bivalve), but did not detect cues from a
gastropod (Fassler and Kaiser 2008). Although it is pos-
sible that oysters might detect alarm cues from barnacles
given that they live in the same habitat and are preyed
upon by the same predator (Scherer and Smee 2016), the
phylogenetic distance between these taxa makes this pos-
sibility unlikely. Therefore, it seems more likely that the
oyster response to Urosalpinx consuming barnacles is a
response to the predator itself or its digestive cues. Thus,
available evidence suggests that Olympia oysters are most
likely reacting to both a general predator cue and a con-
specific cue associated with the predator’s diet or an alarm
signal.

Divergent defensive responses among oyster
populations

As predicted, oysters grew the smallest shells in the pres-
ence of predators consuming conspecifics when the oys-
ters originated from the estuary with the highest predation
pressure by invasive drills (Fig. 2). This is consistent with
the hypothesis that oyster populations differ in response
to predation cues. Because we used oysters raised through
two common garden generations in the laboratory with no
previous exposure to these predators, the differences docu-
mented here very likely reflect evolutionary differences
among populations. Given that Urosalpinx predation causes
oyster mortality in Tomales Bay (Kimbro et al. 2009)
whereas this predator is absent in Elkhorn Slough (Wasson
2010), it is possible that differential selection imposed by
Urosalpinx has favored the rapid evolution of more pro-
nounced responses to predation cues in Tomales Bay popu-
lations. Alternatively, oyster populations may have evolved
different responses to this invasive predator due to selection
imposed by unknown variation in the intensity of native
predation (e.g., Acanthinucella, Cancer crabs). Although
we do not have quantitative data comparing overall preda-
tion rates across sites, predation appears to be minimally
important in regulating Elkhorn Slough oyster popula-
tions (Wasson 2010). In some cases, prey from lower risk
environments may be less likely to respond to both native
and invasive predators (Large and Smee 2013). Because
we were unable to test responses to a native predator (e.g.,
Freeman and Byers 2006), we cannot conclude definitively
whether the observed differences among oyster populations
reflect spatially varying selection imposed by the invasive
drill or native predators.

Although the role of selective pressure from native
versus invasive predators remains to be determined, our
results indicate that oyster populations are locally adapted
to variation in predation pressure, including that imposed
by invasive drills. Local adaptation has been understud-
ied in marine ecosystems (reviewed by Conover et al.
2006; Baums 2008; Sanford and Kelly 2011; Sotka 2012),
yet recent evidence suggests that adaptive differentiation
among marine populations may be common (Sanford and
Kelly 2011) and can have critical implications for conser-
vation (Baums 2008; Bible and Sanford 2016). Here, dif-
ferential responses to Urosalpinx emphasize that not all
prey populations are equivalent in their vulnerability to
invasive predators.

Implications for inducible defenses in the field

Although inducible defenses can reduce vulnerability to
predation, they often result in costs or trade-offs, especially
those associated with reproduction (Trussell and Smith
2000; Creel and Christianson 2008; Ferrari et al. 2010; Sih
et al. 2010). Our results revealed a trend for oysters exposed
to Urosalpinx consuming oysters to increase energy invest-
ment in hard shell relative to tissue (supplementary mate-
rial online resource 5). However, it is unclear whether this
resulted from active re-allocation of energy or as a by-prod-
uct of decreased feeding when exposed to predator cues,
as has been observed in some marine snails (Bourdeau
2010). Alternatively, reduced growth in the presence of
predators might reflect increased investment in reproduc-
tion (Reznick and Endler 1982). However, since our juve-
nile oysters were not yet reproductive, the slower growth
rate in the presence of Urosalpinx might be unrelated to
reproductive investment and might, in fact, lead to longer
time to sexual maturity (Maz6n-Sudstegui et al. 2011), with
implications for fitness. In addition, the striking changes in
shell size and morphology we observed might make oys-
ters more vulnerable to other stressors. For example, due to
the high surface-area-to-volume ratio, small oysters may be
more vulnerable to desiccation at low tide (Denny 1993).
Such associated costs may favor defenses that are inducible
rather than constitutive (Tollrian and Harvell 1999).

Increasingly, studies have demonstrated that inducible
defenses lead to the predicted increases in survival (Mirza
and Chivers 2002; Robinson et al. 2008; Smee and Weiss-
burg 2006; Robinson et al. 2014). We found that predation
rate was reduced on oysters that had been exposed to cues
from Urosalpinx consuming oysters (Fig. 4), consistent
with induced morphological shell changes such as thicken-
ing and hardening that provide defensive benefits against
drilling. Reduced growth itself might also be an effective
defense against predation, since smaller prey are often less
preferred (Paine 1981; Lively et al. 2000).
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Table 1 Summary of marine studies examining inducible defenses in response to invasive predators

Prey

Predator

Prey naiveté

Time since invasion Evolving trait

Possible evidence

References

(years) tested for rapid evolution
Littorina obtusata®  Carcinus maenas N ~50-100 Morphology X Trussell and Smith
(2000)
Littorina obtusata®  Carcinus maenas N ~50-100 Morphology X Trussell and Nicklin
(2002)
Littorina obtusata®  Carcinus maenas N ~50-100 Behavior X Edgell et al. (2009)
Littorina saxatilis* ~ Hemigrapsus san- Y and N (depend- ~ ~20 Morphology X Hooks and Padilla
guineus ing on habitat) (2014)
Nucella lapillus® Carcinus maenas N ~50-100 Behavior Vadas et al. (1994)
Nucella lapillus® Carcinus maenas Y and N (depend-  ~50-100 Morphology and X Freeman and Hamer
ing on habitat) behavior (2009)
Nucella lapillus® Carcinus maenas N ~50-100 Behavior Large and Smee
(2010)
Nucella lapillus® Carcinus maenas N ~50-100 Morphology and Large et al. (2012)
behavior
Nucella lapillus® Carcinus maenas N ~50-100 Morphology and X Large and Smee
behavior (2013)
Nucella lapillus® Carcinus maenas Y and N (depend-  ~0-100 Morphology and X Freeman et al. (2014)
ing on popula- behavior
tion)
Nucella lamellosa®  Carcinus maenas Y <10 Morphology Edgell and Neufeld
(2008)
Haustrum vinosum®  Carcinus maenas N 20-100 Morphology and Freeman et al. (2013)
behavior
Mytilus edulis® Carcinus maenas N ~50-100 Morphology Leonard et al. (1999)
Mytilus edulis® Hemigrapsus san- Y and N (depend- ~ ~15 Morphology X Freeman and Byers
guineus ing on popula- (2006)
tion)
Mytilus edulis® Carcinus maenas N ~50-100 Morphology
Mya arenaria® Carcinus maenas N 100-200 Morphology and Whitlow (2010)
behavior
Ostrea lurida® Urosalpinx cinerea N 80-100 Morphology X This study
Ostrea lurida® Ocenebra inornata N ~75 Morphology
Sesarma reticula- Carcinus maenas N ~50-100 (but may  Behavior Coverdale et al.
tum® be new to sites) (2013)
Stegastes leucos- Pterois volitans N ~30 Behavior Black et al. (2014)
tictus®
Stegastes plani- Pterois volitans Y ~10 Behavior Kindinger (2015)
frons®
Haemulon plumi- Pterois volitans Y ~4 Behavior Anton et al. (2016)
erii
Coryphopterus Pterois volitans Y and N (depend-  ~6 Behavior Marsh-Hunkin et al.
glaucofraenum® ing on trait tested) (2013)
Gnatholepis thomp-  Pterois volitans Y ~6 Behavior
d
soni

Here, we list the native prey species, the invasive predator species, whether the results showed prey naiveté, the time since the invasion, whether
the trait measured was morphological or behavioral, and whether the available evidence suggests possible rapid evolution. Possible evidence of
rapid evolution indicates that the authors documented differences in inducible responses between prey populations consistent with expectations
based on their varying histories of co-occurrence with the invasive predator. Symbols represent taxonomic classification of prey species. We
searched the literature using Web of Science for marine studies with topic areas (1) antipredator, inducible defense, or non-consumptive effects
and (2) invasive, non-native, nonindigenous, novel, or introduced. Studies that documented changes in prey traits over time that might be attrib-
utable to differential selection (as opposed to inducible defenses) were excluded. Note that our search might have missed additional studies of
inducible defenses in response to invasive species if the paper did not explicitly note the non-native status of the predator

a

Gastropod

b Bivalve

¢ Malacostraca

Perciformes fish
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Prey naiveté in marine ecosystems

Although the prey naiveté hypothesis is increasingly tested,
its generality remains unclear (Carthey and Banks 2014).
Results from some studies support prey naiveté in the pres-
ence of invaders (Edgell and Neufeld 2008; Kindinger
2015), whereas results from other studies demonstrate prey
ability to recognize novel predators (Losos et al. 2004;
Large and Smee 2013; Freeman et al. 2013; Black et al.
2014). Our findings join a growing body of published evi-
dence suggesting that the prey naiveté hypothesis is often
not supported in marine systems (Table 1). Although this
literature is currently limited in the number of studies and
range of taxa, available evidence suggests that it is more
common for marine prey to respond to invasive predators
(via various mechanisms) than for them to exhibit naiveté.
This is consistent with theoretical arguments that marine
species, like those in contiguous terrestrial systems, are
often exposed to biotic interchanges and pervasive pre-
dation (Paine 1994) and, therefore, may be less likely to
display prey naiveté than many freshwater and terrestrial
island species (Cox and Lima 2006). Freshwater systems
are often isolated and can have striking variation among
sites in predator abundance (e.g., Reznick and Endler
1982), increasing the likelihood of naiveté and vulnerabil-
ity to invasive predators in some prey populations (Cox and
Lima 2006). Similarly, most evidence of terrestrial prey
naiveté stems from island ecosystems (e.g., Griffiths et al.
1998; Losos et al. 2004), where geographic isolation often
results in reduced exposure to native predators (Blackburn
et al. 2004).

In theory, individual prey that detect and respond to
invasive predators with inducible defenses are expected
to have higher fitness (Sih et al. 2010). However, even in
the absence of prey naiveté, many marine populations are
heavily impacted by invasive predators (Grosholz 2002).
For example, although some damselfish species display
antipredator behavior in the presence of invasive predatory
lionfish (Black et al. 2014), these predators have caused
extensive mortality in reef fish populations (Green et al.
2012). Similarly, although we have found that Olympia
oysters respond to Urosalpinx with appropriate changes in
shell morphology, these invasive predators can still cause
extensive mortality in oyster populations (Kimbro et al.
2009; Zabin et al. 2010). The recognition that induction of
defenses does not necessarily mean escaping high impacts
from invasive predators (Banks and Dickman 2007) is an
important and underappreciated consideration in predict-
ing the effects of invasive predators. Although inducible
defenses often slow predation, they seldom dissuade pre-
dation entirely. Thus, although our results demonstrate that
some oyster populations have evolved a greater capacity to
respond with inducible defenses than others, even the most

well-defended prey populations may be impacted by large
populations of invasive predators.
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