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Abstract

Invasive predators can cause substantial evolutionary change in native prey populations.
Although invasions by predators typically occur over large scales, their distributions are usually
characterized by substantial spatiotemporal heterogeneity that can lead to patchiness in the
response of native prey species. Our ability to understand how local variation shapes patterns of
inducible defense expression has thus far been limited by insufficient replication of populations
within regions. Here, we examined local and regional variation in the inducible defenses of 12
native marine snail (Littorina obtusata) populations within two geographic regions in the Gulf of
Maine that are characterized by vastly different contact histories with the invasive predatory
green crab (Carcinus maenas). When exposed in the field to water-borne risk cues from the
green crab for 90 days, snails expressed plastic increases in shell thickness that reduce their
vulnerability to this shell crushing predator. Despite significant differences in contact history
with this invasive predator, snail populations from both regions produced similar levels of shell
thickness and shell thickness plasticity in response to risk cues. Such phenotypic similarity
emerged even though there were substantial geographic differences in shell thickness of juvenile
snails at the beginning of the experiment, and we suggest that it may reflect the effects of
warming ocean temperatures and countergradient variation. Consistent with plasticity theory, a
trend in our results suggests that southern snail populations, which have a longer contact history
with the green crab, paid less in the form of reduced tissue mass for thicker shells than northern

populations.
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Introduction

Inducible defenses are plastic changes in prey phenotypes in response to predator risk
cues that reduce prey vulnerability to predation (Harvell 1990). Such plasticity has been
documented in a broad array of taxa and manifests in a variety of forms including changes in
morphology, life history, behavior, and chemical defense (Tollrian & Harvell 1999, Appleton &
Palmer 1988, Dodson 1989). The existence of inducible defenses implies a trade-off between
defended and undefended phenotypes. That is, relative to undefended phenotypes, defended
phenotypes reduce vulnerability to predation but are more costly in the absence of predators
(Tollrian & Harvell 1999). Otherwise, prey would be expected to express defensive traits
constitutively, even in the absence of predation risk (Lively 1986 a,b). Inducible defenses can
thus allow individuals to defer the cost of a defended phenotype when predation risk is low while
retaining the ability to produce a defense when appropriate cues signal that predation risk is high
(Schlichting & Pigliucci 1998, West-Eberhard 2003). Hence, inducible defenses can be
particularly effective in environments where predator-prey interactions are unpredictable (Lively
1986 a,b) or occur intermittently, such as along the edges of range shifts or invasions (sensu
Levins 1968, Baldwin 1896, Trussell & Nicklin 2002).

The frequency of predator-prey interactions likely varies considerably across spatial
scales, potentially leading to local and broad scale (regional) geographic variation in the
expression of inducible defenses. It is well known that the expression of inducible defenses can
vary regionally (Trussell & Smith 2000, Trussell & Nicklin 2002, Edgell et al., 2009, Kishida et
al., 2007, Long et al., 2011, Jones & Long 2018, Nunes et al., 2014), but what remains less clear
is how regional (> 100s of km) patterns in inducible defense expression vary with more local

scale (< 10s of km) patterns. Attention to scale-dependent patterns in the expression of inducible
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defenses will help identify the factors shaping local vs. regional patterns of adaptation as well as
enhance our understanding of the role that inducible defenses may play in shaping local and
regional variation in community structure and dynamics via trait-mediated indirect interactions
(Werner & Peacor 2003, Peckarsky et al., 2008, Trussell & Schmitz 2012, Schmitz & Trussell
2016).

Predator invasions often encompass broad geographic ranges, exerting strong selective
forces on native prey populations (Strauss et al., 2006, Sax et al., 2007, Trussell & Smith 2000).
Native prey populations lacking an evolutionary history with an invasive predator may fail to
recognize it as a threat (the naive prey hypothesis) and thus suffer heavy mortality and even local
extinction (Case & Bolger 1991, Cox & Lima 2006, Sih et al., 2010). Yet prey species may
rapidly evolve adaptations, including inducible defenses, that mitigate their vulnerability (Carroll
et al., 1997, Reznick & Endler 1982, Trussell & Smith 2000, Stuart et al., 2014, Bible et al.,
2017). We also know that the inducible defenses of prey from invaded regions can differ
substantially from those of prey in uninvaded or recently invaded regions (Nunes et al., 2014,
Trussell & Smith 2000, Freeman & Byers 2006), but the strength of inference in many of these
studies is limited because of low replication of local populations within different geographic
regions (Schmitz & Trussell 2016). Such local variation may be key to the capacity of
populations to evolve as invasion progresses and may ultimately couple or decouple local and
regional patterns of inducible defense expression. Indeed, while it is convenient to conceptualize
invasions as homogenous fronts that sweep across vast geographic ranges, predator invasions are
often patchy and chaotic in nature (Petrovskii et al., 2005, Morozov et al., 2006). The assessment

of inducible defense expression in multiple populations across local and regional scales is thus
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essential to more robust predictions of how predator invasions will impact prey populations and
natural communities within and across geographic regions (Schmitz & Trussell 2016).

Multiple invasions of the European green crab (Carcinus maenas) have been highly
disruptive across the globe by impacting commercial shellfisheries (Glude 1955, Lafferty &
Kuris 1996), facilitating additional invasions (Green et al., 2011, Grosholz 2005), and altering
the dynamics of coastal ecosystems (Grosholz et al., 2000, Trussell et al., 2002, Kimbro et al.,
2009). In the southern Gulf of Maine (GOM), green crabs have been common since the early
1900’s (Say 1817, Welch 1968, Audet et al., 2003), but only recently (during the past 20 years)
have they become well established in the northern GOM (Audet et al., 2003, Edgell & Rochette
2008). The latitudinal progression of the green crab invasion into the GOM provides an excellent
system to explore local and regional variation in the expression of inducible defenses. For
example, a reciprocal transplant experiment in the field over 20 years ago (Trussell & Smith
2000) found that a northern GOM population of the snail, Littorina obtusata, exhibited
significantly higher shell thickness plasticity in response to green crab risk cues than a southern
population. While these different responses may reflect geographic differences in contact history,
the lack of replicate populations in each region substantially limited the strength of inference
with respect to regionally-based processes. Such regionally-based processes may be particularly
important for species having limited dispersal such as L. obtusata, which lacks planktonic
dispersal and instead produces egg capsules that undergo direct development. Hence, to explore
this issue further, we examined local and regional variation in inducible defenses with a field
experiment that exposed juvenile L. obtusata from multiple northern and southern GOM

populations to the presence or absence of green crab risk cues.



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Materials and Methods

We conducted crab surveys in 2019, 2020, and 2021 at eight sites in the Gulf of Maine
(GOM) that are sheltered from direct wave action to characterize local and regional variation in
green crab abundance (Fig. 1, Appendix S1: Table S1). Four sites were located in the northern
Gulf (Quoddy Region) and the other four were located in the southern Gulf (Nahant, MA to Cape
Ann, MA). Surveys lasted 1 hour each, began and concluded within 2 hours of low tide, and were
conducted approximately every two months at all 8 sites from April through November/early
December. Tidbit loggers (Onset Computer Corp.) were also installed underneath the fucoid algal
canopy in the mid-intertidal zone at these sites in early 2021 to record seawater temperatures in
the two regions.

To assess local and regional variation in shell thickness plasticity, we conducted a field
experiment that utilized 12 L. obtusata populations in the GOM, with 6 in the northern Gulf and 6
in the southern Gulf. Hence, in addition to the 4 sites surveyed for crab abundance within each
region, our experiment included two additional sites to increase site replication and power within
each region (Fig. 1, Appendix S1: Table S1). Juvenile L. obtusata (5-6mm in length) were also
collected from each population in late-April and individually tagged with color-coded paint that
was sealed with cyanoacrylate glue. Initial shell length and shell thickness were measured with
digital calipers (Trussell 1996) and initial tissue mass was determined using a non-destructive
weighing technique (see Palmer 1982).

In mid-May, 2021 snails were placed in replicate chambers and returned to their native
sites in the mid-intertidal zone where L. obtusata and C. maenas co-occur. We placed four snails
(hereafter “response snails™) into one of two paired chambers (10 x 10 x 7cm, 1 x w x h) that had

mesh windows (mesh size = 3mm) to allow water flow and the transmission of risk cues (Appendix
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S1: Figure S1). These response chambers also contained approximately 60g of brown algae
(Ascophyllum nodosum) to serve as food for response snails. The other chamber (the “stimulus
chamber”) was perforated with small holes on all sides, which allowed response snails to be
exposed to water borne cues signaling either the presence (Crab, + C) or absence (No Crab, — NC)
of predation risk. The Crab treatment was created by placing a mature male green crab and 30
adult L. obtusata to serve as food for the crab in the stimulus chamber whereas stimulus chambers
for the No Crab treatment received just 30 adult L. obtusata. These paired response-stimulus
chambers were housed within a larger plastic chamber (14 x 14 x 16 cm) that also had mesh
windows (mesh size = 3mm) to permit water flow. At each site, replicate chambers (n = 4 for each
treatment) were anchored beneath the fucoid canopy and Tidbit loggers (Onset Computer Corp.)
placed within a subset of chambers recorded seawater temperature at S-minute intervals. The food
supply for crabs was replaced approximately every 21 days while fucoid algae that served as food
for the response snails was replaced at day 42. Replicate chambers remained in the field for 90
days before their return to the Northeastern University Marine Science Center (Nahant,
Massachusetts) for final measurements of shell length, shell thickness, and tissue mass in response
snails.

Statistical Analyses — Mean annual crab abundance was analyzed with a nested ANOVA
that considered Region as a fixed effect and Site as a random effect nested within Region. Seawater
temperature data (monthly mean values coinciding with high tide) collected in 2021 prior to and
during the experiment, and across both time periods, were analyzed in two ways. For data across
both time periods (i.e., overall temperature), we conducted an ANOVA that considered Region as
a fixed effect and Site as a random effect nested within Region. For temperature data involving

the time periods before and during the experiment, we conducted a two-factor ANOVA that
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considered Region and Period as fixed effects, and Site as a random effect nested within Region.
We also conducted analyses (linear regression, ANCOVA) to explore the relationship between
shell thickness and seawater temperature. Initial mean shell thickness for each site was regressed
as a function of mean water temperature at each respective site prior to response snail collection
(early-March through late-April). Only four sites from each region were included in this analysis
because pre-experiment temperature data were not available for all sites. For final shell thickness
data on response snails from the field experiment, we first conducted separate ANCOVAs for the
northern and southern GOM that considered Risk as a fixed effect. In this analysis the mean shell
thickness for each site served as the response variable and mean seawater temperature at each site
during the experiment served as the covariate. These separate analyses were necessary because
divergent seawater temperatures in the northern and southern GOM did not overlap, thus violating
a key premise of ANCOVA. For both regions, these analyses revealed no effect of risk cues on the
relationship between mean shell thickness and seawater temperature (see Results). We therefore
combined the risk treatment data for each region and performed separate linear regressions for
each region with mean shell thickness as the response variable and mean seawater temperature as
the covariate.

Initial trait values for shell thickness were analyzed with a two-factor ANCOVA that
considered Region (North, South) as a fixed effect, Site as a random effect nested within Region
and initial shell length as the covariate. Trade-offs in the form of reduced tissue mass are driven
by architectural constraints on the internal volume of the shell and these constraints are directly
shaped by shell thickness (Palmer 1981, Trussell 2000). Because we wanted to determine how
investment into shell thickening influenced variation in tissue mass, our analysis of initial tissue

mass used the same ANCOVA model as above but with initial mean shell thickness as the
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covariate. Final mean shell thickness and final tissue mass were analyzed with a three-factor
ANCOVA that considered Region (North, South) and Risk Treatment (Crab, No-Crab) as fixed
effects, Site as a random effect nested within Region, and replicate chambers as a random effect
nested within each treatment combination. For these analyses, final shell length was used as the
covariate for shell thickness and final mean shell thickness was used as the covariate for final tissue
mass. All analyses were conducted using JMP Software (Version 15.0, SAS Institute, Cary, NC).
Results

Regional variation in crab density varied among years (Region*Year: F2 12 = 4.48, P =
0.0352) but overall crab density was consistently more than two times higher in the northern versus
southern GOM (Region: Fi6=22.49, P =0.0032, Fig. 2). Site explained 16.9% of the variation in
crab density (o2 = 55.6, Wald P = 0.1292). By contrast, mean (+ SE) water temperature from early
March to early August was substantially higher in the southern (11.50 £ 0.26 °C) than in the
northern (7.91 + 0.26 °C) GOM (Region: F16=97.90, P < 0.0001, Fig. 3). Site explained 1.1% of
the variation in seawater temperature (o> = 0.20, Wald P = 0.1821). To further examine potential
water temperature effects on shell thickness, we examined regional differences in water
temperature for the time period (approximately 7 weeks) preceding the collection of juvenile snails
and during the 90 day experimental period. A significant interaction (Region*Period: Fi 6= 61.62,
P = 0.0002) revealed that regional effects (Region: Fio= 97.26, P < 0.0001) depended on time
period (Period: F16=1,003.60, P <0.0001, Fig. 3). Site explained 3.1% of the variation in seawater
temperature (o> = 0.18, Wald P = 0.3800). Prior to the experiment, mean water temperature
differed by 1.49 °C among regions, with temperatures averaging 5.79 (£ 0.34) °C in the southern

GOM and 4.30 (= 0.34) °C in the northern GOM (Fig. 3). During the experiment, this regional
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difference increased to 5.35 °C, with temperatures averaging 15.52 (£ 0.26) °C in the southern
GOM and 10.17 (£ 0.26) °C in the northern GOM (Fig. 3).

Comparison of initial juvenile mean shell thickness as a function of water temperature prior
to the experiment revealed that shell thickness was positively correlated with water temperature
(linear regression, Y = 0.073X +0.42, R?=0.65, F16=10.96, P=0.0162, Fig. 4a). The relationship
between final shell thickness and water temperature during the experiment was not affected by risk
cues for northern (Risk: F1 3= 0.74, P = 0.4166) and southern (Risk: Fig=1.24, P =0.2976) snails.
Analysis of combined data (both risk treatments) for each region revealed no relationship between
final shell thickness and seawater temperature during the experiment for northern snails (linear
regression, Y = - 0.03X + 1.52, R2=0.10, P = 0.3295, Fig. 4b) but there was a positive trend for
southern snails (linear regression, Y = 0.04X + 0.61, R? = 0.31, P = 0.0604; Fig. 4c).

Comparison of the initial shell thickness of juvenile snails before their exposure to the
presence and absence of risk cues revealed that southern snails were significantly thicker (10.5%)
than northern snails (Region: Fi99= 9.04, P = 0.0133, Fig. 5a). Site explained 30.7% of the
variation in juvenile shell thickness (62 = 0.002, Wald P = 0.0388). We did not detect any regional
differences in the initial tissue mass (Region: Fi,10.01=0.46, P = 0.5108) of juvenile snails prior to
beginning the experiment (Fig. 5b). Site explained 82.1% of the variation in juvenile tissue mass
(6>=1.03 x 10*, Wald P = 0.0271).

After 90 days in the field, snails raised in the presence of risk cues produced shells that
were significantly thicker than those of snails raised without risk cues (Risk: Fi112=8.43, P =
0.0141, Fig. 6a) but these responses were rather subtle for both northern (3.3%) and southern
(1.7%) snails. The effect of risk cues did not vary between regions (Risk*Region: Fi9>=1.81, P

= 0.2109) and the observed regional differences in the initial shell thickness of juvenile snails
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before beginning the experiment were no longer apparent after 90 days in the field (Region: Fi3
=0.34, P = 0.5738). Site explained 36.1% of the variation in shell thickness (¢> = 0.004, Wald P
= 0.0368). Variation in final tissue mass after adjusting for investment into final shell thickness
revealed that risk cues significantly reduced final tissue mass (Risk: Fig3=25.56, P = 0.0009).
The effect of region (Region: Fi10= 0.50, P = 0.4964) was not significant but there was a trend
(Risk*Region: Fi 305 =4.12, P = 0.0768) suggesting that the adverse effect of risk cues on tissue
mass was stronger for northern (-16.7%) versus southern (-6.9%) snails (Fig. 6b). Site explained
69.1% of the variation in tissue mass (¢> = 2.5 x 10, Wald P = 0.0279
Discussion

It is well established that invasive predators often have strong impacts on recipient
ecosystems (Simberloff & Von Holle 1999, Grosholz et al., 2000). Because many invasions
occur over broad geographic scales, examining geographic variation in antipredator defenses can
provide key insights to the adaptive capacity of native prey species (Kishida et al., 2007, Long et
al., 2011, Jones & Long 2018, Nunes et al., 2014). In this study, we compared inducible defense
expression in snails from two regions having substantially different contact histories with the
invasive predatory green crab. Such regionally-based processes can shape the evolution of
genetic and plastic controls on phenotypic variation, but their influence may also depend on the
effects of local-scale processes on phenotypes (Kawecki & Ebert 2004, Blanquart et al., 2013,
Schmitz & Trussell 2016) such as variation in (1) food availability and snail foraging rates and
attendant effects on growth rates (Kemp & Bertness 1984, Trussell 1996, Appleton & Palmer
1988) and (2) the effects of water turbulence on the ability of prey to detect predator risk cues

(Smee & Weissburg 2006). Hence, our experiment utilized snails from multiple local populations
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within each region to explore how inducible defense expression varies with spatial scale and thus
invasion history.

Theory predicts that selection will favor the evolution or maintenance of plasticity in prey
traits in variable, unpredictable environments such as at the edge of invasive predator fronts and
less plasticity in more constant, predictable environments (Levins 1968, Lively 1986a,b, West-
Eberhard 2003) such as those that may be created after invasive predators have become fully
established. Assuming sufficient genetic variation, plasticity can evolve in response to changing
environments and accompanying shifts in selection pressure (Schlichting & Pigliucci 1998,
Windig et al., 2004) that favor increased or decreased plasticity (genetic accommodation) or the
evolutionary loss of plasticity via genetic assimilation (West-Eberhard 2003).

Edgell et al. (2009) explored these ideas in the laboratory by examining how trans-
Atlantic differences in contact history between green crabs and snails may shape snail trait
plasticity. Using populations from the United Kingdom (UK), where L. obtusata and green crabs
have the longest contact history (the UK is part of the native range of green crabs), and the
northern (more recent invasion history) and southern (longer invasion history) GOM, they
examined geographic variation in plasticity of shell retractability in the presence and absence of
green crab risk cues. Shell retractability measures the capacity of snails to retract deep into their
protective shell when confronted with predation risk. In the UK, retractability was canalized (not
plastic) but plasticity in retractability for snails from the southern and northern GOM was
moderate to high, respectively, revealing an inverse relationship between contact history and trait
plasticity.

Consistent with theory and the results of earlier empirical work that included two of the

populations used in this study (Trussell & Smith 2000, Trussell & Nicklin 2002, Edgell et al.
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2009), we predicted that juvenile northern snails would exhibit higher shell thickness plasticity
than southern snails despite the relatively recent (~ the last 20 years) increases in green crab
density in the northern GOM (Fig. 1) because of their significantly thinner shells prior to their
exposure to our experimental treatments (Fig. 5a). Yet, after 90 days of exposure to experimental
treatments in the field, we found that both mean shell thickness in the absence of risk cues and
shell thickness plasticity in response to green crab risk cues did not vary across these two regions
or across sites within each region (Fig. 6a). For example, the average degree of shell thickness
plasticity was 3.3% for northern snails and 1.7% for southern snails. Thus, despite their
substantially different contact histories, reaction norms for the shell thickness of southern and
northern snails have evolved similar degrees of plasticity and have done so rather rapidly. As
noted above, two of the populations (West Quoddy, ME and Lobster Cove, MA) in this study
were used in earlier work in the late 90’s and early 2000’s, which found that shell thickness
plasticity was significantly higher for northern than for southern snails (Trussell & Smith 2000,
Trussell & Nicklin 2002).

These results are especially intriguing given the substantial differences in the shell
thickness of snails at the beginning of the experiment. On average, juvenile southern snails were
~11.5% thicker than northern snails, but this difference disappeared after 90 days of growth in
the field, regardless of risk treatment. Thus, other factors were clearly influencing the trajectory
of shell thickening as snails grew. One possibility is that northern snails raised in the absence of
risk (No Crab, — C) were able to produce shells of similar thickness to their southern counterparts
because they responded to naturally occurring risk cues associated with the significantly higher
ambient green crab density in the northern GOM. However, if such naturally occurring risk cues

were operating additively with our experimental application of risk, then one might also expect
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shell thickening in the presence of experimental risk (Crab, + C) to be significantly greater in
northern versus southern snails. We did not observe this pattern, and therefore suggest that the
effects of naturally occurring cues were either minimal or that our experimental application of
risk cues rendered natural cues unimportant by exceeding some threshold risk level above which
additional cue did not matter.

We also know that water temperature can also influence broad-scale patterns of shell
thickening (Trussell 2000, Trussell & Smith 2000) and other aspects of snail shell morphology,
with colder waters limiting calcification rates or increasing the dissolution of deposited shell
material (Vermeij 1978, Graus 1974). In this study we found that initial shell thickness in
juvenile snails was associated with the seawater temperatures that they experienced prior to their
collection for the experiment (Fig. 4a). This pattern was driven by thinner shells in the colder
waters of the northern GOM and thicker shells in the warmer waters of the southern GOM. Yet,
we did not detect any relationship between shell thickness and seawater temperature during the
experiment (Figs. 4b,c). This result was surprising because, as noted above, northern snails in
both risk treatments were able to achieve shell thicknesses similar to those of southern snails
after 90 days in the field. We suggest that the ability of northern snails to catch up to their
southern counterparts may also reflect a countergradient response (Conover & Schultz 1995,
Trussell 2000) that is driven by recent, dramatic ocean warming in the GOM (Mills et al., 2013,
Pershing et al., 2021), and the effects of such warming may be particularly strong during the
growing season. For example, water temperature data collected during experiments in the late
1990’s (Trussell & Smith 2000) recorded seawater temperatures of 14.61 °C and 8.47 °C during
the growing season for the southern and northern GOM, respectively. In this study, temperatures

over the same general time period were 15.52 °C and 10.17 °C for the southern and northern
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GOM, respectively. Hence, we hypothesize that the 1.7 °C increase in water temperature in the
northern GOM may have been sufficient to trigger a countergradient response that allowed
northern snails to overcome their thinner shells as juveniles and this response may have matched
or superseded that driven by risk cues.

A central tenet of plasticity theory is that plastic traits should be accompanied by trade-
offs, otherwise selection will favor the evolution of fixed traits (Levins 1968, Van Tienderen
1991, West-Eberhard 2003). For many marine mollusks, including L. obtusata, the costs paid for
thicker shells often come in the form of reduced tissue mass and/or tissue mass growth because a
thicker shell constrains the internal habitable volume available to support tissue mass for a shell
of a given size and shape (Palmer 1981, 1992, Kemp & Bertness 1984). Such architectural
constraints may have a direct bearing on fitness because snail fecundity is often a positive
function of tissue mass (Spight & Emlen 1976). Despite the substantial differences in the shell
thickness of juvenile snails from both regions prior to the exposure to risk treatments (Fig. 4a),
we did not detect expected differences in initial tissue mass (Fig. 4b). The absence of a trade-off
in juvenile snails may reflect regional differences in the influence of other factors on tissue mass
such as water temperature or may simply be due to snails being too early in ontogeny for the
trade-off to manifest (Relyea & Hoverman 2003).

We also examined the effect of risk cues on the final tissue mass of snails after adjusting
for their investment in shell thickness (Fig. 6b). Risk cues adversely affected tissue mass and the
marginally significant interaction suggests that this effect was more substantial for northern
snails. Based on theory, we predicted that southern snails would pay less in terms of reduced
tissue mass because natural selection has had more time to optimize the trade-off (Murren et al.,

2015, DeWitt et al., 1998, 1999). Although further studies are needed, our results are consistent
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with the view that the longer contact history between green crabs and snails in the southern
GOM has allowed natural selection to reduce the impact of this trade-off. Future work examining
temporal transitions in shell thickness plasticity and associated trade-offs in tissue mass will
further illuminate how selection is shaping spatiotemporal variation in shell thickness plasticity
as the green crab invasion continues to unfold.

Given the significant ecological change wrought by invasive predators globally (Ruiz et
al., 1997, Molnar et al., 2008), continued attention to invasion scenarios will enhance our
understanding of how inducible defenses may mitigate the consequences of invasive predators
for native prey populations and communities (Trussell & Schmitz 2012, Schmitz & Trussell
2016). Moreover, because invasive predators often represent a potent agent of selection, theaters
of biological invasion should provide key insights into rapid evolutionary change, including the
evolution of phenotypic plasticity, and how patterns of adaptation unfold across local and broad
geographic scales (Mooney & Cleland 2001, Strauss et al., 2006, Scoville & Pfrender 2010).
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Figure Legends
Figure 1: Map of study sites in the northern and southern Gulf of Maine. Southern Sites
(Massachusetts): Nahant (1), Doliber Cove (2), Lobster Cove (3), Stage Fort Park (4), Loblolly
Cove (5), Hodgkins Cove (6); Northern Sites (Maine): Jasper Beach (7), Cutler (8), Moose Cove
(9), Hamilton Cove (10), Carrying Place Cove (11), West Quoddy (12). Asterisks denote sites
where crab surveys were conducted and pre-experiment seawater temperatures were recorded.

See Appendix S1: Table S1 for more details on site locations and their role in the study.

Figure 2: Mean (£SE) crab (Carcinus maenas) density on sheltered shores (N = 4 per region per
year) in the northern and southern Gulf of Maine in 2019, 2020, and 2021. See Appendix S1:

Table S1 for sites used for crab surveys.

Figure 3: Mean (+SE) seawater temperatures on sheltered shores in the northern and southern
Gulf of Maine prior to and during the experiment in 2021. See Appendix S1: Table S1 for sites

used for temperature monitoring.

Figure 4: The relationship between (a) shell thickness of juvenile snails (Littorina obtusata) and
seawater temperature prior to beginning the experiment, and the relationship between final shell
thickness of snails and seawater temperature after the 90 day field experiment for (b) northern

and (c) southern populations. Note that for the southern population (c¢) there was a positive trend

between shell thickness and seawater temperature (P = 0.0604, see Results for more details).
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Figure 5: Mean (+ SE) (a) shell thickness and (b) tissue mass of juvenile snails (Litforina
obtusata) from sheltered shores in the northern and southern Gulf of Maine prior to the

experiment. Large symbols denote regional means (+ SE).

Figure 6: Mean (+ SE) (a) shell thickness and (b) tissue mass of snails (Littorina obtusata) from
sheltered shores in the northern and southern Gulf of Maine after 90 days of exposure to the
presence (+C) and absence (—C) of green crab (Carcinus maenas) risk cues. Large symbols

denote regional means (+ SE) for each risk treatment.
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