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Abstract
Predation can drive variation in prey phenotypes by selecting for both constitutive and inducible defensive traits, which can 
act in concert to protect prey from predators. To understand the adaptive evolution of prey traits it is important to determine 
which traits are true targets of natural selection. Selection gradient analysis is a useful tool for doing this. We combined 
field surveys of the extensive intraspecific variation in defensive shell traits of the intertidal whelk Nucella lamellosa with 
laboratory experiments to determine which traits were associated with risk of crab predation, and which traits were under 
selection by the whelks’ major crab predator, Cancer productus. Field surveys showed strong associations between risk of 
crab predation and shell shape, shell thickness, and apertural area, but not apertural teeth. Laboratory choice experiments in 
which crabs were offered a variety of whelk shell morphs revealed that thinner–shelled whelks with wider apertures were 
consumed significantly more often than thicker–shelled whelks with narrower apertures, confirming previous findings, and 
resulting in positive selection differentials for these traits. However, multiple logistic regression revealed that only shell 
thickness, and none of the other traits measured, had a significant effect on whelk survival, indicating only weak directional 
selection for this trait. The mechanism for crabs selecting for shell thickness in whelks is likely through increased handling 
time and decreased profitability. Given that shell thickness is a phenotypically plastic trait induced by C. productus, future 
work should examine the degree to which selection by crabs acts on both constitutive levels and inducibility of shell thick-
ness in N. lamellosa.

Introduction

Examining how intraspecific variation in prey traits trans-
lates into performance and fitness can provide important 
insight into the adaptive evolution of those traits, as well 
as the dynamics of predator–prey interactions (Yamamichi 
et al. 2011). Most prey adaptively evolve multiple defen-
sive traits in response to selective pressure from predators 

(Bourdeau 2009; Langerhans 2007; Dalziel and Boulding 
2005; Sepúlveda et al. 2012) and these traits, which are often 
correlated, can act separately or in combination to defend 
prey against these predators (Schlichting an Wund 2014; 
Stoks et al. 2016). To understand how multiple, correlated 
defensive traits evolve in prey, it is necessary to determine 
on which traits, or trait combinations, natural selection is 
acting.

One approach for doing this is selection gradient analy-
sis (e.g., DeWitt and Langerhans 2003), where a focal prey 
organism is exposed to the predator, or predators, thought 
to be exerting strong selection, and determining which traits 
are most associated with prey survival. Selection gradient 
analysis can be a powerful tool for identifying true targets 
of selection among multiple, correlated defensive traits 
in prey (Lande and Arnold 1983; DeWitt and Langerhans 
2003). Furthermore, selection gradient analysis generates a 
standardized metric that quantifies both the magnitude and 
direction of selection acting on prey traits that is compa-
rable across studies (Lande and Arnold 1983). Therefore, 
selection gradient analyses, when carried out on natural prey 
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populations in the field, or in laboratory mesocosm experi-
ments in combination with field surveys of intraspecific trait 
variation, can generate strong inferences about selection 
acting on natural populations (e.g., DeWitt and Langerhans 
2003).

Crab–marine gastropod predator–prey pairs are excellent 
systems with which to study selection on multiple, corre-
lated defensive traits, due to the long co–evolutionary his-
tory and escalation of offensive and defensive traits in these 
two groups (Vermeij 1977). In several species of rocky shore 
gastropods, individuals from populations on wave–pro-
tected shores, where shell–breaking crabs are abundant and 
pose a high risk of predation, develop more well–defended 
shells than individuals from populations on wave–exposed 
sites, where crabs tend to be scarce (Crothers 1983). These 
well–defended shells tend to be comprised of multiple, cor-
related and presumably well–integrated traits, including: 
thickening of the apertural lip of the shell, which strength-
ens it against apertural lip–peeling attacks by crabs (Palmer 
1985a); narrowing of the shell aperture, which makes the 
soft tissue less vulnerable to shell entry attacks like win-
kling and peeling (DeWitt et al. 2000); reduction of the shell 
spire, which prevents spire clipping attacks (DeWitt et al. 
2000; Edgell and Neufeld 2008), and a wider shell shape that 
hinders grip on the shell–body whorl and spreads crushing 
forces more evenly over the surface of the shell (DeWitt 
et al. 2000; Bourdeau 2012). These traits can be an inte-
grated combination of genetically–controlled development 
and a phenotypically plastic response induced by chemical 
cues associated with risk of crab predation (Palmer 1985b; 
Appleton and Palmer 1988; Bourdeau 2012). Whelks from 
protected shores with high crab abundance will have both 
constitutive traits and exhibit greater plastic responses to 
crab presence than those from wave-exposed shores (Bour-
deau 2012). Crabs induce a plastic change in shell shape 
either directly (Appleton and Palmer 1988; Palmer 1990; 
Rochette et al. 2007), or indirectly through starvation result-
ing from crab-induced foraging suppression (Bourdeau 
2010a).

Rocky shore whelks in the genus Nucella in particu-
lar, are well-known for intraspecific variation in defensive 
shell morphology (Crothers 1982; Currey and Hughes 
1982; Kitching 1976; Vermeij and Currey 1980). Studies 
that have experimentally examined the adaptive value of 
morphological variation within species in the genus have 
consistently demonstrated that thicker-shelled individuals 
are more resistant to attack by shell-breaking crabs than 
thinner shelled ones (Hughes and Elner 1979; Kitching and 
Lockwood 1974; Kitching et al. 1966; Wellington and Kuris 
1983). Shells of N. lamellosa are among the most variable of 
the genus, with variation in shell shape, sculpture, and aper-
tural lip thickness the most dramatic and often correlated 
with habitat and changing drastically over short distances 

(Crothers 1984; Appleton and Palmer 1988; Bourdeau 
2012). Increased shell thickness in N. lamellosa is associ-
ated with habitats in which crabs, particularly the red rock 
crab, Cancer productus, are abundant (Crothers 1983) and 
N. lamellosa from shores with high risk of predation by C. 
productus exhibit greater plasticity for shell thickness in the 
presence of C. productus chemical cues (Bourdeau 2009, 
2010a,b, 2012, 2013). The adaptive value of thicker shells in 
N. lamellosa has been examined in laboratory experiments 
with C. productus, where thinner-shelled individuals of N. 
lamellosa were more likely to be eaten than thicker-shelled 
individuals (Palmer 1985a). Thus, thicker shells would 
appear to be one target of selection in N. lamellosa by C. 
productus.

Shell thickness in N. lamellosa, however, is only one 
of several correlated shell traits that may be selected for 
by C. productus. For example, individuals of N. lamel-
losa develop larger apertural teeth in the chemical pres-
ence of C. productus  than in its absence (Appleton and 
Palmer 1988). The apertural teeth are hypothesized to act 
as an inducible defense by reducing the effective apertural 
area of the shell, thus preventing the crab from inserting 
its chelae into the aperture for a peeling attack (Appleton 
and Palmer 1988). N. lamellosa from shores with higher 
risk of predation by C. productus also develop wider, short-
spired, narrow-apertured shells, while those from low-risk 
habitats develop elongate, tall-spired, wider aperture shells, 
suggesting among-habitat divergence in shell shape driven 
by selection from C. productus (Bourdeau 2012). Wider, 
short-spired shells with narrower apertures are hypothesized 
to be more resistant to crushing, spire-clipping, and peeling 
attacks than elongate, high-spired shells with wider aper-
tures (Appleton and Palmer 1988; Lowell et al. 1994; Bour-
deau 2009). Both shell shape and thickness also contribute 
to overall shell strength in N. lamellosa, suggesting that shell 
shape and inducible shell thickening have evolved jointly to 
form an effective defense in habitats where crab predation 
risk is high (Bourdeau 2012).

The C. productus–N. lamellosa predator–prey system has 
been used for studies of co-evolution (Vermeij and Currey 
1980), prey selection (Palmer 1985a), and adaptive phe-
notypic plasticity (Appleton and Palmer 1988; Edgell and 
Neufeld 2008; Bourdeau 2009, 2012). However, no previous 
studies have attempted to quantify multivariate selection for 
this system. Although there are no studies showing simple 
Mendelian inheritance of shell traits in Nucella lamellosa 
per se., the shell sculpture of laboratory-raised individu-
als of a closely related congener (N. emarginata–now N. 
ostrina) have been shown to be at least partly heritable in 
a Mendelian fashion (Palmer 1985b). Furthermore, docu-
mented interpopulation differences in phenotypic plastic-
ity and constitutive development of defensive shell traits in 
N. lamellosa (Appleton and Palmer 1988; Bourdeau 2012) 
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imply that natural selection has favored the retention of these 
traits in habitats where predatory crabs are more common 
(e.g., wave-sheltered habitats). Although these differences 
alone do not constitute evidence of past natural selection, (as 
genetic drift (Masel 2011) could have also played a role in 
the differentiation between the two morphs) given sufficient 
genetic variation for constitutive shell development and shell 
phenotypic plasticity, N. lamellosa provides a tractable sys-
tem for studying how natural selection acts on these traits. 
To examine how multiple, correlated defensive shell traits 
evolved in N. lamellosa, we combined: (1) field surveys to 
examine associations between shell trait variation and inten-
sity of crab predation in natural populations of N. lamel-
losa; (2) experiments to examine how intraspecific variation 
in N. lamellosa shell traits translates into performance and 
fitness; and (3) selection gradient analyses to identify true 
targets of selection imposed on N. lamellosa shell traits by 
C. productus.

Methods

Associations between shell shape variation and crab 
predation risk in the field

We sampled whelks from eight populations over multiple 
years from two distinct geographic regions: northern Cali-
fornia (2015, 2016) and San Juan Island, Washington (2005, 
2016; Fig. 1). At each sampling location, we haphazardly 
collected 38–64 whelks from the mid-to-low-intertidal zone, 
along 20–75 m transects placed parallel to the shore (elec-
tronic supplementary Table 1S). The length of the transects 
and the number of whelks collected at each site depended 
on available sampling area and whelk density, respectively; 
with more whelks collected from sites with higher densities 
so as to collect a large enough sample size, but not over-
collect from a site. Whelks were returned to either Friday 
Harbor Marine Laboratories on San Juan Island, Washing-
ton (FHL) or the Telonicher Marine Lab (TML) in Trini-
dad, California and frozen for later morphometric analysis. 
Before processing, whelks were individually cataloged with 
a site code and assigned a number. Numbers were written 
with industrial strength marker in two places on the main 
body whorl of the shell and covered with a thin application 
of clear coat nail polish for protection.

Fig. 1   Map of collection locations in northern California a: Point 
St. George (PSG; 41°46′27.41"N, 124°14′56.69"W), Baker Beach 
(BB; 41° 2′57.37"N, 124° 7′40.54"W), Luffenhotlz Beach (LHB; 
41° 2′25.58"N, 124° 7′15.81"W)), and Cape Mendocino (CM; 
40°23′55.50"N, 124°22′53.72"W) and San Juan Island, Wash-

ington b: County Park (COP; 48°34′39.49"N, 123°10′25.94"W), 
Land Bank Trust (LBT; 48°31′38.90"N, 123° 9′20.40"W), False 
Bay (FB; 48°28′49.84"N, 123° 3′55.37"W), and Cattle Point (CAP; 
48°27′15.07"N, 122°58′30.39"W)
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Risk of crab predation was assessed for each sample pop-
ulation by quantifying the number of crab scars, indicative 
of unsuccessful crab attacks, on individual whelks (Staf-
ford et al. 2015). To account for the effect of snail growth 
rate on scar occurrence, only scars on the first body whorl 
of the shell were counted (Molinaro et al. 2014). Although 
differences in repair scar frequency can result from either 
variation in the number of attacks, or variation in attack 
success rate (Vermeij 1982, 1978), repair scars record actual 
attacks and can be used to produce quantitative estimates of 
crab predation among localities. Furthermore, whereas this 
method did not allow us to calculate the number of crabs 
at each site, there is strong relationship between the pres-
ence of repair scars in intertidal gastropods and rock crab 
abundance (Stafford et al. 2015), indicating that repair fre-
quency is a valid tool for comparing crab predation intensity 
between gastropod populations (Stafford et al. 2015; Tyler 
et al. 2015).

For each whelk, six linear measurements were taken with 
digital calipers (± 0.01 mm): shell length and width, two 
apertural lip thicknesses (one at the shoulder of the apertural 
lip and one at the base, which were averaged; Fig. 2a), and 
aperture opening length and width (Fig. 2b). Variation in 
shell thickness is difficult to accurately quantify. We chose to 

measure lip thickness directly with precision digital calipers 
(± 0.01 mm). Lip thickness was chosen for two reasons: 1) 
it is highly correlated with shell mass (r = 0.85, df = 399, 
P < 0.0001), which is a good estimate of resistance to crush-
ing attacks, 2) it also provides a more localized estimate of 
shell thickness that is relevant for peeling attacks. Further-
more, measuring apertural lip thickness for this relatively 
large and thick-shelled species is generally more repeatable 
than measuring smaller, thinner shelled species. In the case 
of N. lamellosa, we could measure shell thickness with a 
repeatability of within 0.1 mm. However, because there is 
variation in thickness along the apertural lip of individual 
snails, we chose to use the average of two values (at the 
shoulder and at the base) as our response variable. After 
measuring shell dimensions, whelks were lightly boiled to 
ease the removal of soft tissue from the shell. Once the soft 
tissue was removed, the shell was dried in a drying oven for 
36 h at 30℃ and weighed on a digital balance (± 0.01 g).

For shell shape analysis each shell was photographed 
with a digital camera mounted on a lighted copy stand. We 
partially embedded shells in modeling clay on the copy 
stand with the aperture facing up and parallel to the cam-
era lens. Digital photos were uploaded into tpsDig soft-
ware (tpsRelw version 1.44; Rohlf 2006), which we used 

Fig. 2   Diagram showing linear 
measurements of the shells 
of Nucella lamellosa: a shell 
length and width, and two 
apertural lip thicknesses (one at 
the shoulder of the apertural lip 
and one at the base), b aperture 
opening length and width, and 
c positions of the 11 landmarks 
used in the geometric morpho-
metric analysis
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to place 11 landmarks on the digital image of each shell 
(Fig. 2c). We analyzed the shell shape of field-collected 
whelks with landmark-based geometric morphometrics 
(Bookstein 1989; Rohlf and Marcus 1993), a method that 
retains the geometry of shape and facilitates visualiza-
tion and statistical analysis of shape differences among 
groups. These landmarks were put through a generalized 
Procrustes analysis, allowing us to remove the effects 
of specimen size, position, and orientation in the digi-
tal images. The subsequent aligned landmark configura-
tions were used to generate shape variables as partial warp 
scores (tpsRelw version 1.44; Rohlf 2006). Warp scores 
are principal components of the distribution of shapes 
and summarize the variation in local shape deformations 
among the specimens. To summarize the variation in shape 
among the specimens, we performed a relative warp analy-
sis on the partial warp scores to quantify the variation in 
shell shape between individuals (RW; Rohlf and Marcus 
1993). We also quantified the proportion of whelks with 
apertural teeth in each population.

To quantify shell strength, we determined the maximum 
force (N) required to catastrophically break the main body 
whorl of individual shells. While this method does not 
allow us to determine the whelks’ resistance to apertural 
peeling or spire clipping, it did allow us to test how well 
the whelks could combat the crushing attacks employed by 
C. productus (Zipser and Vermeiji 1978). This was accom-
plished by placing the shell aperture down in the center of 
a stationary platen on a single column series 3340 Instron 
Universal Testing System and crushing it between the 
stationary platen and a compression platen at a rate of 
1 mm s−1 (Blundon and Vermeij 1983).

Laboratory experiment 1: Influence of apertural 
teeth on crab predation

For experiment 1, we collected 140 whelks from three of the 
four Northern California field sites that had differing crab 

predation pressure (Table 1; PSG, LHB, and BB), select-
ing whelks of similar size (26–44 mm) and shape while 
only keeping individuals with toothed apertural lips. For 
logistical reasons, we were only able to do this experiment 
in northern California. Whelks were returned to TML and 
labeled with a site code and individual number on the main 
body whorl with nail polish pens, followed by a layer of 
acrylic clear coat to protect the label. We used box traps to 
collect C. productus from Trinidad Pier in Trinidad, Califor-
nia (41.031830, − 124.084929) and selected crabs of similar 
size (carapace width: 97–127 mm), with both claws intact, 
and an equal ratio of males to females.

To manipulate the presence of apertural teeth we used 
a rotary sanding tool to sand down the apertural teeth of 
half the experimental whelks (without altering the thick-
ness of the apertural lip basal to the teeth). Apertural teeth 
were left intact in the other half of the experimental whelks, 
but to control for any effects of sanding, we sanded (for the 
same duration and intensity as the experimental whelks) a 
randomly chosen location on their main body whorls (this 
procedural control had no effect on the whelks’ susceptibil-
ity to shell breakage when compared to completely intact 
shells). Seven C. productus were each given 20 whelks; 10 
with apertural teeth removed, and 10 controls. Enclosures 
had no shelter for whelks, so crabs could always reach them 
during the experiment. Crabs were starved for 6d before 
the experiment. We stopped the experiment after 36 h after 
the crabs had consumed only 30% of the whelks to ensure 
that we were capturing their preference and not allowing 
the crabs to simply eat the whelks they were enclosed with, 
at which point we removed the whelks from the enclosures, 
and categorized individual snails as “consumed” or “alive”.

Laboratory experiment 2: Crab selection on whelk 
shell traits

To quantify the effect of crab selection on whelk shell 
morphology, we did a laboratory experiment in which we 

Table 1   Sample sizes collected 
from each site between 
2005–2016 and the proportion 
of Nucella lamellosa with repair 
marks on their shells

Proportions greater than 0.1 were considered “high risk” and sites with proportions less than 0.1 were con-
sidered “low risk.”

Region Site 2005 2015 2016 Total Proportion with 
crab repair 
marks

Northern California Baker Beach – 42 39 81 0.08
Cape Mendocino – 39 39 78 0.14
Point St. George – 42 37 79 0.13
Luffenholtz Beach – 42 38 80 0.19

San Juan Island Cattle Point 55 – 40 95 0.13
County Park 38 – 61 99 0.03
False Bay 39 – 63 102 0.2
Landbank Trust 34 – 55 89 0.04



	 Marine Biology (2021) 168:58

1 3

58  Page 6 of 12

offered crabs a range of N. lamellosa shell morphologies. 
We hand-collected 325 whelks from the four Northern Cali-
fornia field sites that had differing crab predation pressure 
(Table 1; PSG, LHB, CM, and BB), selecting individuals 
that were similar in size (26–45 mm) and maximizing the 
range of shell shape variation. Whelks were returned to TML 
and labeled and measured the same as in Experiment 1 (see 
above). Additionally, whelks were photographed and meas-
ured for linear and geometric morphometrics as in the field 
survey above.

We collected crabs (C. productus) in baited box traps 
off of Del Norte Dock in Eureka, California (40.472665, 
-124.112047) and Trinidad Pier, again selecting crabs with 
both claws intact and an equal ratio of males to females. 
Crab carapace widths (mean = 114.9 mm, SD =  ± 11.3 mm) 
were measured with calipers.

In the first experimental trial, we placed 5 C. productus 
in flow-through tanks (304.8 × 190.5 × 203.2 mm L × W × H) 
covered in black plastic to block out the unpredictable light 
schedule in the lab at night, since rock crabs are primarily 
nocturnal (Rebach 1985). As with Laboratory experiment 1, 
there was no shelter provided for the whelks, so they were 
always accessible to the crabs during the experiment. Each 
crab was starved for 6d prior to the experiment, then offered 
22 live whelks that represented a range of shell shapes as 
determined by relative warp scores. C. productus feeding 
was stopped after 60 h (~ 30% consumption). We did a sec-
ond trial of this same experiment with another 5 C. produc-
tus. We terminated this trial after 48 h (~ 30% consump-
tion). At the end of each trial we removed live whelks from 
holding tanks and categorized individuals as “consumed” or 
“alive”. Surviving snails were collected and saved.

Statistical and selection gradient analyses

For the field survey data, we used Akaike Information 
Criterion (AIC; Burnham and Anderson 2004) to select 
among several candidate linear mixed models describing 
the relationship between shell strength (the response vari-
able) and shell characteristics. Shell morphological data 
collected from whelks from Luffenholtz Beach (Trinidad, 
CA) appeared to be outliers, and so were removed from 
the analysis. We think this is justified due to the highly 
dynamic physical and biological nature of this site. Luffen-
holtz Beach is a west-facing sandy beach flanked to the 
north and the south by two rocky reefs. The mouth of a 
freshwater creek bisects the beach, but the relative size and 
position of the creek and its mouth can change drastically 
from season-to-season and year-to-year. We have noted 
that seasonal and annual changes in the creek flow affect 
the amount of freshwater input and sedimentation to each 
of the rocky reefs on the beach, leading to large changes in 
crab abundance through time. We, therefore, do not expect 

whelk shell traits from 2 years of sampling to be highly 
correlated with the highly variable crab abundances at this 
site. We tested for effects of region on crab predation pres-
sure using an ANOVA with site as a random factor (Upton 
1992). For laboratory experiment 1, we used a Fisher’s 
Exact test (Upton 1992) to test for the independence of 
apertural tooth presence and whelk survival.

For laboratory experiment 2, we estimated the intensity 
of directional selection using a logistic regression model 
(Janzen and Stern 1998), which is more suitable for esti-
mating selection gradients when outcomes are dichoto-
mous (e.g., absolute fitness recorded as survival or death), 
and sample sizes are relatively small (e.g., n = 50–100) 
than the traditionally-used linear regression model (Arnold 
1983; Lande and Arnold 1983). The logistic regression 
model relates the survival probability for an individual to 
that individual’s trait values:

where W is the selection outcome for an individual 
(1 = survival; 0 = death); W(z) is the survival probability 
for a set of traits (z1…zn); α = (α1, α2, …, αk)T are the 
logistic regression coefficients for traits (z1…zn); T signi-
fies matrix transposition; and α0 is an intercept (Janzen and 
Stern 1998). Multiple logistic regression was done with 
absolute fitness (survival = 1; death = 0) as the response 
variable (Janzen and Stern 1998) and whelk shell traits 
as the predictor variables. Logistic regression coefficients 
were converted into linear regression coefficients (i.e., 
selection gradients as in Lande and Arnold 1983) using 
the methods described in Janzen and Stern (1998), which 
gives the average gradient vector (βavggrad) and requires 
calculating W(z) for each individual (Janzen and Stern 
1998).

In addition to calculating βavggrad, we also calculated 
selection differentials, which are the univariate equivalent to 
a selection gradient (Janzen and Stern 1998). Standardized 
selection differentials and selection gradients indicate the 
direction and strength of selection: the magnitudes of these 
quantities correspond to the strengths, whereas the signs of 
these quantities correspond to the directions (Arnold 1983; 
Lande and Arnold 1983). For example, a positive selection 
differential would show, e.g., that whelks with thicker shells 
are more likely to survive crab predation than those with 
thinner shells. The selection differential is the difference 
between trait means before and after selection. We calcu-
lated selection differentials for each whelk using:

S = μx—μz/σz.
where μx represents the average focal trait of the surviv-

ing whelks after selection, μz is the average focal trait of all 
the whelks before selection, and σz is the standard deviation 
of the focal trait before selection (Janzen and Stern 1998).

W(z) = e
�
0
+�T

z ∕1 + e
�
0
+�T

z
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Results

Relationship between shell shape variation and crab 
predation risk in the field

Shell traits were highly correlated in N. lamellosa (electronic 
supplementary Fig. 1S) and amplification of defensive shell 
traits was associated with risk of crab predation across col-
lection sites. Whelks from sites with higher crab predation 
risk (Table 1) had thicker apertural lips (OLS regression; 
R2 = 0.70, df = 6, P = 0.02; Fig. 3a), narrower aperture open-
ings (OLS regression, R2 = 0.85, df = 6, P < 0.001; Fig. 3b), 
and wider shells with shorter spires (OLS regression, RW1; 
R2 = 0.71, df = 6, P = 0.017; Fig. 3c; electronic supplemen-
tary Fig. 2S). The proportion of individuals with toothed 
shells was not related to crab predation pressure, although 
this relationship approached significance (linear regression, 
R2 = 0.50, df = 6, P = 0.07; Fig. 3d). There was no effect of 
region on crab predation pressure (ANOVA: F1,3 = 0.73; 
P = 0.43). Relative warp 1 (RW1; shell shape) was charac-
terized mainly by the length to width ratio of the shell (OLS 
regression, R2 = 0.31, df = 702, P < 0.001; AIC = -143.41). 
Increased shell strength (force-to-fracture, N) was also asso-
ciated with increased crab predation risk (OLS regression; 
R2 = 0.83, df = 346, P = 0.004; Fig. 4). Force to fracture 

was best explained by the additive effect of shell thickness 
and RW1 (multiple linear regression; R2 = 0.33, df = 345, 
P < 0.001; AIC = 414.5).

Experiment 1: Influence of apertural teeth on crab 
predation

In Experiment 1, 41 N. lamellosa were consumed by C. 
productus. Crabs consumed a total of 20 whelks with aper-
tural teeth removed, leaving 32 individuals intact with no 
sign of attack. Crabs attacked but were unsuccessful (as 
noted by ‘peeled’ or chipped apertural lips in surviving 
whelks) at consuming 17 individuals with apertural teeth 
removed. Crabs consumed a total of 21 whelks with intact 
apertural teeth, 27 were left intact, and 22 were unsuccess-
fully attacked. Crabs consumed the same number of whelks 
with apertural teeth intact and with apertural teeth removed 
(chi-square test, χ2 = 1.08, df = 2, P = 0.58; electronic sup-
plementary Fig. 3S).

Experiment 2: Selection on whelk shell traits

Multiple logistic regression indicated that shell thickness 
was the only trait affecting prey survival, but shell length, 
aperture area, and shell shape (RW1) were not significant 

Fig. 3   Relationships between 
crab predation risk and a 
apertural lip thickness, b 
apertural aspect ratio, c RW1, 
which accounted for 36% 
of the total shape variation. 
Thin–plate spline deformation 
grids representing the average 
observed range in RW1 are 
shown to facilitate visualization 
of shell shapes corresponding 
to highest and lowest observed 
values. Negative values of RW1 
are associated with wider shells 
with shorter spires and positive 
values are associated with elon-
gate shells with taller spires, 
and d proportion of individuals 
with apertural teeth in Nucella 
lamellosa. Dashed lines indicate 
ordinary least squares fit with 
95% confidence intervals
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factors on prey survival (Table 2). The resulting selec-
tion gradient (βavggrad) for shell thickness was small and 
positive, but the selection gradients for all other traits 
were not significant (Table 2). Selection differentials 
were positive and statistically significant for shell thick-
ness (0.39) and apertural area (0.33; Table 2) indicating 
that crabs selected whelks with thinner shells with wider 
aperture openings (Fig. 5). Crabs did not select for wider 
shells with shorter spires (Table 2). 

Discussion 

Our results indicate the defensive shell traits of N. lamellosa 
positively covary among populations in the field and that this 
trait variation is positively associated with predation risk 
from shell-breaking crabs. Even though we only sampled in 
two regions, we captured a large portion of the variation that 

N. lamellosa exhibits by sampling in California and Wash-
ington. Our findings complement prior observational and 
experimental work (Crothers 1983; Appleton and Palmer 
1988; Dewitt et al. 2000; Bourdeau 2009, 2012) and suggest 
that shell shape, shell thickness, apertural area, and apertural 
teeth should be under strong directional selection imposed 
by crab predation. However, the functionality of these traits 
has not been previously tested and the selection differentials 
from our laboratory selection episodes indicate that preda-
tion by N. lamellosa’s major crab predator C. productus 
selects mainly for thicker shells with narrower apertures 
in this species. Results of the multiple logistic regression 
suggested that shell length, apertural area, shell shape, and 
apertural teeth did not factor into whelk survival—only shell 
thickness had a significant effect. The resulting selection 
gradient (βavggrad) for shell thickness was weak, but posi-
tive, while the selection gradients for all other traits were 
not significant. These findings confirm previous work that 
showed that thicker shells provide an adaptive advantage for 
N. lamellosa against predation from C. productus (Palmer 
1985a). Boulding (1984) found a similar result for C. pro-
ductus—preying on thin- and thick-shelled clams (Proto-
thaca staminea).

Whereas our estimate of βavggrad on N. lamellosa shell 
thickness (0.10) was significant, it represents relatively 
weak directional selection (Kingsolver et al. 2001). How-
ever, Kingsolver et al. (2001) and Hoekstra et al. (2001) 
concluded that directional selection on most traits is weak 
based on their summary of variance-standardized selection 
gradients; with selection on survival tending to be weaker 
than selection on fecundity or mating success. Thus, our 
results are comparable to the median value (0.16) for 
directional selection found in a variety of natural popu-
lations (Kingsolver 2001). We do note that selection, as 
estimated here and elsewhere, is measured relative to a 
fitness component and not to true fitness (Hereford et al. 
2004). It is interesting that selection on N. lamellosa shell 
traits by C. productus was either weak or nonsignificant, 
because the shell traits of whelks and other marine gas-
tropods are generally considered to have been shaped by 
significant selection pressure by shell-breaking predators 
like crabs (Vermeij 1977). However, even very small selec-
tion coefficients, can have large evolutionary effects over 
the geologic timescales (Lande 1979) that comprise the 

Fig. 4   Relationship between crab predation risk and the force (N) 
required to fracture shells of Nucella lamellosa. Dashed lines indicate 
ordinary least squares fit with 95% confidence intervals

Table 2   Selection coefficients 
for four Nucella lamellosa shell 
traits resulting from Laboratory 
experiment 2

Prey Trait Selection Gradient 
(βavggrad)

P SE Selection Differen-
tial (S)

P SE

Length − 0.05 0.174 0.04 − 0.003 0.984 0.14
Aperture 0.05 0.116 0.04 0.329 0.023 0.18
Thickness 0.10 0.011 0.04 0.385 0.002 0.14
Shape − 0.02 0.464 0.03 − 0.043 0.765 0.18
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co-evolutionary history of crabs and marine gastropods 
(Vermeij 1977).

Selection differentials are the univariate equivalents of 
selection gradients and describe the total intensity of selec-
tion acting on a trait, including both direct selection on that 
trait and indirect selection on that trait via direct selection 
on a correlated trait. In N. lamellosa, lip thickness is strongly 
correlated with aperture aspect ratio (electronic supplemen-
tary Fig. 1S), because a thicker apertural lip makes the dis-
tance between the columellar lip and the apertural lip nar-
rower. A thicker apertural lip and a concomitant narrower 
apertural opening may work together (e.g., trait cospecializa-
tion) to prevent crab peeling attacks by making it more diffi-
cult for the crab to insert its chelae into the whelk’s apertural 
opening. Due to trait correlations such as these, the selective 
effect on one trait in a selection gradient (i.e., multivariate) 
analysis can be hidden by the effects of a correlated trait. It 
is likely that the effects of aperture area were not evident in 
our selection differential analysis because of its correlation 
with lip thickness. Trait correlations such as these are com-
mon in prey defenses and they are expected due to adaptive 
trait integration.

It is possible that we may have underestimated the 
strength of directional selection on shell traits in natural pop-
ulations of N. lamellosa by imposing selection episodes in 
the laboratory. C. productus generally takes longer to manip-
ulate and break open thick-shelled compared to thin-shelled 
Nucella (Palmer 1985a; Bourdeau 2013) and under natural 
conditions it is possible that crabs are more likely to give up 
on thicker-shelled whelks under the conflicting demands of 

other environmental stimuli. There may also be correlated 
traits other than the ones we measured in this study that 
act as an indicator of whelk shell thickness. For example, 
thick-shelled N. lamellosa tend to have smooth, rather than 
frilly shells (Palmer 1985a; Newson et al. 2018). In addi-
tion, differences in the hardness via microsctructural dif-
ferences in thick- and thin-shelled whelks (Avery and Etter 
2006; Bourdeau 2010b) may provide a tactile cue to crab 
predators. Another intriguing possibility is that variation in 
anti-predator behavior between the thick- and thin-shelled 
whelks may have affected crab prey choice. For example, N. 
lamellosa is known to respond to the chemical cues of crabs 
consuming conspecific snails by crawling under rocks or out 
of the water (Appleton and Palmer 1988; Bourdeau 2010a). 
Although we did not provide refugia for whelks in our exper-
iments, we noticed that many individuals began to climb up 
the sides and to the tops of the experimental aquaria once 
crabs began feeding. Although all whelks were technically 
accessible to crabs within the experimental aquaria, if those 
that responded behaviorally were more difficult to detect or 
attack, the behavioral response may have affected selection 
on morphology, particularly if thinner, less well-defended 
individuals were more likely to respond behaviorally (i.e., 
trait compensation; DeWitt et al. 1999) as has been observed 
in other gastropods responding to the chemical scent of 
shell-breaking predators (Cotton et al. 2004). Finally, it is 
possible that the variation in shell shape we observed is at 
least partly a consequence of environmental factors other 
than crabs, like predatory sea stars (e.g., Bourdeau 2009) or 
wave action and currents (e.g., Crothers 1983; Pascoal et al. 

Fig. 5   Frequency distribution of apertural lip thickness a and apertural aspect ratio b or surviving (yellow) and non–surviving (blue) Nucella 
lamellosa. Dashed vertical lines indicate means for each group
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2012). For example, the predatory sea star Pisaster ochra-
ceus induces elongate, high-spired shells in N. lamellosa 
and this shell phenotype reduces risk of predation by the 
sea star more than crab-induced shell shape changes reduce 
predation by crabs (Bourdeau 2009). Thus, there is an asym-
metrical functional trade-off between shell phenotypes that 
suggests selection by sea stars on shell aspect ratio may be 
stronger than that of crabs. Furthermore, plastic and herit-
able variation in shell thickness have shown to be associated 
with both crab predation risk and wave action in the north 
Atlantic congener N. lapillus (Pascoal et al. 2012). Future 
studies should, therefore, incorporate the effects of the abi-
otic environment with the multiple predator environment 
that N. lamellosa experiences on shell shape.

Surprisingly, we found no evidence for direct or indi-
rect selection on apertural teeth. We expected to detect 
directional selection on apertural teeth as this trait has 
been shown to be induced directly by chemical exudates 
from C. productus, whether snails are well-fed or starved 
(Appleton and Palmer 1988). However, despite the find-
ing that apertural teeth are directly induced by crab risk 
cues in both N. lamellosa (Appleton and Palmer 1988) 
and its congener N. lapillus (Palmer 1990), the functional 
significance of this putative inducible defense has not 
been tested until now. We found that the presence of aper-
tural teeth had no effect on N. lamellosa survival in our 
manipulative experiment. Furthermore, although we found 
a weak positive association between apertural teeth and 
risk of crab predation in the field, this relationship was 
not significant. Together, these findings cast some doubt 
on the functional significance of apertural teeth in deter-
ring C. productus attacks on N. lamellosa, at least for the 
size class of crabs and N. lamellosa used in our experi-
ment. Apertural teeth are thought to partially occlude the 
apertural opening of the shell, making it more difficult for 
crabs to insert their chelae into the aperture for a peeling 
attack (Vermeij 2015). However, toothed shells without 
concomitant reinforcement of the shell wall would still 
be vulnerable to crushing attacks by crabs (Vermeij 1978) 
and C. productus employs both peeling and crushing 
attacks (Zipser and Vermeij 1978), so apertural teeth may 
not provide a strong enough fitness advantage against this 
particular crab predator. Finally, we only used a relatively 
narrow size range of C. productus from a single location 
in our laboratory experiments, which may have affected 
our results. This only allows broad inference about crab 
selection differentials and gradients within this size range. 
For example, it is possible that at whelk sizes smaller than 
those in our experiments, apertural teeth deter entry by 
crabs smaller than those used in our experiment and test-
ing over a larger range of both whelk and crab sizes could 
reveal the functional significance of apertural teeth in N. 
lamellosa.

There is marked interpopulation variation in the shell 
sculpture and shell shape of N. lamellosa (Spight 1973; 
Palmer 1985a; Bourdeau 2012) that is correlated with risk 
from crab predation (Appleton and Palmer 1988; Bourdeau 
2012, this study). Whelks from crab-rich habitats have wider 
shells with shorter spires (all traits associated with RW1 in 
this study). These traits are thought to spread crushing forces 
more evenly over the surface of the shell (DeWitt et al. 2000) 
and make spire-clipping attacks more difficult (Edgell and 
Neufeld 2008). We found that both RW1 (shell shape) and 
apertural lip thickness contribute to shell strength, suggest-
ing that shell shape development and lip thickening have 
evolved jointly in habitats where predation risk from C. pro-
ductus is high. Thus, it was also surprising that we found no 
evidence for direct or indirect selection on shell shape. One 
possibility for the lack of significant selection on shell shape 
by crab predation in our experiment is that in many habitats, 
whelks may be exposed to both crabs and other predators 
(mainly sea stars; Bourdeau 2009). Sea star predation selects 
for elongate, high-spired shells, which protect the whelks 
from detection or shell entry attacks by sea stars (Bourdeau 
2009). Consequently, diffuse selection on shell shape by 
both predators may occur, because the combined presence 
of both predators represents a more common environment 
than a ‘crab-only’ environment (Strauss et al. 2005). The 
interacting influences of multiple predator species can gener-
ate novel evolutionary forces on defensive traits, resulting in 
selection regimes that are not often predictable from isolated 
interactions of prey with a single predator species (DeWitt 
and Langerhans 2003, Strauss et al. 2005).

Thicker-shelled N. lamellosa individuals increase both 
the time and energy required by C. productus to success-
fully break into a shell (Bourdeau 2013), and thicker 
shelled individuals also provide less food value of snails 
to crabs, because thicker-shelled individuals have rela-
tively less soft tissue (Bourdeau 2010a). Thicker shells 
thus appear to influence the probability of being eaten and 
are selected for, albeit weakly, by C. productus. Because 
selection episodes occurred over 2–3d, and inducible 
shell-thickening takes on the order of weeks to months in 
N. lamellosa (Bourdeau 2010a, b), the shell phenotype of 
individual whelks remained constant during the episode 
of selection. Thus, crabs could have selected for individ-
uals with either greater levels of constitutive or induc-
ible shell thickness, or both (Appleton and Palmer 1988; 
Bourdeau 2012). Future studies should quantify to what 
degree selection imposed by crab predation acts on both 
constitutive levels of shell thickness and shell thickness 
inducibility (i.e., plasticity) in N. lamellosa.
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