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1
2 Abstract Populations of the marine gastropod Littorina saxatilis from exposed
3 rocky shores of NW Spain provide one of the few putative cases of sympatric eco-
4 logical speciation. Two ecotypes with large differences in shell morphology and
5 strong assortative mating are living at different vertical levels of the shore separated
6 by a few meters. It has been hypothesized that shell size is the main determinant for
7 the reproductive isolation observed between the ecotypes, and that several shell
8 shape traits are subject to divergent natural selection and are responsible for the
9 adaptation of each ecotype to its respective habitat. Using embryos extracted from

10 wild females we obtain estimates of genetic variation for shell size and shape and
11 compare them with those from neutral molecular markers. Estimates of heritability
12 are significantly larger for the ecotype found in the upper shore than for that in the
13 lower shore, in concordance with a similar result observed for heterozygosity of
14 neutral markers. The large genetic differentiation between ecotypes for the shell
15 traits, contrasting the smaller close to neutral differentiation between populations of
16 the same ecotype, supports the implication of the traits in adaptation.
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19 Introduction

20 Ecological speciation occurs when divergent selection in contrasting environments
21 leads to the evolution of reproductive isolation (Schluter 2001). Several studies have
22 provided evidence of the contribution to partial or complete reproductive isolation
23 of traits that are being affected by divergent selection (Macnair and Christie 1983;
24 Filchak et al. 2000; Via et al. 2000; Rundle et al. 2000; Jiggins et al. 2001; Nosil et al.
25 2002; McKinnon et al. 2004; Rolán-Alvarez et al. 2004). However, the genetic
26 structure of traits involved in ecological speciation, especially those affecting the
27 premating reproductive isolation, is poorly known (reviewed in Rundle and Nosil
28 2005). Here we study genetic variation and differentiation of traits assumed to be
29 involved in reproductive isolation and adaptation for one of the few model cases of
30 putative sympatric speciation (Johannesson et al. 1993; Rolán-Alvarez et al. 1997
31 2004; Cruz et al. 2004a; Pérez-Figueroa et al. 2005).
32 Littorina saxatilis (Olivi), a dioecious gastropod from intertidal North Atlantic
33 rocky shores, is one of the most polymorphic species in shell size and morphology
34 within the genus Littorina (Reid 1996; Johannesson 2003). This species has low
35 dispersal ability because of its internal fertilization and direct, non-pelagic, devel-
36 opment (females carry a brood pouch with shelled embryos). These life-history
37 characteristics promote local adaptation to habitat heterogeneity, allowing the snails
38 to live in a wide range of different ecological niches (Raffaelli and Hawkins 1996;
39 Reid 1996; Johannesson 2003; Rolán-Alvarez et al. 2004; Rolán-Alvarez 2006). One
40 of the most extreme polymorphisms of this species can be found in the exposed
41 Galician rocky shores (NW Spain; reviewed in Rolán-Alvarez 2006). Two ecotypes
42 of L. saxatilis are living at different vertical levels of the shore separated by a few
43 meters and they differ in a number of morphological characteristics associated with
44 two different habitats. The ridged, banded and bigger form (RB) is usually found on
45 the upper shore dominated by barnacles, while the smooth, unbanded and smaller
46 one (SU) is found on the lower shore dominated by blue mussels (Johannesson et al.
47 1993; Rolán-Alvarez et al. 1997; Cruz et al. 2004a b). The SU snails, living in a high
48 wave-action environment during the whole range of tides, tend to have more flat-
49 tened thinner shells and have wider apertures to accommodate a larger foot, which
50 have been hypothesized to be an adaptation to avoid dislodgment from wave action
51 by providing a better grip on the substrate and for hiding in cracks and crevices. The
52 relatively more globular, thicker shells, and smaller apertures of the RB snails from
53 upper shores, are assumed to be an adaptation to intense predation by crabs, heat
54 desiccation, and a lack of wave action at low tide and very slight at high tide (Jo-
55 hannesson and Johannesson 1996; Rolán-Alvarez et al. 1997; Guralnick and Kurpius
56 2001; Johannesson 2003; Rolán-Alvarez 2006). Thus, the two ecotypes of L. saxatilis

57 living at different shore levels are assumed to be exposed to intense divergent
58 selection favoring morphological differences in shell size and shape to cope with
59 different environmental factors.
60 In the mid shore, upper and lower shore environments overlap (see Carballo et al.
61 2005), and both ecotypes meet in this area in true sympatry producing hybrids with
62 phenotypically intermediate characteristics (Rolán-Alvarez et al. 1999). The two
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63 pure ecotypes maintain a substantial (though incomplete) sexual isolation (Johan-
64 nesson et al. 1995; Rolán-Alvarez et al. 1999), and a link between this reproductive
65 barrier and shell size has been demonstrated experimentally (Cruz et al. 2004a;
66 Rolán-Alvarez et al. 2004). The two ecotypes differ substantially in shell size (mean
67 RB is 5.15 ± 0.048 mm; mean SU is 3.20 ± 0.020 mm; Johannesson et al. 1995), and
68 because there is a tendency for mating to occur between individuals with similar
69 body sizes (probably because males follow preferentially female mucus-trails of
70 similar size; Erlandsson et al. 1999), these could account for the evolution of the
71 partial reproductive isolation in this system.
72 Although the general morphological differences in shell size and shape between
73 the ecotypes are rather distinctive for adults (Johannesson et al. 1993; Rolán-Alv-
74 arez et al. 1997, 1999), the different traits involved are confounded, and a precise
75 disentangling with the appropriate tool has not been made until recently. Carvajal-
76 Rodrı́guez et al. (2005), using geometric morphometrics techniques, were able to
77 pinpoint the specific components responsible for the morphological differences be-
78 tween the adults of each ecotype. They found that RB and SU adults not only differ
79 significantly in size, but also in one shape variable denoting uniform elongations of
80 the horizontal axis (perpendicular to the axis of the shell) (SU are more flattened
81 than RB), and another shape variable of local deformations involving the relative
82 size of the shell aperture (SU have larger apertures than RB). The availability of
83 variables accounting for specific size and shape components of morphological vari-
84 ation with a clear biological interpretation allows the investigation of their pre-
85 sumable role in adaptation.
86 Because shell size is assumed to be involved in the pre-mating reproductive iso-
87 lation between the ecotypes (Rolán-Alvarez et al. 2004; Cruz et al. 2004a), it is
88 important to assess the amount of genetic variation available in the populations. In
89 addition, the amount of genetic differentiation for the traits assumed to be involved
90 in the adaptation of the ecotypes to their corresponding habitats has not been
91 quantified relative to neutral variation. The ovoviviparous nature of L. saxatilis

92 provides the unusual advantage of allowing the estimation of genetic components for
93 shell characters directly from wild individuals, by measuring shelled embryos taken
94 from pregnant females. It also allows a comparison between the morphology of
95 adults and embryos, the latter not yet being directly affected by external environ-
96 mental conditions.
97 The objective of this work is twofold. First, to quantify the amount of genetic
98 variation for the traits assumed to be under selection, particularly shell size, the trait
99 presumably responsible for the pre-mating reproductive isolation between the eco-

100 types. Second, to assess the amount of genetic differentiation between and within
101 ecotypes in relation to neutral differentiation, in order to quantify the implication of
102 the traits in adaptation.

103 Material and methods

104 Sampling

105 Specimens were sampled from February to May 2003 in three localities, Corrubedo,
106 Silleiro and La Cetarea, separated by 52 and 25 km, respectively (see Fig. 1 in
107 Rolán-Alvarez et al. 2004). These three areas represent replicates of the same
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108 vertical shore gradient, therefore allowing an empirical replication of the different
109 genetic estimates. Individuals were picked during the low tide, along two vertical
110 transects of the intertidal rocky shore of each locality, and four different zones
111 (quadrats) within each transect (Fig. 1). The upper (1 and 2) and lower shore
112 samples were representative of RB and SU populations, respectively, whereas
113 individuals of both ecotypes were also captured in the mid-shore hybridization area.
114 In all samples the individuals were obtained within a few squared meters. Female
115 hybrids were discarded as they did not provide enough developed embryos for
116 analysis.

117 Size and shape variables

118 The dissection of individuals was carried out in the laboratory, and only fertilized
119 females were used. On the whole, 438 RB and 320 SU females (families) were
120 obtained, of which the brood pouch with their shelled embryos was extracted and
121 kept in alcohol at 4�C. Shelled embryos in the later stage of development (with a
122 complete shell; see Fig. 2) from each female were placed on a surface divided in
123 numbered rows and columns, employing a paintbrush to avoid any possible fracture
124 of the light shells. This typically represented more than 50% of the embryos within
125 the brood pouch of the female. Three embryos were randomly chosen from each
126 family using a pseudo-random number generator (GWBASIC), obtaining a total of
127 2,274 embryos. The embryo shells were examined using a Leica MZ12 stereoscopic
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Fig. 1 Sampling design. The number of females analyzed is presented for each unit of sampling
(rectangles). The samples of the upper shore 1 and 2 were collected in the barnacle belt, while the
samples of the lower shore were collected in the mussel belt. The samples of the mid shore were
collected in the patchy barnacle/mussels zone. T1, T2: sampling transects per locality
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128 microscope, and color images were captured and digitized using a Leica digital ICA
129 video camera and QWin Lite version 2.2 software, with the specimens always placed
130 in the same position, with the axis of the shell on the y-axis and the aperture in the
131 same plane as the objective (Fig. 2).
132 The geometric morphometrics approach studies the changes in size and shape
133 from the displacement in the plane or in the space of a set of morphometric points or
134 landmarks (LM), to be combined with statistical multivariate procedures (Cavalcanti
135 et al. 1999; Adams et al. 2004; Zelditch et al. 2004). Twelve representative LM of the
136 shell were used in this study (Fig. 2), and distances among them were measured with
137 the Image Tool 3.0 (available at http://ddsdx.uthscsa.edu/dig/itdesc.html). We used a
138 grill to locate the LM following Carvajal-Rodrı́guez et al. (2005), except for LM12,
139 which marks the intermediate position between LM1 and LM11 along the curvature
140 of the whorl (see Fig. 2).
141 The estimate of shell size was the centroid size (CS), which is the square root of
142 the sum of squared distances of a set of LM from their centroid, this being the
143 center of gravity of a configuration of points (Bookstein 1991). The shape
144 (geometric information that remains after eliminating the effects of translation,
145 rotation and scale), can be decomposed into uniform and non-uniform components
146 (Bookstein 1991; Rohlf and Bookstein 2003; Zelditch et al. 2004). The uniform
147 component describes the global variation of the shell (affecting all LM simulta-
148 neously) and, in turn, is decomposed into the first uniform component (U1), that
149 shows changes or deviations in the horizontal axis of the shell (x-axis in Fig. 2),
150 and the second uniform component (U2), that represents changes in the vertical
151 axis (y-axis in Fig. 2). The non-uniform components (relative warps, RW) describe
152 local shape deformations of a reference configuration at different spatial scales
153 (representing local changes in the LM). These were computed with the scale
154 options of a = 0, 1 and –1, but the results were basically the same in all cases.
155 Thus, results are only shown for a = 1, that emphasizes those LM separated by
156 longer distances (Rohlf 1993). There were 18 RWs arising from the analysis, but
157 we focused mainly on the first two, RW1 and RW2, that explained 53 and 17%,
158 respectively, of the overall variation for non-uniform components. All calculations

Fig. 2 Representative embryos of SU and RB individuals positioned with the axis of the shell on the
y-axis and the aperture in the same plane as the objective, showing the location of the 12 landmarks
used in the study
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159 were performed with the program MODICOS, developed by Carvajal-Rodrı́guez
160 and Rodrı́guez (2005), and available at http://www.uvigo.es/webs/c03/webc03/
161 XENETICA/XB2/antonio/modicos/Modicos.zip and the program TPSrelw, devel-
162 oped by Rohlf (1998) and available at http://life.bio.sunysb.edu/morph/morphmet/
163 tpsrelww32.exe.
164 We estimated the mean error attached to variation in the establishment of LM, by
165 repeating five times the orientation and location of the 12 LM on the shell of 10
166 different embryos. The errors of the variables were obtained analyzing these 50
167 repeated measurements along with the whole experimental data (2,274 embryos).
168 The mean errors were 0.0016 mm for CS, 0.0019 mm for the uniform components,
169 and 0.0011 mm for the first six RW, representing a 2.0% of the overall variation on
170 average (range from 0.43% to 4.53%).
171 In order to compare the variation in shape between embryos and adults, some
172 analyses were also carried out on data from 60 adults of Silleiro and La Cetarea
173 populations (data from Carvajal-Rodrı́guez et al. 2005 reanalyzed with the option
174 a = 1).

175 Data from laboratory breeding

176 An estimate of heritability for the same morphometric traits was carried out using
177 RB individuals, bred and mated in the laboratory. Sixty virgin females were obtained
178 from a sample of hundreds of juveniles collected from the upper shore 1 zone of
179 Silleiro in September 1999. Juveniles were sexed every 2 weeks during 8 months, to
180 exclude incipient developed males, and females were kept isolated during that
181 period. Then, crossings were carried out with RB males collected from the same
182 sampling point, a single male being mated to each female. Sixty breeding pairs
183 separated in independent flasks were established. After a year, the appearance of
184 embryos was observed in 14 flasks and three embryos from each of the fertilized
185 females were analyzed.

186 Estimation of genetic components and statistical analysis

187 Estimates of genetic variation were obtained for shell size and for each of the
188 geometric morphometrics shell size components. The analysis is focused on specific
189 shape features rather than using a multivariate global approach. As suggested by
190 Klingenberg and Leamy (2001), the former is an appropriate procedure when the
191 main interest is on the comparison of specific shape components between two species
192 (e.g. Zeng et al. 2000) or, in the present case, ecotypes. The heritability was esti-
193 mated for all variables using a full-sib (correlation) design analysis (Falconer and
194 Mackay 1996, p. 163) for each combination of ecotype, locality and shore level (for a
195 total of 30 estimates), as h2 = 2Vbf / (Vbf + Vwf), where Vbf and Vwf are the between
196 and within-family components of variance, respectively. This design provides
197 estimates of an upper limit of the narrow sense heritability, h2 + d2/2 + 2c2, where h2

198 is the narrow sense heritability, and d2 and c2 are the ratios of the dominance and
199 common environmental variances, respectively, to the phenotypic variance
200 (Falconer and Mackay 1996, p. 158). The use of three individuals per family is
201 optimum from the standpoint of the precision of estimation of heritability with
202 values around 0.6 (Falconer and Mackay 1996, p. 180).
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203 Accordingly, genetic differentiation for the different quantitative traits was
204 obtained as QST = Vbp / (Vbp + 2Vwp) (Wright 1951; Spitze 1993), where Vbp and
205 Vwp = 2Vbf
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251 Classical parametric tests were computed by the SPSS/PC package version 12.0.1.
252 A one-way randomization ANOVA following the protocol of Peres-Neto and Olden
253 (2001) was used (available as free software at http://webs.uvigo.es/c03/webc03/
254 XENETICA/XB2/ anova.zip) to test for differences in heritability between ecotypes
255 and to compare molecular and quantitative genetic differentiation estimates.

256 Results

257 Embryos of the two ecotypes did not present systematic differences for CS (SU
258 embryos were significantly larger than RB ones in two localities, but the opposite
259 was observed in the third). However, they showed significant differences for the first
260 uniform (U1) and non-uniform (RW1) components of shape variation. The means of
261 these variables for each of the ecotypes and localities are plotted in Fig. 3. A clear
262 differentiation between the two ecotypes is observed for the uniform U1 component,
263 showing that SU embryos present larger values (greater elongation for the x-axis)
264 than RB ones. A minor differentiation between localities is also present, particularly
265 among SU populations. This variable basically describes the more flattened form of
266 SU shells than that of RB ones, a difference also evident in adults (Carvajal-Rod-
267 rı́guez et al. 2005).
268 Differences between ecotypes were also observed for the first non-uniform
269 component RW1 (Fig. 3). The meaning of this trait is shown in Fig. 4 by means of a
270 thin-plate spline, an interpolating function to describe shape changes with respect
271 to the reference configuration. The figure shows the deformations implied by
272 displacements for this shape component, where SU embryos presented the most
273 negative deformations, whereas the RB showed the most positive ones. These shape

RW1

.04.020.00-.02-.04-.06

U1

.03

.02

.01

0.00

-.01

-.02

SU CETAREA

SU SILLEIRO

RB SILLEIRO

SU CORRUBEDO

RB CORRUBEDO

RB CETÁREA

Fig. 3 Average values for the
first uniform component (U1)
and the first non-uniform
component (RW1) of shell
shape, for each ecotype and
locality obtained with a = 1.
The two replicates correspond
to the two transects per sample
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274 differences between ecotypes are rather similar both for shelled embryos and adults,
275 and denote a larger aperture area for the SU than the RB ecotype (see Fig. 4).
276 Average estimates of heritability and their standard errors are shown in Table 1
277 for the components explaining most of the variation. Typically, the heritability was
278 intermediate to high (0.533 ± 0.036 on average) and significant (108 significant
279 estimates out of 150 samples studied). A consistently larger heritability for all traits
280 was shown for the RB ecotype (average 0.609 ± 0.036) relative to the SU ecotype
281 (average 0.458 ± 0.039). For the RB ecotype, laboratory estimates of heritability
282 were generally somewhat larger (average 0.742 ± 0.080) than field estimates, all
283 being significantly different from zero. Similar results and trends were observed for
284 estimates from other RW with smaller but substantial contribution to shape varia-
285 tion (RW3–RW6; not shown). Estimates for simple shell measures were also ob-
286 tained for comparison, showing similar results. Heritabilities for maximum height of
287 the shell (distance between LM 1 and 7; see Fig. 2) were 0.574 ± 0.068 (SU),
288 0.720 ± 0.052 (wild RB), and 0.699 (lab RB), and for width of the aperture (distance
289 between LM 6 and 8) were 0.581 ± 0.045 (SU), 0.804 ± 0.100 (wild RB), and 1.162
290 (lab RB).
291 The larger heritabilities observed for the RB ecotype relative to the SU one
292 are consistent with the corresponding higher heterozygosity of neutral molecular
293 markers (significant only for allozymes; Table 1). However, the estimated

Fig. 4 Thin-plate spline representation, from the TPSrelw software (Rohlf 1998), showing the most
extreme positive (RB) and negative (SU) deformation of the landmarks (within the 95% confidence
interval within each group) with respect to the reference configuration (using a = 1). Some
landmarks are connected by lines to facilitate the meaning of the differences between ecotypes. Note
the larger relative aperture area (percentage of the total shell area) of the SU ecotype both for adults
and embryos
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294 upper-limit additive genetic variance for the main traits analyzed (CS, U1, U2, RW1
295 and RW2) was not significantly correlated with the gene diversity for allozymes
296 (r = 0.152, n = 24, P > 0.05) and microsatellites (r = –0.226, n = 12, P > 0.05), and
297 borderline significant for mtDNA (r = 0.402, n = 24, P = 0.051).
298 Table 2 shows the average estimates of population genetic differentiation at
299 different hierarchical levels for both quantitative (QST) and neutral molecular (FST)
300 traits. At a macro-geographical scale, quantitative genetic differentiation (QST)
301 between localities was significantly larger for SU than RB populations, in an
302 agreement with a similar significant difference for neutral FST. The magnitude of
303 differentiation for the non-uniform component RW1 was, in all cases, considerably
304 larger than that for the remainder traits. In fact, excluding this trait, the average
305 differentiation within ecotypes (both within and between localities) was of the same
306 order as that for neutral markers (Table 2), suggesting a quasi-neutral behavior of
307 the traits within each ecotype. The average differentiation between ecotypes was,
308 however, about three times larger than that for neutral markers, suggesting that the
309 traits studied are subject to diversifying selection.

310 Discussion

311 There is some direct evidence in support of the adaptive explanation for the
312 morphological differences between the ecotypes of L. saxatilis living in Galician
313 shores (Johannesson et al. 1993; Rolán-Alvarez et al. 1997, 1999; Cruz et al. 2004a b)
314 as well as in other mollusks (Pfenninger et al. 2003; Schilthuizen et al. 2005).
315 However, only recently and with the powerful tool of geometric morphometrics it

Table 1 Average estimates of heritability and their empirical standard errors indicating variation
among samples, for the two ecotypes analyzed

Trait Ecotype Randomization
ANOVAd

SUa RBa RB
laboratoryb

Heritability
± SE

CS 0.601 ± 0.055 0.700 ± 0.051 0.879 F = 7.0 P = 0.0203
U1 (59%) 0.418 ± 0.066 0.612 ± 0.078 0.486
U2 (29%) 0.363 ± 0.059 0.479 ± 0.105 0.713
RW1 (53%) 0.449 ± 0.088 0.614 ± 0.092 0.941
RW2 (17%) 0.460 ± 0.067 0.640 ± 0.094 0.692

Heterozygosity
± SE

Allozymesc 0.291 ± 0.014 0.365 ± 0.009 F = 20.8 P = 0.0001
Microsatellitesc 0.681 ± 0.025 0.719 ± 0.016 F = 1.6 P = 0.2280
MtDNAc 0.182 ± 0.067 0.198 ± 0.064 F = 0.1 P = 0.8702

CS: centroid size, measure of shell size . U1, U2: uniform components of shell shape (in parenthesis,
percentage of variation explained). RW1, RW2: main non-uniform components of shell shape rel-
ative warps
a Average from 12 estimates for SU and 18 estimates from RB samples (see Fig. 1)
b Estimates obtained from 14 full-sib families bred at the laboratory
c Allozymic (average for 12 samples), microsatellite (average from 6 samples), and mtDNA
(average from 12 samples) gene diversities reanalyzed from data of Rolán-Alvarez et al. (2004)
d Randomization ANOVA to test significant differences between ecotypes in the wild for different
gene diversity estimates. The degrees of freedom are 1/23 for quantitative traits, 1/22 for allozymes
and MtDNA, and 1/11 for microsatellites
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316 has been possible to disentangle size and shape components of morphological
317 variation between the ecotypes (Carvajal-Rodrı́guez et al. 2005). One of our findings
318 is that the differences between both ecotypes appear for the same shape components
319 (in the x-axis elongation of the shell, U1, and the relative size of the aperture, RW1)
320 and in the same direction for embryos and adults. The fact that the embryos have not
321 been directly exposed to external environmental conditions suggests that shape
322 differences between the ecotypes are not just the result of phenotypic plasticity.
323 This is corroborated by the observation that RB and SU progeny hatched in the
324 laboratory resembled their own ecotype when they achieved 3 mm of shell height,
325 and also that juveniles of both ecotypes fully grown in the laboratory maintained the
326 same phenotypic characteristics as wild individuals (Johannesson et al. 1993; this
327 study).
328 Estimates of heritability for shell size (centroid size; CS) and the most repre-
329 sentative shape variables (U1, U2, RW1 and RW2) from wild females were inter-
330 mediate, with values ranging between 0.4 and 0.7, a typical outcome for many
331 quantitative traits (Riska et al. 1989; Falconer and Mackay 1996). The values were in
332 agreement with preliminary estimates from some of the populations studied using
333 classical morphometric distances and ratios (Carballo et al. 2001), and were
334 remarkably consistent among traits and populations, in spite of the fact that they
335 were obtained directly from families taken from the wild.
336 Several sources of bias may be affecting the estimates. The upwardly biasing
337 factors are non-additive and common environmental components of variation. There
338 are, however, several arguments suggesting that these sources of bias may not be
339 substantial. First, morphological traits, in contrast to life-history traits, usually show
340 low levels of non-additive (dominance and epistatic) variance components (Crno-
341 krak and Roff 1995; DeRose and Roff 1999). Second, the analysis was carried out in
342 embryos that had not yet been released to the external medium and, therefore, they
343 are less likely to be affected by external environmental conditions. Third, maternal

Table 2 Average genetic differentiation for quantitative (QST) and neutral molecular (FST) traits,
and their standard errors

Between localitiesa Within localities

Within RB Within SU Within ecotypesb Between
ecotypesc

Morphological QST

CS 0.10 ± 0.03 0.13 ± 0.19 0.01 ± 0.01 0.19 ± 0.03
U1 0.00 ± 0.01 0.07 ± 0.01 0.05 ± 0.03 0.25 ± 0.08
U2 0.06 ± 0.04 0.11 ± 0.06 0.06 ± 0.02 0.14 ± 0.10
RW1 0.27 ± 0.02 0.61 ± 0.03 0.09 ± 0.04 0.59 ± 0.05
RW2 0.07 ± 0.07 0.19 ± 0.01 0.02 ± 0.01 0.10 ± 0.05
Average (excluding RW1) 0.06 ± 0.02 0.13 ± 0.02 0.03 ± 0.01 0.17 ± 0.03
Molecular FST 0.07 ± 0.00d 0.12 ± 0.01d 0.02 ± 0.01e 0.05 ± 0.01e

Definitions for traits as in Table 1
a Differentiation between localities (see Fig. 1)
b Differentiation between transects of the same locality and ecotype
c Differentiation between ecotypes of the same locality and transect
d Average of allozymes from Fernández et al. (2005)
e Average of microsatellites and allozymes from Rolán-Alvarez et al. (2004)
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344 effects may be a source of bias for shell size, but they are unlikely to be so relevant
345 for shell shape components. Even so, a higher heritability estimate for CS relative to
346 that of shape components was not observed (Table 1). And fourth, and more
347 important, the lack of a main source of bias from common environmental sources
348 specific to wild families is supported by the similar average heritabilities estimated in
349 laboratory and wild conditions. In fact, phenotypic variances for CS were remark-
350 ably similar between wild samples (RB: 0.0034 ± 0.0006; SU: 0.0036 ± 0.0014) and
351 the more environmentally homogeneous laboratory sample (0.0037).
352 A possible downwardly biasing factor for the estimates of heritability would occur
353 if some half sibs (rather than full sibs) were in fact present in the families analyzed.
354 Heritability values could then be underestimated by as much as one half (observed
355 values would be really estimating ½h2 + 2c2). Estimates from laboratory, though,
356 were free from this possible source of bias, as individual matings were carried out
357 between single pairs. The latter (average 0.742 ± 0.080) were only slightly (non-
358 significantly) larger than the corresponding ones from the wild (average
359 0.609 ± 0.036; Table 1). Therefore, the results suggest that multiple paternity, if
360 exists, only affects to a low proportion of the embryos analyzed. Note, finally, that all
361 sources of bias are expected to be the same in RB and SU populations, so the
362 relative comparison between them is useful even if the magnitudes are biased.
363 The existence of a significant genetic variation for the main traits involved in the
364 morphological differentiation between the ecotypes is important, as the contribution
365 of some of these traits to the variation for fitness has been well established (Rolán-
366 Alvarez et al. 1997; Cruz et al. 2001, 2004b). The finding of a substantial amount of
367 genetic variation for shell size is particularly relevant, as this is the trait assumed to
368 be responsible for the pre-mating reproductive isolation between the two ecotypes
369 (Rolán-Alvarez et al. 2004; Cruz et al. 2004a). The potentiality of the system to
370 achieve further differences in size between the ecotypes and a correspondingly larger
371 reproductive isolation may be a prerequisite for a putative completion of speciation.
372 The average estimates of heritability were significantly higher for RB than for SU
373 populations, in agreement with the tendency observed for neutral molecular
374 markers, which was also significant in the case of allozymes. Estimates of effective
375 population size and neighborhood size were not significantly different between RB
376 and SU populations, but estimated rates of migration were larger for RB popula-
377 tions, suggesting a larger fragmentation of SU ones (Fernández et al. 2005). This
378 could be an explanation for the observed lower diversity of the SU populations both
379 for quantitative and neutral molecular traits.
380 A comparison between the estimates of quantitative (QST) and neutral molecular
381 (FST) differentiation is becoming the standard procedure for inferring diversifying
382 selection among populations (Merilä and Crnokrak 2001; McKay and Latta 2002; Le
383 Corre and Kremer 2003; Toro and Caballero 2005). We obtained estimates of
384 quantitative (QST) and neutral molecular (FST) differentiation at micro-geographical
385 (within localities) and macro-geographical (between localities) scales. Several
386 sources of bias can also affect the estimates of quantitative genetic differentiation
387 (Falconer and Mackay 1996; Whitlock 1999; Merilä and Crnokrak 2001; Hendry
388 2002; López-Fanjul et al. 2003). The possibility that half sibs are included in the
389 analysis would produce an upward bias in QST, as the within-population (between-
390 family) variance component would have been underestimated. However, as noted
391 above, the results from heritability estimates do not give much credit to this possi-
392 bility. The most likely consequence of dominance and epistasis is that QST < FST
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393 (Whitlock 1999; López-Fanjul et al. 2003), and an analogous outcome would occur
394 from maternal effects and common environmental effects specific to families. In
395 contrast, environmental effects specific to populations would produce overestima-
396 tions of QST. The fact that estimates of quantitative differentiation are similar to
397 those from neutral molecular markers within ecotypes (except for RW1) suggests
398 that large overestimations are not taking place for populations of the same ecotype.
399 For populations of different ecotype a larger bias may be occurring, as these live in
400 different environments. Because RB and SU individuals living sympatrically in the
401 mid shore are subject to similar environmental variables, a comparison between the
402 differentiation of upper/lower shore samples versus mid-shore samples can give an
403 idea of the magnitude of this source of bias. The estimate of QST between ecotypes,
404 averaged over all traits shown in Table 2, was 0.279 for upper/lower samples and
405 0.227 for mid-shore samples. In particular, for the main non-uniform shape variable,
406 RW1, both estimates were very similar (0.610 and 0.578, respectively). Therefore,
407 there is no evidence that a substantial bias from common environmental sources
408 specific to RB and SU populations should be attached to the estimates.
409 Differentiation between localities was significantly larger for SU than RB popu-
410 lations, in agreement with the results from neutral molecular differentiation and the
411 aforementioned hypothesis that SU populations are subjected to a larger fragmen-
412 tation than RB ones (Fernández et al. 2005). Differentiation within localities was
413 higher between ecotypes than within ecotypes, both comparisons involving popu-
414 lations separated by similar physical distances (see Fig. 1). For neutral molecular
415 markers, this is likely to be the result of the reduced gene flow between the ecotypes,
416 caused by the strong assortative mating in the zone of overlap (average isolation
417 index 0.77; Rolán-Alvarez et al. 1999). For quantitative traits, however, the con-
418 siderably larger genetic differentiation between ecotypes than within ecotypes of the
419 same locality should be explained, not only by the barrier to gene flow but also by
420 the adaptive nature of the traits.
421 Differentiation within ecotypes, both between and within localities, was of the
422 same order as that of neutral molecular differentiation for all quantitative traits,
423 except RW1 (see Table 2), suggesting that the traits show quasi-neutral behavior
424 within ecotypes, but are subject to strong diversifying selection between ecotypes.
425 RW1, accounting for the relative aperture of the shell (Fig. 4), presented the highest
426 differentiation between ecotypes, but also a substantial amount of differentiation
427 between populations of the same ecotype (particularly for the SU) at different
428 localities. Because the ability of the snails to remain attached to the substrate must
429 be proportional to the shell aperture, it is possible that differences in the shore
430 between localities (inclination level, amount of cracks and crevices, density of bar-
431 nacles and mussels, etc.) are responsible for the observed differentiation between
432 localities.
433 The L. saxatilis system, showing partial assortative mating for size, with two
434 ecotypes differing in size and morphology because of differential adaptation to
435 distinct habitats, strongly resembles the polymorphism existing between anadromous
436 and stream-resident threespine stickleback populations (Nagel and Schluter 1998;
437 McKinnon et al. 2004). In both cases it has been suggested that the reproductive
438 isolation has evolved as an indirect consequence of the divergent selection on size in
439 addition to the size-assortative mating occurring in the species (McKinnon et al.
440 2004; Rolán-Alvarez et al. 2004; Cruz et al. 2004a). Here we provide evidence that
441 the size difference has a strong genetic basis. The high QST values observed for CS
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442 between ecotypes within locality (compared to the equivalent molecular FST) further
443 supports the adaptive differences in size between them (Table 2). The pattern of
444 genetic variation for other shape traits is also compatible with their presumable role
445 in the adaptation of the ecotypes to their respective habitats at different shore levels.
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