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Abstract
In the 19th century, a lower intertidal macrophyte, Fucus serratus (Linnaeus), from western Europe was introduced to Nova

Scotia, Canada, where it successfully established, co-existing with native macrophytes Fucus vesiculosus (Linnaeus) and Ascophyl-
lum nodosum (Linnaeus). We first examined whether a common gastropod in Nova Scotia, Littorina obtusata (Linnaeus, 1758),
which grazes on the native macrophytes, has exploited the invasive and on finding this, we secondly examined whether there
has been any phenotypic differentiation on the invasive. Among 98 sites surveyed around Nova Scotia and Newfoundland in
May and June 1994, 11 had the invasive macrophyte, all of which showed colonization by L. obtusata including egg masses,
juveniles, and adults. Among 2135 shells photographed for digital image analyses, those on the invasive differed from those
on the native macrophytes with respect to (1) RGB (red/green/blue) channels, (2) HSV (hue, saturation, brightness) phenotypes,
(3) protoconch pattern, and (4) adult shell size. Nitrogen and carbon stable isotope signatures on muscle tissues from a subset
of L. obtusata indicate foraging fidelity on the invasive rather than temporary occupation. We suggest that these cumulative
phenotypic responses to the invasive macrophyte that vary in extent and direction within and among localities reflect localized
adaptation and offer a unique opportunity for quantifying early stages of phenotypic and genomic differentiation in a novel
ecological niche.

Key words: invasive species, Fucus serratus, Littorina obtusata, shell color, shell size, stable isotopes

Introduction
Introduction of invasive species, an increasingly common

event across the globe, is known to substantially alter biotic
interactions and facilitate phenotypic/evolutionary changes
in native species (Levine et al. 2003; Callaway and Maron
2006; Strauss et al. 2006; Dijkstra et al. 2017; Van Volkom et
al. 2021). The western European intertidal macrophyte, Fu-
cus serratus (Linnaeus), was inadvertently introduced to the
temperate western Atlantic in about 1870 and has subse-
quently spread along the northern shores of Nova Scotia
and Prince Edward Island where it co-exists with two native
macrophytes, Fucus vesiculosus (Linnaeus) and Ascophyllum no-
dosum (Linnaeus) (Edelstein et al. 1973; Johnson et al. 2012;
Garbary et al. 2021). In the eastern Atlantic, F. serratus ex-
tends from the low to the mid-intertidal where it overlaps
with the mid-intertidal macrophytes, F. vesiculosus and A. no-
dosum. While there is horizontal overlap of the macrophytes
when the tide is at its lowest, during full submergence at high
tide, the flat F. serratus fronds remain on the substrate while
F. vesiculosus and A. nodosum project vertically into the water
column due to buoyancy of the gas vesicles in their fronds.
Dominant grazers on these macrophytes are gastropods. The
most common is Littorina obtusata, found in both the eastern
and western Atlantic, and is generally found on F. vesiculosus
and A. nodosum. An additional periwinkle, Littorina fabalis (Tur-

ton, 1825) (formerly L. mariae (Sacchi and Rastelli, 1966)), and
a sibling of L. obtusata, is found only in the eastern Atlantic
and is largely restricted to the lower intertidal F. serratus
(Fig. 1).

These sibling species of periwinkles are phenotypically and
genetically distinctive (Sacchi 1969; Reimchen 1974, 1979,
1981, 1982; Goodwin and Fish 1977; Watson and Norton 1987;
Williams 1994, 1995; Marques et al. 2017; Sotelo et al. 2020).
In the United Kingdom (UK) and Ireland, adult shell size of L.
obtusata is generally twice as large as L. fabalis (Reimchen 1981,
1982), while their shell color is usually light to dark olive
compared with yellow or dark brown for L. fabalis (Reimchen
1974, 1979). Protoconch color of L. obtusata is usually opaline
(weakly pigmented), yet for L. fabalis the protoconch is often
opaque white or dark brown (Reimchen 1989). Based on field
surveys and collections in May and June 1994, we examine
whether L. obtusata has colonized the invasive macrophyte
in Atlantic Canada and if so, assess whether it exhibits any
shell color or size differentiation from conspecifics on native
F. vesiculosus and A. nodosum in the direction of the L. fabalis
phenotype, which is absent from the western Atlantic. We
quantify five attributes of L. obtusata: (1) the relative abun-
dance on the different macrophytes, as this would provide a
general proxy for grazing preference; (2) age and size class (ju-
venile/adult), assuming that the presence of juveniles on the
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Fig. 1. Infographic of simplified intertidal zonation at high tide showing common macrophytes and common grazing peri-
winkles (Littorina obtusata, L. fabalis) for the eastern and west Atlantic. Only most common shell colors of periwinkles shown.
Shell sizes of the two periwinkles in the eastern Atlantic are not to scale with respect to the macrophytes but are to scale rel-
ative to each other. Note that Ascophyllum nodosum and Fucus vesiculosis project into the water column (due to the gas bladders),
while F. serratus (no bladders) lies on the substrate. F. serratus was not present in the western Atlantic prior to ∼1870. Common
coloration of L. obtusata and L. fabalis shells for the eastern Atlantic extracted from Reimchen (1974). Common coloration of L.
obtusata shell from the western Atlantic extracted from Phifer-Rixey et al. (2008).

invasive would be consistent with egg-laying by this direct-
developing littorine; (3) adult shell size, as we expected that
this would be smaller on F. serratus relative to those on F.
vesiculosus and A. nodosum; (4) color of the major shell whorl,
expecting that there would be a reduction in olive pheno-
types and a shift towards yellow or brown phenotypes on the
invasive macrophyte. For shell color, we use digital imaging
to quantify color space including red, green, and blue chan-
nels (RGB) and hue, saturation, and brightness (HSV) as this al-
lows greatly improved color classification relative to the cus-
tomary visual binning into several phenotypic categories (eg.
Endler 1991; Sacchi et al. 2013; Valvo et al. 2021), (5) color
of the protoconch (shell apex), as this is a useful predictor of
microhabitat of the juvenile snails (Reimchen 1989), and (6)
nitrogen and carbon stable isotopes of the muscle tissues of
the periwinkles to assess whether there is any isotopic dif-
ferentiation of the periwinkles on the invasive relative to the
native macrophytes.

Methods

Field collections
We made collections of L. obtusata on macrophytes from

98 localities in Nova Scotia and Newfoundland, Canada in
May and June 1994. While F. vesiculosus and/or A. nodosum were
present in all localities and were the dominant substrates of
the periwinkle, F. serratus was found in only 11 localities, all
in Nova Scotia (Fig. 2). At all localities, an intertidal area was
initially chosen that had extensive algal cover. Within an ap-

proximate 10 m × 10 m area, collections were made of the
snails from dominant macrophytes. Some localities also con-
tained patches of Fucus edentata (Bachelot Pylaie) or Fucus dis-
tichus (Linnaeus) that we did not sample for the periwinkles.
To minimize visual collecting bias of the often camouflaged
snails, the algal fronds were rigorously shaken and all the
snails were retrieved from the substrate beneath the fronds
and preserved in 95% ethanol. Even after a decade, the alco-
hol preservative did not appear to the human eye to influence
shell color. Although subtle fading is possible, this would
not affect our analyses, which is to compare differences in
shell color among algal species within the same locality. Rel-
ative abundance (1–5) of snails was approximated based on
the sample size and effort. At each locality, we visually esti-
mated relative cover of each macrophyte (uncommon < 20%;
common 20%–70%; abundant > 70%), average frond length,
average frond hue (light olive, olive, dark olive), major un-
derlying substrate (mud/sand/rocks/bedrock), shoreline slope
(<20◦, 20–70◦, >70◦), and wave exposure (sheltered, moder-
ate, and exposed).

Shell color and shell size determination
Because the color of shells appeared to visually grade from

light yellow through to dark brown (see Fig. 3A) and could
not be assigned to discrete morphs, we used photographs to
quantify color digitally. For each sample, 35 snails (if avail-
able) were placed on a tray on a defined grid with a scale
bar (for shell size determination using “count colors,” Weller
2019) and were submerged in water. A digital camera (Lumix
DMC-ZX60) was mounted on a stand 35 cm directly above the
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Fig. 2. Collection sites of Littorina obtusata containing two or more macrophyte species, including the invasive Fucus serratus.
Putative 1870 introduction of F. serratus occurred at Pictou. The map was created with the R package “marmap” and “ggplot2.”

tray. Consistent lighting conditions were provided by a single
5000 K “bright white” bulb positioned 105 cm above and 72
cm to the right of the tray. A diffuser minimized light glare
on the surface of the water. Digital images were obtained as 8-
bit JPEG files (4896 x 3672 pixels) using consistent camera set-
tings (aperture 4.3, shutter speed 1/13th, ISO 2000; focal dis-
tance 57 mm). White-balance settings were set as automatic
because the light source and intensity were identical across
all photos. In localities where larger sample sizes were avail-
able, additional snails (excluding juveniles) were processed
using the same methods. A total of 2135 snails were pho-
tographed. Shell size was quantified on the digital images us-
ing the R-package “countcolors” (0.9.1; Weller 2019) and ver-
ified on a subset of samples using direct shell measurement
with a caliper (details in Supplementary Text 1).

The digital image of each shell (557 × 520 pixels; 4 com-
pressed bits per pixel) was extracted and the background
surrounding the shell was digitally replaced with white pix-
els. Analyses were carried out using “colordistance” (1.1.2:
Weller 2021) that allowed for representation and compari-
son of pixels in three-dimensional color spaces (RGB——red,
green, and blue; HSV——hue, saturation, and brightness). For

each snail image, individual pixels representing shell color
were first plotted in the three-dimensional RGB color space
with white background pixels excluded (lower bounds; RGB
decimal value = 0.8, 0.8, 0.8 upper bounds; RGB decimal
value = 1.0, 1.0, 1.0). A unique color histogram representing
shell coloration was then obtained for each image by group-
ing pixels into eight three-dimensional bins (3 color chan-
nels, 2 bins per channel) within the RGB color space. From
this, a mean RGB value was provided for each histogram bin
using RGB values from pixels within the respective bin, with
bin size being proportional to all pixels present from the en-
tire shell. HSV values were also collected for each snail image
in an identical fashion as RGB values and used in later anal-
ysis. We then used the mean RGB value representative of the
largest color bin to assign each snail a specific color within
the Inter-Society Color Council and National Bureau of Stan-
dards (ISCC-NBS) color system (methods in Cox et al. 2021).
Conversion of RGB values to a representative hexadecimal
color code and unique name based on the Munsell color sys-
tem were used to classify shell morphs for each shell image.
We separately sorted all 267 of the defined ISCC-NBS color
names as to their visual appearance being most compara-
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Fig. 3. (A) Representative range of shell coloration within collected samples of L. obtusata from Nova Scotia and Newfoundland.
(B) Spectral readings taken of representative periwinkles exemplifying differentiation between visible color morphs for visual
spectra from 500 to 700 nm. A moving average of 50 was applied to curves with relative intensity standardized using Z-scores.
(C) Field photographs of representative macrophytes including transmitted light through fronds for F. serratus.

ble to tones of yellow-orange, olive, or brown. Since not all
ISCC-NBS colors were representative of the naturally occur-
ring range of L. obtusata shell colors (eg. vivid pink), only 171
unique color categories were used. Each snail was assigned
to either a brown, olive or yellow-orange morph category. We
then compared this digital classification to a visual classifica-
tion of the shells that were consistent with the brown, olive
or yellow-orange categories. For many individuals, coloration
was not uniform across the entirety of the shell, in part due
to abrasions. Therefore, we used only the largest color bin on
the major whorl of each shell for digital analysis.

To provide an independent classification of shell color from
the RGB/HSV analyses, we selected 13 L. obtusata specimens
that encompassed the gradient of shell colors present (Fig.
3A) and made spectral reflectance measurements using an
OceanOptics USB2000 spectrophotometer with a reflectance
probe (Ocean Optics R200-7-UV/VIS) and a tungsten–halogen
light source (Ocean Optics LS-1). Prior to each scan of the
shell, a white reference was taken. The reflectance probe was
placed 1 mm above the apex of each shell and measured (380–
700 nm) with a 3 ms integration time, spectra average set to
10, and a boxcar width of 20. All snails were moistened with
water immediately prior to taking a spectral reading. These
data (Fig. 3B) were cross-referenced to their jpeg images that

confirmed the RGB classifications. Photographs of the three
macrophyte species obtained in the field show representative
frond surfaces on which the snails are found (Fig. 3C).

There was often ontogenetic variability in shell color at
the protoconch stage (early post-hatching) that could differ
from the color characterizing most of the shell (images in
Reimchen 1989). The digital images did not allow accurate
color classification of the protoconch. As a result, on each
shell (N = 3991), the apex was visually classified (under a dis-
secting microscope) into one of four categories: (1) same color
as major shell whorl, (2) opaline to white (no evidence of any
banding), (3) white-spiral band at mid-position of the proto-
conch whorl, and (4) not scored due to abrasion (primarily
adult snails). We examined on the frequencies of the white-
spiral phase on the different macrophytes.

Stable isotope data
We examined nitrogen and carbon stable isotopes of mus-

cle tissues of L. obtusata from four localities. These isotopic
data integrate longer term diet (3–8 months, Kemp et al.
1990; McIntyre and Flecker 2006) and potentially provide in-
sight as to whether the snails were “resident” rather than
“temporary” on the invasive macrophyte. In western Europe,
intertidal macrophytes, including F. serratus, differ in sta-
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ble isotope signatures, largely a consequence of locality ef-
fects rather than species effects (Viana and Bode 2013, 2015)
and accordingly, individuals grazing on the different macro-
phytes could be expected to differ as well in their isotopic
signatures. We extracted soft tissues from each of 184 peri-
winkles. The muscular foot was separated and placed in a
drying oven at 60◦ for a minimum of 10 days and then pow-
dered with a grinder. Approximately 1 mg of tissue (using an
ATI CAHN-model C-44 scale) was packaged into D1002 5 ×
3.5 mm pressed tin capsules for dual isotope analyses (13C,
15 N). These were processed for isotope ratio mass spectrom-
etry analysis at the Stable Isotope Facility at the University of
California at Davis. Isotopic signatures (◦/oo) were calculated
from:

δ13C or δ15N = [(Rsample/Rstandard) − 1] × 1000

where R = the ratio of heavy to light isotopes.

Statistical analyses
Principle Component Analyses (PCA) were carried out to

integrate the six shell color variables (R, G, B, H, S, and V).
Differences in PC values among the macrophytes were com-
pared with Analysis of variance (ANOVA). For comparison of
dichotomous shell color classification (yellow-orange versus
brown), we used contingency tests. To compare the extent of
modality in the frequency distribution of shell hues on each
macrophyte, we used Sarle’s bimodality coefficient (Knapp
2007)

b = [(
γ2 + 1

)
/
(
k + [(

3(n − 1)2
)
/ ((n − 2) (n − 3))

])]

where γ is skewness and k is kurtosis. Coefficients of 0 and 1
indicate a unimodal normal distribution and a full bimodal
distribution, respectively. Values greater than 0.56 are con-
sidered statistical evidence for bimodal or multimodal distri-
butions.

Adult shell size in these periwinkles is reached within 2
or 3 years and is characterized by development of a progres-
sively thickened lip on the outer whorl, after which there is
no increase in shell diameter. Because this progression to the
maximum size and lip thickening is gradual, we used the five
largest shells in each sample to approximate average max-
imum adult size as this best reflects the flattened slope of
the asymptotic growth curve. Average shell sizes among the
macrophytes were compared using Mann–Whitney U test.

Results
Among the 11 localities with F. serratus, all in northern

Nova Scotia, relative density of periwinkles on the invasive
F. serratus was marginally but not significantly lower than on
the other macrophytes (A. nodosum, x̄= 4.0, F. vesiculosus, x̄ =
2.9, F. serratus x̄ = 2.5, F[2,113] = 0.5, P = 0.6). However, young
periwinkles (thin-lipped) were significantly less common on
F. serratus than on the two other macrophytes in 9 of the 11
localities (Fig. 4, Table 1).

Grouping of shell colors extending from RGB data demon-
strated that yellow-orange phenotypes were most common (x̄

= 58.3%, range among localities 5.9–96.2), followed by brown
(x̄ = 40.4%, range 6.5–95.1) and olive (x̄ = 1.3%, range 0–7.8).
At Gulf Shore, North Shore, Merigomish, and Arichat Har-
bour, yellow-orange frequencies were significantly less com-
mon on the invasive than on F. vesiculosus, while at Arichat
Point yellow-orange were significantly less common on A. no-
dosum (Fig. 5). One locality (Arisaig) showed the opposite with
higher frequencies on F. serratus relative to A. nodosum. The re-
maining five localities showed no statistical effects or trends.

Multivariate (PCA) integration of the six color space com-
ponents (R, G, B, H, S, and V) also differentiated the periwin-
kles among the macrophytes and largely provided parallel or
accentuated trends to the categorical RGB analyses. PC1 ac-
counted for 62% of the variance with highest (>0.9) positive
loadings for R, G, and V; these corresponded to increased oc-
currence of yellow-orange shells, while lower PC1 values indi-
cate increased occurrence of dark brown shells. Periwinkles
on the invasive macrophyte had significantly lower PC1 val-
ues in 6 of 11 localities but higher values (increased yellow-
orange) on A. nodosum in a single locality (Main a Deux) (Fig.
6). PC2 accounted for 25% of the variance with highest pos-
itive loading (0.97) to saturation(S). Periwinkles on the in-
vasive macrophyte had significantly higher PC2 values in
five localities and significantly lower values in two localities
(Merigomish, Arisaig) (Fig. 7). Scatterplots of PC1 against PC2
for each locality (Supplementary Fig. S1) showed extensive
variation among individuals on each macrophyte. Raw data
for separate H, S, and V channels are shown in Supplemen-
tary Fig. S2.

We also tested whether there were differences in the extent
of modality within the frequency distributions of shell hues
between the invasive and native macrophytes. While the dis-
tributions were “lumpy,” our data showed no significant evi-
dence of statistical modality (b̄ > 0.56) or informative differ-
ences among the macrophytes (F. serratus, b̄ = 0.40; F. vesiculo-
sus, b̄ = 0.44; A. nodosum, b̄ = 0.40; F[2,21] = 0.79, P = 0.47).

Among 3991 shells scored for protoconch color, 28% ex-
hibited a white-spiral phase, 44% were opaline (no spiral),
while 28% were the same color as the rest of the shell, rang-
ing from yellow-orange to dark-brown. Frequencies of the
white-spiral phase on the invasive macrophyte differed from
those on F. vesiculosus and A. nodosum but not in any consis-
tent manner among localities. In four localities (Gulf Shore,
Cape John, Arichat Point, and Main a Deux), the white spiral
is significantly less common on the invasive than the native
macrophytes, while in two localities (Merigomish, Arisaig),
the white spiral is significantly more common (Fig. 8).

Average adult shell size (top 5) was 10.4 mm and dif-
fered among the 11 localities (range 9.1–11.8, F[10,119] = 26.9,
P < 0.001). In the five localities where statistically significant
differences were observed, shells on F. serratus were larger
than those on F. vesiculosus or A. nodosum (Fig. 9).

Carbon and nitrogen stable isotope data indicated that in
each locality, periwinkles on F. serratus differed from those
on F. vesiculosus and/or A. nodosum (Fig. 10). At North Shore
(Fig. 10A) and Arisaig (Fig. 10C), δ13C signatures were lower
than on the other macrophytes, while δ15N signatures were
higher on A. nodosum. At Cape John (Fig. 10B), δ13C signatures
were lower and δ15N signatures were higher on F. vesiculo-
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Fig. 4. Relative occurrence (residuals) of young periwinkles (thin lip) on different macrophytes from collection sites. Localities
sorted from west to east. Number at the end of each locality name indicates relative wave exposure (lowest = 1). Stars indicate
statistical probability (∗P < 0.05; ∗∗P < 0.001) based on 2 × 2 χ2 test on raw numbers of young and adult periwinkles on A.
nodosum vs. F. serratus and for F. vesiculosus vs. F. serratus.

Table 1. Raw data for L. obtusata collections among macrophytes for 11 localities in Nova Scotia.

A. nodosum F. vesiculosus F. serratus

Locality x̄ mm Njuv Nadult x̄ mm Njuv Nadult x̄ mm Njuv Nadult Exp

Tidnish Park 9.61 34 81 10.5 12 71 3

Gulf Shore 9.8 105 47 10.5∗ 47 113 3

North Shore 10.5 141 86 10.9∗ 88 112 3

Cape John 9.1 107 46 151 9.5 160 93 1

Merigomish 11.0 231 245 10.7 255 169 2

Arichat Harbor 10.2 17 80 10.5 12 85 11.0 6 70 2

Arichat Point 9.7 46 17 10.7 33 49 10.3∗ 18 53 3

Arisaig 11.8 67 216 11.5 10 136 3

Dunns Beach 11.5 78 62 11.3 42 81 4

Bayfield 9.8 184 280 9.8 136 208 3

Main a Deux 11.0 94 51 10.7 147 81 11.5∗ 11 81 3

Notes: Columns show x̄ mean adult shell diameter (top 5), Njuv——number of juvenile periwinkles (thin lip), Nadult——number of adult periwinkles (thick lip).
Localities organized from west to east in Nova Scotia. Exp——wave exposure (1 = lowest). ∗ indicates P < 0.05 of shell size between F. serratus and F. vesiculosus or A.
nodosum (Mann–Whitney U test).

sus and on A. nodosum, compared to the invasive. At Bayfield
(Fig. 10D), δ15N signatures were similar for periwinkles on all
macrophytes, but δ13C signatures were higher on the invasive
than on F. vesiculosus. Partitioning age classes of periwinkles
showed similar isotopic differences among the macrophytes
for juvenile and adults (Figs. 10A–10D).

Discussion
The common lower intertidal macrophyte F. serratus from

western Europe was introduced to Nova Scotia in the 19th
century where it subsequently spread (Johnson et al. 2012;
Garbary et al. 2021). We examined whether the intertidal gas-
tropod, L. obtusata, typically found on the higher intertidal

macrophytes, F. vesiculosus, and A. nodosum, in both the eastern
and western Atlantic would expand its grazing to include the
lower intertidal invasive and if so, identify any phenotypic
differentiation of the periwinkle on the invasive relative to
the adjacent native macrophytes.

Our field data demonstrate that L. obtusata is found on
the invasive algae with densities generally comparable to
those on the native macrophytes. However, we identified
marginally lower abundance of juvenile periwinkles on the
invasive suggesting a less-preferred substrate for egg deposi-
tion or possibly higher mortality of eggs and newly hatched
periwinkles. In the UK, L. obtusata preferentially lays eggs on F.
vesiculosus and A. nodosum rather than on F. serratus (Reimchen
1974) and while we could not confirm that egg masses on
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Fig. 5. Percentage of yellow-orange color morphs on different macrophytes from collection sites. Stars indicate statistical
probability (∗P < 0.05; ∗∗P < 0.001) based on 2 × 2 χ2 test on raw numbers of yellow-orange versus brown morphs on A. nodosum
vs. F. serratus and for F. vesiculosus vs. F. serratus. Scatterplot for raw RGB data shown in Supplementary Figs. 1 A, B, and C.

Fig. 6. Principle component scores (PC1——62% of variance) extracted from color (RGB, HSV) of shells on different macrophytes
separated for locality. Probability (∗P < 0.05; ∗∗P < 0.001) based on separate Analysis of variance of PC1 of periwinkles on A.
nodosum and/or F. vesiculosus against F. serratus.

the invasive belonged to L. obtusata, the presence of juveniles
as well as adults is consistent with residency throughout on-
togeny rather than temporary occupation.

An additional factor that supports regular occupation on
the invasive emerges from carbon and nitrogen stable isotope

data of muscle tissues of the periwinkles. These data provide
a proxy for time-integrated diet, the duration dependent on
the stability of tissues, and rate of tissue turnover (Vander
Zanden and Rasmussen 1999; Casey and Rustad 2016). For
muscle in Littorina, this ranges from 3 to 8 months (Kemp
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Fig. 7. Principle component scores (PC2——25% of variance)) extracted from color (RGB, HSV) of shells on different macrophytes
separated for locality. Probability (∗P < 0.05; ∗∗P < 0.001) based on separate Analysis of variance of PC1 of periwinkles on A.
nodosum and/or F. vesiculosus against F. serratus.

Fig. 8. Frequency of white-spiral phase of the protoconch on L. obtusata in relation to macrophyte and locality in Nova Scotia.
Probability (∗P < 0.05; ∗∗P < 0.001) based on separate χ2 tests on raw numbers comparing incidence of white-spiral phase on A.
nodosum and/or F. vesiculosus against F. serratus.

et al. 1990; McIntyre and Flecker 2006). Because macrophyte
species differ in the extent of isotopic enrichment, largely
due to locality rather than species effects (Viana and Bode
2013, 2015), any grazing fidelity to a specific macrophyte
would be reflected in different signatures of the periwinkles

among the macrophytes. This was confirmed as in each of the
four localities where isotopic data were obtained, we found
that either δ13C or δ15N signatures of L. obtusata on the inva-
sive F. serratus differed substantially from those found on the
other macrophytes although the direction and extent of en-
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Fig. 9. Average adult shell size (top 5) on different macrophytes from collection sites. Probability (∗P < 0.05; ∗∗P < 0.001) based
on Mann–Whitney U for separate comparisons of A. nodosum and F. vesiculosus against F. serratus.

richment differed among the localities. That these differences
also occurred among the juvenile age classes further supports
residency during early ontogeny.

A second purpose of our study was to quantify shell color
differentiation between periwinkles on the invasive versus
the adjacent native macrophytes. We suspected that any shell
color differentiation on the invasive should be an increase
in brown or yellow relative to those on the native macro-
phytes, as these are the dominant phenotypes on F. serratus in
the UK and Ireland (Reimchen 1974). F. serratus has a distinc-
tive morphology relative to the other macrophytes includ-
ing a robust dark brown opaque stem and thin, broad, flat
olive-brown fronds that lack vesicles. As such, during sub-
mergence, F. serratus lies close to the substrate rather than
projecting into the water column as do F. vesiculosus and A. no-
dosum, both of which have vesicles on the fronds (Reimchen
1974, 1979 and unpublished observations). The dark reticu-
lata morph of L. fabalis is exceptionally camouflaged on the
opaque stem while the yellow morph is very conspicuous on
the stem and fronds. Yet, when the periwinkles are viewed
from a common hunting position of intertidal fish that prey
on the periwinkles, that is, from beneath the fronds, the
light transmitted through the thin fronds appears bright yel-
low and the yellow shells on the underside of the fronds are
highly camouflaged (Fig. 3C: Reimchen 1979). Fronds of F.
vesiculosus and A. nodosum are thicker, resulting in very lim-
ited light transmission and as such remain largely olive or
brown, although younger fronds are often yellow. Our results
were moderately consistent with this prediction as in one-
half of the localities, shells on F. serratus were significantly
darker (brown) or lighter (yellow) than those on the native

macrophytes. This is not a consequence of frequency shifts
of discrete morphs but rather frequency changes in the dis-
tribution of quantitative (continuous) shell color traits. Such
shifts could be due to differences in the spectral backgrounds
of F. serratus extending from the relative abundance of juve-
nile snails on the stem versus the fronds that varies among
localities (Reimchen 1979). As well, the lower intertidal posi-
tion of F. serratus receives less illumination than upper inter-
tidal zones, particularly at longer wavelengths, which atten-
uate rapidly in surface waters (Paulson and Simpson 1977).
These factors would presumably influence their detection by
aquatic visual predators.

The differences in frequency of shell color phenotypes we
observed occurred over a maximum of about one century and
while we assume these are adaptive responses, we do not
know whether this represents phenotypic plasticity or her-
itable effects. Previous studies indicate genetic control of pig-
ment expression to the background hue of L. obtusata shells
(Kozminsky 2014), while breeding experiments using L. fabalis
suggest Mendelian segregation of the major shell morphs
(Reimchen 1979).

In the UK and Ireland, shells of L. fabalis on F. serratus
are usually yellow (morph citrina) or brown and patterned
(morph light or dark reticulata) and rarely olive (morph oli-
vacea) is rare. Consequently, we predicted that in our study
sites in Atlantic Canada, the olive phenotype would be less
common on F. serratus. We found this to be the case but un-
expectedly, our results showed that the olive shell color, the
most common phenotype of L. obtusata in Western Europe,
was uncommon or absent on all macrophytes from Nova Sco-
tia. This phenotype is common in Maine close to Nova Scotia
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Fig. 10. Stable isotope signatures of L. obtusata muscle tissue collected on different macrophytes from four localities in Nova
Scotia. Each point on graph is a different periwinkle. Note differences in scales among plots. Letters beside each symbol
differentiate size class of periwinkle (A = adult, J = juvenile).

(Phifer-Rixey et al. 2008). At present, we cannot account for
this trend.

We also evaluated color of the shell apex which often dif-
fers from the major shell whorl color. On older shells, the
apex can be abraded and pale in appearance independent
of the color of the major whorl, but on younger periwin-
kles, the apex is not abraded and directly reflects the early
post-hatching protoconch color. Breeding experiments are
consistent with genetic control of the white-spiral banding
(Reimchen 1989; Kozminsky 2016). We observed the white-
spiral phenotype in most localities, six of which had lower
incidence of the white spiral on the invasive, while two local-
ities showed increased occurrence. In the UK and Ireland, the
white spiral phase on L. fabalis is prevalent in association with
high densities of the tube-dwelling polychaete Spirorbis bore-
alis (Daudin, 1800) found cemented to the algal fronds and
has an advantage relative to shells without the white spiral
in predation experiments (Reimchen 1989). We did not record
the abundance of Spirorbis in our study although it is known
that in Atlantic Canada, Spirorbis is common on F. vesiculosus
but can vary among localities (Doyle 1974). Such differences
may contribute to the locality and macrophyte differences
that we observed in the occurrence of the white-spiral phase.

For example, at Merigomish, where the white-spiral phase
was relatively more abundant on F. serratus than on F. vesicu-
losis, the shore substrate was composed of extensive mud and
fine silt, a substrate that facilitates Spirorbis abundance in the
east Atlantic (OConner and Lamont 1978; Reimchen 1981). In
contrast, at Main a Deux, the white-spiral phase was much
less common on F. serratus than on F. vesiculosis and in this
locality, the substrate was predominantly small boulders and
pebbles, differences that could simply reflect reduced habitat
suitability for Spirorbis.

An additional component that differentiates L. obtusata
from L. fabalis in western Europe is the discreteness of the
shell colors, those of L. obtusata showing a more continu-
ous distribution of hues compared with the more discrete
color morphs of L. fabalis, with these differences correspond-
ing to the dominant substrate hues of the different macro-
phytes (Reimchen 1974). The evolution of polymorphic traits
is facilitated by selection against intermediate phenotypes
that can occur if there are distinct microhabitats (Ford 1963;
Villoutriex et al. 2023), as is the case with F. serratus (Reimchen
1979). The bimodality coefficients of shell colors that we
quantified for shells on each macrophyte approached statisti-
cal significance, but there were no differences in the extent of
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modality among the macrophytes and as such no current ev-
idence to suggest increased disruptive selection on shell hue
of the periwinkles occupying the invasive.

A further morphological distinction between L. obtusata
and L. fabalis in western Europe is adult shell diameter, the
former being substantially larger than the latter (∼15 mm vs.
∼10 mm, respectively) (Sacchi 1969). Consequently, we pre-
dicted that if there was evidence of phenotypic adaptation in
the direction of L. fabalis, L. obtusata would exhibit a smaller
adult shell on the lower intertidal invasive relative to the
native macrophytes. Our results were opposite as the shells
were significantly larger on F. serratus in 5 of the 11 locali-
ties. This trend is more consistent with that observed in some
shores of the United Kingdom where adult shells of L. obtusata
are larger at lower intertidal zones, probably associated with
defense against large crab predators that are prevalent in the
lower intertidal zone (Vermeij 1976; Reimchen 1982; Palmer
1985; reviews in Vermeij 1993; Dalziel and Boulding 2005;
Pascoal et al. 2012). It is interesting to note, however, that
the average adult sizes of L. obtusata in our study (10.4 mm) as
well as 87 other localities in Nova Scotia and Newfoundland
(x̄ = 10.5 mm; Reimchen, unpublished data) are similar to the
average adult sizes of L. fabalis in western Europe (10.0 mm)
rather than that of L. obtusata (Reimchen 1982). Such small
adult shell sizes might represent phenotypic plasticity in re-
sponse to environmental cues such as wave action (Trussell
2000; Brookes and Rochette 2007; Bourdeau et al. 2015). Alter-
natively, the extensive winter ice-scouring of intertidal zones
in the northwestern Atlantic compared to the more moderate
climate of the eastern Atlantic (Petzold et al. 2014) could be
expected to limit longevity and shell size of the macrophyte-
dependent L. obtusata. Small adult size can also be favoured
by microspatial differences in size classes of crabs in the in-
tertidal that can result in divergent selection for small versus
large adult shells (Reimchen 1982).

Emerging studies on multiple taxa demonstrate that phe-
notypic and genotypic differentiation can occur in short time
periods such as decades particularly where new selective
landscapes are highly distinctive (Hendry and Kinnison 1999;
Callaway and Maron 2006; Strauss et al. 2006; Leaver and
Reimchen 2012; Marques et al. 2018). Our data demonstrate
that a common intertidal periwinkle in Atlantic Canada has
expanded its foraging niche to include a new invasive macro-
phyte on which it has differentiated in shell color and adult
shell size relative to conspecifics from adjacent native macro-
phytes. These are still early stages of a potential complex of
phenotypic adaptations that periwinkles exhibit on F. serra-
tus in western Europe where the macrophyte is native (Sacchi
1969; Reimchen 1974, 1981, 1982; Goodwin and Fish 1977).
Furthermore, the recent invasion of the predatory green crab
(Carcinus maenus (Linnaeus, 1758)) to the western Atlantic has
led to morphological differences in shell size of L. littorea (Lin-
naeus) (Vermeij 1982; Edgell and Rochette 2008). In the east-
ern Atlantic, this crab is a major predator on L. obtusata and L.
fabalis (Reimchen 1982). That the invasive macrophyte F. serra-
tus and C. maenus are still expanding in the western Atlantic
(Johnson et al. 2012) creates a novel selective landscape for
L. obtusata and raises the possibility of identifying a time se-
ries for phenotypic and genomic differentiation in a direction

predicted by adaptations of L. fabalis on F. serratus in western
Europe.
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