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Abstract

Species recognition is an essential part of biological and paleontological study. In gastropods,
although species are genetic entities, shell morphology continues to be used as the primary
source of information to recognize most species. While there are few directly tested cases,
variations in conchological characters for modern species are expected to reflect underlying
genetic differences that define a biological species, an assumption that is also applied to identify
species in the fossil record. Additionally, how consistently shell shape differentiates gastropod
species remains poorly understood. In this study, shell shape of Recent and Pliocene–Pleistocene
fossil specimens of well-known intertidal gastropods (Littorinidae, periwinkles: †Littorina
petricola, Littorina keenae, and the sister-species pair Littorina plena and Littorina scutulata)
from the east Pacific was analyzed using landmark-based morphometrics and compared with
published molecular data. For the extant species, there is a general positive relationship between
shell shape and genetic differences. Discriminant function analyses indicate distantly related
species can be more reliably recognized from their shells, while closely related species have a
higher error. Fossils and recent specimens were classified with similar consistency. More work is
needed to illuminate whether this case applies more widely.

Non-technical Summary

Recognizing biological species is important—so much information is unlocked when you can
find out the name of what you are observing. Part of identifying a fossil to species is using its
shape. We assume visible shape differences indicate invisible genetic differences (not knowable
for most fossils), which seems to be true for many living animals. Using marine snails
(periwinkles), we find that species are indeed different in shell shape and genetics from each
other. We also see that fossil and modern snails can be identified with similar consistency using
their shells. These results give us more confidence when identifying species using their shapes.

Introduction

Species are fundamental biological units, whose accurate identification underlies much of
ecological and evolutionary investigation. However, there is continued discussion of “the species
problem,” as exemplified by a recent survey that suggested that “two randomly chosen respon-
dents will most likely disagree on the nature of species” and use different concepts, largely
depending on their research discipline and whether they focus on the micro- or macroevolu-
tionary scale (Stankowski and Ravinet 2021: R428). There are at least two distinct parts to the
issue of “the nature of species”: conceptualizing what a species is in theory and the practical
challenge of species recognition (Allmon 2013, 2016), both of which are often obscured by the
widely applied but frequently undefined term “species” (e.g., Struck et al. 2018; Shin and Allmon
2023). A frequently cited key element in species definition is reproductive isolation (after the
biological species concept [Mayr 1942]), whichmight be defined as “a quantitativemeasure of the
effect of genetic differences on gene flow” (Westram et al. 2022). However, reproductive isolation
may be difficult to measure. As a result, generally only taxa suspected or known to have non-
morphological distinguishing features (e.g., chemical or behavioral differences [Knowlton 1993;
Bickford et al. 2007]) might be investigated in detail for an additional suite of data such as
phenotypic, life-history, or ecological aspects that might also be considered to aid species
discrimination, although this may often be outside the scope of non-taxonomic work. In this
paper, we treat species as genetically and phenotypically distinct independent lineages (after the
evolutionary species concept [Simpson 1951; Barraclough 2019]) and concentrate on species
recognition, which considers the types of information and methods used to delineate species.

In practice, many extant species have been, and continue to be, described based on morpho-
logical characters. For organisms only known from fossils or fossil specimens of extant taxa,
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species recognition is based largely on morphology (such species
are sometimes called “morphological species” or “morphospecies”),
in addition to considering biogeographic and geological age infor-
mation. In the study of morphospecies, a certain degree of mor-
phological distinction is assumed to mirror species-level genetic
differences (“good species” [Allmon 2016]), and morphological
variation and features of living species are assumed to similarly
apply to fossils (following uniformitarianism).

The correspondence between reproductively isolated species
identified in modern and fossil morphological species has only
been explored in a few case studies, notably in the widely cited
textbook example of bryozoans by Jackson and Cheetham (1990,
1994; included in Foote andMiller [2006]; see discussion in Allmon
[2016] and Shin and Allmon [2023]). In their study, differences in
allozyme variation and skeletal features of extant colonies were
found to have a statistically significant positive correlation value
(~0.7, p < 0.05; see Jackson and Cheetham [1994: fig. 4, table 3]).
Additionally, from statistical analyses, the morphological classifi-
cation of Recent and fossil colonies was almost the same as the
genetic-based designations (for species with available data, 0.4%
error [Jackson and Cheetham 1994: table 2]). Other studies have
found that dependence on skeletal morphology generally leads to
success in recognizing species in fossil and extant specimens of
several taxa, although with variable uncertainty (e.g., gastropods
[Michaux 1989]; corals [Budd and Pandolfi 2004]; crinoids [Purens
2016]; brachiopods [López Carranza and Carlson 2019, 2021];
crocodilians [Brochu and Sumrall 2020]).

A major concern with relying on morphology to distinguish
between species is that there are potential areas for inaccuracy,
such as for genetically distinct species that do not have any
diagnostic morphology (“cryptic species” or “cryptic species
sensu stricto,” after Chenuil et al. [2019]; definitions vary, see
review by Shin and Allmon [2023]) to be overlooked and not
counted or for one phenotypically variable species to be identi-
fied as multiple species, leading to more species recognized
than are present (taxonomic “oversplitting”). Morphologically
identical or similar species are often associated with closely
related taxa (e.g., “species complexes”) that may have recently
diverged, but can also occur for species that are millions of years
old due to evolutionary stasis (e.g., Cerca et al. 2019), as well as in
distantly related taxa from parallel or convergent evolution
(Struck et al. 2018). A lack of morphological differences in
diverged species has sometimes been attributed to ecological or
environmental influences (e.g., environmental preferences can
differentiate sympatric taxa; the same morphology adaptive to a
particular environment could occur in separate taxa), or if spe-
cies may be differentiated based on systems (e.g., behavioral or
chemical recognition among individuals, timing of life-history
events) that are not reflected in their external morphology.
Imprecise species recognition may obscure biodiversity metrics
and understanding of evolutionary modes and rates through
time (e.g., Bickford et al. 2007; Allmon and Smith 2011; Fišer
et al. 2018; Struck et al. 2018; Monro and Mayo 2022).

To address this issue, two main approaches have been taken:
reviewing the number or information of nominal, described species
compared with evidence for cryptic species at varying taxonomic
scales or contrasting genetic with morphological classifications for
incongruities, usually among related species or genera (e.g., for
particular bryozoans [Jackson and Cheetham 1994]; gastropods
[Puillandre et al. 2010]; and corals [Sheets et al. 2018]; few studies
have been at a global scale, e.g., planktonic foraminifera [Morard
et al. 2024]). Taxonomic reviews may include analyses at a class

level (e.g., rotifers, where multiple mechanisms toward reproduc-
tive isolation are identified [Kordbacheh et al. 2023]), among orders
(e.g., from data on multiple insect orders there may be ~3.1 cryptic
species per insect morphospecies [Li andWiens 2023]), clades (e.g.,
marine gastropods, with ~2% to 30% of species being cryptic with
variable confidence in cryptic species status [Shin and Allmon
2023]), and habitats (e.g., <1% nominal marine metazoan species
have cryptic species [Cahill et al. 2024]). The degree of inaccuracy
for species recognition does not seem to be consistent and may be
group specific, based on a combination of methodological (e.g.,
sampling, taxonomic practice, scientific history) and biological
factors (e.g., reproductive mode, type of fertilization [Pérez-Ponce
de León and Poulin 2016; Shin and Allmon 2023; Cahill et al.
2024]).

For gastropods, conchological characters (e.g., shell shape,
sculpture, and color pattern) remain the primary source of taxo-
nomic information for species description (e.g., Bieler 1992).
Indeed, most availablematerial in collections is dry shell specimens,
from which genetic measures may not be possible. For marine
gastropods, there are 32,000 to 40,000 described species, a number
estimated to only be 23% to 32% of their total diversity (Appeltans
et al. 2012). Despite the large number of species, marine gastropods
have had relatively few cryptic species reported (Knowlton 1993;
Pfenninger and Schwenk 2007; Pérez-Ponce de León and Poulin
2016; Chenuil et al. 2019; Shin and Allmon 2023; Cahill et al. 2024),
perhaps even less than expected (as modeled by Cahill et al. 2024).
A review of extant marine gastropods with adult shells found that
while most studies used genetic analyses to separate species, they
did not find very many cryptic species sensu stricto, perhaps sug-
gesting a similarly high proportion of these species could be reliably
identified from morphology, including fossils (Shin and Allmon
2023).

The present study evaluates the consistency of species identifi-
cation using shell shape, and examines the relationship between
shell shape and genetic differences for a set of closely relatedmarine
gastropods (Littorinidae, periwinkles: Littorina Férussac, 1822). As
part of a well-studied extant genus (e.g., Reid 1989, 1996; McQuaid
1996a, b; Rolán-Alvarez et al. 2015; Johannesson et al. 2024), east
Pacific Littorina provide an opportunity to test gastropod species
recognition on both modern and fossil specimens. While all living
Littorina species are anatomically distinct, there are some species
that can be difficult to differentiate from one another based on their
shell morphology alone, leading to potential identification error.
Theremay also not be consistent conchological features to diagnose
species (e.g., high phenotypic variability due to ecological differen-
tiation or spatial separation, as reviewed in Johannesson et al.
[2024]), and shells may appear similar between species (e.g.,
between the North Atlantic sister species L. obtusata (Linnaeus,
1758) and L. fabalis (W. Turton, 1825), which are most reliably
differentiated by male reproductive organs), or are highly variable
(e.g., between the North Atlantic direct developer L. saxatilis (Olivi,
1792) and its egg-laying relative L. arcana Hannaford-Ellis, 1978;
Reid 1996), contributing to misidentification.

From analyses of Littorina species with similar shell morphol-
ogy, estimates of speciesmisclassification vary widely depending on
the species compared (e.g., up to ~15% for L. saxatilis and its close
relatives [Caley et al. 1995; Conde-Padín et al. 2007]; up to 53%
between east Pacific L. plena A. Gould, 1849 and L. scutulata
A. Gould, 1849 [Chow 1987]). Nonetheless, there is concordance
when anatomical and shell characters and molecular metrics are
used in phylogenetic analyses of extant species (Reid 1990, 1996;
Reid et al. 1996, 2012). We therefore expect that Littorina species
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will be largely recognizable using shell shape and that these distin-
guishable shell shapes correspond with genetic differences.

Materials and Methods

Case Study: East Pacific Intertidal Littorinidae

The fossil record of Littorina is relatively scarce, with the oldest
certain Littorina fossil dating from the Oligocene (†L. sookensis
B. L. Clark & Arnold, 1923, British Columbia, Canada). For extant
species with a fossil record, most are known from the Pliocene and
Pleistocene (Reid 1996). In this study, four co-occurring east Pacific
species were chosen: the extinct †Littorina petricola Arnold, 1908,
and the extant L. keenae Rosewater, 1978, L. plena, and L. scutulata
(Figs. 1, 2). These species were chosen because they have relatively
abundant and available fossil material and are sympatrically dis-
tributed, and the relationship between shell shape variation and
species relatedness can be investigated.

†Littorina petricola is only found from the Pliocene of Oregon
and California, USA. Although little studied since its description
(see Keen and Bentson 1944; Groves and Squires 2021), †L. petri-
cola is thought to be more closely related to the north Pacific
L. squalida Broderip & G. B. Sowerby I, 1829, which is recorded
from the Miocene, than to other east Pacific species (Reid 1996).
While genetic data are not available for this species, †L. petricola is

included to compare morphologies with extant species. For the
three living species, morphology and molecular analyses have
found that L. keenae is distantly related to L. scutulata and
L. plena, which are sister species (Murray 1979; Mastro et al.
1982; Reid 1996; Reid et al. 1996, 2012). Littorina keenae is the
oldest extant species of the genus, with an estimated divergence
from other congenerics in the Eocene, although its fossils are only
found from the Pleistocene onward, while L. plena and L. scutulata
are a sister-species pair that diverged in the Miocene (Reid 1996;
Reid et al. 2012). All three extant species have planktotrophic larvae
and overlap in different intertidal zones, although each species may
have its preferences (L. keenae on exposed high shores, L. plena in
sheltered habitats, and L. scutulata on exposed coasts [Behrens
Yamada 1992; Reid 1996; Rugh 1997; Hohenlohe 2002, 2003a, b]).
When conchologically compared with these extant species,
†L. petricola can be distinguished by commonly exhibiting surface
reticulation, defined whorls, a thicker shell, and no flattened parietal
area, which is distinctive in L. keenae (Reid 1996).

While the species status of these extant Littorina are clearly
established (Fig. 2), there has been documented inaccuracy when
sister species L. plena and L. scutulata are identified based only on
their shells, as no single conchological feature, discrete or contin-
uous, can reliably differentiate all individuals of the two species
(Supplementary Table 1). Previous work has quantified the per-
centage of individuals likely misidentified based on shell shape

Figure 1. Typical shell forms of well-preserved Littorina fossils (A, B, D, F) and modern specimens (C, E, G), all from California, USA. A, †Littorina petricola Arnold, 1908; PRI 76551,
Kettleman Hills; Etchegoin Formation, Pliocene. B, Littorina keenae Rosewater, 1978; LACMIP 5100.71, Point Vincente, Palos Verdes Estates; Quaternary terrace, late Pleistocene. C,
Littorina keenae; LACM 66066, Shell Beach; collected in 1958. D, Littorina plena A. Gould, 1849; LACMIP 7220.166, Point Loma, San Diego; late Pleistocene. E, Littorina plena; LACM
1948-39.5, Oyster Cove, Tomales Bay; collected from “sand, mud, and stones,” in 1948. F, Littorina scutulata A. Gould, 1849; LACMIP 5100.80, Point Vincente, Palos Verdes Estates;
Quaternary terrace, late Pleistocene. (G) Littorina scutulata; LACM 1948-37.11, Nick’s Cove, Tomales Bay; collected from intertidal “coarse to fine sand and rock,” in 1948. See Table 1
for institutional abbreviations.
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alone using discriminant function analysis on different concholog-
ical aspects (e.g., presence or absence of basal band, shell height,
whorl number) of L. plena and L. scutulata, with variable results
(the lowest error of 4% misrecognized specimens [Murray 1982];
the highest error of 53% [Chow 1987]). This study uses similar
statistical techniques to quantify the potential error of recognizing
Littorina species based on shell morphology on a widely sampled

fossil and Recent dataset and evaluates the correspondence between
morphological and genetic differences for extant species.

Morphological data for three extant and one extinct Littorina
species are based on specimens from museum collections (Fig. 3).
In total, 1020 modern and 388 fossil specimens from 36 modern
and 14 fossil samples were analyzed (Table 1, Supplementary
Table 2). Pliocene †L. petricola were sampled from the Etchegoin

Figure 3.Map of the west coast of North America showing samples, with dotted lines showing state/country boundaries. Species ranges are indicated by the colored bars, based on
modern occurrences for extant Littorina keenae, L. petricola, and L. scutulata, and fossil †L. petricola records (after Reid 1996). †Littorina petricola is only found in the Pliocene, while
the extant species are sampled from the Pleistocene.

Figure 2. A,Molecular phylogeny of extant Littorina (based on 28S rRNA, 12S rRNA, and cytochrome oxidase c subunit I [COI] genes with fossil calibrations; approximate divergence
times as redrawn fromReid et al. [2012: fig. 2]) andB,morphology-based phylogeny of all Littorina (from shell and anatomical characters for extant species and shell only for extinct
species, with hypothesized branch times; redrawn fromReid [1996: fig. 115]). Species studied are highlighted. Dotted bars indicate possible ancestral species relationships to extant
taxa, and their stratigraphic ranges. Ma, millions of years ago.
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Formation in California, and Pleistocene fossils of L. keenae,
L. plena, and L. scutulata came from Quaternary terrace sites in
California and Baja California,Mexico. Species identifications from
collections’ labels were verified by examining shell morphology and
recorded biogeographic ranges (after Reid 1996; see Supplementary
Table 1), with three samples redesignated from their museum label
identifications (two L. scutulata samples reassigned as L. plena
based on locality; one L. keenae sample as L. scutulata from mor-
phology). As it was not possible to confirm the identity of all
L. scutulata and L. plena specimens based on conchological features
alone, the data for these two species may contain a percentage of
mixed or misclassified specimens. The majority of fossil samples
(from the Natural History Museum of Los Angeles County) had
their identification confirmed by A. Hendy (current curator and
expert on east Pacific Cenozoic mollusks [e.g., Hendy 2013]).
Modern samples from the Natural History Museum, London,
had their identification confirmed by D. G. Reid (formerly based
at that institution and taxonomic authority on Littorina [e.g., Reid
1996]).

Samples were chosen to encompass the breadth of each species
distribution (to account for the potential range in shell morphology
and habitat occupied) and for larger sample sizes. Relatively large
samples (more than 100 specimens from a locality) were available
from the Pleistocene and modern collections for all the extant
species. No preservational differences were observed between sam-
ples assigned to themiddle or late Pleistocene, so further discussion
treats all Pleistocene samples similarly. A sample size of approxi-
mately 30 specimens per sample was selected as sufficient for
capturing shape variation after testing sample sizes 15 to 50 at three
modern sites in California that included L. keenae, L. plena, and
L. scutulata. From principal component analyses of these species at
three sites using different sample sizes, average change in the
variance explained by components 1 and 2 was <1% and ~2% for
component 3, with a total variance of ~0.008. Covariance matrices
between all pairwise comparisons of tested sample sizes were
similar (matrix permutation test on landmarks, p < 0.01). To
include samples from every part of the extant species’ ranges,
smaller samples from underrepresented localities were included
(British Columbia, Washington, and Oregon). Recent specimens

did not have information on collection date or habitat, so potential
sampling effects (e.g., collection from differently exposed environ-
ments) could not be controlled for. †Littorina petricola did not have
a single sample with more than 30 shells, so specimens from
multiple samples of the same locality (Kettleman Hills, California)
were combined. Both fossil and modern samples are considered
“time averaged” in this study, as only broad temporal bins are
discussed (Pliocene, Pleistocene, modern), and fossils in each
sample are expected to have accumulated over a period of time
(most modern samples appear to be live collected). Incomplete
specimens were not used. Each specimen was photographed by
C.P.S. following a standard apertural view (after Callomon 2019),
using a digital camera set in a copy stand for consistent angle and
orientation. For digitization of shell shape from photographs,
12 landmarks were placed on each image (after Carvajal-Rodríguez
et al. 2005) in tpsDig2 (v. 2.31; Rohlf 2015; Fig. 4). Landmarks have
been shown to be adequate in capturing overall shell shape varia-
tion in Littorina compared with other digitization methods based
on shell photographs (e.g., outlines [Doyle et al. 2018]; shape
parameters derived from a helicospiral model [Larsson et al.
2020]). Shape changes have been successfully investigated using
landmarks, especially among the highly variable Littorina saxatilis
(e.g., Conde-Padín et al. 2007; Butlin et al. 2014) and when com-
paring multiple Littorina species (e.g., Maltseva et al. 2021). Digi-
tization was conducted solely by C.P.S. Landmarking consistency
was tested by digitizing the same sample (20 specimens of
L. keenae) three times, with no statistically significant differences
in means of attempts (T2 test, all p > 0.05; average shape of each
attempt shown in Fig. 4), and digitization attempt explained much
less of the shape variation (from Procrustes ANOVA on shape,
~17% variance) than the variance contributed by individuals
(~83%). Themorphometric data were then Procrustes transformed
and statistically analyzed in MorphoJ (Generalized Procrustes
Analysis; v. 1.07a [Klingenberg 2011]) and R (R Core Team 2023;
packages moments [Komsta and Novomestky 2022], ggpubr [Kas-
sambara 2023], and ggplot2 [Wickham 2016] were used). Centroid
size, the square root of the sum of squared distances from the center
to all landmarks, was used to approximate specimen sizes. Principal
component analyses illustrate shape variation among specimens,

Table 1. Summary of studied samples and specimens, listed by species and age. Sample details are listed in Supplemental Table 2. Institutional abbreviations:
AMNH, American Museum of Natural History, New York, NY, USA; LACM and LACMIP, Natural History Museum of Los Angeles County, Los Angeles, CA, USA; NHM,
Natural History Museum, London, UK; PRI, Paleontological Research Institution, Ithaca, NY, USA; USNM, Smithsonian National Museum of Natural History,
Washington, DC, USA

Species Age Samples Specimens Institution

†Littorina petricola Pliocene, Etchegoin Formation 1 (combined) 21 PRI

Littorina keenae Late Pleistocene, Quaternary terrace 5 148 LACMIP

Recent 11 330 LACM, NHM, USNM

Littorina plena Late Pleistocene, Quaternary terrace 3 90 LACMIP

Recent 9 233 LACM, NHM, USNM

Littorina scutulata Pleistocene, Quaternary terrace 1 9 PRI

Middle Pleistocene, Quaternary terrace 1 30 LACMIP

Late Pleistocene, Quaternary terrace 3 90 LACMIP

Recent 16 457 AMNH, LACM, NHM, USNM

Total fossils 14 388

Total Recent 36 1020
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and the wireframe diagrams (selected landmarks connected by
straight lines for visualization) show themagnitude of shape change
among landmarks for each principal component axes. Cross-
validated discriminant function analysis between pairs of species
was used to estimate the percentage of specimens that would be
misclassified based on their shell shape. Mahalanobis distance, the
distance between themeans of two species shapes while considering
their variance and covariance, was also calculated during discrim-
inant function analysis.

For the genetic data, published sequences for the extant spe-
cies were taken from GenBank (1 specimen per species, for 28S
rRNA, 12S rRNA, and cytochrome oxidase c subunit I [COI]
genes, respectively, as cited in Reid et al. [2012]; Supplementary
Table 3). Sequences were aligned with MUSCLE (Edgar 2004;
with default parameters of �400 gap opening penalty
and unweighted pair group method with arithmetic mean clus-
tering), and pairwise p distances, the number of base pair differ-
ences per site between two sequences, were calculated in MEGA
11 (Tamura et al. 2021).

Results and Discussion

Fossil and Modern Littorina

Overall, Pleistocene fossils of the extant species were smaller
and less variable in size than modern individuals, while Pliocene
†L. petricola was larger (Fig. 5A). As previously documented,
†L. petricola and L. keenae were commonly larger than L. plena
or L. scutulata, and L. plena specimens tended to be smaller than
L. scutulata (Supplementary Table 1). Centroid sizes were not
normally distributed for L. keenae, L. plena, or L. scutulata
(Shapiro-Wilk normality test, p < 0.05), but were for †L. petricola
(p = 0.2). Among species, centroid sizes were significantly different
(Kruskal-Wallis χ2= 45.1, df = 3, p < 0.05), and pairwise compar-
isons between all species were statistically significant (Wilcoxon
rank-sum test with Bonferroni correction, p < 0.05), except between
L. plena and L. scutulata (p = 0.08). Although Pleistocene fossil and
Recent centroid sizes of all three extant species overlap, they were
statistically different for each species (L. keenae, Kruskal-Wallis χ2

= 51.9, df = 1, p < 0.01; L. plena, Kruskal-Wallis χ2 = 33.1, df = 1, p <
0.01; L. scutulata, Kruskal-Wallis χ2 = 15.0, df = 1, p < 0.01), but it is
unclear if these size differences reflect time-averaging taphonomic
processes or indicate biological change over time. There was no
statistically significant difference in sizes for L. keenae across sam-
pled regions (Kruskal-Wallis χ2 = 1.2, df = 1, p = 0.3), but there was

Figure 5. A, Centroid size distribution of studied Littorina; dotted plots are sizes of fossil specimens, solid-colored plots are for Recent specimens. B, Centroid size distribution of
extant Littorina, grouped by region, listed from north to south. AK, Alaska; BC, British Columbia; WA, Washington; OR, Oregon; CA, California; MX, Baja California.

Figure 4. A, Landmarking scheme (after Carvajal-Rodríguez et al. [2005]; landmarks
described below) illustrated on an example specimen, Littorina scutulata. LACMIP
6153.2 Rancho Palos Verdes, California, Quaternary terrace, middle Pleistocene. Land-
mark 1 = shell apex; 2 = right upper side of penultimate whorl’s suture; 3 = midpoint on
curve, between landmarks 2 and 4; 4 = lower suture of penultimate whorl; 5 = end of
suture; 6 = rightmost external point on shell lip edge; 7 = lowest point on shell base; 8 =
internal border of aperture; 9 = external border of aperture, perpendicular to 8; 10 =
midpoint on shell edge, between landmarks 7 and 11; 11 = leftmost external point on
penultimate whorl; 12 = left side of penultimate whorl’s suture. B, Example of land-
marking consistency with average configurations of three digitization attempts on the
same L. keenae sample (black, purple, and pink outlines). LACMIP, Natural History
Museum of Los Angeles County, Los Angeles, CA, USA.
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for L. plena (Kruskal-Wallis χ2 = 189.3, df = 5, p < 0.01) and
L. scutulata (Kruskal-Wallis χ2 = 48.6, df = 5, p < 0.01; Fig. 5B).
While there were no regions that had statistically significant dif-
ferences with all others, L. plena from Alaska (the northern extent
of the species) and L. scutulata from Baja California (the southern
extent of the species) differed from the most regions when pairwise
comparisons were conducted (Wilcoxon rank-sum test with Bon-
ferroni correction, p < 0.05).

Principal component analyses of fossil and Recent Littorina
specimens illustrate groups of shell shapes according to species,
particularly separating L. keenae from closely overlapping L. plena
and L. scutulata individuals on principal component 1 (PC 1; 52.7%
variance), while there was slight differentiation of fossil from
modern material on PC 2 (12.0%) and PC 3 (7.8%; Fig. 6). Pliocene
†L. petricola did not form a discrete morphological cluster, with the
landmarked shell shapes plotting among L. plena and L. scutulata
specimens, and showed the least variability compared with the
extant species, although this may also be due to the limited sam-
pling. Adding L. squalida, the closest extant relative to †L. petricola

in future analyses could provide another species pair comparison to
evaluate this study’s approach.

Centroid sizes of Littorina species were not correlated with the
morphological data in PC 1, PC 2, or PC 3 (when a simple linear
regression of principal component axes with each species’ sizes
are conducted, all adjusted R2 < 0.5; Supplementary Fig. 1).
Principal component analyses that considered modern (55.4%
variance on PC 1, 12.1% for PC 2, 7.5% for PC 3; Supplementary
Fig. 2) or fossil (51.7% variance for PC 1, 10.4% on PC 2, 7.8% on
PC 3; Supplementary Fig. 3) material separately exhibit results
similar to the analysis that included all specimens. Shell shape
variation along the principal component axes could not be attrib-
uted to any singular landmark, although for all analyses there is an
overall rounder, turbinate shape, and apex height change on PC
1,which is reflective ofL. keenae, comparedwithmore conical forms
of L. plena and L. scutulata for PC 2 and PC 3 (Fig. 6). It has
been suggested that overall shell shape in marine gastropods may
be adaptive for temperature regulation in different intertidal
zones (e.g., taller spires at higher shore heights [Vermeij 1973]),

Figure 6. Principal component analysis of landmark data for all specimens of the three extant and one extinct Littorina species. Polygons enclose the points for each species.
Wireframe diagrams show shape changes for each principal component (PC 1, PC 2, PC 3), from minimum (purple) to maximum values (black) along that axis.
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although this has not been shown for the extant species in this
study (L. keenae [Lee and Boulding 2010]; no specific data on
L. scutulata or L. plena). Spire height has been specifically associ-
ated with predation risk (e.g., crab predation selects for smaller
spires [Seeley 1986]), varying growth rates (e.g., faster growth may
result in taller spires [Kemp and Bertness 1984; Boulding and Hay
1993]), and perhaps a larger foot area, which would be advanta-
geous against wave action (for L. scutulata and L. plena [Hohenlohe
2003a]). It is unclear whether species differences in spire height
are adaptive for the studied taxa. Including semilandmarks on
certain shell outline sections may complement our current shape-
digitization approach.

Little morphological change was observed for extant Littorina
species, as Pleistocene and Recent specimens had comparable
ranges of Mahalanobis distances (Table 2). As expected, the more
phylogenetically distant L. keenae had larger Mahalanobis dis-
tances to L. plena and L. scutulata (3.4 to 4.2) than between the
sister species L. plena and L. scutulata (1.1 with modern speci-
mens, 1.5 with fossils). Despite a smaller fossil (388 specimens)
than Recent dataset (1020 specimens), Pleistocene and modern
L. keenae display similar overall ranges in shell shape variation,
while Pleistocene L. plena and L. scutulata appear to have less
variable shell shapes compared with their Recent specimens
(modern data in Supplementary Fig. 2, fossils shown in Supple-
mentary Fig. 3). It is ambiguous whether there are definite
biological or environmental factors reducing fossil morphologi-
cal variation, other than potential sampling effects. However,
L. plena and L. scutulata have analogous ranges of overall shell
shape variation, which is slightly different from previous findings
(compared with L. scutulata, L. plena had smaller shell shape
variation [Murray 1982]; or L. plena has larger shell variation
[Reid 1996]). The spread of morphological variation within
L. plena and L. scutulata on PC 1 and to a lesser extent on PC
2 and PC 3may be attributed to geographic region, although there
do not seem to be any strong latitudinal trends or discrete
groupings of shapes, as there is overlap in specimens from dis-
junct areas (e.g., individuals from British Columbia overlay with

those from California). As noted by Reid (1996), higher-spired
specimens were found at the northern range of L. plena, and
individuals of L. plena from Alaska, British Columbia, and
Washington did cluster more toward the maximal values of PC
2 and PC 3, although morphological clusters of both L. plena and
L. scutulata overlapped with each other within every sampled
region. Nevertheless, intraspecific variability in shell shape for
L. plena and L. scutulata appears to be continuous, suggesting
there may be little effect of time averaging on shape data (e.g., as
in other studies, reviewed by Kidwell and Holland [2002]). No
consistent shell forms associated with specific environments
(ecotypes, defined as “a phenotypically and genotypically distinct
form of a species that is adapted to a particular habitat” [Johan-
nesson et al. 2024]) have been described for any of the study
species (Reid 1996). Planktotrophic larval development with
relatively high dispersal capabilities for all three extant species
may explain the continuity in the extent of shell shapes, as
populations in the species distribution are generally connected
(no spatial population genetic structure was found for L. keenae,
L. plena, or L. scutulata [Lee and Boulding 2007, 2009, 2010]).

Evaluating Morphological Species Recognition

Larger Mahalanobis distances between pairwise species compar-
isons corresponded with higher accuracy in classifying specimens
from cross-validated discriminant function analysis, demon-
strating that shell shape as captured through landmarking can
sufficiently differentiate among species (Table 2). The largest
differences between means involved †L. petricola and the three
extant species (Mahalanobis distances from 6.4 to 7.0), and the
smallest between L. plena and L. scutulata (0.7), with all pairwise
comparisons being statistically significant (T2 test, p < 0.01).
Nearly all specimens of †L. petricola could be distinguished from
L. keenae, L. plena, and L. scutulata (<1%misclassified), while the
highest error was between L. plena and L. scutulata (37%). A few
individuals of L. plena and L. scutulata were misclassified when
compared with L. keenae (4%). A similar trend in Mahalanobis
distances and misclassification percentages between species was
also found when only fossils or modern specimens were consid-
ered. These comparisons of more distantly related species have
larger shape differences, and lower identification error is
expected, as demonstrated by previous phylogenetic work based
on conchological and soft anatomical characters (Fig. 2).

The amount of error in conchologically recognizing L. plena
and L. scutulata (32% to 37%) is generally higher but still in the
range of those previously reported using solely modern material,
suggesting there is more shape variability captured when sampling
widely across the species distribution. However, some error may
also be due to some misidentification of species from collections
labels. With different data, several studies have used discriminant
function analysis to quantitatively compare the accuracy of clas-
sifying confirmed L. plena and L. scutulata (collected live, ana-
tomical features observed) with conchological identification.
Murray (1982) reported a 16% error in distinguishing L. plena
based on its generally smaller size and more frequent appearance
of a basal band, although this misclassification percentage could
be reduced to 4% if shell length, depth, whorl height, and whorl
number are measured (samples from California and Oregon).
Misclassification percentages in a similar range were found for
the two species based on measured shell length, width, whorl
number, and presence of an amber band and tessellations (5%
for L. plena and 11% for L. scutulata, from Bodega Bay, California

Table 2. Mahalanobis distances between pairs of Littorina species (left
quadrant, all pairwise comparisons p < 0.01, T2 test) and percentage of
misclassified specimens from cross-validated discriminant function analysis
(right quadrant) based on all specimens, modern shells, or fossils only

All specimens †L. petricola L. keenae L. plena L. scutulata

†L. petricola — <1% <1% <1%

L. keenae 6.4 — 4% 4%

L. plena 6.6 3.7 — 37%

L. scutulata 7.0 3.4 0.7 —

Modern only

L. keenae — 3% 5%

L. plena 4.0 — 32%

L. scutulata 3.4 1.1 —

Fossils only

†L. petricola — 1% 1% 1%

L. keenae 6.0 — 5% 4%

L. plena 6.2 4.2 — 33%

L. scutulata 6.0 4.0 1.5 —
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[Chow 1987]). Much higher error percentages were reported for
L. plena (34%) and L. scutulata (31%) from British Columbia and
Washington based on measurements of shell height, spire angle,
aperture angle, whorl ratio, and aperture shape (Hohenlohe and
Boulding 2001). The highest misclassification documented was
53% when classifying L. plena between open and protected shores
at the same site (Chow 1987). Adding discrete conchological
characters such as color (e.g., the presence of a pale basal band
and checkered patterning) would increase the accuracy of modern
species identification between L. plena and L. scutulata (Murray
1982; Chow 1987; Rugh 1997; Hohenlohe and Boulding 2001;
Supplementary Table 1), although this would not be possible for
most fossil specimens.

Species-Level Morphological and Genetic Correlation

Increasing morphological distances (Mahalanobis distance) corre-
spond with genetic p distances (from 28S rRNA, 12S rRNA, COI),
as seen from pairwise comparisons between L. keenae, L. plena, and
L. scutulata, supporting the use of shell shape in recognizing species
with modern or fossil material (Fig. 7). This reflects phylogenetic
analyses of Littorina based on morphological and molecular met-
rics, which are in close agreement (Reid 1990, 1996; Reid et al. 1996,
2012; Fig. 2).

Our results are similar to the highly correlated morphological
(Mahalanobis distance, from fossil and Recent bryozoans) and
genetic distances (Nei’s unbiased D, from allozymes) in the fre-
quently referenced study by Jackson and Cheetham (1994). For the
Littorina studied here, morphological differences are quantified by
Mahalanobis distances, and uncertainty in species identification is
gauged by number of misclassified specimens between species, with
higher error found to be correlated with how closely related species
are. When combined with other approaches to evaluating the
potential inaccuracy of relying onmorphospecies recognition, such
as taxonomic reviews of species status and comparisons of mor-
phospecies and genetic-based taxonomies, it seems that there is a
range of potential error that will likely vary and depend on the
biology of the taxonomic group and its history of study (e.g., Shin
and Allmon 2023; Cahill et al. 2024), emphasizing the importance
of evaluating the consistency of species identification for specific
groups.

Conclusions

1. Shell shape, as quantified by landmarking, can be used to
distinguish among east Pacific Littorina species. From cross-
validated discriminant function analysis, the number of mis-
classified specimens between two species is lower when the
species are more distantly related (from <1% to 5%) and highest
between sister species (32% to 37%).

2. For extant Littorina, Pleistocene and Recent specimens are
conchologically similar and can be recognized with comparable
accuracy. Although Pleistocene Littorina specimens were less
morphologically variable than modern individuals, the range of
fossil variation was contained within the Recent data, and all
species had continuous ranges of morphological variation.
Although the extinct species from the Pliocene morphologically
overlapped with the studied extant species, it could be distin-
guished with other shell characters.

3. Differences in Littorina shell shape are correlated with genetic
distances, giving confidence to recognizing Littorina based solely
on morphology, and this may also apply to other gastropod
species. Quantifying the variability in the relationship between
morphological and genetic differences for specific taxamay add to
our understanding of the potential error when recognizing mor-
phospecies, and elucidate prospective causes in cases where mor-
phological and genetic differentiation are inconsistent.
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