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Abstract It has been proposed that the common West
Coast limpet, Lottia digitalis, is actually the northern coun-
terpart of a cryptic species duo including, Lottia austrodigi-
talis. Allele frequency diVerences between southern and
northern populations at two polymorphic enzyme loci pro-
vided the basis for this claim. Due to lack of further evi-
dence, L. austrodigitalis is still largely unrecognized in the
literature. Seven additional enzyme loci were examined
from populations in proposed zones of allopatry and symp-
atry to determine the existence of L. austrodigitalis as a
sibling species to L. digitalis. SigniWcant allele frequency
diVerences were found at Wve enzyme loci between popula-
tions in Laguna Beach, southern California, and Bodega
Bay, northern California; strongly supporting the existence
of separate species. Both species exhibit two microhabitat
morphotypes, a gooseneck barnacle morph in the mid-inter-
tidal zone and a rock morph in the high-intertidal zone. In
sympatry, L. austrodigitalis was more abundant higher in
the intertidal on rocks, whereas L. digitalis was more abun-
dant lower in the intertidal on barnacles. This Wnding sup-
ports earlier claims of microhabitat partitioning in this
sibling species pair. In addition to this Wnding, the transi-
tion zone between the species was found to have shifted
substantially northward in only two decades, from Monte-

rey Peninsula, CA to near Pigeon Point, CA, where L. digi-
talis previously dominated.

Introduction

Sibling species are deWned as sister species that are impos-
sible or extremely diYcult to distinguish based on morpho-
logical characters alone (Mayr and Ashlock 1991). Marine
sibling species are ubiquitous, found from the poles to the
tropics, in most known habitats, and at depths ranging from
intertidal to abyssal (Knowlton 1993). We will refer to spe-
cies that are indistinguishable morphologically, whether or
not they are sister species, as “cryptic species” and will
restrict our use of “sibling species” to cryptic species for
which there is phylogenetic evidence for sister species
status. Cryptic species that are not sibling species could
exhibit similar characteristics due to either convergence
or the retention of more ancient plesiomorphic similarity.
Although this deWnition of sibling species is somewhat
more restrictive than “Modern Synthesis” vintage and more
recent deWnitions (Mayr and Ashlock 1991; Knowlton
1993), we believe that it is helpful for distinguishing
between alternative situations where there might or might
not be phylogenetic estimates available. Cryptic species are
often overlooked in the marine environment as a result of
several factors: (1) the diYculty of discovering reproduc-
tive isolation when it occurs, (2) scarcity of well preserved
soft tissues in museum collections, (3) the confounding fac-
tor of normal intraspeciWc geographic variation, and (4) the
assumed potential for long-distance dispersal along coast-
lines being equated with expectations for broad geographic
ranges (Knowlton 1993). Sibling species are common
in various marine taxa such as poriferans (Sole-Cava
and Thorpe 1986; Boury-Esnault et al. 1992), cnidarians
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(McCommas and Lester 1980; Bucklin and Hedgecock
1982; Buss and Yund 1989), mollusks (Mastro et al. 1982;
Moyse et al. 1982; Ward and Janson 1985; Chaney 1987),
crustaceans (Mathews et al. 2002; Strasser 2003; Asakura
and Watanabe 2005; MacPherson and Machordom 2005)
and echinoderms (Manwell and Baker 1963; Lessios 1981;
Nishida and Lucas 1988; Matsuoka and Hatanaka 1991).

Estimates of marine biodiversity are increasing as more
sibling species are being discovered. For example, the
copepod genus Tisbe has grown from a few to over 63 spe-
cies (Marcotte 1984) as a result of discovering signiWcant
allozyme diVerences. Further, eight sibling species of poly-
chaetes were identiWed within what was formerly a single
species, Capitella capitata, based on diVerences in chromo-
some number (Grassle et al. 1987). Analysis of mitochon-
drial gene regions for limpets that at one time had all been
referred to as Lottia strigatella (Carpenter 1864) conWrmed
the validity of the more northern L. paradigitalis (Fritch-
man 1960) and also revealed previously unrecognized spe-
cies in the south (Simison and Lindberg 2003).

The scientiWc evidence for establishing a cryptic species
complex can be somewhat controversial, like that of the
limpet pair, Lottia digitalis (Rathke 1833) and L. austrodig-
italis (Murphy 1978). L. digitalis is a common temperate
northeastern PaciWc limpet species that occupies a broad
band within the rocky intertidal habitat, from the mid to
high tide zone, and has conventionally been thought to
exhibit a large geographic range spanning from the Aleu-

tian Islands, Alaska to Baja California Sur, Mexico
(McLean 1978; Morris et al. 1980; Lindberg 1981; Lind-
berg et al. 1987; Shanks 1998; Holyoak 1999). Limpets
identiWed as L. digitalis from Santa Cruz, California, were
shown to be morphologically plastic (Lindberg and Pearse
1990) exhibiting a lower-proWle broad morphotype with
mottled brown, black, green, or golden coloration when it
inhabits vertical rock faces and a taller and narrower mor-
photype that is white with black stripes when it dwells on
gooseneck barnacles (Pollicipes polymerus). These “rock”
and “barnacle” morphotypes are superbly camouXaged to
match their respective habitats. Murphy (1978) proposed
that L. digitalis ranged mostly from the Aleutian Islands,
Alaska to Point Conception, California, becoming consid-
erably rarer to the south into southern California. In con-
trast, L. austrodigitalis ranged continuously from the
northern PaciWc coast portions of Baja California Sur, Mex-
ico to Point Conception, California, including a more north-
ern population on Monterey Peninsula in Central California
(Murphy 1978). Valentine (1966) observed that Monterey
Bay is 2–3°C warmer than the waters to the north and south
and that some warmer-water organisms are found there.

After comparing limpets from 10 locations (Fig. 1)
between Corona Del Mar, CA (33.59°N) and Yachats State
Park, Oregon (44.30°N), Murphy (1978) reported allozyme
diVerences attributed to the diVering distributions of L. dig-
italis versus L. austrodigitalis. The rock and barnacle
microhabitats at each site were sampled equally. Murphy

Fig. 1 A map of the California 
coastline showing the location of 
collection sites from the current 
study as well as those from 
Murphy’s studies (1978, 1983). 
Current collection sites are 
underlined while Murphy’s col-
lection sites are marked with an 
asterisk. Those sites sampled in 
both studies are underlined and 
marked with an asterisk. From 
south to north: Laguna Beach 
(LAG), Point Mugu (MUG), 
Gaviota Beach (GAV), Cayucos 
(CAY), San Simeon (SSM), Mill 
Creek (MIL), Monterey Penin-
sula (MON), Santa Cruz (SCZ), 
Pigeon Point (PPT), and Bodega 
Bay (BOD)
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reported statistically signiWcant diVerences in allele fre-
quencies at the leucine amino peptidase (LAP, EC 3.4.11.1)
and glucose phosphate isomerase (GPI as “PGI”, EC
5.3.1.9) loci between the three northernmost populations
(Yachats, OR; Bodega Head, CA; Santa Cruz, CA) and the
two southernmost populations (Point Mugu, CA and
Corona Del Mar, CA). Further, he reported that the LAP
locus could be used by itself as a diagnostic species marker
with 98.8% probability of assigning an individual to the
correct species. No evidence for hybridization was found in
the zone of sympatry, which spanned from Gaviota State
Beach, CA to Santa Cruz, CA (Fig. 1). Judging from the
fact that Murphy’s proposal has been largely ignored, these
earlier Wndings were not enough to convince limpet taxono-
mists and biologists working on these limpets that L. digi-
talis was actually the northern counterpart of a sibling (or
cryptic) species duo (Abbott and Haderlie 1980; Ricketts
et al. 1985; Lindberg et al. 1987, 1998; Hahn and Denny
1989b; Lindberg and Pearse 1990; Hobday 1995; Denny
and Blanchette 2000; Denny 2000). Only one gene locus
showed strong diVerences between southern and northern
populations and the subtle shell diVerences noted by Mur-
phy have been considered by some to reXect mere intraspe-
ciWc geographic variation in a species already known to be
extremely plastic. As a result, the newer (southern) sibling
species, L. austrodigitalis, has rarely been recognized in
subsequent literature.

In addition to the south versus north allozyme diVer-
ences, Murphy (1983) reported that in the Monterey Penin-
sula portion of the zone of sympatry, L. digitalis was found
in higher frequency in the barnacle microhabitat while L.
austrodigitalis was found in higher frequency in the rock
microhabitat. The LAP allele signature was used to distin-
guish between siblings and was considered by Murphy to
be more reliable than any morphological distinctions he
was able to detect. In the Monterey Peninsula population,
72% of individuals genetically determined to be L. austro-
digitalis were from the rock microhabitat and 65% of indi-
viduals genetically determined to be L. digitalis were from
the barnacle microhabitat.

In the current study, we used seven polymorphic allo-
zyme loci to investigate both allopatric and sympatric popu-
lations of L. digitalis and the proposed L. austrodigitalis by

using horizontal starch gel electrophoresis, a well-estab-
lished technique that has been used extensively in the exam-
ination of cryptic species (Ward and Janson 1985; Staub
et al. 1990; Matsuoka and Hatanaka 1991; Crawford et al.
1996; Manchenko and Kulikova 1996) as well as in taxo-
nomic studies (Ayala 1983; Bullini 1983; Thorpe 1983). By
sampling more allozyme loci, we generated additional
data supporting the hypothesis that L. austrodigitalis and
L. digitalis are distinct species and attempted to characterize
current species boundaries. We also investigated multiple
sympatric populations for evidence of ecological partition-
ing between rock and barnacle microhabitats.

Materials and methods

Collection of samples

Limpet populations were sampled from six Californian
intertidal sites (Table 1; Fig. 1). Collections were made
between January 1998 and October 1999 from Shaw’s
Cove in Laguna Beach, Orange County (southern site);
Point Pinos on Monterey Peninsula, Monterey County (cen-
tral site); and Horseshoe Cove in Bodega Bay, Sonoma
County (northern site). Three additional sites (San Simeon,
San Luis Obispo County; Santa Cruz, Santa Cruz County;
and Pigeon Point, San Mateo County) were sampled within
the reported zone of sympatry (Murphy 1978) in 2001 and
2002 to better assess the current distribution of each spe-
cies. Limpets identiWed as L. digitalis were chosen based on
the species’ physical descriptions (Light et al. 1975) and
only specimens larger than 5 mm were collected because it
is easy to misidentify juvenile Lottia species. There was no
a priori knowledge of whether collected individuals were L.
digitalis or L. austrodigitalis because Murphy reported that
the two proposed species were nearly morphologically
indistinguishable. Limpets were collected from both the
gooseneck barnacle and rock microhabitats at each site.
Collection sites were sampled two to three times within a
21-month period, 50–70 limpets in total being taken from
each microhabitat. Limpets were placed into dry zip lock
bags and packed in dry ice immediately upon collection and
then stored in a ¡80°C freezer.

Table 1 Sample sizes (n) from 
populations of L. austrodigitalis 
and L. digitalis (combined) from 
each microhabitat type at six 
diVerent locations

Site Latitude (°N) Longitude (°W) Rock (n) Barnacle (n)

Laguna Beach (Shaw’s Cove) 33.55 117.80 154 116

San Simeon (Piedras Blancas) 35.40 121.17 47 48

Monterey Pen (Point Pinos) 36.64 121.93 83 86

Santa Cruz (Point Santa Cruz) 36.95 122.05 49 34

Pigeon Point (North) 37.15 122.35 48 46

Bodega Bay (Horseshoe Cove) 38.32 123.08 126 110
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The posterior body tissue was utilized for electrophore-
sis and the heads and surrounding tissue were removed and
stored at either ¡80 or ¡20°C or were transferred to 95%
ethanol. These vouchers have been maintained in the lab of
DJE and, upon completion of follow-up DNA studies, will
eventually be deposited in an appropriate museum for
potential future analysis.

Protein electrophoresis

In initial screening of loci, approximately 26 enzyme sys-
tems were tested for activity. Eighteen of the enzyme sys-
tems were not pursued further due to lack of detected
activity and two of them were excluded because southern
and northern populations were monomorphic for the same
allele. The analysis included six enzyme systems (Table 2)
and these allowed scoring of seven polymorphic loci
(although MDH-2 was nearly Wxed for a single allele). The
enzyme assay recipes (Table 3) were modiWed from Shaw
and Prasad (1969) and Brewer (1970) as practiced in the lab
of Dr. Dennis Hedgecock, Bodega Marine Lab, University

of California, Davis and DJE at the University of Califor-
nia, Santa Cruz and Friday Harbor Marine Laboratories,
University of Washington.

Posterior body tissue from the limpets was homoge-
nized in gel buVer (76 mM TRIS and 5 mM citric acid, pH
8.65) using a sharpened glass stir rod as a pestle and a
pinch of white quartz sand to create a rough grinding
surface. The homogenate was absorbed onto 3 £ 11 mm
wicks made of Whatman #1 Wlter paper for insertion into
horizontal starch gels. All samples were run on 12.5%
(w:v) gels made with “Starchart” hydrolyzed potato starch
and a Tris–citric acid gel buVer (Table 2). Gels were
scored by designating the most frequent band in one arbi-
trarily selected population as the “100” allele and then
measuring in mm the distance from each band to the 100
allele band. We refer to our six localities as populations
and further divide these populations into two microhabi-
tats using the terms “rock sample” and “barnacle sample”.
Bands that migrated further than the 100 allele were
assigned distances >100 while bands that migrated less
than the 100 allele were assigned distances <100. Allelic

Table 2 Six polymorphic enzyme systems and their corresponding gel and electrode buVers

REG gel buVer: 76 mM Tris and 5 mM citric acid, pH 8.65. REG bridge buVer: 300 mM boric acid and 60 mM NaOH, pH 8.1. JRP gel buVer:
9 mM Tris, 3.3 mM citric acid, and 1 mM EDTA, pH 7.0. JRP bridge buVer: 135 mM Tris, 39 mM citric acid, and 1 mM EDTA

Enzyme full name Enzyme abbreviation Enzyme commission number Gel/electrode buVer

Aspartate Amino Transferase AAT (GOT) 2.6.1.1 REG

Esterase (nonspeciWc) EST 3.1.1.- REG

Glucose Phosphate Isomerase GPI 5.3.1.9 REG

Leucine Amino Peptidase LAP 3.4.11.1 JRP

Malate Dehydrogenase MDH 1.1.1.37 REG

Peptidase Leucyl-Glycyl-Glycine PEP-LGG 3.4.11.- REG

Table 3 Stain recipes for six polymorphic enzyme systems

MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazoliumbromide: Thiazolyl blue); NAD nicotinamide adenine dinucleotide; NADP nicotinamide
adenine dinucleotide phosphate; NADH nicotinamide adenine dinucleotide, reduced form; PMS phenazine methosulfate; PVP polyvinylpyrolidone

Enzyme Recipe

AAT AAT substrate solution: 80 mg of �-ketoglutaric acid, 2.7 g of aspartic acid, 14 g of dibasic sodium phosphate, 10 g of PVP, 
and 1 g of sodium EDTA dissolved into 1 l of deionized water. 100 ml of substrate solution was added to 55 mg of Fast Garnet 
GBC or Fast Blue BB

EST 100 ml 0.1 M phosphate buVer pH 6.5, 1.5 ml 1% �-naphthyl acetate, 60 mg Fast Garnet GBC. Soak gel for 15–20 min in a 
0.5 M boric acid solution prior to staining

GPI Agar overlay: 20 ml 0.15 M TRIS–HCl buVer pH 8.0, 50 mg fructose-6-phosphate, 10 mg NAD, 10 mg MTT, 5 mg PMS, 
0.5 ml 1 M MgCl2 solution, 20 units glucose-6-phosphate dehydrogenase was added to 30 ml of hot (65°C) 1% agarose solu-
tion, and then poured immediately over the gel slice(s)

LAP 50 ml 0.2 M maleic anhydride, 0.2 M NaOH solution, 10 ml 0.2 M NaOH, and 40 ml deionized water (Wnal pH, 5.0), 70 mg 
L-leucine-�-napthyl amide HCl, 30 mg Black K salt. Soak gel for 15–20 min in a 0.5 M boric acid solution prior to staining

MDH 100 ml 0.05 M TRIS–HCl buVer pH 8.6, 50 mg L-malic acid, 30 mg NAD, 20 mg MTT, 1 mg PMS

PEP-LGG Agar overlay: 20 ml 0.1 M phosphate buVer pH 7.5, 20 mg leucyl-glycyl-glycine, 10 mg peroxidase, 5 mg snake venom (Cro-
talus adamanteus), 10 mg o-Dianisidine, 0.5 ml 0.1 M manganese chloride solution. This stain solution was added to 30 ml of 
hot (65°C) 1% agarose solution, and then poured immediately over the gel slice(s)
123



Mar Biol (2007) 152:1–13 5
data were analyzed with the software Genetic Data Analy-
sis v. 1.0 (d16c) (Lewis and Zaykin 2001).

Results

Southern versus northern populations

Pronounced allele frequency diVerences were observed
between the Laguna Beach (southern) and Bodega Bay
(northern) populations at Wve enzyme loci (Table 4). The
Laguna Beach and Bodega Bay populations (both rock and
barnacle samples) were nearly Wxed for either “southern” or
“northern” alleles, respectively, at the MDH-1 locus and
allele frequencies were signiWcantly diVerent (P < 0.001;
Fisher’s Exact test for this and other tests below). Allele
frequencies were also signiWcantly diVerent at the PEP-
LGG (P < 0.001), LAP-2 (P < 0.001), EST (P < 0.001),
and AAT-2 (P < 0.002) loci. However, diVerences at the
GPI locus were not signiWcant (P = 0.088 for rock morph;
P = 0.099 for barnacle morph) and the MDH-2 locus was
nearly Wxed for the same allele in all populations. The
genetic distance (Nei 1978) between the Laguna Beach and
Bodega Bay populations, using all seven polymorphic loci,
was 0.519 and the genetic identity (Nei 1978) was 0.595.

Zone of sympatry

Based on Murphy’s (1978) report over two decades earlier
that Monterey Peninsula was the zone of sympatry, Monte-
rey Peninsula populations were tested at each of the six
polymorphic allozyme loci. The Monterey Peninsula popu-
lations showed a mixture of northern and southern alleles
and signiWcant allele frequency diVerences were found
between the rock and barnacle microhabitats at the MDH-1,
EST, and AAT-2 loci (Fisher’s Exact test: P < 0.05). No
signiWcant allele frequency diVerences were found between
microhabitats in the Laguna Beach population. Interest-
ingly, in Bodega Bay the GPI and LAP loci showed signiW-
cant allele frequency diVerences between microhabitats
(Fisher’s Exact test: P < 0.05).

Three additional sites between Laguna Beach and
Bodega Bay were sampled and only the MDH-1 and PEP-
LGG loci were analyzed to determine where L. digitalis
populations overlap with those of L. austrodigitalis. Using
additional populations from San Simeon, Santa Cruz, and
Pigeon Point (Fig. 1), the expected count (based on HWE
probabilities assuming a single panmictic population) of
rare alleles appearing in homozygous individuals were
compared to the observed count at both the MDH-1 and
PEP-LGG loci. Observed counts deviated drastically from
expected counts (Table 5). For example, the expected num-
ber of homozygous individuals expressing rare alleles at

both the MDH-1 and PEP-LGG loci in the Monterey Penin-
sula barnacle sample was 0.14 of 26 total animals (less than
one animal) and the actual observed count was seven
animals. The observed count of rare homozygous alleles
occurring at both loci greatly exceeded the expected count
at all four sites between Laguna Beach and Bodega Bay.
There were no individuals with homozygous rare alleles in
the extreme southern and northern populations. These data
support the hypothesis that two species exist at the four
sampled presumably sympatric sites.

Rock versus barnacle microhabitat

Using diagnostic MDH-1 alleles as a marker for species
identiWcation in sympatric populations, L. austrodigitalis
was found in higher frequency in the rock microhabitat
while L. digitalis was found in higher frequency in the
barnacle microhabitat (Table 6). In addition, the relative
percentage of L. digitalis gradually increased to the north
(Table 6). For example, in the Monterey Peninsula popula-
tion, L. austrodigitalis comprised 93% of the rock sample
and 68% of the barnacle sample. A little further north on a
south-facing Santa Cruz shore, L. austrodigitalis comprised
60 and 59% of the rock and barnacle samples respectively.
Approximately 30 miles north of Santa Cruz, at the more
exposed Pigeon Point (north side), there was a drastic
change in species composition between the rock and barna-
cle microhabitat; L. austrodigitalis made up 55% of the rock
sample and only 12% of the barnacle sample. Further north
at Bodega Bay, L. digitalis dominated both microhabitats.

Hardy Weinberg

In the Laguna Beach, Monterey Peninsula, and Bodega Bay
populations, in which all six allozyme loci were analyzed;
HW disaccord was seen in a large proportion of the loci
(Exact Tests; Table 7). In Laguna Beach (southernmost
site), there was HW disaccord at one out of six loci in the
rock sample and at three out of six loci in the barnacle sam-
ple. In Monterey Peninsula (proposed zone of sympatry),
there was HW disaccord at Wve out of six loci in both the
rock and barnacle samples. In Bodega Bay (northernmost
site), there was HW disaccord at Wve out of six loci in the
rock sample and at three out of six loci in the barnacle sam-
ple. All of the loci that were in HW disaccord showed a
deWcit of heterozygotes across populations. The MDH-1
and PEP-LGG loci were analyzed in three additional popu-
lations between Laguna Beach and Bodega Bay. The alleles
at the MDH-1 locus were in HW disaccord in all of the pop-
ulation samples except the Laguna Beach rock sample and
the Bodega Bay barnacle sample (two extremes). Likewise,
the alleles at the PEP-LGG locus were also in HW disac-
cord for all except the Laguna Beach rock sample.
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Table 4 Allele frequencies of seven loci examined from populations of L. austrodigitalis and L. digitalis

For each of the six sample sites, “R” designates the rock microhabitat and “B” designates the barnacle bed microhabitat. The number of individuals
scored for each locus is shown in parenthesis for each population

Locus allele Laguna Beach San Simeon Monterey Pen Santa Cruz Pigeon Point Bodega Bay

R B R B R B R B R B R B

AAT-2 (42) (36) (26) (32) (29) (32)

96 – 0.01 0.08 0.03 0.02 0.11

98 – – 0.08 0.08 0.02 0.02

100 0.99 0.96 0.85 0.72 0.83 0.75

102 – – – 0.09 0.07 –

103 – 0.03 – 0.02 0.03 0.06

106 – – – 0.06 0.03 0.06

110 0.01 – – – – –

EST (34) (22) (20) (20) (27) (22)

96 0.01 – 0.03 0.08 0.09 0.02

98 0.13 0.07 0.15 0.30 0.48 0.66

100 0.81 0.93 0.68 0.63 0.35 0.32

102 0.04 – 0.13 – 0.07 –

GPI (54) (46) (25) (24) (49) (50)

90 0.03 0.04 – – 0.02 0.02

95 0.01 – 0.02 0.02 0.05 0.03

98 0.20 0.15 0.18 0.40 0.32 0.16

100 0.74 0.77 0.62 0.42 0.57 0.70

102 0.02 0.02 0.18 0.17 0.02 0.09

105 – – – – – –

110 – 0.01 – – 0.01 –

LAP-2 (41) (37) (16) (11) (32) (39)

96 0.12 0.07 0.19 0.14 0.03 –

98 0.34 0.32 0.28 0.32 0.02 –

100 0.54 0.55 0.34 0.50 0.13 –

102 – 0.05 0.13 0.09 0.30 0.50

104 – – 0.06 – 0.53 0.50

MDH-1 (114) (87) (40) (45) (54) (75) (46) (32) (46) (43) (91) (88)

100 1.00 0.99 0.92 0.72 0.93 0.65 0.60 0.54 0.55 0.12 0.04 –

104 – – – – – 0.05 – 0.08 – – – –

110 – 0.01 0.08 0.28 0.07 0.30 0.40 0.38 0.45 0.88 0.96 1.00

MDH-2 (136) (94) (53) (75) (102) (89)

98 0.01 – – – 0.03 –

100 0.99 0.95 0.99 0.99 0.96 0.99

102 – 0.05 – 0.01 – 0.01

104 – – 0.01 – – –

PEP-LGG (28) (26) (35) (23) (28) (26) (11) (10) (17) (17) (31) (23)

95 – – – – – – – – – 0.06 – –

97 – – 0.07 0.41 0.13 0.23 0.32 0.70 0.32 0.68 1.00 0.91

100 0.93 0.88 0.84 0.59 0.76 0.62 0.41 0.10 0.50 0.21 – 0.02

102 0.05 0.10 0.09 – 0.11 0.15 0.27 0.20 0.18 0.06 – 0.04

106 0.02 0.02 – – – – – – – – – –

110 – – – – – – – – – – – 0.02
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Hybridization

There was no evidence of hybridization between L. digitalis
and the proposed L. austrodigitalis. Across all six of the pop-
ulations, none of the sampled individuals were heterozygous
for the southern and northern allele at both the MDH-1 and
PEP-LGG loci. There were of course individuals that were
heterozygous for the southern and northern allele at one of
the two loci, but the frequency of these heterozygotes was
actually well below Hardy Weinberg expectations.

Discussion

Evidence for separate species

The current data support the hypothesis that L. austrodigi-
talis and L. digitalis are distinct species. Given their strik-

ing similar morphology and ecology it is reasonable to
suspect that they are sibling species with a parapatric pat-
tern of distribution but the data presented herein does not
address whether they are sister species within Lottia. Allele
frequency data from Wve allozyme loci, AAT-2, EST, LAP-
2, MDH-1, and PEP-LGG showed signiWcant diVerences
between the Laguna Beach and Bodega Bay populations. If
one assumed there was but a single species, then the occur-
rence of individuals with rare alleles in homozygous com-
binations was signiWcantly higher than expected based on
HWE probabilities for both the MDH-1 and PEP-LGG loci.
For instance, the chance that one individual would be
homozygous for a rare allele at both the MDH-1 and PEP-
LGG loci is approximately 1 in 1,000 in the Monterey Pen-
insula barnacle population and yet out of 28 limpets scored
for both loci, 10 of them were homozygous for the rare
allele at both loci. In the extreme southern and northern
populations (Laguna Beach and Bodega Bay), no sampled
individual was homozygous for rare alleles at both the
MDH-1 and PEP-LGG loci. The remaining four sites in
between generally were observed to have high counts of
individuals homozygous for a rare allele at the MDH-1 and
PEP-LGG loci. For these sites, only the Santa Cruz barna-
cle population and the Pigeon Point barnacle population,
which are furthest north, lacked such individuals.

The estimated genetic distance (Nei 1978) between
Laguna Beach and Bodega Bay may be slightly inXated
because the seven allozyme loci used to calculate this value
were polymorphic, although MDH-2 was nearly mono-
morphic (95–99% Wxed for a single allele). The genetic
distance between the Laguna Beach and Bodega Bay
populations (0.519) falls within the range of “separate spe-
cies” as reported by Weber et al. (1997) in a study compar-
ing several similar species of Helcion limpets where
genetic distance ranged from 0.351 to 0.610. In addition, a
study of sibling species in the marine snail genus Cerithium
reported a genetic distance of 0.444 between a lagoon

Table 5 Expected versus 
observed counts of rare alleles 
co-occurring in homozygous 
individuals when MDH-1 and 
PEP-LGG loci are grouped. 
Sample size indicated the 
number of limpets sampled at 
both the MDH-1 and PEP-LGG 
loci. Rare alleles did not 
co-occur in the extreme 
northern and southern 
populations (Bodega Bay 
and Laguna Beach)

Population Microhabitat Sample size Expected Observed

Laguna Beach Rock 28 – –

Barnacle 11 – –

San Simeon Rock 28 0.00 2.00

Barnacle 20 0.26 5.00

Monterey Peninsula Rock 27 0.00 2.00

Barnacle 26 0.14 7.00

Santa Cruz Rock 9 0.13 2.00

Barnacle 8 0.00 0.00

Pigeon Point Rock 16 0.34 6.00

Barnacle 17 0.02 0.00

Bodega Bay Rock 25 – –

Barnacle 10 – –

Table 6 Proportions of L. austrodigitalis (a) versus L. digitalis (d)
within each microhabitat at six locations

Species were identiWed using MDH-1 alleles. Sample size (n) at each
location is shown in parenthesis and the number of animals sampled
from each microhabitat varies

Population Species Rock Barnacle

Laguna Beach (201) a 1.00 1.00

d 0.00 0.00

San Simeon (85) a 0.92 0.72

d 0.08 0.28

Monterey Peninsula (129) a 0.93 0.68

d 0.07 0.32

Santa Cruz (78) a 0.60 0.59

d 0.40 0.41

Pigeon Point (89) a 0.55 0.12

d 0.45 0.88

Bodega Bay (180) a 0.05 0.00

d 0.95 1.00
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species and a parapatric open-sea species (Boisselier-Duba-
yle and Gofas 1999). As a Wnal point of reference amongst
limpets, Lottia gigantea was recently reported as a sister
taxon to the clade that includes Lottia limatula (Simison
2000), and the reported genetic distance between L. gigan-
tea and L. limatula is 1.006 (Sly 1984). Genetic distances
between sympatric populations are not reported here
because a comparison of samples that contain various mix-
tures of two species would not be appropriate.

Could the allele frequency diVerences between southern
and northern populations simply be a result of local adapta-
tion to diVerent environments rather than evidence for two
separate species? In marine invertebrates, there has been an
observed correlation between allele frequency and tempera-
ture and salinity gradients. The frequency of certain LAP
alleles has been correlated with salinity gradients in mussel
populations (Koehn et al. 1980; Hilbish and Koehn 1985)
as well as with temperature in a bryozoan (Schopf and
Gooch 1971). The frequencies of certain AAT alleles were
also correlated with temperature in a bryozoan (Schopf
1974) and a marine snail (Johannesson et al. 1995). If there
is a single locally adapted species, we might expect there to
be allele frequency diVerences between southern and north-
ern populations, perhaps as a result of diVerent selection
pressures. If locally adapted populations come together,
and there is genetic exchange, one would expect to Wnd
individuals that are heterozygous for the northern and
southern allele in Hardy Weinberg proportions. Expecta-
tions are diVerent if there is more than one species. If there
were two species that were not hybridizing in sympatry,
one would expect to Wnd few individuals that were hetero-
zygous for the southern and northern allele. For the two loci
that showed nearly Wxed allele diVerences in the southern
vs. northern populations, MDH-1 and PEP-LGG, there
were very few individuals that were heterozygous for the
northern and southern allele at one of the two loci (well
below HW proportions) and there were no individuals from

any of the six populations that were heterozygous for the
southern and northern allele at both loci.

Explanations for heterozygote deWciency

Although not statistically signiWcant with the given sample
sizes, Murphy (1978) reported a deWciency in heterozygos-
ity in each of his 10 sample populations of L. digitalis and
L. austrodigitalis and Gresham and Tracey (1975) reported
that observed heterozygosity was, on average, half of the
expected value for three populations of L. digitalis in
Bodega Head. Due to high polymorphism at 23 enzyme
loci, Gresham and Tracey (1975) attributed this deWciency
to the Wahlund eVect (the inclusion of two or more geneti-
cally distinct subpopulations into a single sample). Other
potential causes for heterozygote deWciency are inbreeding
and strong selection against heterozygotes. Limpets have a
planktonic larval stage lasting at least 5 days (Kessel 1964;
Proctor 1968) and possibly up to 3 weeks if proper settle-
ment sites are unavailable (Karp 1970). Given such dis-
persal potential, one might expect gene Xow between local
populations to be fairly high. In addition, the degree of
polymorphism in the loci that were sampled was high,
which suggests that inbreeding is an unlikely cause of the
observed heterozygote deWciency. Selection against hetero-
zygotes is also unlikely if there is a single species because
we found individuals that were homozygous for diVerent
alleles. In order to become homozygous for rare alleles,
there would need to be heterozygotes that survive and
reproduce. Therefore, the observed heterozygote deWcien-
cies are more likely the result of either the Wahlund eVect
or the existence of more than one species.

If one considers that there are two distinct species, then
there is an additional explanation for the observed hetero-
zygote deWciency based on one or more founder events and
subsequent population “bottlenecks” during the expansion
process. Murphy (1978) proposed that, during the Pleistocene

Table 7 Exact tests for Hardy 
Weinberg proportions from pop-
ulations of L. austrodigitalis and 
L. digitalis. Individual P values 
are shown for the rock and bar-
nacle microhabitats from each of 
the six sample sites. P values de-
noted with an asterisk indicate 
that the genotype frequencies 
are signiWcantly diVerent than 
Hardy Weinberg proportions

Population Microhabitat AAT-2 EST GPI LAP-2 MDH-1 PEP-LGG

Laguna Beach Rock 1.000 0.275 0.006* 0.377 1.000 0.109

Barnacle 0.014* 1.000 0.564 0.291 0.006* 0.004*

San Simeon Rock <0.001* <0.001*

Barnacle <0.001* <0.001*

Monterey Peninsula Rock <0.001* 0.008* 0.056* 0.062 <0.001* <0.001*

Barnacle <0.001* <0.001* 0.056* 0.267 <0.001* <0.001*

Santa Cruz Rock <0.001* <0.001*

Barnacle <0.001* 0.001*

Pigeon Point Rock <0.001* <0.001*

Barnacle 0.008* <0.001*

Bodega Bay Rock <0.001* 0.215 0.003* <0.001* 0.023* 0.015*

Barnacle 0.003* 0.139 <0.001* 0.195 1.000 <0.001*
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or earlier climatic Xuctuations, the warmer water species,
L. austrodigitalis may have extended its range northward
during a warming trend and then contracted its range
southward during a subsequent cooling trend. During the
range contraction, L. austrodigitalis may have left behind
a northern founder population in a warm water embay-
ment. This northern founder population may have given
rise to a new cold-water species, L. digitalis, via allopatric
speciation. In contrast to this view, we prefer to merely
postulate that a parental species, whose temperature
preferences are unknown, was fragmented into the present
two daughter species due to range expansions and subse-
quent contractions. Reduced heterozygosity at high latitudes
has been observed in a number of populations believed
to be founded recently following postglacial warming
(Hellberg 1994; Merila et al. 1996; ShaVer and McKnight
1996; Marko 1998, 2004; Hellberg et al. 2001; Jacobs et al.
2004).

Microhabitat partitioning

In agreement with Murphy’s (1983) Wndings, L. austrodigi-
talis was found in higher frequency in the rock microhabitat
and L. digitalis was found in higher frequency in the barna-
cle microhabitat in the four sympatric populations. The
MDH-1 locus was used to identify individuals to species
whereas Murphy (1983) used the LAP locus. The most
extreme examples of microhabitat diVerences in species
composition were found near the end points in the zone of
sympatry. In a similar study of the gastropod sibling spe-
cies pair Nucella emarginata and N. ostrina, it was reported
that in the zone of sympatry, each species was found in a
diVerent microhabitat; individuals of N. emarginata were
found in relatively shallow, quiet-water environments,
while individuals of N. ostrina were found on shores
exposed to slightly greater wave action (Marko 1998).

Species of temperate molluscan provinces tend to sub-
merge toward the lower latitude ends of their ranges (Val-
entine 1961) and many marine species that occur in shallow
water or even intertidally, in the cooler portions of their
range, are found progressively deeper near the warmer lim-
its of their distribution (Fields et al. 1993). At all of the
sample sites, the gooseneck barnacle microhabitat was
found lower in the intertidal zone than the vertical rock
microhabitat. The observed microhabitat partitioning in
sympatric populations might be a result of L. digitalis not
surviving in the upper of its two normal microhabitats at
lower latitudes where air temperatures are warmer. It is also
possible that L. digitalis has displaced L. austrodigitalis
from the barnacle microhabitat through interspeciWc com-
petition for food or space. Biotic factors, such as competi-
tion, tend to inXuence vertical zonation patterns in the
lower intertidal and abiotic factors, such as desiccation,

tend to inXuence vertical zonation patterns in the high inter-
tidal (Ricketts et al. 1985). Further studies might investi-
gate the hypothesis of interspeciWc competition causing
ecological displacement or resource partitioning by utiliz-
ing a series of competition experiments in the zone of
sympatry. One might test whether the presence or absence
of one species aVects the proportion of the other species in
each microhabitat.

Current data versus data reported in 1983

After comparing the proportion of L. austrodigitalis to
L. digitalis in each of the six sample sites in the current
study (MDH-1 alleles used for species ID) to proportions
reported from 14 sample sites in a prior study (LAP alleles
used for species ID; Murphy 1983), it appears that there has
been a northern range expansion for L. austrodigitalis in
the last two decades at the expense of L. digitalis. There
were no L. austrodigitalis present in Santa Cruz, Pigeon
Point, or Bodega Bay in 1977 (Murphy 1983), but in the
current study, relatively high percentages of L. austrodigi-
talis were found in Santa Cruz (60% rock; 49% barnacle)
and Pigeon Point (55% rock; 12% barnacle). In Bodega
Bay, two out of 92 rock morphs were homozygous for the
MDH-1 southern allele but none of the barnacle morphs
displayed the MDH-1 southern allele. Comparing 1977 spe-
cies ratios to current species ratios in the Monterey Penin-
sula, L. austrodigitalis comprised 66% versus the current
93% of the rock population and comprised 29% versus the
current 64% of the barnacle population (Table 8). In the
prior study, Monterey Peninsula was found to be the north-
ernmost limit for L. austrodigitalis, but current data show
that Bodega Bay may now be the northernmost limit. Sam-
pling more locations north of Bodega Bay would conWrm
the northern limit of L. austrodigitalis. This drastic change
in species composition over the last two decades shows
quite a prominent range expansion for L. austrodigitalis in
a relatively short period of time.

A study comparing 1931–1933 intertidal surveys in
PaciWc Grove, CA to re-sampled surveys at the same loca-
tion in 1993–1996 (Sagarin et al. 1999) documented
changes in the abundance of 46 invertebrate species over

Table 8 Comparison of L. austrodigitalis and L. digitalis proportions
within each microhabitat in Monterey Peninsula from the current study
versus Murphy (1983)

MDH-1 alleles were used to identify individuals to species in the cur-
rent study and LAP alleles were used in the prior study (Murphy 1983)

Microhabitat Current data 1998–1999 Murphy data 1977

austrodigitalis digitalis austrodigitalis digitalis

Rock 0.93 0.07 0.66 0.34

Barnacle 0.64 0.32 0.29 0.71
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60 years. The abundance of most southern species (10 out
of 11) increased while most of the northern species abun-
dances decreased and cosmopolitan species showed no
clear trend. These marked shifts in species ranges were
attributed to the eVects of ocean climate change on sea sur-
face temperatures, which were reported to increase signiW-
cantly (avg. 0.79°C, max. 1.26°C) during the period of
1920–1995. One might expect L. austrodigitalis to increase
in proportion to L. digitalis in Santa Cruz, Pigeon Point and
even Bodega Bay in the last two decades because, as Saga-
rin’s study reveals, temperature shifts will usually favor
species more closely adapted to the new thermal regime
(Fields et al. 1993).

We believe that this limpet species complex will con-
tinue to be a good system for tracking ongoing northern
shifts by southern species that might also be an indicator for
anthropomorphic-related global warming trends. In contrast
to more diYcult to interpret tallies of lower-latitude species
expanding their range to higher latitudes, these limpet spe-
cies are among the most common and accessible marine
animal species throughout California and beyond, and are
likely to remain so. We propose that continuing to track the
history of a shifting transition zone will provide a useful
index climate change.

Recognizing cryptic species

The recognition of cryptic (including sibling) species is
important for many reasons. Knowlton (1993) stated that
the increase in biodiversity from discoveries of cryptic spe-
cies is often four-fold or greater in comprehensive studies
of a single region. She also stated that as a rough estimate,
one could expect the number of marine species to increase
by an order of magnitude if cryptic species are considered.
In evaluating the ecology and behavior of marine species,
incorrect conclusions can be reached if one fails to recog-
nize cryptic species that have diVerent competitive abilities,
diVerent relationships with symbionts or predators, and
diVerent responses to environmental factors. Cryptic spe-
cies have been used as environmental indicators and some
have been shown to respond diVerently to environmental
pollutants (Linke-Gamenick et al. 2000a, b; Warwick and
Robinson 2000; Rocha-Olivares et al. 2004). For example,
three cryptic species of polychaete worms exhibited diverse
responses to the toxin, Xuorenthene (Linke-Gamenick et al.
2000a, b) and it was recently shown that co-occurring cryp-
tic species of harpacticoid copepods exhibit unique toxic
responses to heavy metals (Rocha-Olivares et al. 2004).
Viewing these cryptic species as a single species in a bioas-
say experiment would yield confusing results and mislead-
ing conclusions. The management of marine Wsheries and
marine conservation eVorts might also be jeopardized if
cryptic species with diVerent ecological traits are not recog-

nized. Geller (1999) revealed that a decline in the native
mussel, M. trossulus, was masked by a cryptic species inva-
sion of M. galloprovincialis. We cannot protect species of
whose existence we are ignorant.

Limpets referred to as L. digitalis have been the subject
of many studies covering a diversity of subject matter
including limpet phylogenetics (Lindberg 1986; Ponder and
Lindberg 1996), interspeciWc competition (Haven 1973),
limpet predation (Frank 1982; Lindberg et al. 1987; Marsh
1987; Hahn and Denny 1989b), community dynamics (Far-
rell 1988; Wootton 1993), human impact (Lindberg et al.
1998), parasite infection (Ching and Grosholz 1988), habi-
tat partitioning (Hahn and Denny 1989a), eVects of grazing
on microXora (Nicotri 1977; Harley 2003), temperature and
desiccation resistance (Collins 1977; Roland and Ring 1977),
respiratory response to temperature variation (Doran and
Mckenzie 1973), spawning, larval development and settle-
ment (Koppen et al. 1996; Shanks 1998), gamete structure
(Hodgson and Chia 1993), homing behavior and seasonal
migration (Breen 1972), growth factors (Giesel 1969), shell
polymorphism and body size variation (Giesel 1970;
Hartwick 1981; Byers 1989; Lindberg and Pearse 1990;
Hobday 1995), evolution of shell shape (Denny 2000), and
factors aVecting orientation and movement (Miller 1969).
Moreover, the mitochondrial genome of L. digitalis was
recently sequenced (Simison et al. 2006), and a congener’s
(L. gigantea) nuclear genome sequence was approved in
2005 as among the Wrst lophotrochozoan (and molluscan)
genomes to be sequenced and is currently underway. This
extensive list of studies involving “L. digitalis” demon-
strates how critical it is that we recognize the existence of
L. austrodigitalis and L. digitalis as co-occurring cryptic
species.

Acknowledgments We thank S. Murray, R. Seapy, and P. Murphy
for comments on earlier versions of this manuscript, W. Cavanagh for
PCR training, W.Y. Chang for statistical advice, E. Yee, S. Frisch, S.
Henkel, and T. Luas for help collecting limpets, K. Donovan for help
with a map of California, and C.E. Jones and D.P. German for their ad-
vice and support. Financial support was provided by the Departmental
Associations Council and Department of Biological Science at Califor-
nia State University, Fullerton.

References

Abbott DP, Haderlie EC (1980) Prosobranchia: marine snails. In:
Morris RH, Abbott DP, Haderlie EC (eds) Intertidal invertebrates
of California. Stanford University Press, Stanford, pp 230–307

Asakura A, Watanabe S (2005) Hemigrapsus takanoi, new species, a
sibling species of the common Japanese intertidal crab H-penicill-
atus (Decapoda: Brachyura: Grapsoidea). J Crust Biol 25:279–
292

Ayala FJ (1983) Enzymes as taxonomic characters. In: Oxford GSaR
D (ed) Protein polymorphism: adaptive and taxonomic signiW-
cance. Academic, London, pp 3–26
123



Mar Biol (2007) 152:1–13 11
Boisselier-Dubayle MC, Gofas S (1999) Genetic relationships between
marine and marginal-marine populations of Cerithium species
from the Mediterraneean Sea. Mar Biol 135:671–682

Boury-Esnault N, Sole-Cava AM, Thorpe JP (1992) Genetic and cyto-
logical divergence between colour morphs of the mediterranean
sponge Oscarella lobularis Schmidt (Porifera, Demospongiae,
Oscarellidae). J Nat Hist 26:271–284

Breen PA (1972) Seasonal migration and population regulation in the
limpet Acmaea (Collisella) digitalis. Veliger 15:133–141

Brewer GJ (1970) An introduction to isozyme techniques. Academic,
New York

Bucklin A, Hedgecock D (1982) Biochemical genetic evidence for a
third species of Metridium (Coelenterata: Actiniaria). Mar Biol
66:1–7

Bullini L (1983) Taxonomic and evolutionary inferences from electro-
phoretic studies of various animal groups. In: Oxford GS, Rollin-
son D (eds) Protein polymorphism: adaptive and taxonomic
signiWcance. Academic, London, pp 179–192

Buss LW, Yund PO (1989) A sibling species group of Hydractinia in
the north-eastern United States. J Mar Biol Assoc UK 69:857–874

Byers BA (1989) Habitat-choice polymorphism associated with cryp-
tic shell-color polymorphism in the limpet Lottia digitalis. Veli-
ger 32:394–402

Chaney HW (1987) A comparative study of two similar Panamic
cones: Conus ximens and Conus mahogani. Veliger 29:428–436

Ching HL, Grosholz E (1988) Occurrence of a metacercaria (Trema-
toda, Gymnophallidae) in Acmaeid gastropods, Lottia-digitalis
and Collisella-scabra. Proc Helminthol Soc Wash 55:104–105

Collins LS (1977) Abundance, substrate, angle, and desiccation resis-
tance in two sympatric species of limpets. Veliger 19:199–203

Crawford DJ, Landolt E, Les DH (1996) An allozyme study of two
sibling species of Lemna (Lemnaceae) with comments on their
morphology, ecology, and distribution. Bull Torrey Botanical
Club 123:1–6

Denny M, Blanchette CA (2000) Hydrodynamics, shell shape, behav-
ior and survivorship in the owl limpet Lottia gigantea. J Exp Biol
203:2623–2639

Denny MW (2000) Limits to optimization: Xuid dynamics, adhesive
strength and the evolution of shape in limpet shells. J Exp Biol
203:2603–2622

Doran SR, Mckenzie DS (1973) Aerial and aquatic respiratory
responses to temperature variations in Acmaea digitalis and
Acmaea fenestrata. Veliger 15:38–42

Farrell TM (1988) Community stability: eVects of limpet removal and
reintroduction in a rocky intertidal community. Oecologia
75:190–197

Fields PA, Graham JB, Rosenblatt RH, Somero GN (1993) EVects of
expected global climate change on marine faunas. Trends Ecol
Evol 8:361–367

Frank PW (1982) EVects of winter feeding on limpets by Black Oyster-
catchers, (Haematopus bachmani. Ecology 63:1352–1362

Fritchman HK (1960) Acmaea paradigitalis sp. nov (Acmaeidae, Gas-
tropoda). Veliger 2:53–57

Geller JB (1999) Decline of a native mussel masked by sibling species
invasion. Conserv Biol 13:661–664

Giesel JT (1969) Factors inXuencing the growth and relative growth of
Acmaea digitalis, a limpet. Ecology 50:1084–1086

Giesel JT (1970) On the maintenance of a shell pattern and behavior
polymorphism in Acmea digitalis, a limpet. Evolution 24:98–119

Grassle JP, Gelfman CE, Mills SW (1987) Karyotypes of Capitella sib-
ling species, and of several species in the related genera Capitel-
lides and Capitomastus (Polychaeta). Biol Soc Wash Bull 7:77–88

Gresham ML, Tracey M (1975) Genetic variation in an intertidal gas-
tropod, Collisella digitalis. Genetics 80: s37

Hahn T, Denny M (1989a) In maintaining habitat partitioning by Col-
isella-scabra and Lottia-digitalis. Mar Ecol Progr Ser 53:1–10

Hahn T, Denny M (1989b) Tenacity-mediated selective predation by
oystercatchers on intertidal limpets and its role in maintaining
habitat partitioning by “Collisella”scabra and Lottia digitalis.
Mar Ecol Progr Ser 53:1–10

Harley CDG (2003) Abiotic stress and herbivory interact to set range
limits across a two-dimensional stress gradient. Ecology
84:1477–1488

Hartwick B (1981) Size gradients and shell polymorphism in limpets
with consideration of the role of predation. Veliger 23:254–257

Haven SB (1973) Competition for food between the intertidal
Gastropods Acmaea scabra and Acmaea digitalis. Ecology
54:143–151

Hellberg ME (1994) Relationships between inferred levels of gene
Xow and geographic distance in a philopatric coral, Balanopyllia
elegans. Evolution 48:1829–1854

Hellberg ME, Balch DP, Roy K (2001) Climate driven range expan-
sion and morphological evolution in a marine gastropod. Science
292:1707–1709

Hilbish TJ, Koehn RK (1985) The physiological basis of natural selec-
tion at the LAP locus. Evolution 39:1302–1317

Hobday A (1995) Body-size variation exhibited by an intertidal lim-
pet- inXuence of wave exposure, tidal height and migratory
behavior. J Exp Mar Biol Ecol 189:29–45

Hodgson AN, Chia FS (1993) Spermatozoon structure of some North-
American prosobranchs from the families Lottidae (Patellogastro-
poda) and Fissurellidae (Archaeogastropoda). Mar Biol 116:97–
101

Holyoak AR (1999) Observations on the winter spawning and larval
development of the ribbed limpet Lottia digitalis (Rathke, 1833)
in the San Juan Islands, Washington, USA. Veliger 42:181–182

Jacobs DK, Haney TA, Louie KD (2004) Genes, diversity, and geo-
logic process on the PaciWc coast. Annu Rev Earth Planet Sci
32:601–652

Johannesson K, Johannesson B, Lundgren U (1995) Strong natural
selection causes microscale allozyme variation in a marine snail.
Proc Nat Acad Sci USA 92:2602–2606

Karp G (1970) Gene activity during the development of the limpet,
Acmaea scutum. Ph. D. dissertation, University of Washington,
Seattle, Seattle

Kessel MM (1964) Reproduction and larval development of Acmaea
testudinealis (Muller). Biol Bull 127:294–303

Knowlton N (1993) Sibling species in the sea. Annu Rev Ecol Syst
24:189–216

Koehn RK, Newell RIE, Immerman F (1980) Maintenance of an ami-
nopeptidase allele frequency cline by natural selection. Proc Nat
Acad Sci USA 77:5385–5389

Koppen CL, Glascock JR, Holyoak AR (1996) Spawning and larval
development of the ribbed limpet, Lottia digitalis (Rathke, 1883).
Veliger 39:241–243

Lessios HA (1981) Divergence in allopatry: molecular and morpholog-
ical diVerentiation between sea urchins separated by the Isthmus
of Panama. Evolution 35:618–634

Light SG, Smith RI, Carlton JT (eds) (1975) Light’s manual: intertidal
invertebrates of the Central California Coast: S.F. Light’s laboratory
and Weld text in invertebrate zoology, fourth printing, corrected
and updated. University of California Press, Berkeley

Lindberg DR (1981) Acmaeidae (Gastropoda, Mollusca). The Box-
wood Press, PaciWc Grove

Lindberg DR (1986) Name changes in the “Acmaeidae”. Veliger
29:142–148

Lindberg DR, Estes JA, Warheit KB (1998) Human inXuences on tro-
phic cascades along rocky shores. Ecol Appl 8:880–890

Lindberg DR, Pearse JS (1990) Experimental manipulation of shell
color and morphology of the limpets Lottia asmi (MiddendorV)
and Lottia digitalis (Rathke) (Mollusca: Patellogastropoda). J Exp
Mar Biol Ecol 140:173–185
123



12 Mar Biol (2007) 152:1–13
Lindberg DR, Warheit KI, Estes JA (1987) Prey preference and
seasonal predation by oystercatchers on limpets at San Nicolas
Island, California, USA. Mar Ecol Progr Ser 39:105–113

Linke-Gamenick I, Forbes VE, Mendez N (2000a) EVects of chronic
Xuoranthene exposure on sibling species of Capitella with diVer-
ent development modes. Mar Ecol Progr Ser 203:191–203

Linke-Gamenick I, Vismann B, Forbes VE (2000b) EVects of Xuo-
ranthene and ambient oxygen levels on survival and metabolism
in three sibling species of Capitella (Polychaeta). Mar Ecol Progr
Ser 194:169–177

MacPherson E, Machordom A (2005) Use of morphological and
molecular data to identify three new sibling species of the genus
Munida Leach, 1820 (Crustacea, Decapoda, Galatheidae) from
New Caledonia. J Nat Hist 39:819–834

Manchenko GP, Kulikova VI (1996) Allozyme and colour diVerences
between two sibling species of the heteronemertean Lineus torqu-
atus from the Sea of Japan. Mar Biol 125:687–691

Manwell C, Baker A (1963) A sibling species of sea cucumber discov-
ered by starch gel electrophoresis. Comp Biochem Physiol 10:39–
53

Marcotte BM (1984) Behaviorally deWned ecological resources and
speciation in Tisbe (Copepoda: Harpacticoida). J Crust Biol
4:404–416

Marko PB (1998) Historical allopatry and the biogeography of specia-
tion in the prosobranch snail genus Nucella. Evolution 52:757–
774

Marko PB (2004) ‘What’s larvae got to do with it?’ Disparate patterns
of post-glacial population structure in two benthic marine gastro-
pods with identical dispersal potential. Mol Ecol 13:597–611

Marsh CP (1987) Impact of avian predators on high intertidal limpet
populations. J Exp Mar Biol Ecol 104:185–201

Mastro E, Chow V, Hedgecock D (1982) Littorina scutulata and Litto-
rina plena: sibling species status of two prosobranch gastropod
species conWrmed by electrophoresis. Veliger 24:239–246

Mathews LM, Schubart CD, Neigel JE, Felder DL (2002) Genetic,
ecological, and behavioural divergence between two sibling snap-
ping shrimp species (Crustacea: Decapoda: Alpheus). Mol Ecol
11:1427–1437

Matsuoka N, Hatanaka T (1991) Molecular evidence for the existence
of four sibling species within the sea-urchin, Echinometra mat-
haei in Japanese waters and their evolutionary relationships. Zool
Sci 8:121–133

Mayr E, Ashlock PD (1991) Principles of systematic zoology.
McGraw-Hill, New York

McCommas SA, Lester LJ (1980) Electrophoretic evaluation of the
taxanomic status of two species of sea anemone. Biochem Syst
Ecol 8:289–292

McLean JH (1978) Marine shells of southern California. Natural His-
tory Museum of Los Angeles County, Los Angeles

Merila J, Bjorklund M, Baker AJ (1996) Genetic population structure
and gradual northward decline of genetic variability in the green-
Wnch (Carduelis choris). Evolution 50:2548–2557

Miller AC (1969) Orientation and movement of the limpet Acmaea
digitalis on vertical rock surfaces. Veliger 11:30–44

Morris RH, Abott DP, Haderlie EC (1980) Intertidal invertebrates of
California. Stanford University Press, Stanford

Moyse J, Thorpe JP, Al-Hamadani E (1982) The status of Littorina
aestuarii JeVreys: an approach using morphology and biochemi-
cal genetics. J Conchol 31:7–15

Murphy PG (1978) Collisella austrodigitalis sp. nov. a sibling species
of limpet (Acmaeidae) discovered by electrophoresis. Biol Bull
155:193–206

Murphy PG (1983) Electrophoretic discrimination of two limpet sib-
ling species (Acmaeidae) and evolutionary implications of their
ecological, geographic, and genetic relationships. Ph. D. disserta-
tion, University of California, Santa Cruz

Nei M (1978) Estimation of average heterozygosity and genetic dis-
tance from a small number of individuals. Genetics 89:583–590

Nicotri ME (1977) Grazing eVects of four marine intertidal herbivores
on the microXora. Ecology 58:1020–1032

Nishida M, Lucas JS (1988) Genetic diVerences between geographic
populations of the Crown-of-thorns starWsh throughout the PaciWc
region. Mar Biol 98:359–368

Ponder WF, Lindberg DR (1996) Gastropod phylogeny—challenges
for the 90s. In: Taylor JD (ed) Origin and evolutionary radiation
of the Mollusca. Oxford University Press, Oxford, pp 135–154

Proctor SJ (1968) Studies on the stenotypic marine limpet Acmaea
insessa (Mollusca: Gastropoda: Prosobranchia) and it’s algal host
Egregia menziesii (Phaeophyta). Ph. D. dissertation, Stanford
University, Stanford

Rathke MH (1833) Zoologischer Atlas (pt. 5) (Completion of the work
started by Eschscholtz, 1829–1831). Berlin

Ricketts EF, Calvin J, Hedgpeth JW (1985) Between PaciWc tides.
Stanford University Press, Stanford

Rocha-Olivares A, Fleeger JW, Foltz DW (2004) DiVerential tolerance
among cryptic species: a potential cause of pollutant-related
reductions in genetic diversity. Environ Toxicol Chem 23:2132–
2137

Roland W, Ring RA (1977) Cold, freezing and desiccation tolerance of
the limpet Acmaea digitalis (Eschscholtz). Cryobiology 14:228–
235

Sagarin RD, Barry JP, Gilman SE, Baxter CH (1999) Climate-related
change in an intertidal community over short and long time scales.
Ecol Monogr 69:465–490

Schopf TJM (1974) Survey of genetic diVerentiation in a coastal zone
invertebrate: The ectoproct Schizoporella errata. Biol Bull
146:78–87

Schopf TJM, Gooch JL (1971) Gene frequencies in a marine ectoproct:
a cline in natural populations related to sea temperature. Evolu-
tion 25:286–289

ShaVer HB, McKnight ML (1996) The polytypic species revisited: ge-
netic diVerentiation and molecular phylogenetics of the tiger sal-
amander Ambystoma tigrinum (Amphibia: Caudata) complex.
Evolution 50:417–433

Shanks AL (1998) Apparent oceanographic triggers to the spawning of
the limpet Lottia digitalis (Rathke). J Exp Mar Biol Ecol 222:31–
41

Shaw CR, Prasad R (1969) Starch gel electrophoresis of enzymes—a
compilation of recipes. Biochem Genet 4:297–320

Simison WB (2000) Evolution and phylogeny of new world gastropod
faunas. Ph. D. dissertation, University of California, Berkeley

Simison WB, Lindberg DR (2003) On the identity of Lottia strigatella
(Carpenter, 1864) (Patellogastropoda : Lottiidae). Veliger 46:1–19

Simison WB, Lindberg DR, Boore JL (2006) Rolling circle ampliWca-
tion of metazoan mitochondrial genomes. Mol Phylogenet Evol
39:562–567

Sly FL (1984) Genetic variation, adaptive strategies and systematic
relationships of Wve species of limpet of the family Acmaeidae.
M. Sc. Thesis, University of California, Santa Cruz

Sole-Cava AM, Thorpe JP (1986) Genetic diVerentiation between
morphotypes of marine sponge Suberites Wcus (Demospongiae:
Hadromerida). Mar Biol 93:247–253

Staub KC, WoodruV DS, Upatham ES, Viyanant V (1990) Genetic-
variation in Neotricula-aperta, the intermediate snail host of
Schistosoma-mekongi—allozyme diVerences reveal a group of
sibling species. Am Malacol Bull 7:93–103

Strasser KM (2003) The larval development of two sibling species of
hermit crabs in the genus Paguristes (Crustacea: Anomura: Dio-
genidae) under laboratory conditions. Integr Comp Biol 43:940–
940

Thorpe JP (1983) Enzyme variation, genetic distance and evolutionary
divergence in relation to levels of taxonomic separation. In:
123



Mar Biol (2007) 152:1–13 13
Oxford GSaR, D. (ed) Protein polymorphism: adaptive and
taxonomic signiWcance. Academic, London, pp 132–152

Valentine JW (1961) Paleoecologic molluscan geography of the Cali-
fornia Pleistocene. Calif Univ Dept Geol Sci Bull 34:309–442

Valentine JW (1966) Numerical analysis of marine molluscan ranges
on the extratropical northeastern PaciWc shelf. Limnol Oceanogr
11:198–211

Ward RD, Janson K (1985) A genetic analysis of sympatric subpopu-
lations of the sibling species Littorina saxatilis (Olivi) and Litto-
rina arcana Hannaford Ellis. J Molluscan Stud 51:86–94

Warwick RM, Robinson J (2000) Sibling species in the marine pollution
indicator genus Pontonema Leidy (Nematoda: Oncholaimidae),
with a descriptionof P-mediterranea sp nov. J Nat Hist 34:641–662

Weber LI, Gray DR, Hodgson AN, Hawkins SJ (1997) Genetic diver-
gence between south african Helicon species and north-east
Atlantic H. pellucidum (Mollusca: Patellogastropoda). J Mar Biol
Assoc UK 77:1–11

Wootton JT (1993) Indirect eVects and habitat use in an intertidal com-
munity-interaction chains and interaction modiWcations. Am Nat
141:71–89
123


	Genetic evidence for the cryptic species pair, Lottia digitalis and Lottia austrodigitalis and microhabitat partitioning in sympatry
	Abstract
	Introduction
	Materials and methods
	Collection of samples
	Protein electrophoresis

	Results
	Southern versus northern populations
	Zone of sympatry
	Rock versus barnacle microhabitat
	Hardy Weinberg
	Hybridization

	Discussion
	Evidence for separate species
	Explanations for heterozygote deWciency
	Microhabitat partitioning
	Current data versus data reported in 1983
	Recognizing cryptic species

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


