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ABSTRACT

The polymorphic, seaweed-dwelling intertidal prosobranch gastropo
Littorina obtusata was studied at a sheltered shore in North Wales from
March 1975 to October 1977. Shell shape changes with size, assists
camouflage, and resists crab predation; there is no sexual dimorphism.

Sex ratio rises with increasing size to a 20-30% excess of males in small
adults, then declines below unity in the largest adults. Juvenilé and
adult shell colour morph ratios fluctuate with time and over short distance
Morph proportions change substantially with age. There is no vertical
migra'bion. '

Population size frequency structure is usually trimodal. Adults
constitute a stable peak at c. 14 mm and account for 50-60% of the populati
The rest consists of two actively-growing juvenile modes representing two
year classes; recruitment is broadly continuous, with a winter peak. Pro-
bability-paper analysis suggests that juveniles grow steadily through winte:
then accelerate in spring to reach adult size in late summer or autumm
approximately 18-2l months from hatching. Growth rate is apprdximately
0.12 mm/week.

f‘ifteen mark-and-recapture batch-tagging programmes using two or
more 1-mm shell size cohorts provide size-specific and seasonal mean growth
rates. Growth 1s fastest in early spring and slowest 1n late summer and
autumm. Mean growth rate varies threefold with size, increasing from 6 mm
to approximately 0.03 mm/day at 8.5 mm, then declining steadily through
14,5 mm. Differences between adult sexes are slight. Mean growth patter
approximates to the von Bertalanffy equations. Survivorship is independen

of size (and, in adults, sex) and unlike growth does not vary predictably

with seasone.



Abstract

Two individuwal-numbering capture-recapture programmes reveal
no differences between male and female growth patterns, growth rates, or
survivorship. Individual growth is not always asymptotic, and may proceed
in widely-separated steps. olze does not necessarily 1ndicate age.

Similar-sized snails growing concurrently and together may differ sevenfold

in von Bertalanffy growth parameter k (c. 1 x 107> to 7 x 1077 da.ys'1) and

by more than an order of magnitude in growth rate (c. 2 x 10-3 to 3 x 10-2 I

day). Lifespan is three years or more.
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Faunists, as you observe, are too apt to
aQ‘quiésce in bare descrip'bic_:ns, and a few
synonyms: the reason is plainj because
all that ma.y be done at home in a man's
study, but the investigation of . the life
and conversation of animals, is a2 concerm
of much more troﬁible and difficulty, and
is not to be attained 5111: by the active

and inquisitive, and by those that reside

much in the country.

Gilbext VWhite
1 August 1771
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SECTION 1
GENERAL INTRODUCTION

Littorina obtusata (L.) derives its neme "blunt" from its very
reduced spire. This small, rounded, inconspicuous prosobranch occurs
in the mid- to upper intertidal fucoid algae belt, extending in general
from Fucus spiralis (L.) at about MHJY down through Ascophyllum nodosum
(L.) Le Jol. and F, vesiculosus (L.) to F. serratus (L.) at about MILV.

The recent discovery that L, obtusata at Roscoff (Brittany,

Fi'a.nce) 1s composed of sibling species L. obtusata sensu stricto and

L, mariae Sacchi et Rastelli 1966 was originally based on penis anatomy
and population size frequency distributions, but has been confirmed else-
where on many grounds inpluding radu.lar‘ morphology, reproductive anatomy,
enzyme polymorphisms, sirleil and bodyi colour polymorphisms, shell shape,
and vertical distribution (Sacchi 1969; Reimchen 197&; Goodwin & Iish
1977; Goodwin 1978; Wilkins & O'Regan 1980). Iuch previous work must
therefore be disregarded, except where sampling details etc. permit con-
fident species identification. Unfortunately some investigators -
particularly in North America - still combine these species.
Consequently, L. obtusatal's geographic distribution is not yet

re-established. L, obtusata sensu lato, however, extends from the

Mediterranean and Europe to New England via Norway, Britain, Iceland,

Greenland and Labrador; it seems reasonable to expect little change for

L. Obtusata S.Se.

The sexes are separate but cannot be distinguished by shell

morphology. L., obtusata breeds throughout the year at many sites, normally
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depositing capsules containing more than 100 eggs directly onto the

seaweed. A, nodosum fronds live from five to fifteen years, and hold-

fasts for decades (Schonbeck & Norton | 980b). Development time varies
considerably with season (Guiterman 1971). Hatchlings are miniature
crawling adults; there is no planktonic dispersal stage. Laxrval
development and metamorphosis are fuelled by neutral lipids (Holland
et al. 1975). p Although hatchlings can feed on other algae such as
Chondrus crispus Stackh. (Underwood 1973), they normally remain on the

fucoids.

The fucoid algae provide L., obtusata with food, shelter, and the
background for its remarkable camouflage. Iucolid distribution is affected
by physical factors such as dry weather and wawve action (Schonbeck &

Norton 1978, 1979). L, obtusata is absent from shores lacking these

plants. At high water, the flotation bladders of A. nodosum and ¥, vesi-

culosus 1lift the fronds free of the substratum. At low water, the fronds

lie several layers deep, providing a damp refuge; the buffering role of

fucoids was demonstrated by Daguzan (1976b). Any disturbance of the algae

at low tide causes many L. obtusata to release their grip, falling deeper

into the weed. This response may confer protection from bird predators

but has not been studied experimentally.

Winkle distribution varies from shore to shore according to
splash, wave exposure etc. F. spiralis dries out very rapidly when
emersed (Schonbeck & Norton 1980a), so its L. obtusata populations tend to

be greater where it remains deamp at low tide. L., obtusata may overlap

with L. marize in the mid- to lower intertidal, for instance on l. vesl-

culosus, and over a wider vertical range where wave actlon dislodges and

transports either specles. L, obtusata tends to be sparse on F. serratus
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supporting dense L., mariae populations, but the mechanism setting the
lower limit is unknown. Although food supply would eppear to be unlimited,

the possibility of competition with L. mariase cannot safely be ruled out

until food requirements are studied closely (cf. Carter et al. 1979;

sacchi 1969). The siblings may differ in physiological volerances (Sacchi
19693 Sacchi & Rastelli 1966).

L._obtusata may coexist on British beaches with L. mariae,

L, littorea (L.), and members of the L. saxatilis 0livi specles complex

(Heller 1975a), especially L. rudis Maton. Penis morphology appears an
important speciles isolating mechanism, particularly where food is believed

to be similar (Heller 1975a), yet only L. obtusata and L. meriae occur in

any number on the fucoid fronds.

L, obtusata is a reasonably convenient experimental subject.
Although sampling is impeded by camouflage and algal structure, relatively
few are concealed beneath stones, in deep rock crevices, inside barnacles
etc., so mark-and-recapture studies are feasible. The absence of plank-
tonic digpersal and of subtidal populations facilitates genetic studiles
and investiga'tions of adaptation to‘ local conditions. several discrete
shell and body colour varieties ("morphs") exist. L. obtusata remains
active throughout the year and grows to shell diameter 10 to 20 mm de-

pending on site. Adults may live for several years.
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Brief informal taxonomic synopsis (see also Begquaert 19L3;

Knudsen 194,9; Heppell 197L; Sacchi & Rastelli 1966)

Phylum lMollusca
Class Gastropoda
subcl. Prosobranchis
Order Monotocardia
subo. lMesogastropoda (= Taenioglossa)
superf. Littorinaceae
Family ILittorinidae
Littorina Férussao, 1822
‘genotype: Turbo littoreus Linné, 1758

L. obtusata (L.)

types: Turbo obtusatus Limmée, 1758

Nerita littoralis Linné, 1758

both at Linnaean Society, London
synonyms linclude:

L. obtusata var. littoralis (L.)

L, littoralis (L.)

Le aestuarili Jefireys

L. fabalis Turton

L. palliata Say

split into:

L. obtusata sensu stricto, and

L. mariae Sacchi et Rastelli 1966
References before 1966, and often thereafter, may involve a mixture
of these two specles, especially if specimens were taken from F. vesiculosus
or F. serratus. Shell morphology can become virtually indistinguishable in

regions of substantial overlap on some shores: soft anatomy must be used.
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Literature survey

L. obtusata s.s. literature is sparse. Appropriate references
are discussed throughout the text. The following is a brief summary and
evaluation of the more extensive contributions to date.

Sacchi and Rastelli recognised L. mariae, providing dlagnoses in
Iatin and French (Sacchi & Rastelli 1966). Sacchi subsequently extended
this work (e.g., Sacchi 1967, 1969); few of his papers are in English.
Guiterman (1971) studied L. obtusata in North Wales. Hls strongest data
concerx; fecundity, weight growth, and parasitic trematode infestation.

Most of Bray's (197L) mobility experiments were brief and small-scale.
Daguzan (1976a,c) investigated French L. obtusata but his papers are rather
vague and 1t is difficult to accept many of his conclusions as published.
Goodwin (1978, 1979; Goodwin & Fiéh 1977 ), working indepencften’cl';s;r of the
present author, described éeneral population structure and thoroughly
.ezicamined the reproductive biology of both sibling species at Aberystwyth
(Wales), extending species diagnostic characteristics particularly for
females.

The outstanding communication to date is the Ph.D. thesis of
Reimchen (197L). A detailed study of colour polymorphism geographically,
vertically within shores, and especially in relation to immediate (plant)
background colour, together with brief breeding and predation experiments
and a survey of shell shape which could vary astonishingly over very short
distances, led him to conclude that each species! shell colour polymorphism
is maintained by disruptive Naml Selection exerted through visual pre-
dation. Sm.j.th (1976), working independently with L. obtusata only, reached

similar conclusions from less detailed evidence. Reimchen has so far pub-
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lished only his L. meriae results (Reimchen 1979), but meny of the same
concepts apply to L. obtusata.

Therefore the basic papers in English to date are those of Goodwin

and Reimchen. Reimchen'!s thesis 1s recommended.

Alms

Although geog:raphic surveys and brief comparisons between sites
had established general population structure, less was known of its
development with time, particularly with regard to relative frequencies
of the sexes and shell colour varieties. Growth and survivorship were
not reliably known.

One population was studied in detail, Intensive sampling from
April 1975 to October 1977 was combined with mark-and-recapture programmes,
allowing three growth measurement techniques to be evaluated: population
size frequency analysis (the only method uséd hitherto), 1-mm cohort
tagging, and number tagging. Survivorship was estimated from tagging

results; number tagging revealed individual variation in adult growth

patterns and rates.

Presentation

After a brief study site description and summary of methodology,
shell shape is discussed in relation to predation, mimicry, and streamlining.

Section 5 reports significant differences between juveniles and adults in

shell colour morph frequencies and fluctuations with time at three sites.
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Thelr 1mportance is evaluated and colour polymorphism is considered in

relation to camouflage, physiological adaptation, and pleiotropy. Popu-
lation structure is then described, and growth 1s estimated from its changes

with time. Section | concerns sex ratio over a wide size range but with

particular emphasis on adults.

The subsequent chapter reports growth as determined by mark-and-
recapture batch tagging using very narrow size rangeé. A modified von
Bertalanffy growth equation is used. Results are compared with those from
size=frequency analysis. Growth rate is shown to vary seasonally and with
size., Composite growth curves are constructed and are found to agree
satisfactorily with field data.

Section 9 discusses the survivorship of these batches and evaluates
dispersal, mobility and mortality factors. Between approximately 6 and 1l mm
survivorship - unlike growth ;'ate - 1g showvn to be largely independent
of size (and, in adults, sex) and not to vary predictably with season.

Section 10 presents results from mark-and-recapture individual
tagging. Final Size and life span are considered. The validity of using
mean sizes in growth equa.'l:ic.:)ns is discussed.

The final chapter is a general discussion.

Text tables g'eheré,lly summarise voluminous raw data. Fuller in-
formation and lengthy tables are presented as Appendix Tables. ' All queries

should be sent to the author's permanent address: 935 - L7th Ave., Lachine,

P.Q. H8T 2RL, Canada.



SECTION 2

SITES STUDIED

Littorina obtusata sensu stricto is the most numerous gastropod

amongst Ascophyllum nodosum high in the midlittoral. Lower and on Iucus

vesiculosus 1t co-occurs with Littorina mariae which it may 1océ.lly
resemble. To permit considerable repeated sampling without replacement,
minimal confusion with L. mariae, and adequate searches for tagged animals,
a site must support a large population, allow plenty of time between
immersions, and ideally be close to the laboratory.

The Isle of Anglesey 1s separated from the ‘lelsh mainland by the
narrow, sheltered llenai Straits. The mainland shore near Bangor (map,
Figure 1), although a brief walk from the TUniversity, is a rather un-
attractive beach frequented chiefly by strollers well above the strand line
and by balit-digging fishermen who displace mid-shore rocks and small boulders
and dig holes further down the shore. The beach 1s otherwise little dis-
turbed as it is wnsuitable for bathing.

A low wooded hill supported on layered sedimentary rocks, some
very thin and 'vreathering' in'té small rubble, the others more solid and
breaking into slabs and cobbles, gives way abruptly to the shore. Sub-
stratum and profile vary, but for about 100 m laterally Tthe mid- to upper
shore is a gentle slope, pebbled and cobbled over a firm silft. ourface
silt comes and goes and may be locally plentiiul (Appendix Table 1). Rocks
and boulders support long thick fucoid algae: at midshore I'. vesiculosus
blends into A. nodosum which predominates higher, perhaps through successiul

competition (Dalby et al. 1978). Other algal species are also present 1n
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300

Figure 1. Sketch outline of Great Britain, omitting some Scottish

igslands. Cross indicates sampling location near Bangor, North Wales.,
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thelr usuval tidal order. The shore faces generally westwards and receives
full afternoon sun. A ralsed sand-and-gravel bar and wide flats moderate
wave action except in gales, when weed=bearing rocks to about twice the
size of a housing brick can be moved. The shore is stable and very
sheltered, ranking 7 on Ballantinﬁe's (1961) exposure scale.

An irregular rock outcrop approximately 1.5 xz 5 m covered ei-
clusively in long, clean, healthy A. nodosum was designated site A:
national grid reference SH 572 T26. To either side stretched lwruriant

A, nodosum, often more than 1.3 m long, supported on boulders and rocks

interspersed with coarse grit. Downshore a similar substratum, although

with increasing silt, anchored a large band of mixed L. nodosum and

' vesiculosus. These laterzl and dovmshore weed bands were designated

sites L and D respectively.

Site A became exposed approximately L.5 hours before, and covered
3 hours after, predicted low tide using the Menai Bridge correction
(e.g. , Laver 1980), s1lowing 7.5 hours unbroken sampling on a calm day.

Site D was surveyed at 15.5 m from site A, centre-to-centre, the vertical

distance being 1.175 m and the slopeT.50% (Lpo 2] '). Preliminary surveys

2
established that L. obtusata numbered from 200 to more than 500 per m~ over

more than 1000 m2 of fucoid-covered substratum.
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SLCTION 3

SUMMARY OF DMETHODOLOGY

Sampling

The primaxry study site A was a small rocky outcrop covered with

dense Ascophyllum nodosum, high in the intertidal of a vexry sheltered

shore on the Menai Straits within walking distance of the laboratory
(Section 2).

Outcrop A was systematically stripped of L. obtusata at approxi-
mately monthly intervals f:c_'om April 1975 to October 1977 (dates and notes,
Appendix Table 1), These winkles were not replaced. IExcept for the
smallest, they were nef immigrants from the nearby extensive weed bands
D and L from which .regula:c comparlson samples were taken at similar inter-
vals from September and November 1975 respectively (Appendix Table 1).
Preliminary studies had established that replicable size frequency distri-

bution, sex ratio and morph ratios required approximately 350 snails,

Standard sample size was 500.
L. obtusata lives amongst tangled fucoid fronds. Sampling is

tedious and inefficient when the weed is dry. Snalls are mobile and more
readily seen when the weed 1s damp and the light diffuse. Adults are
readily shaken from wet fronds but juveniles tend to be found in branchings
or inside damaged air bladders from which they may only be removed by hand.
Hatchlings and very small juveniles are also held in place by surface tension.
Consequently any sampling technique that seeks to avoid hand-picking will

produce an unrepresentative sample. (The exception, lengthy immersion in
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fresh water, kills the snails and damages the habitat.)

omall snails are disproportionately overlooked even in hand-
picked samples. Furthermore, colour polymorphism provides effective
camouflage, especially when the weed bears yellow fruiting bodies:
different morphs have the advantage against different backgrounds (dis-
cussion and photomphs, Reilmchen. 1979);

Samples were begun immediately the tide retreated, by preference
on still, humid overcast days. One frond at a time, starting at the
holdfast, weed was examined by eye and by touch, then shaken, run through
the fingers and laid aside. Snails were put into shaded containers with
fresh damp A. nodosum. Sampling continued until a desired area had been
cleared or a desired number had been caugh’c; but always until the sub-
stratum originally beneath the fronds had been exposed and examined for
dislodged snaills.,

Vhen more alga had to be cleared than one tide would permit,
cleared weed was weighted with flat rocks to reduce repopulation from
nearby. Especially in silty areas, snails rarely crawled directly over
the substratum, but moved from weed to vregd at low tide. The next day the
cleared weed was quickly checked, then sampling conti_;;ued.

L, obtusata Iiumbers are not meaningfully expressed per m2 of shore.

Ewven numbers per kilogram or per m2 weed surface depend upon branching and

weed reproductive state; snails of different ages and colours often in-
habit different parts of the weed. HNumbers collected in the first hour
ranged from approximately 100 (November 1976, site L) to 750 (April 1976,
site D): numbers per hour are strongly influenced by weed humidity and

ambient temperature. Density is considered too unreliable tTo present

usefully (data on request).
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Sample analysis

Shell shape parameters were investigated and size was represented
by shell length L (Section li), the maximum diameter in the plane of the
substratum, measured to the nearest 0.05 mm with dial vernier calipers.
onalls were sorted into 1 mm size classes 3.0 - 3.95, 4.0 - Li.95 mm and S0
ON. onalils smaller than about 5 mm were . likely under-sampled. A typical
sample had snails in classes 3 to 16. Classes O, 1 and 2 were excluded
from analysis. Separation of sample size-frequency distribution modes
followed a modification of Cassiels (195).;) probability-paper technique
(details, Section 6).

Wetted shells were examined in transmitted and reflected light
under a dissecting microscope and were sorted into colour morphs citrina
(yellowish), olivacea (green), and light or dark reticulata (dark network
on light or dark background), the only morphs occurring at Gorad (Sectibn 5).
Growing shells have fragile, chisel-edged lips which are yellow in plain
morphs but may show reddish hatch-marks in reticulate snails.

The sexes are separate. oex ratio i1s the positive decimal
fraction obtained by dividing the number of males by that of females.,
Adults gripping some substratum could be sexed live by gently raising the
shell to reveal the penis (Section 8). A male was defined by having =
recognisable penis, in whatever state of development, although sexual
differentiation is not necessarily complete in very small snails (Section 7).
Four consequences affect methods. I'irst, L. obtusata juveniles are most
accurately sexed dead (see below). Second, juvenile sex ratios may be
biased in favour of females. Third, any phenomenon such as penis shedding

(repor'bed for L. littorea, e.g. by Grahame 1969) or parasitic deformities
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would bias sex ratio likewise: +the former has not been observed in

1. obtusata; the latter was negligible at sites A, L and D, Fourth,
some female L. obtusata and L. marise may be confounded, especially when
immature, unless shell shape or ribbing differs (Reimchen 197L); males

are easily separated by penis anatomy.

Snalls were killed in boiling water. As soon as they began
to extrude, 'bhey- were drained, quenched in cold water to limit "cooking",
drained again, and preserved in T70% by volume industrial spirit/fresh
water. When firm enough to handle with forceps and needle, they were
partly extracted and the mantle was turned back. Vithin any sample,
the smallest fema.le size used in calculating sex ratio was fhé lower limit
of that 1 mm class containing the smallest male - usually 3.0 mm.

Littorina mariae was scarce at sites A and L. Among males,

L, mariae amounted to 1% or fewer, including those easily recognised by

shell cha.r_acteristics. At site D, this proportion increased to about 575,
Recently, Goodwin has advocated ovipositor pigmentation as a reliable
guide for females (Goodwin & Fish 1977; Goodwin 1978, 1979).

Much routine sample analysis wé.s performed on CDC 7600 computers
maintained at the University of Manchester Regional Computer Centre and
connected to the UCNVW computer centre, using SPSS: "Statistical Package
for the Social Sciences", marks 6.0, 6.5 and 7.0 (Wie et al. 1975; UMRCC
1980a,b). Briefly, SPSS is designed for survey result analysis, and
embodies a wide range of sorting and analytic technigues using simple in-
structions. It is useful for performing standard statistical routines on
large samples. Except where stated otherwise, any reference to sample

statistics implies that they were computed from the entire sample by SPSS.
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Tagging

Individual and group survivorship and growth were studied by
mark-and-recapture techniques. Time away from shore was minimised.
onalls were transported and kept on cool damp fresh A. nodosunm.
Survivorship was expressed as a linear regression, of the natural
logarithm of percent xnown to be alive vs. days elapsed from release. The
remalining proportion were dispersed or dead. Dead snails or empty or
broken shells were sometlimes recovered. Because the date of death could

not usuwally be established as reliably as date alive, emphasis was placed

on living snails (details, Section 9).

1. cohort tagging

Snails within a 1 mm size class were given identical coded paint
marks specifying group and release date (details, Section 8)e Those
smaller than 6 mm could not be tagged. Cohorts having -mean size approxi-
mately 6.5 and 9.5 mm were released repeatedly between February 1976 and
July 1977 to determine seasonal variations in growth from standard sizes.
These were occa,sionally supplemented with other coded sizes, forming
"oxtended cohorts" growing concurrently; adults were sexed live and coded
separately. Shell 1lip thickness and profile identified growing snails
(evaluation of technique, Section 10). Only they were used when calculating

growth rates. A modified von Bertalanffy growth equation was used iIn com-

parisons. Field growth curves could be constructed from one cohort, or from
the simultaneous growth of many sizes thereby removing seasonal fluctuatlons.

Results were compared with estimates from the probability-paper analyses.




Methods 16

Mean-size growth rates may be criticised on mathematiczl grounds.
Also, they may be distorted by size-specific mortality etc., and in adults

by temporary or permanent cessation of growth. Accordingly, adult indivi-

dual tagging supplemented cohort resulis.,

2 re#sin tagging

In October 1975, tiny home-made qflexible numbered plastic tags
were affixed to adults larger than 13 mm with quick-setting translucent
epoxy resin (details, Section 10). Individual records revealed individual
growth rates and non-uniform growth pé.t’cerns. Results cowld also be

combined and treated as cohorts.

3. paint tagging

In February 1976, individual tagging was improved. Different
paint colours represented digits O through 9. Three dots encoded serial
numbers (deta.ils, section 10). 12.0 to 12.95 mm adults Jjudged to be
growing were tagged. Individual records showing distinguishing marks
were maintalned and treated as before.

The scaxrcity of this size class_ resulted in an extended release
period that complicated analysis. Ceﬁain dates were grouped. Standard
sample ‘dates were defined. Such recoding was only desirable when indivi-

dval results were combined for treatment as cohorts, e.g. for survivorship

CUXVES.
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Tag loss was slight. Such individuals were recognised by the
sandpapered region to which the tag had been applied., Paint loss was
seldom complete. Traces were evident under the microscope although care
was needed to avoid eonfusing'colours that In larger spots were quite
distinct. Tags partially lost by shell damage were very rare and re-
stricted to individuwally-numbered shells, which could be identified by a

process of elimination.



SECTION L

SHLLL SHAPE

Introduction

Definition of shell shape depends as much on the investigator!s
needs as on shell form. Numerous angles, indices and ratios have been
used (e.g. , Crothers 1975; Goodwin & Fish 1977 Guitermen 1971; Heller
19752 and 1976; Hughes & Elner 1979; Kitching & Lockwood 197L; .
Kitching et al. 1966; Knudsen 1949; IMiller 197L; MNewkirk & Doyle 1975;
Palmer 1980; Raffaelli 1978a; Reimchen 197L; Sacchi 1969; Spight 1973:
Vermedij 19738.,* b and 197L; Zipser & Vermeij 1978), including spire angle,
length from apex to base of columella, body whorl diameter, and aperture
dimensions.

The definition used here does not arise from attempts to deécfibe
the shell mathematically. Rather, its measurements may be taken rapidly
and reliably with ordinary dial calipers: shell length L, height H,
columellar length 7/, and lip thickness T (Figure 2).

Shell length is maximum shell diameter in the plane of the sub-
stratum, and shell height the bulge above 1it. Columellar length is a
traditional parameter often called shell length oxr height. Lip thicknmess
must not be confused with overall shell wall thickness.

Some appropriate combination of L and H would serve ag an index
of area exposed to shear forces exerted by water flowing over the sub-
stratum (normally a fucoid frond): especially in areas of rapid current,
selection could be expected to favour shapes minimising the likelihood of

a winkle being dislodged and swept away (cf . lIlller 197).;). ohell ridging
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Figure 2. onell measurements. ohell shape parametérs described in
text. sketches, not to scale. Left slcetch, lateral view; middle
sketch, plan view; right sketch, aperture view. L, length. H, height.
Wy columellar lehg'th. T, 1lip thickness. Dashed line shows appfoximate

axis of L.

and chammelling (Reimchen 197.L) may promote laminar flow over the shell,

thus lessening impact or shear (Savage, pers. comm.), but thorough flume
trials have not yet been conducted. Although Palmer (1980) considers

estimated drag forces to be very weak, his calculations do not allow for
currents or wave surges.

The role of foot size and shape is widely recognised, or rather
postulated, but careful experimental evidence is stlill scanty (Xitching
et al, 1966; IlMiller 1974).  Strong circumstantial evidence is found in

the common observation that shell apertures differ in shape within speciles.
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Those 1n exposed conditions tend to be broader than those in shelter,
presumably to accommodate a larger foot, permitting a better Zriv:
Kitching et al. (1966), In a brief set of trials, found grip to be pro-
portional to foot area. This may not be the whole story, however.

Miller, in her extensive review, remarked considerable intraspecific

variation in foot shape depending on exposure.

Methods

Hatchlings (approximately 0.L5 mm diameter) and tiny juveniles
were measured under a binocular dissecting microscope fitted with an
eyeplece graticule,

In shells larger than about 2.5 mm, all parameters were measured
to the nearest 0.05 mm using dial vernier calipers. Length, height and
columellar length were recorded only to the nearest 0.1 mm. Uncertain
measurenents were repeated three or five times and the mean was recorded.
Because the rounded edge of the lip was considerably offset from the base
of the columella, 7V was the least convenieﬁt measurement. Care was needed
to avoid crushing the thinnest lips. T was measured at the centre or, if
damaged, elsewhere 1f possible. Obvious irregularities were avolided.

Some adults had a thickened "bead" at the edge of the lip, causing an over-

estimate.
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nesults
1. L., obtusata -

Variatlion 1n replicated measurements of I, X and 7 was usually

Z 0.1 m, and = 0.05 mn for T. Very many shells gave unverving values
of L, H and T.

. To determine relatioriships among these parameters, measurements
of 1623 snails ranging from L to 18 mm collected in July 1975 were
analysed with SPSS (Nie et al. 1975; TMRCC 1980). L and H were very
highly significantly correlated (R2 = 0.97, P <0.0001, Table ‘I),‘ as were
L and W (R2 = 0.98). The scatter diagram (Figure 3) shows that the
smallest shells had a higher profile than that meintained by larger snails -
in effect, they were more globular - but the relationship between W and L
was not curved.

Lip thickness did not increase as predictably with shell length
(R2 = 006)4.)- If mean lip thickness for each 1 mm length class is plotted
ogainst class midpoint (Figure L), mean T initially increases, then levels-
off from about 10 to 13 mm, then rises again. The male pattern is less
regular than the female, but both are very similar. Consequently, a
lineéf regression gives an unconvincing fit despite very high statistical
significance (Appendix Teble 1&). Lip thicknesses were not necessarily
normelly distributed within shell length classes below about 9 mm, so the
standard deviations quoted for small shells are approximailons.

Irregularly-thick lips were common in "notched" shells, i.e. where
2 V-shaped pi‘ece had been broken away and replaced. Raffaelli (19782)

illustrates the same damage, similarly repaired, in L. rudls iiaton.
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igure 3. Scatter diagrams of shell height H and columellar length

7 ("width") against shell length L. Parameters as shown in Figure 2.
Data are 1623 L. obtusata ranging from ;.0 £0 17.7 mm in shell length,
collected in July 1975. Regression lines are shown with 9595 confidence

intervals: equations are given in Table 1, and are for combined sexes.
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Table 1

Shell shape regressions

Table 1. ‘.Relationships of shell parameters illustrated in Figure 2,
using July 1975 test sample containing 1623 snails ranging from
.0 to 17.7 mm in shell length. 11, 735 males. 1 I, 868 females.

MF, sexes pooled. R?, squared correlation coefficient. SE(EST),

standard error of the estimate., Full details are in Appendix Table 1l.

Parameters Sex Regression R SE(EST)
Hv L M H=0.57(L) + 1.30 0.96 0.309

13 H=0.60(L) + 0.86 0.98 0.285

MF  H = 0.59(L) + 1.03 ' 0.97 0.302

v L 1T W= 0.97(L) - 0.21  0.98 0.35L

T W= 0.97(1L) - 0.2  0.99 0,361

P 7 = 0.97(L) - 0.23  0.98 0.361

T v L 1 T = 0.0L(L) + 0.05 0.6 0.093

F T = 0.05(L) + 0.0L 0.65 0.103

MF T = 0.05(L) + 0.04 0.63 0.099

Of 1629 snails, 503 (30.9%) had been notched and, in many cases,
repalired. The sexes did not differ in the distribution of shell damage
across length classes (250 males, 253 femeles in 1L length classes: raw
Chi-square 20.8 with 13 degrees of freedom, P = 0.076). The similar

total numbers of males and females damaged did however differ significantly
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from the ratio of sample totals, 737 males to 892 females (corrected Chi-
square 5.58 with 1 degree of freedom, P = 0.018). (The lack of agreement
in sample size with Table 1 and Figure 3 was caused by the necessary re-
jection therefrom of six misshapen shells.)

ohell lip thickmess distributions did not differ significantly
between the sexes in any 1 mm length class other than 7 and 12 mm, which
were judged unimportant when the data were examined.

Comparable data pooled from 11 samples taken between 2L lMarch
and 22 April 1975 gave similar results (It‘igu:ce 5). Shell lips of 9-15 mm
males and females were thimmer than in July, but standard deviations over-
lapped substantially. This difference between samples was most pronounced
in length classes 11 and 12 (Appendix Tables 16 and 17). Mean lip thick-
ness was unchanged from 10 to 13 mm. Differences between sexes were
trifling., (Some arbitrary values qhad to be used _in this data set. The
summarised records grouped all meésuiements above 1.C mm: tThese were
assigned an arbitrary value of 1.1 mm as lips much thicker tha.ﬁ this are
exceedingly rare at this site. Similarly, measurements below 0.5 mm
were set equal to 0.35 mm. Consequently, means in classes 3 to 6 are
probably overestimates, and the narrow standard deviations inaccurate.)

During preliminary surveys (not otherwise presented), shell shape
was also measured in the hatchling to I mm range. Individual samples were
small. Two replicate samples taken on 2 July 197, high in the Ascophyllum
zone about 200 m NE of standard sampling site 4 (Section 2) (na:tional agrid
SH 574 725), gave very similar results for snails up to 2 mm long.  Corre-
sponding graphs of H against L and of '/ against L were identical, and re-
gression equations agreed closely ("I‘able 2). These shells were much more

globular than the larger ones in Table 1. The regressions of H on L from
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Tables 1 and 2, when applied to a 10 mm long shell, yield heights of

approximately 6.9 and 8.0 mm respectively. Iarge shells had 2 lower

profile than post-hatchlings. In contrast, the relationshin of 7 to L

was unchanged. These results agree with the scatter diagram (Figure 3).

Table 2

Supplementary shell regressions

Table 2. Regression equations for some preliminary samples.

onell

parameters as in Figure 2. N, number. Range, range of shell length

(mm). R2, sguared correlation coefficient. SE(EST), standard error

of the estimate. Pull detaills appear 1n Appendlix Table 15.

Sample N Range Regression

Gorad
obtusata 77 0.53-1.95 H = 0.80(L) - 0.03

7 = 0.98(L) - 0.18

Gorad

obtusata TL 0.48-1.93 H = 0.83(L) - 0.05
= 0.91(L) - 0.11

Llanddwyn

obtusata 57 2.,50=15.7 H = 0.62(L) + 0.29
7 = 0.93(L) - 0.22

Llanddwyn

mariae 93 3.,140-11.2 H = 0.60(L) + 0.38
W = 0.90(L) + 0.07

0,969
0.97L

0.98
0.98

0.99
0.99

0.97
0.97

SE(EST)

0.050
0.055

0.033
0.03L

0.24L9
0.361

0.797
0.276
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1i. Comparison with L. marice

During another preliminary survey, L. obtusata and its sibling
specles L. mariae Sacchi & Rastelli were sampled close together ot
Llanddwyn Island, Anglesey (national grid SH 391 63\0). L. obtusata wexre
taken from Ascophyllum nodosum draped on a steep rock promontory, and
L, marliae from submerged IFucus serratus in the small bay it faced. Shells
vtere separated according to the shape and ridging criteria of Reimchen
(197}4). Ambiguous shells were excluded from analysis.

The regcessi;ms of H on L agreed closely (Table 2), and those
for W on L differed chiefly in the infercevnt: predicted values of 7 con-
verged by about 10 mm shell length.

Shell lipns of both species were remerkebly thick (Figure 6,

Appendix Table 18) o Adult L. mariae averaged 0.9 'Imn, while L. obtusata
of that sizé were about 0.75 mm and adults* é::ceeded 1.2 mme. such thick
shell lips are ex{remely scarce at Gorad (Figures i and 5, Appendix
Tables 16 and 17). ‘/hen the ranges are compared, Llanddwyn Island snails
not only grow much thicker lips, but abandon thickness below O.L., mm at a
much smaller size. At Llanddwyn, T mey increase logarithmically with L,

but low numbers forbid broad conclusions.
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Figure L (upper) o July 1975 shell lip thiclmess. ileean shell lip
thickness 1n 1 mm length classes, shown plus or minus one standard
deviation (data, Appendix Table 16) . Symbols are displaced fronm
class mid-point for clarity - males, circles; females, filled
circles. Dotted polygon shows combined range of measurements

(sexes similar).

Figure 5 (lower). larch/April 1975 shell lip thickness. liean shell
1lip thickness displayed as in Figure L _(da.ta, Appendix Table 17). Upper

and lower range limits marked * are arbitrary: see text.
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Figure 6. Llanddwyn shell 1lip thickness. Ilean shell lip thickness
in 7 mm 1ength classes, shown plus or minus one standard deviation
when avallable (da’ca, Appendix Table 18). some symbols are displaced
from class mid-point for clarity. Solid line, L. obtusata; dashes,

L, mariac. Dotted polygon shows combined range of measurements.

Compare Figures UL and 5.

23
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il1l. summary of results

1e Shell shape was defined by length I (maximum diszmeter in plane of
substratum), height H (protrusion above substratum), columellar length
(apex to base of shell lip), and aperture lip thickness T.

2e In a test sample of 1623 snails over the juvenile to adult length
range L to 10 mm, H and 7 were very highly significantly correlated with
L. Although T was also significantly correlated with L, the relationship
was in fact sigmoid: lip thickness increased to length about -‘IO mm, and

ey

again from about 13 mm. Different regressions applied to the more

globular hatchlings.

3. Ilales and females did not differ ma.rkedly in shanpe.

i, Ilales and females did not differ in pattern of shell damage with

slze. A higher proportion of males were damz.ged.

'JS. In a small sample from Llénddvmn Island, a more exposed site,

L. obtusata was shaped similarly to L. mariae, and both species displayed
remerkably high values of T. Although L. obtusata appeared more depressed
(regression of H on L) at Llanddwyn than at Gorad, the small sample did not

justify a detailed comparison.

Discussion

Shell length L was so closely correlated with H and 7 that these
latter parameters were not routinely measured in the bulk of the field woxk.,
This relationship was particularly useful because i, while traditional, was

so inconvenient to measure. The constancy of shell proportions, once
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changed from the globular hatchling shape, may imply streanlining, but
this needs to be tested properly. Published comments on streanlining
tend to be inferential, and the few experimental studies using littorinids
(ee8ey Guiterman 1971; Struhsaker 1968) are difficult to relate to field
conditions and confound streamlining with tenacity. Jones & Demetropoulos
(1968) discuss drag and its lmportance to fucoids and littorinids:
Ascophyllum nodosum could not tolerate as little as 5 pounds or 2 kg as
measured by a dynamometer. Kitching et al. (1966) determined that Ifucella

lapillus from more exposed shores clung better because they had big feet:
grip per mm2 foot area reﬁained unchanged. Miller (197!_;) provides a good
review of foot form and tenacity in approximately 300 species from 52
families, but regrettably she has no data on L. obtusata or L. mariae and
has never seen either (pers. comm.). Palmer (1980) distinguishes drag
from tenacity and discusses shell shape hydrodynamics clearly, if briefly,
restricting himself to standing water. Drag and tenacity would probably
be more finely balanced at water speeds experienced by L. obtusata.

Littorina obtusata and L. mariae of certain colour morphs
(Section 5) are splendidly camouflaged, closely resembling the flotation
veslcles of A, nodosuﬁ and Fucus vesiculosus. Restrictions on shell shape
imposed by this mimicry should be investigated. I might prove difficult
to eliminate confounding effects of vesicle streamlining.
Sexual dimorphism was negligible and insufficient for separating

sexes. Sacchi (1969) similerly found no difference between the sexes 1n

L. obtusata, although L. marice females were larger then males. Goodwin &

Fish (1977) confirmed this, although with very small semples, and stave
that sexual dimorphism in L., merize increases with increasing shelter.

A semantic problem vitiates most published comments, probably
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including those, cexual dimorphism, strictly spealking , 1s a diflferanc
in shape between male and femzle., The careless enplicat:
to 2 difference in mean size is confusing, as it can ENCORNASS any r0Cess

affecting the sexes differently (and hence their representetion in -

sample ). Guiterman (1971) found that females out numbe'r*ed males in un-
parasitised "large adults", wvhile meles outnumbered females*m "spall
adults"; his results would be much more convincing had he sexed the snails

first and {then reported the size-frequency distributions. See Section 7

for a2 more complete discussion of sex ratio.

&+ slze difference is nevertheless meaningful wvhen certain con-

ditions are satisfied. for instance, sampling must be unbiased with res-
pect to sexr and size, and where appronriate, samples must be corrected for
differential predation or delayed differentiation. _.._ese onC sinilar
criteria are not likely to be met in a field population, but =uch can be
learned from tagging and culture.

Flollusc shell shape, althouéll broadly genetically determined,
mey display considerable local variation. The dogwhelk lTucella (Thais)

lapillus Gmelin is a classic example of morpvhological plasticity. Kitching

and his colleagues (e.g., Kitching et al. 1966) demonstrated that shells
from sheltered sites are more slender, with smaller apertures and stouter
wvalls, than shells from exposed shores. These differences are related %o
foot size and crab predation. Similar predictable differences have since
been described over a2 wider geogravhic range (e.g., Crothers 1975; Xitching
& Lockviood 1974). Seed (1978) offers the interesting spveculation that the
tall narrow shells from sheltered sites may not be adantive as such, but a
consequence of growing while maintaining an adeptive snell arerture, or

that this shape might permit ¢ higher proportion of digestive and reproductive
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organs, thereby allowing faster growth and greater fecundity than the saquat
shape characteristic of more exposed shores. Spight (1973) compared
several local races of T, lamellosa and concluded that differences in shape

of similar-sized animals from different sites were indeed due to environ-

mental effects, and not merely to diet; within slites, shape could also
change with age.

Environmental stresses are believed to affect the shape of many
intertidal molluscs. Struhsaker (1968) found a balanced polymorphism
for extent of shell sculpture in the Hawaiian L. picta, and interpreted
this in terms of lbcaliy verying substratum and of seasonal weather
exxtrenes favouring sculpture extremes (possibly indireétiy through genetic
linkage to physiological tolerances). Heller (1976) considered between-
shore shell shape and size differences in L. rudis and L, nigrolineata to
be responses to exposure and crab predation. Newkirk & Doyle (1975 ) |
discuss the effects of waves on shell shape in L. "saxatilis" (they did
not separate the severa,i specles in the complex - see Heller 19753,) .
Knudsen (19L9) examined museum specimens, asserted that L. obtusata's
relative spire height increases northwards, and attributed this effect to
decreasing temperature, but provides insufficient information on sampling
or shell size to ensure that he was not also examining L., mariae. Sacchl
& Rastelll (1966), who first separated these species, state that maximum
shell diameter decreases southwards in both species as a2 result of air
temperature and from shelter to exposure because of turbulence. sacchl
(1969) confirmed these observations, often with very large samples, although
some of his analyses are unclear. Reimchen (197L) found suggestions of fwo

forms within L. mariaze differing in shell sculpture and other characters in

a manner predictable from microhabitet, but was unable to determine thelr
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significance. IFinally, Vermeij has embarked on = long series of revieus
(e.g., 1973a,b, 197L, 1979) analysing shell shape and attempting to inser-
pret zonation and geographic variation in the light of vhyysiological
demands and, latterly, predation.

Goodwin & Fish (1977) extend +the diarmostic characters for

L. marize originally provided by Sacchi & Rastelli (1966). Colunellar

lengtia W greatly influences their ratios. The last body whorl is rela-

tively laxrger in L. mariae than in L. obtusata, producing the characteristic
"stretched" shape of the adult in plan view. Goodwin & Fish further state

that mean adult size increases with increasing shelter in L. obtusata, and

with increasing exposure in L. mariase, an issue considered at length by

Sacchi (1969).

L. merice and L. obtusata were not compared in detail in the

present study. At Llanddwyn Island, shell sculpture criteria (Reimchen
197L) helped to sort a smell mixed sample, but ambiguous shells still re-
mained. At Gorad, in preiimina:cy tranéect surveys (not presented), shell
shape was so closely similar, especially in the zone of overlap low in the

Fucus vesiculosus belt, that separation was only reliable for adult males

which have greatly different penis shapes (Sacchi & Rastelli 1966;
Reimchen 197LL). Regardless of shell size, it is important tO Dresexrve
the bodies if sorting is by shell characters alpne.

Adult snails that have stopped growth have thicker shell lips
than those that are still growing. This range extension helps to account
for the sigmoid relationship between 1lip thiclkmess and shell length. The
levelling between roughly 10 and 13 mm night relate to mefabolic demands at

maturity (approximately 12 mm: Sections 6, 7). Alternatively, the cause

might be mechanical and/or a matter of growth rate. Perhaps T initially
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increases with L because low values cannot support the large growing edge
or withstand normal wear and tear, while appreciably-higher values would
impede growth, but once growth stops a thicker lip is possible. Indivi-
dual tagging (Section 10) shows that large snails may grow sporadically,

so that a thickened 1lip does not infallibly indicate final size as supposed
by Goodwin & Fish (1977) and others. Lip thickness is an indication of |
growth activity and not necessarily of shell thickness, density, weight ox
2.0 . In L, rudis however, shell lip thickness is a linear function of
columellar length from 5 to 15 mm (Raffaelli 1978a).

ohell lip damage caused by crabs and by impact can be difficult
or impossible to separate (Reimchen 197l; Raffaelli 1978a; Husghes 1980).
1t is hard to say whether the si@ificmtly higher damage to males 1n the
test sample is meaningful. Given the similarity between meles and females
in pattern o:_E‘ damzge, this seems unlikely.

Lacchi (1969) assoclates thick shells wi’ch. exposure, the opposite
pattern to that in lucella. shell lips at Llanddwyn, rather more exposed
than Gorad, were remarkably thick, and 1n _pa.rticular the minima were in-
 creased at quite small sizes. In a series of samples at Strangford Lough,
Northern Ireland, shells from Carnan Point on the rocky open coast were '
substantially stouter than those from five sites within the Lough. (Data
summaries aveilable on request. Strangford Lough is the large cucumber-
shaped inlet at the IIE.) The simplest explanation is that rough seas
batter the algal fronds against the rock to the detriment of any fragile
individuals attached. Physiological considerations cannot be ruled out,
however: in colour morph reticulata (Section 5), where presence of the
network is governed by a single dominant gene (Reimchen 197l), snails at the

most exposed sites have unusually heavily pigmented shells and bodles




(Sacchi 1969).

1t seems increasingly likely, however, that shell thiclmess is
greatly influenced by predation. Iuch recent work has been directed
towards predation, foraging strategies, and anti-predator resvonses. In
brief, intertidal snails are particularly vulnerable to attack by certain
fish and especially crabs. The fish (Blenmnius spp.) tend o crush smell
snalls, whose best strategy is crypsis or camouflage; Reimchen (197&,

1979) provides elegant work and a thorough discussion. Camouflage is con-

sidered further in Section 5. Crabs Carcinus maenas (L.) mey attack

shells by (a) crushing them outright, (b) crushing the whorls just below
the apex, often removing the apex, (c) inserting the large chela into the
aperture and crushing the columella, (d) inserting = chela into the
aperture and chipping away ’ché lip progressively, the method depending on
crab strength and shell shape (Elner & Raffaelli 1980; Hughes & BElner
19793 Reimchen 19714.). Defensive 'shell fea’cur_es include depresséd spires,
strong or elaborate sculpture, narrow or elongate apertures, aperture-eage
obstructions such as "teeth" or folds, a thick rigid opergulum, or thick
shell walls (Gibson 1970; Hamilton 1976; Vermeij 197L, 1979; Zipser &

Vermeij 1978). Beczuse Carcinus maenas is not a visual predator and will

test any shell it encounters, robust shells will be beneflcial (Blner &
Hughes 1978). Vermei] (1979) discounted Currey's idea that certain Types
of shell microstructure resist breakage or drilling better than others,
but modified his opinion afier colleborating (Vermeij & Cuxwey 1980). He
pointed out (1979) that concealment and fast juvenile growch might be
equally valid responses to intense predation.

It is not clear to what exrtent the shepe of L. obtusata reilects

predation by crabs, although the depressed spire seems to cause hendling
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difficulties (Elner, pers. corm. ), as opposed to streamlining. Although
shell 1lip notches cannot with certainty be atvributed to attack, the
frequent V-shaped opercular notches are unlikely to have been caused by
blows Ifrom stones. Lt Gorad at least, damaged operculas are sometines
left unrepalred for months, seemingly without effect (pers. obs. fron In-
dividual tagging).

It 1s important to remember that field samples necessarily contain
survivors, and may reveal little aboul population variability if selection
is Intense. [For instance, adult shells from a sheltered shore a2bounding
in crabs would misrepresent the true reange of shell thickness. Ideally,
before any explanation for locally-varying shell si‘lape is accepted, con-
trolled reciprocal transplants (e.g., Kitching et al. 1966) or some other

appropriate manipulation should be zattempted.



37

SECTION §
COLOUR MORPHS

Introduction

Littorina obtusata displays a stable shell colour polymorphism.
Barly workers recognised numerous varieties mow known to be stages in a
continuum (Reimchen 1974).  Some morphs have restricted geographic
distributions, discussed in detail ianeimchen's thesis (1974) and by
omith (197 6). Of the remaining discrete morphs, four are found at
sites A, L and D. Reimchen (197,) describes each a%t length and provides

colour plates. His terminology is simplified for use here.

Citrina: yellow, ranging from very pale straw to rich orange. No
markings. (Fbrmerly, extreme examples were considered to be two other
morphs',- the whitish albescens and the orange aurantia.) ‘

Olivacea: greenish, ranging from light olive to very dark olive
green or on some shores dark olive brown. No markings. Light specimens
may be confused with citrina bearing greenish epiphytes.

Light reticulata: dark reticulation, sometimés broken into check-
marks or zig-zags, on citrina background. This morph is vanishingly rare
at sites A, L and D and has therefore been combined with dark reticulata.

Dark reticulata: dark reticulation, sometimes broken, on olivacea or
dark brown background. Care must be taken to distinguish this morph from
very dark olivacea, especially in thick shells, as the colour contrast be-
tween reticulation and background can be slight. Reimchen (197&) suggests
that background colour can infuse into the reticulation. Growing shells

have lips with fine chisel edges coloured yellow in plain morphs but often
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showing reddish "hatch marks" in reticulate specimens. (The almost black

variety fusca may be an extreme form, but Smith (1976) considers it
distinct.)

Very rarely shells showed faint evidence of light or pigmented
bands, as found elsewhere in morphs alternata, lnversicolour, or zonata
(Smith 1976), but none was distinct enough to be so classified. Tagged
shells that sustained lip damage occasionally developed a permanent pale
band (pers. obs.). 1

Before L. obtusata and L. mariae were distinguished (Sacchi &
Rastelli 1966), investigators confused these species, sometimes calling
the former "var. olivaceé." and the latter "var. citrina". TFor this
reason the work of Bakker (1960), Barkman (1955), Van Dongen (1956) and
others is now best disregarded. Such papers are specially marked in
the bibliography.

Reimchen (197L) concluded from laboratory breeding experiments
that reticulation was genetically controlled independently of background
colour. He also demonstrated that some morphs are reached through
infemediate stages in early growth, and cautioned that the scoring of
very small individuals may therefore be unreliable., VWhile citrina may
change to olivacea and conceivably thence to reticulata, he never observed
the reverse. Morph ratios in very small juveniles may exaggerate citrina
or underestimate dark reticulata. The degree to which this happens, and
the pathways, evidently vary from population to population and thus should
ldeally be established in each population by rearing large numbers in the
laboratory. In the field, the possibility of differential survival for-
.bids inferences from ratios 1n successlve size classes.

Any change in morph ratios with age, however caused, undermines
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work based on samples including a wide size range. Similarly ratios
based solely on adults may be of limited value. At present there is no
information on morph~specific fecundity: Smith's (1976) assertion that
citrina are more fecund 1s unfortunately a supposition without experi-
mental basis (pers. comm. 22 June 1976), as is his view that moxrphs
spawn with regard to background colour.

Reimchen (197)4, 1979) argues persuasively that colour morphs are
adaptive, that - especially among juveniles - cryptic colouration confers
protection from visual predation by fish (blemnies Blennius spp.), crabs
Carcinus maenas (L.), and various shore birds (review“, Peftit’c 1975).

If so, one expects to find different morph ratios on different
backgrounds and at different tidal heights. Reimchen'!s geographic
survey (1971;) produced abundant evidence of this, and he found remarkable
changes over very short distances where conditions differed. Smith (1976)
found changes in propor'tion; with tidal height on transects, and argues
that these changes were caused largely by changes among thé juveniles.

His results are as one would predict from Reimchen's work. They are also
as expected if - particularly where passive dispersal by wave gction 1S
important - juveniles are more sedentary than édults. Juveniles may not
be able to cling to weed as firmly as adults, but seem to compensate for
this by gathering in the safer parts of the weed, such as damaged air

bladders, multiple branchings, etc.!

Morph frequencies were recorded at all three sifes nine times

between August 1976 and October 1977; these samples were selected for

analysis (see Sections 3 and 6 for details of full sampling programme ).
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llethods

Preliminary studies (not presented) showed that samples large
enough to ylield repeatable size~frequency distributions zlso gave satigs-

factory morph ratios, so replicate samples were unnecessarye.

Many older shells are covered with epiphy-te.s. some bear
barnacles (invariably Elminius modestus Darwin). Boiling in alkali is
advocated by Reimchen (197L), Smith (1976) and others, but is inconvenient
and damages the soft parts. ' The following method proved adequate for

non=-genetic purposes.

Snails were wetted and examined individually under a Wild ML

binocular dissecting microscope fitted with x10 eyepieces and a strong
narrow spotlight. The beam passed obliquely across a white ceramic plate

so as to strike the outside of the lip when the aperture faced directly
into the objective. This transmitted light revealed any reticulation in
all but the thickest shells, which required a powerful lamp. Doubtful
cases (usually very dark olivacea thought to have reticulations) were re-

conslidered after all unambiguous ones had been seen. Living snalls were

protected from overheating.

For comparison of juveniles and adults, 1 mm size classes were
selected which were common to all 27 samples. Juveniles were represented

only by the totals of classes 3, L} and 5 mm because classes 6, 7, 3 or

9 mm were sometimes used in tagging experiments (Section 8). Adults were

represented by the totals of classes 13, 14 and 15 mm. Three adjoining

classes were combined to give workable numbers of minority morphs.

Three tests of significance were used: Chi-square for raw fre-

quencies; Kendall's tau for similarity in patternms of percentages (Sokal &
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Rohlf 1969 p. 533); and t for differences between mean percentages

(t-test for samples with unequal variances, Ferguson 19€6).

Results
1. total proportions

14,761 snails were classified from 27 samples containing from
192 to 1,016 i'_rldividuals. The data are summarised in Appendix Table 19.

No morph was missing from any sample. At each site, olivacea
greatly outnumbered reticulata and citrina combined.

Month-to=-month wvariation in relative proportions of morphs was
examined with Chi-square. Chi-square values for each within-site set of

nine samples in Appendix Table 19 are shown in Table 3. There would

seem to be very highly significant (P <0.,001) fluctuations in morph fre-

quencies with time at each site.

Table 3
Morph frequency tests

Table 3. Chi-square tests for the three 9 x 3 segments of Appendix

Table 19. Entries have 16 degrees of freedomn.

Site Chi-squaxre Significance
A 89.08 P <0,001 e
L 51.00 P <0,007 ##=*

D 59.96 P <0,001 #¥%
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Chi-square is highly sensitive to large sample size and as with
many tests of independence, very weak relationships between large groups

may be considered significant (Nie et al. 1975). Murthermore, changes

in the size-frequency distribution (Section 6) limit the value of tests
based on whole sa.mples. _ Accordingly, subsequent analysis is confined
to The representative juveniles and adults, of 3.0 to 5.99 and 13.0 to

15.99 mm respectively.

11, representative Jjuveniles

Data of 3,133 representative juveniles are summarised in Appendix
Table 20. Numbers ranged from 24, to 343. llumbers of individual morphs
were often low, but only twice was 2 morph missing., Olivacea was less

dominant than in the whole samples.

Chi-square -tests performed as for the whole samples are
summarised in Table ;. As before, there appear to be significant fluc-
tuations with time in morph ratios, but less so downshore at site D. I

If these fluctuations are meaningful, they may be synchronous
at two or three sites. A quick check for synchrony' is to rank the nine
percentages of each morph at each site independently, then use a non-
parametric rank correlation test such as Kendall's tau to meke palrwise site
comparisons one morph at a time (Table 5). Significant synchrony occurred

only in morph reticulata between sites L and D.

Another approach is to convert raw frequencies to percent pro-
portions, in effect to standardise sample size at 100, Illeans and variances
mey be computed and compared. Appendix Table 22 summarises such a con-

version. Means are invariably based on n = 9; 9% is treated as a valid
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Table g

Juvenile morph frequency tests

Table L. Chi-square tests for the three 9 x 3 segments of Appendix
Table 20. Entries have 16 degrees of freedom.

Site Chi-square Significance
A 149 .82 P <0,001 #*#%
L 1. 99 P <0,001 ##%
D 31.83 P <0.02 =*

. Table 5

Juvenile morph synchrony tests

Table 5. Results of pairwise Kendall's tau tests for synchronous
fluctuations of juvenile morph proportions. sntries are values of

tau computed as discussed 1n text. *, P <0.05; others non-significant.

Sites tlorph

Reticulata | Citrina Olivaces
Av L 0.7 0.50 0.28
Av D Q.17 0.33 - 0.22
LvD 0.67 * 0.06 -0.06

Table 6

Comparisons of juvenile morph percentages

Table 6. Data of Appendix Table 22 compared pairwise by two-talled

t-test. Tntries are t values. Critical value of t at P = 0.05 is 2.31,

All tests non-significant.

: Morph
Sites |
Reticulata Citrina Olivacea
Av L 0.25 0.51 0.2

Lv D 0.1 ' 0.87 0.68
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entry. Except for olivacea at sites A and D, variances exceed their

corresponding means, often substantially.

On the assumption that values contributing to each mean are

normally distributed, means may be compared with a t-test. It 1s however

prudent to assume that corresponding variances are not necessarily equal,

and to apply a special t-test (e.g. Ferguson 1966, D. 171). - This involves

dividing the difference be’cwéen the means by the standard error of this
difference. ‘(“‘:Jhen the means have differing degrees of freedom, a new
critical value of t must also be computed.)

Table 6 summarises the results of nine pairwise between-site
comparisons., Tests were two-tailed, i.e. they merely assumed equality
of means. All tests were non-significant at the 5% level. Overall,
corresponding morphs were comparably abundant (as % of sample) at each
site.

Combining dates in this way to compare the resulting means
detects overall differences, especially if morph proportions are invarlant
with time. However, the large variances suggest that - notwithstanding
the lack of synchrony between sites - comparisons should be made one month
at a tlme., Of chief interest is the relationship between sites L and D,
large weed belts at different tidal heignts. The raw frequency data
(Appendix Table 20) may be used to construct nine monthly 3 x 2 contingency

tables, for which Chi-square is computed as usual with two degrees of

freedom (Appendix Table 2L).

Although Chi-square for September 1976 is not significant regard-
less of whether reticulata is eliminated from the calculations, this month

is left out of subsequent analysis.

In only three months of eight do proportions differ significantly
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between sites L and D. To determine whether the eight months may be
pooled, heterogeneity Chi-square is computed by subtracting from the sum of
the individual Chi-squares the value for a 3 x 2 table using total fre-
quencies. Because heterogeneity Chi-square is non-significant (P >0.30),
the months may be pooled. The resulting pooled Chi-square is very highly
significant (P <0.001). Juvenile morph frequencies at sites L and D
differ overall. ﬂ

1t 1s important to recall that each morph was comparably
abundant overall at each site (Table 6). That is, averaged over samples
extending from August 1976 to .October 1977, morphs when considered in-
dividually were equally abundant overall at sites L and D, but the relative

- proportions of all three morph groups (olivacea, citrina, the reticulatas)

were not the same at sites L and D month by month.

iii. representative adults

Data of 7,061 snails from 13.0 to 15.99 mm shell length are

sumnarised in Appendix Table 21. Numbers ranged from TL to 450. Moxph

citrina was generally scarce, but was only absent once (Ju_'l.y 1977, down-

shore). Olivacea dominated all samples.
These data were analysed as in the previous part.

As before, morph ratios fluctuated significantly with time
within sites, and less so at Site D (Table 7, corresponding to Table h).

(No correction was made for small expected frequencies as there was more

than one degree of freedom.)
As with the juveniles, sites did not generally fluctuate syn-

chronously, although olivacea was just significant (P = 0.05) high on

shore (Table 8, corresponding to Table 5).
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Table 7
Adult morph frequency tests

Table 7. Chi-square tests for the three 9 x 3 segments of Appendix
Table 21. Entries have 16 degrees of freedon.

Slte Chi-square Significance
A 1,7 .68 P <0,007 *x%
L 16,97 P <0,007 3%
D 37+90 P <0.01 **
Table 8

Adult morph synchrony fests

Table 8. Results of pairwise Kendall's tau tests for synchronous
fluctuations of adult morph proportions. Entries are values of tau.

¥ P = 0,05; others non-significant.

Sltes Vlorph

Reticulata Citrina Olivacea
Av L 0.39 0.28 0.56 #
Av D 0.39 0.06 0.28
L v D 0.4l =011 0.28

Table 9

Comparisons of adult morph percentages

Table 9. Data of Appendix Table 23 compared pairwise by two-tailed

t-test. Conventions as in Table 6. All tests non-significant.

Morph
oites OrP |
Reticulata Citrina Olivacesa
A v L 0.2L | Q.07 0.18

LvD 0.72 0.54 0.50

L6
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Appendix Table 23, corresponding to Appendix Table 22, shows

percentages with means, variances and standard deviations. As before,

zero was considered wvalid. Adult variances were closer to their corres-

ponding means than were those of juveniles.

Table 9, corresponding to Table 6, summarises the results of two-

talled pairwise comparisons between sites of those means. As for the
Jjuveniles, all tests were non-significant (P >0.05)': overall, corres-
ponding morphs were comparably abundant at each site.

Month-by-month comparisons of relative proportions of morphs at
sites L and D are summarised in Apﬁéndik Table 25, corresponding to Appendix
Table 2. Proportions differ between sites in four months of nine, oﬁlﬁ
two of which co-occur with such differences among juveniles. The highly

significant heterogeneity Chi-square (P <0.01) forbids pooling of dates as

was done for juveniles.

As with juveniles, it is important to distinguish between relation-

ships of average percentages over time and relationships of morph ratios on

particular occasions.

At first glance, adults may seem to behave as Jjuveniles, A

closer examination of the data reveals important differences.

iv. comparison of Juveniles and adults

If different morphs confer camouflage on different backgrounds,
a.hd 1f this effect is more important to Jjuveniles, which are thought to be
more vulnerable to predation than adults, then the relative proportions of
these morphs may differ between juvenile-s and adults. Similarly,

differences between morphs in physiological tolerances etc. might also lead



Colour L8

to cha.ngiﬁg morph ratios with age.

If juvenile and adult morph total rzw frequencies are compared
by three Chi-square tests having two degrees of freedom (4Appendix Table 26),
Chi-square values at each sife are huge and very highly significant
(P <0.00‘I). The minority morphs citrina and reticulata reverse position.
Citrina is the more abundant among juveniles, but retficulata the nmore
common among adults, regardless of site.

The expectations used in preparing Appendix Table 26 are as usual
based on the assumption of independence, i.e. that morph ratios are in-
dependent of age. 1f these are compared with the observed data, then at
every site the Jjuveniles have more citrina and fewer reticulata than ex-
pected. The converse is true for adults. Olivacea 1s as expected

a

Aworked example: olivacea contri-

butes negligibly to the very large Chi-square values.

throughout. Appendix Table 26 contains

The scarcity of some morphs 1n some samples makes a month-by-
month comparison between juveniles and adults of little value. The means
from Appendix Tables 22 and 23 may however be compared. Table 10 shows

more detail but otherwise corresponds to Tables 6 and 9.

Tables 6 and 9 were based on two-tailed tests, i.e. on the null
hypothesis that means are identical. If there is cause to believe

a priori that one ought to be the greater, then a one~tailed test is
appropriate, the null hypothesis being that it is less than or equal to
the other mean. Although t is computed unchanged, new critical values
apply.

In the two-tailed test (Table 10), the proportion of olivacea is
invariant with age within each site. Citrina changes highly significantly
at site A. Reticulata changes significantly at sites A and D, and highly

significantly at site L. :
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Table 10

Comparisons of juvenile and adult moxrph percentages

Table 10. One- and two-tailed t-tests of the difference between juvenile
and adult mean percentages for each morph at each site, Diff.,, Juveniles

minus adults, %. SE, standard error of this difference. t, Diff./SE
(with 8 degrees of freedom). n.a., test not applied.

Morph  Site  Diff. SE b Significance
2 tails 1 taill
R A -18,05  5.90  3.06 P <0.02 * P <0,01 #%
L -17.78  5.06  3.581 P <0.01 P <0.005 **
D -19.41  T.13 2,72 P <0.05 * P <0,025 %
C A 18.5 5.28 3.5 P <0.01 ** P <0.005 **
I 2L.5L4  11.06  2.22 P <0.1 NS P <0.05 *
D 14.36  7.13 2,01 P<0.1 NS  P<0.05 %
0 A -0.46  7.06  0.07 P >0.9 NS n.a.
L  -6.78 11.98  0.57 P >0.5 NS n.a.
D 5.05  7.72  0.65 P >0.5 NS n.a.

It is interesting to apply a one-tailed test to the following
hypotheses. (a) The proportion of citrina will decrease with size (age).
(b) The proportion of reticulata will increase with size.

One-tailed tests (Table 10) support both hypotheses. At each
site, reticulata increases with age. The level of significance 1s improved

at site A. Citrina decreases with age at each site; sites L and D are now

significant (compared with the two-tailed tests).
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Ve summary of results

1. 14,761 L. obtusata in three concurrent sets of nine monthly samples

from standard sites A, L and D were scored for colour morph: 3,133

representative Jjuveniles and 7,061 representative adults of shell length
3.0 to 5.99 and 13.0 to 15.99 mm respectively were used in analysis to
avoid complications caused by changing size-frequency distributions.

2. The olive-green morph olivacea was dominant in every sample. Two
other morphs were usually present, the yellow citrina and the dark-

gridded reticulata.

3. Morph ratios fluctuated with time in juveniles and adults, though

less so at site D.

Lo VWhether in juveniles or adults, they did not do so synchronously at

any two slites.

5. When dates were summed within sites, the mean abundance of a given
morph was similar at each site.

6. The variances associated with these mean percentages were much
higher :E'Qr juveniles than for adults.

T« Vhen month-by-month comparisons between sites L and D were pooled,
juvenile morph frequencies were highly significantly different between
sites. Adult values could not be pooled, but in four months differences
were significant or highly significant.

8. Although a given morph had the same average abundance in all samples,
the relative proportions of the different morphs were not necessarily the
same from sample to sample.

9. Morph frequencies were compared between juveniles and adults within

sites., Citrina and reticulata differed highly significantly. Citrina
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