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Preface

This volume contains the papers and abstracts of the posters given at the symposium on Long-term
Changes in Coastal Benthic Communities organized by the Commission of the European Communities in
Brussels, Belgium from 9 till 12 December 1985. The organization of this symposium came to conclude five
years of activities in the COST 647 project on Coastal Benthic Ecology, the rationale of which is explained
in the foreword by B. F. Keegan.

The importance of this volume is that for the first time special attention is given to long-term data series
of relevant biological variables collected in different marine benthic habitats. Many of the data presented
here are the result of years of careful data collection by some of the leading scientists in the field of benthic
ecology. Some of the series, such as the Macoma balthica data from the Wadden Sea or the macrofauna data
from Loch Linnhe, to name just those two, are already classics in the marine biological literature. Other data
were collected in the framework of a monitoring programme and are now analyzed for the first time in the
different perspective of the COST 647 project. Several papers are from related fields where they represent
well known case studies; they were chosen in order to see how problems have been tackled elsewhere.

What is the natural variability in benthic populations and communities and how can it be distinguished
from man-induced changes? Especially: what long-term natural fluctuations may occur that may mask the
effects of pollution? It is hoped that the papers presented here will add to the continuing debate on the use
of benthic populations and communities in marine pollution studies. They will certainly add to our basic
knowledge of benthic populations and communities in Europe and represent a focus for future research in
the field.

C. Heip, B. F. Keegan & J. R. Lewis, Editors
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The COST 647 Project on Coastal Benthic Ecology — A Perspective

COST (abbreviation for ‘Coopération européenne dans la domaine de la Recherche Scientifique et Tech-
nique’) forms a framework and forum for European research co-operation.

Project 647 dates from 1979 and is concerned with coastal benthic ecology. It had its origin in a series
of meetings where scientists from different countries considered the then status of benthic ecology and the
problems of accurately evaluating biological changes in the marine environment. These meetings recognised
that

a) benthic ecological studies in general were short-term, un-coordinated and often non-comparable in
their methods;

b) the few extended studies already carried out had greatly expanded awareness of how local physical and
biological factors, and especially key species, influenced spatial and temporal variation;

c) the general inability to set data in a geographical context could often make it unclear whether or not
changes ascribed to local conditions (either natural or man-made) were in reality part of a broadscale, natural
pattern;

d) the dynamic character of communities rendered useless the old narrow concept of ‘baselines’ and neces-
sitated its replacement by an awareness of the ranges of temporal variation that are entirely natural in differ-
ent types of communities;

¢) while toxicological studies were revealing the extreme sensitivity of larval stages to pollutants, the wide
natural fluctuations in annual recruitment to benthic populations suggested that larvae, or other phases in
the overall reproduction/repopulation process were also very sensitive to natural variables. The latter ap-
peared to be climatic/hydrographic, but little was known about their operation.

By way of responses, it was agreed that the old and naive ‘baseline’ concept should be replaced with a
much broader range of knowledge and understanding, covering the following:

(i) The spatial and temporal scales of natural variability over as long as possible, to give reasonable assur-
ance that a wide range of climatic/hydrographic events had been observed.

(ii) Sufficient understanding of community dynamics to allow prediction of the consequences to the whole
community of dramatic changes in the abundance of individual species as a result of natural factors or selec-
tive pollutants. To this end, intensive study of natural variability or experimental manipulation of community
composition would reveal the identity of the key species (if they existed in a particular community) and the
extent to which community composition was controlled by biological interactions or resulted from chance
physical events.

(iii) Sufficient understanding of the specific causes of biological change to permit prediction about the
consequences of natural events with some degree of certainty. Special emphasis was to be placed upon the
population dynamics of the key species, and particularly upon the extent to which variations in their
reproductive cycles, recruitment and mortality could be related to changes in natural physical conditions.

While elements (ii) and (iii) could be dealt with at a local level and were to varying degrees incorporated
in much current work, (i) became the hallmark of a new international project, i.e. COST 647. Simultaneous
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studies of selected communities were proposed, using the same or intercalibrated methods, in a network of
recording stations, across the geographical range of each community.

From the many benthic habitats and communities around the Atlantic coasts of Europe, four were selected
for collaborative study. Among the criteria used in their selection were: wide geographical distribution
around Europe; wide availability in currently non-polluted waters, or relative freedom from frequent physical
destruction and a good data base resulting from current studies in one or more countries. Their selection
acknowledges the fundamental division of benthic habitats according to type of substratum (rocky or
sedimentary) and that both exist subtidally and intertidally.

These four communities were proposed as separate programmes within the overall project and a co-
ordinator was nominated to harmonise methods and data analyses within each programme, and to facilitate
interprogramme discussions (Table 1). The methods appropriate to each programme would be markedly
different but the biological data sought were similar, i.e. community composition and dynamics; the identifi-
cation of the most important interactions and of ‘key species’ (if they exist); the population dynamics and
lifespans of ‘key’ or major species with special emphasis upon natural variation in their reproduction and
recruitment.

The rationale behind the Project was incorporated into a ‘Memorandum of Understanding’ which was
signed by Belgium, Denmark, France, the Federal Republic of Germany, Ireland, the Netherlands, Norway,
Portugal, Spain, Sweden and the United Kingdom.

For its first five-year phase, the Project had ‘Category III’ status within the COST framework. i.e. where

TABLE 1

Habitat Community Co-ordinator

(1) Subtidal rock Ascidiacea T. Lundalv
(Sweden)

(ii) 1Intertidal rock Patella/Trochidae/ J. Lewis

Cirripedia (U.K.)

(iii) Subtidal sediment Amphiura/Abra L. Cabioch
(France)

(iv) Intertidal Macoma/Polychaeta J. Beukema

sediment (Netherlands)
Key species in the four habitat programmes:
i) Clavelina lepadiformis, Styela spp., Ciona intestinalis,

Corella parallelogramma, Ascidiella aspera, A. scabra,
Ascidia mentula, Ascidia virginea, Phallusia mammilata,
Dendrodoa grossularia, Boltenia echinata, Pyura tesselata,
Halocynthia spp.

ii) Patella depressa (intermedia), Patella vulgata, Patella
aspera, Balanus balanoides, Chthamalus montagui, Chthamalus
stellatus, Gibbula umbilicalis, Monodonta lineata.

iii) Acrocnida brachiata, Amphiura chiajei, Amphiura filiformis,
Abra abra, Abra nitida, Melinna palmata.

iv) Macoma balthica, Arenicola marina, Cardium (Cerastoderma)
edulis, Nephtys hombergii, Lanice conchilega, Littorina
littorea, Nereis diversicolor, Mya arenaria, Tellina tenuis,
Scrobicularia plana, Mytilus edulis.



TABLE 2: National participation in each programme
Subtidal Intertidal Subtidal Intertidal
rock rock sediment sediment

Norway ®) JAN A n/a
Sweden ° n/a @) n/a
Denmark n/a n/a A o
Germany AN n/a Y

Netherlands A A A o]
Belgium rn/a n/a o) A
U.K. A L @) A
Ireland [ A L A
France O o O
Spain A A o A
Portugal A Y A A

Key to symbols

>

n/a

Pre-existing studies which have become the core of that
habitat programme or new studies developed specially for COST
purposes. In all cases there is specific finmancial support
which variously permits employment ranging from one part-time
technical assistant up to 4 full-time scientists.

No specific COST funding. Independent research or studies
funded for other purposes, but which have been adapted to
varying extents to provide data relevant to COST 647. Most
data are obtained on a part-time basis.

Expressions of interest.

The habitat is available, but there is no activity under
COST 647.

The habitat and community are not readily available.

XI
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each country funded its own research activity, with the Commission of the European Communities providing
a secretariat, but no financial support. National participation over this period was as outlined in Table 2.

This volume contains the proceedings of a symposium organised to mark the close of the first five-year
phase and the upgrading of the project to COST ‘Category II’ status. Most of the contributions derive direct-
ly from COST 647; five are invited papers on research relevant to, or with instructive value for, coastal benthic
ecology. A synthesis of findings for all four communities is being prepared for publication and should allow
an assessment of progress with respect to the objectives of the Project at large.

Continuity for COST 647 has been assured within the provisions of the Community’s new environmental
research and development programme. As a ‘Category II’ project, the Commission can now fund essential
co-ordinating activities such as workshops and symposia.

Plans are now in train to expand the Project’s geographical limits into the Mediterranean. This expansion
will not only apply to some of the communities currently under study but is also likely to include a new re-
search programme on the Posidonia community.

Brendan Keegan
Chairman COST 647
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Latitudinal trends in reproduction, recruitment and population characteristics of some
rocky littoral molluscs and cirripedes

J. R. Lewis
(Formerly University of Leeds, England), Now at 62, Station Road, Scalby, Scarborough, YOI3, 0QC, United
Kingdom

Keywords: geographical distribution, reproduction, recruitment, limpets, trochids, barnacles

Abstract

This paper reviews progress in the COST 647 rocky littoral programme involving three patellids, two
trochids and two cirripedes on European Atlantic coasts. Northern geographical limits are set primarily by
repopulation failure, and northern populations are characterised by short, mid-summer breeding periods,
high frequency of failed or poor recruitments and low density of large, long-lived individuals. Towards the
south molluscan breeding periods lengthen and become later, extending in some cases throughout much of
the year but with least or no activity in mid-summer. There are probably fewer recruitment failures and thus
higher densities, but individuals are of smaller maximum size and shorter life-span.

The cirripedes show similar latitudinal trends in recruitment timing but Semibalanus is restricted to a sin-
gle annual brood throughout its range.

The two species reaching their southern limits show progressive restriction to the lowest tidal levels.

Recruitment failures do not result from inadequate gonad activity. They arise in cirripedes during the
planktonic phase and in the molluscs during settlement and early shore life. The temperature sensitivity of
molluscan spat is primarily responsible for the north/south gradient in recruitment times from summer to-

wards winter.

Introduction

A principal objective of COST 647 is distinction
between the many biological changes which have
local physical and/or biological causes and those
which are attributable directly or indirectly to
broad-scale agencies such as climatic and/or hydro-
graphic anomalies or trends. To achieve this distinc-
tion necessitates appropriately broad-scale, and
ideally international, data which in turn inevitably
lead towards considerations of a) geographical dis-
tribution and its control, and b) the possible extents
to which population parameters change along the
gradients from one geographical limit to the other.
These gradients are seldom smooth, being disrupt-
ed by local coastal configuration and hydrography,
but essentially they are latitudinal and reflect the
broad climatic changes between tropical and polar

regions. Hence in the region of COST 647 studies,
ie. west and north-west Europe, we are dealing
primarily with north (cooler)/south(warmer) gra-
dients.

Accepting the basic role of recruitment in popu-
lation dynamics and the probably high sensitivity
of repopulation processes to climatic fluctuations,
the rocky littoral programme of COST 647 has con-
centrated upon annual recruitment in a few species.
These were selected on account of their known eco-
logical significance and/or because their ge-
ographical distribution afforded high potential for
the investigation of climatic influences (Table 1).
The accessibility of this habitat permits mobile in-
vestigators to obtain broad-scale data more easily
than in other habitats, but nevertheless poor na-
tional participation in the programme has restrict-
ed international comparisons to data primarily



Table 1. Species in the COST 647 rocky littoral programme and their geographical limits occurring within the study area.

Southern Northern

limit limit
Patella vulgata L. N. Portugal N. Norway
Patella aspera Roding - S.W. Norway
Patella depressa Pennant* - Wales
Monodonta lineata (da Costa)* - N. Ireland

Wales

Gibbula umbilicalis (da Costa)* - N. Scotland
Chthamalus montagui Southward* - N. Scotland
Semibalanus balanoides (L.) Biscay -

N.W. Spain

Species marked * have additional northern limits variously along the French and British coasts of the English Channel. The last four

species will henceforth be referred to by the generic name only.

from Britain, Portugal and, more recently, Spain.

Some latitudinal trends have been discussed
previously (Lewis ef al., 1982) and the present pur-
pose is to extend earlier data and review progress so
far.

Geographical limits

If geographical limits are to provide reliable in-
sights into the role of latitudinal factors, one must
question the extent to which these limits are set by
the large-scale intervention of non-latitudinal fac-
tors such as unsuitable substrata or salinity,
decreased habitat area or larval wastage by offshore
currents. Such conditions have long been thought
to contribute substantially to the loss of several spe-
cies in our programme (and in effect to the setting
of ‘north-eastern limits’) as one moves eastwards
along the Channel coast of Britain: namely Gibbu-
la, Monodonta, Chthamalus, Patella depressa
(Crisp & Southward, 1958; Lewis 1964).

The other northern limits (see maps in Lewis,
1964) which occur on the more physically complex
western coasts of the British Isles, appear to involve
both latitudinal and local factors. Thus in the case
of Gibbula, dying out on the north coast of Scot-
land (for details see Lewis ef al., 1982), a relative
scarcity of suitable sheltered habitats on these
mainly exposed and steep coasts might be con-
tributing to a decrease in overall abundance and
therefore to fewer planktonic larvae, which in turn
would fail to find the suitable shores. By contrast,
Chthamalus, which also reaches its limits around

northern Scotland, thrives on open coasts yet still
declines to extreme scarcity and ultimate extinction
in upper shore sites which seem physically suitable
and lack both competitors and predators.

Further south, Monodonta fails to bridge the
15—-25 km gaps from Northern Ireland to south-
west Scotland, presumably because of the strength
of tidal currents running parallel to the coast. The
other northern limit of Monodonta in Britain (N.
Wales) roughly coincides with that of P depressa,
and here offshore currents coming after intermit-
tent stretches of unsuitable shoreline possibly form
the final and unsurmountable barrier for both spe-
cies.

But away from the geographical limits such non-
latitudinal factors seem to be less potent; areas of
unsuitable habitat cause gaps in distribution but do
not set limits. Individuals become more abundant
southwards and situations are occupied that would
remain empty further north. It appears, therefore,
that where a species is abundant there are sufficient
larvae to bridge unsuitable stretches of coastline,
but where densities are declining or larvae are regu-
larly scarce for any other reason, the presence of
adverse currents or unsuitable habitats may then
present unsurmountable barriers to species that are
already under pressure. What then are the pressures
which have a latitudinal component, and at what
stage do they operate? Are population densities
reduced and limits finally set by biological factors
that increase northwards but which, being biologi-
cal, must vary in intensity with time and lead to
fluctuating limits? Or are there occasional cata-
strophic mortalities which cut back the range and



are then followed by progressive re-occupation of

lost ground? Conversely are there less obvious fac-

tors which lead directly to an inadequate repopula-
tion rate?

Competition for space is very evident between
the lusitanian Chthamalus spp and the boreal
Semibalanus, and their fluctuations have long been
linked with broadscale climatic oscillations which
favour them alternately (Southward & Crisp, 1954;
Southward, 1967). But while Chthamalus is usually
the poorer competitor in the north its greater verti-
cal range on the shore gives it a high level refuge
from Semibalanus (and predators) over west and
north Scotland. Within these ‘safe’ levels Chthama-
lus still declines for other reasons. While the barna-
cles replace each other to north or south, this is not
the case with the molluscs. All five species co-exist
in northern Portugal, but from south-west Britain
northwards one loses first P depressa and
Monodonta, then Gibbula, and finally P aspera
until P. vulgata alone occurs in west and north Nor-
way. The mid/upper shore trochid microhabitats
remain vacant, P. vulgata (and possibly Littorina
spp?) expand into the depressa and aspera territory,
but there are no obvious replacing competitors.

The other alternatives, catastrophic mortality or
repopulation failures, have been discussed previ-
ously (Lewis et al., 1982) and so I briefly reiterate
here the main considerations leading to the conclu-
sion that for our species northern limits are primar-
ily set by repopulation failure. They are:

a) Although severe mortalities occurred in coastal
faunas around the British Isles in the winter of
1962/63 they did not affect Chthamalus any-
where, nor Gibbula at its northern limits (Crisp,
1984); and although Monodonta (and to a lesser
extent P. depressa) did suffer some cut-backs in
range there has been no repetition of such mor-
talities since that date (i.e. in 22 years).

b) Experimental transferences to North Sea coasts
(i.e. outside their geographical range) of
Chthamalus (Southward & Crisp, 1954) and of
Monodonta and Gibbula (Williamson & Ken-
dall in prep.) did not result in increased mortali-
ty, even though in 1978/79 the two topshells ex-
perienced the most severe North Sea winter since
1962/63.

c) Mortality of Chthamalus around north Scot-
land averaged only 8% over 4 years.

d) In all species, population§ close to northern

limits have always contained, and sometimes

been dominated by, old animals and have fre-

quently lacked young age-classes for a time.

e) A population of Monodonta about 80 km from
its northern limit, and abundant in the mid-70’s,
died out by 1983 as more recent recruitments
failed to offset the deaths of the ’75 and ’76
year-classes.

Accepting therefore that repopulation failures
appear most likely to set geographical limits to the
north, it is most unlikely that the conditions caus-
ing failure will be restricted to those limits. Rather
they can be expected to occur over varying extents
of the adjacent coastline and therefore to affect
repopulation well inside a species’ range.
Geographical-scale data amply confirm that this is
so. Fluctuations inside the range are usually syn-
chronous, but less severe, reflections of events at
the northern limit. This is shown most strikingly by
Gibbula (Kendall & Lewis this volume; Lewis et al.,
1972), with synchronous patterns of success or fail-
ure covering sites up to 700 km from the northern
limit. Although it has been suggested above that
the north-east limit of this species on the Channel
coast is probably set more by local rather than
latitudinal factors, the poorest years here (1978,
1981 inputs) nevertheless coincided with the broad-
scale recruitment failures elsewhere.

The failures in Chthamalus around north and
north-west Scotland have been more limited spa-
tially (< 150 km) but of greater frequency, some
areas having significant recruitment since 1970 only
in 1975 and 1983. _

As has been shown by Bowman & Lewis (this vol-
ume) populations of P. aspera at latitudes, in Brit-
ain, near to the northern limit in south-west Nor-
way lacked the 1968 class over virtually the
northern two-thirds of the British Isles; while in P
vulgata poor recruitment in northern parts of Brit-
ain coincided with apparent failure years 2000 km
further north at the geographical limit in northern
Norway. While this species, in Britain, has not ex-
perienced such frequent or widespread failure as
the other species it still shows considerable fluctua-
tions that are synchronous over much of northern
Britain.

But it is also evident that the controlling factors
do not act in smooth north/south gradients of in-
tensity on all occasions. P vulgata and P aspera
both show regional asynchrony, with northern
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areas occasionally being more successful than some
further south (e.g. 1977 and 1978, Bowman & Lewis
this volume), and Semibulanus has shown much lo-
cal asynchrony within the same region (Kendall et
al., 1982).

Despite such irregularities it remains apparent
that general declines in abundance northwards
primarily reflect an increasingly inadequate rate of
repopulation which finally culminates in the setting
of the limit of distribution.

Sources of repopulation fluctuations

The successful establishment of an ‘O’ class in
the adult habitat is the end of a long series of con-
secutive processes or phases, and while overall suc-
cess doubtless requires that each should be success-
ful, there is increasing evidence that some are more
sensitive than others to environmental factors.

Initial expectation of frequently inadequate go-
nad development at or near the northern limits has
not been realised. Crips ef a/.(1981) similarly antici-
pated that summer temperatures around northern
Scotland would seldom allow breeding in
Chthamalus montagui, but there has been no year
since 1970 in which nauplii have not been produced
and released. Indeed, the previously mentioned
transplants of Chthamalus and Monodonta to be-
yond their geographical limits still resulted in ap-
parently normal gonad activity. Nor have levels of
activity correlated with annual recruitment fluctua-
tions in Semibalanus, naupliar production slowly
increasing during a six year period in which annual
metamorph numbers fluctuated strongly (Kendall
et al., 1985). In Patella spp gametic production and
output are difficult to assess because releases often
overlap with development. Nevertheless, and de-
spite an initial belief of a positive link between go-
nad size and recruitment in P. aspera (see Bowman
& Lewis this volume) we are now satisfied that fac-
tors other then total gametic output are of much
greater importance in determining ultimate recruit-
ment. Indeed, in some British limpet populations it
now appears that the major releases of each year’s
gametes may contribute very little to the next sea-
son’s ‘O’ class, this being derived frequently from
the relatively few eggs released early in the season
(Bowman, 1985).

The planktonic phase is one in which large and

annually varying mortalities of larvae can be en-
visaged (Thorson, 1950), but about which we have
been unable to obtain much data. However, the
possibility that whatever larvae exist may be driven
towards or away from the shoreline by wind-
induced currents or drift is more amenable to as-
sessment, and there are several reports of high set-
tlement densities in cirripedes when onshore winds
occur (Barnes, 1956; Hawkins & Hartnoll, 1982;
Kendall ef al., 1985). The generally higher recruit-
ment rates on coastlines facing prevailing winds
compared with coasts of different orientation is
further circumstantial support (Kendall et al.,
1982). If this is correct for cirripedes it is also possi-
ble that larvae of the other species are similarly in-
fluenced, even though no evidence yet exists. On
the other hand much will surely depend upon the
duration of the planktonic phase, and cirripedes
(4—6 weeks duration) would be more vulnerable
than the molluscs (4—10 days). But since wind
direction just before and during the settlement
period is not only one of the least predictable of en-
vironmental factors but also lacks a latitudinal
component, we must look elsewhere for a physical
gradient that links with geographical distribution.

Settlement and early shore life expose
spat/juveniles to new and potentially severe condi-
tions, and our studies point increasingly to the crit-
ical sensitivity of these phases, especially in the
molluscs. In a species at its northern limit or within
the northern part of its range — as most of our spe-
cies are in Britain — reproduction takes place in
summer or early autumn, and the cause of failure
is most likely to be temperatures too low for suc-
cessful establishment. Where there is most infor-
mation, as in Patella spp (Bowman, 1985; Bowman
& Lewis, this volume), it is now clear that the
strength of the future ‘O’ class (first recognisable in
the field as 1—2 mm spat) depends not on the total
numbers of veligers settling on the shore in late
summer or autumn but on the numbers which
chance to meet sea/air temperatures within the
limited range that is suitable initially for metamor-
phosis, and thereafter for fast growth and attain-
ment of a size sufficient to withstand the coming
winter. P. vulgata spat from north-east England fail
to metamorphose at pool temperatures of 17°C
and above, and growth is best between 10—14°C,
ceasing completely in the field at 6°C.

Settling veligers of 0.25 mm length and



metamorphosed spat can be studied only by using
settlement panels that can be examined microscopi-
cally and returned to the field. Such direct observa-
tion and experimentation have not yet been possi-
ble with trochid larvae, but there are indirect
pointers to a similar sensitivity to cold, for the two
smallest ‘O’ classes in eight years have coincided
with below-average temperatures during their initial
autumn and winter (1978/79, 1981/82, Kendall &
Lewis, this volume).

Whereas the molluscan larvae settle (survive?)
best in microhabitats protected from desiccation
and temperature extremes, cyprids attach to open
rock and would appear to be highly vulnerable to
aerial conditions. We have not observed Chthama-
lus settlement as it happens and can only report
that in the many failure years around northern
Scotland nauplii were released each August but no,
or few, juveniles could be found next spring. Semi-
balanus, a boreo-arctic species, settles in the spring
and there is much heat death of cyprids and new
metamorphs, especially in the upper shore (Foster,
1970; Wethey, 1985), but during four years of ob-
servation in north-east England the annual varia-
tion in initial mortality showed no correlation with
metamorph maxima (Kendall et al, 1985).
Nevertheless when Semibalanus and Chthamalus
occur together and compete for space, as in north-
west Scotland, such heat deaths of Semibalanus
spat (and adults) in 1975 and 1976 made it possible
for the high-level Chthamalus to become estab-
lished lower down the shore (Bowman, in prep.).
The fact that Semibalanus spat are immediate and
fast-growing occupiers of rock surface also in-
fluences ‘recruitment’ data in a manner that does
not appear to arise among the molluscs. If circum-
stances lead to a highly synchronous settlement a
high density results, whereas with an extended set-
tling period the growth of the earliest spat reduces
the space available for late-comers. And since spat
occupy the same habitat as adults, another contrast
with Patella and the trochids, a high adult density
may oblige spat to settle in misleadingly large num-
bers in the restricted areas of vacant space — in-
cluding those cleared experimentally! (Kendall et
al., 1985).

Latitudinal trends in the molluscs: settlement times

The detailed settlement/survival studies on
Patella spat have so far only taken place in Britain
and are still far from complete there, but the sensi-
tivity of the settlers has considerable latitudinal im-
plications. At their extreme northern limits
seasonally reproducing species can be expected on
theoretical grounds (Hutchins, 1947) to breed dur-
ing the summer (i.e. maximum sea temperatures),
and if gametes are being produced each year at
these limits (as they are in our case) the repopula-
tion failures must be arising during a later phase in
the autumn and winter. Admitting our ignorance of
planktonic events and dealing only with the spat
and juveniles, widespread failure will arise when
settlement is too late and/or autumn temperatures
are too low too early for the growth needed to with-
stand the coming winter. It will therefore be advan-
tageous to mature and release some eggs early in
the summer; and this will remain so moving to-
wards the south wherever the late autumn and win-
ter temperatures can fall low enough to have strong
adverse effects.

But to continue spawning in the mid-summer
further to the south exposes the sensitive young to
the opposite danger of high temperatures, avoid-
ance of which can come only from later settlement.
Ultimately at the extreme southern limits tempera-
tures could be damagingly high for settlers over
much of the year, and successful recruitment would
therefore have to be accomplished astride mid-
winter.

Stages in such a north/south switch are clearly
discernible in the settling times of British limpets.
In north-east Britain the most successful settle-
ments have generally been relatively early in their
respective seasons, i.e. July/August in P aspera
which is close to its northern limit, and September
in P vulgata which is nearing the middle of its
range. The spat of both species can first be found
in south-west Britain about two months later than
in the north-east, and they overwinter in the south-
west at smaller sizes as a result.

Patella spp settlement data from Oviedo, North
Spain (M. P. Miyares pers commun.) and Portugal
(Guerra & Gaudencio, this volume) cover only 2—3
years as yet, and being derived solely from size-
frequency analyses without detail of early growth
rates they indicate settlement times much less pre-
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cisely than when settlement plates can be used.
Nevertheless, they suggest successful settlement of
P vulgata (at its southern limit in Portugal) taking
place some time between late October and January,
with greatest success towards the end of this period,
i.e. up to about two months later than in south-west
England. In the other two Patella species, not at
their southern limits, the situation is more con-
fused, for there are probably several settlements per
season, especially in P depressa. Nevertheless, the
most discrete emergence of 2—4 mm P, aspera spat
from cracks, mussel patches etc began in March
1983 and February 1984, suggesting major settle-
ments between October and January. P. depressa
less than 5 mm are present throughout the year
(slow growth or frequent settlement?) but their
numbers are highest from January to March, in-
dicating maximum settlement success in the au-
tumn.

For the trochids we are not yet able to record
later settlement moving south in Britain, compara-
ble to that in Patella. However, preliminary data
from northern Spain (Bode ef al., this volume) and
Portugal (Gaudencio & Guerra, this volume), and
again based solely on size-frequency analyses,

point to first settlements of Gibbula and
Monodonta occurring from September-November
in Spain, and of Gibbula about November in Por-
tugal. These compare with August and early Sep-
tember for Monodonta and Gibbula respectively in
Britain (Wales).

Although it would be helpful to have data from
North Africa and the Mediterranean, where P
depressa, P. aspera and the two trochids reach their
southern limits, it is clear that all five molluscs in
our programme are functioning as predicted, the
most successful settlements becoming progressively
later in the year towards the south, apparently in re-
sponse to the needs of the spat.

Latitudinal trends in the molluscs: gonad cycles

The changes in settling times are accompanied
by changes in gonad cycles, but these do not fully
conform to expectation based solely upon the times
of successful settlement. The commonest pattern is
for gametogenesis and spawning at or near north-
ern limits to be completed in 3—4 months astride
the summer (in P. aspera, Gibbula, Monodonta in
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Fig. 1. Patella aspera: changes in time and duration of the gonad cycle from near its northern geographical limits to the centre of its

range in Portugal.



Britain; P vulgata in northern Norway). P depressa
differs somewhat in that the potential for multiple
spawnings and redevelopment is much stronger in
this than in the other two limpets, and gonad ac-
tivity may last from May/June to Oc-
tober/November, with little predictability in the
time(s) of spawning.

Moving south there is a common tendency for
extension of the breeding season into winter or
spring, with or without a change in the onset of
gametogenesis (Fig. 1). Marked differences exist be-
tween species, however. Thus whereas the breeding
season in P. vulgata in northern Spain and in Por-
tugal extends from about August to March/April
and still leaves a discrete inactive period from
April/May to July, P aspera is reproductively ac-
tive for most of the year and its resting period, not
always well defined, is confined to June or July. Er-
ratically fluctuating gonad indices characterise P
depressa and suggest frequent spawnings and near-
continuous develpment throughout the year with,
however, some years showing least or no activity in
June/July. This tendency for mid-summer to be the
least active period is shown most strongly in both
P, depressa and P, aspera in the southernmost sam-
ples available (south Portugal), perhaps fore-
shadowing a contraction of breeding towards win-
ter only further south. Whether or not this does
occur, the almost year-round breeding in Portugal
in the middle of the range contrasts strongly with
the latitudinal pattern in P vulgata, in which the
breeding period just lengthens steadily from north
to south.

Monodonta and Gibbula similarly show a
lengthening of the breeding period, so that al-
though animals in spawning condition first appear
at about the same time as in Britain (i.e. July/Au-
gust) they remain abundant until November/De-
cember in northern Spain and October/November
in Portugal. Some loss of synchrony is also appar-
ent, especially in Gibbula, with ripe individuals oc-
curring both much earlier and later than the main
period.

The above brief summaries are based on data
from P. M. Miyares (pers. commun.), Bowman
(1985), Garwood & Kendall (1985) and from papers
in this volume by Bode ef al, Bowman & Lewis,
Gaudencia & Guerra, Guerra & Gaudencio, Ibafiez
et al., Kendall & Lewis.

Extension of the period of gonad activity overall

or of the period of ‘ripeness’ does not necessarily
mean that spawning is taking place over an equally
extended time, either continuously or in short
bursts. Spawning which occurs as synchronously as
it does in Patella spp (Bowman, 1985) or Gibbula
(Kendall, pers. commun.) requires an environmen-
tal trigger, and until it is received ripe Patella eggs
are stored, other eggs complete their maturation
and gonads continue to increase in size. Adapta-
tional logic decrees that spawning should be timed
for settlers to meet the optimum conditions, as in
the settlement-timing hypothesis' of Todd & Doyle
(1981); hence it too should be triggered by an en-
vironmental stimulus which arrives later towards
the south. Spawning stimuli have proved to be very
difficult to identify; they are still not known for the
trochids and only imperfectly so for P aspera
(Bowman & Lewis, this volume), but for P. vulgata
in Britain there is now overwhelming evidence that
it is (or is accompanied by) a fall in sea temperature
to below 12°C. This occurs as a result of the nor-
mal autumnal decline or when early gales and
swells break the thermoclines and bring colder bot-
tom water to the surface for a time. As sea tempera-
ture maxima are higher in the south than the north,
falls to below 12 °C (for whatever reason) tend to be
progressively later towards the south, and thus ac-
count for the broadly north/south pattern of first
spawnings around Britain (Bowman, 1985). A fur-
ther illustration of the same phenomenon which
also indicates the geographical scales that may be
involved was the major North Atlantic storm of
mid-August, 1982, which caused sea temperatures
to fall by up to 3°C as far south as northern Portu-
gal, but only brought them below the critical 12°C,
and caused early spawning, in northern Britain.
Since climatic events do not follow orderly se-
quences there can be no certainty that the spawning
trigger will necessarily be followed at the appropri-
ate time by the optimum or even acceptable condi-
tions for the settlers. Hence the more spawnings per
season the better, as this increases the possibility of
a good match. To some extent this is a matter of
chance — the frequency and severity of storms in
any region in any year. But there must also be ga-
metes available for release and here a strong latitu-
dinal difference is probable. In the north, with a
short breeding season, one- or at most two-
spawnings per season are possible, and these are
not always successful; this is especially so for the



second one (Bowman, 1985). Where gonads are ac-
tive longer, in the south or centre of distribution, a
succession of storm-induced spawnings and further
ripenings could occur (as in P. depressa in Spain
and Portugal?). Those spawnings which are too
close to the summer may fail (in spite of probable
selection for larvae and spat with higher tempera-
ture tolerances) but others will surely succeed so
that the chances of regularly poor recruitment
would still appear to be much less than in the
north.

When the sensitivity of the settling and juvenile
phases first became apparent it seemed likely that
recruitment failures could occur throughout a spe-
cies’ range, and not just near the geographical (in
this case, northern) limits. This now seems less like-
ly. Nevertheless, fluctuations clearly occur in Por-
tugal but many years’ data are required to judge
how the frequency and severity of poor years there
compare with the north. Meanwhile in P vulgata
there have been exceptionally poor years as much as
2000 km from the northern limit, whereas in Gib-
bula the frequency of failure has decreased dramat-
ically within the 6—700 km from northern Scot-
land to south-west England (Kendall & Lewis, this
volume).

Latitudinal trends in cirripede breeding

Both Semibalanus, and Chthamalus show
similarities to the molluscan species in conforming
to the expected latitudinal patterns of settlement
time. Thus Semibalanus settles late February/early
March at its southern limit and in mid-summer in
the Arctic (Feyling-Hansen, 1953), while Chthama-
lus, breeding in the Mediterranean from February
to April (Crisp et al., 1981), settles at its northern
limit in Scotland about September. However the
similarities now cease, for whereas the sequence in
Patella spp involves settlement becoming progres-
sively later in the autumn from north to south, the
cirripede sequence becomes earlier in the spring.
There are sound reasons for such differences.

Semibalanus, a boreo-arctic species, is much
more constrained by having a single brood per year.
Gamete production occurs in summer and autumn,
copulation in cued by photoperiod, while embryo
development rates during winter and release
mechanisms are adapted to releasing nauplii when

highly seasonal planktonic food is likely to be most
abundant in different latitudes (Crisp, 1959; Barnes
& Barnes, 1976). Annual recruitment fluctuations
appear to be much less sensitive than in Patella to
direct temperature effects and to arise primarily
from mismatches (probably nutritional and/or dis-
persal) during the planktonic phase (Kendall et al.,
1985).

Chthamalus, by contrast, is a warm-temperate
species with an opportunistic strategy in which
production of successive small broods is both
temperature- and food-dependent (Hines, 1978).
Northward these conditions become adequate
progressively later in the spring and early summer,
until at the northern limits around Scotland proba-
bly only one brood is possible each year, and this
succeeds only in especially warm summers e.g. 1975
and 1983. Since nauplii are released every year the
final failure lies in the planktonic or settling phase,
but the proximal cause may still be reproductive if
gonad and embryo development of a single brood
are too slow in cold summers to release larvae suffi-
ciently early for completion of the later phases.

Latitudinal trends in population characteristics

Latitudinal comparisons of life span, size and
abundance among near-sedentary animals need
caution, not only because many local habitat fac-
tors operate with possibly greater effect, but also
because of the interactions of these three
parameters. Nevertheless it is clear that maximum
life-spans decrease from north to south, a feature
that has been noted before (Dehnel, 1955, Frank,
1975). This is most strongly shown by our trochids,
Gibbula ranging from 8 —12 years in northern Scot-
land to about 2 years in Portugal, and Monodonta
from 10—15 years to 4—5 in Spain (see Lewis ef al.,
1982 and Gaudencio & Guerra, this volume for fur-
ther details and references). Current limpet data
from Portugal (Guerra & Gaudencio, this volume)
possibly do not cover the full range of local
habitats, so perhaps longer life-spans occur; but
they do suggest that all three species live for only
3 —4 years, which is variously about 1—4 years less
than in similar habitats in Britain. Barnacle life-
spans are so often cut short by predation or compe-
tition that comparisons can be especially confus-
ing. We therefore simply place on record that upper



shore mortality of Chthamalus in northern Scot-
land (8% in four years), plus other Scottish
age/growth/size observations (Lewis, unpublished)
suggest that life-spans up to 20 years may not be
uncommon in the north. This appears to be the
maximum recorded or estimated.

Limpet sizes similarly appear to be smaller in
northern Spain and Portugal than in Britain, maxi-
mum lengths being up to 5—10 mm less in the
fastest growth habitats. Gibbula perhaps provides
the most interesting data, for while there is an over-
all decline of maximum base diameter from
20—21 mm at the extreme northern limit to
13—14 mm in Portugal, populations with similar
small maxima occur locally throughout Britain and
Ireland, apparently as a result of high density and
intraspecific competition (Kendall & Lewis, this
volume). But it has also been shown in Britain that
in broadly similar habitats the density virtually
doubles from north to south, and is accompanied
by a size reduction from 20—21 mm to 15—17 mm
maxima.

We have also seen that settlement failure in Gib-
bula in Britain decreases from north to south, and
this could well be the reason for the higher density.
Further south still, the potential for more regularly
high levels of recruitment increases with the length-
ening period of gonad activity; and densities in
Portugal are 2—4 times greater than in Britain so
that still greater intraspecific competition and
smaller maximum sizes could result. While firm
evidence of regularly higher recruitment there may
still be lacking, we are obliged to accept it does oc-
cur; otherwise with a maximum life-span of about
2 years Portuguese populations would be in con-
siderable danger of local extinction.

Thus we have hypotheses that may account for
most of the north/south trends. In the north a
short breeding period leads to frequent recruitment
failures, low density, low intraspecific competition
and large maximum sizes. To the south the longer
breeding season tends to ensure more regular
recruitment, leading to higher densities and small
maximum size. But the other major difference, the
greater life-span in the north (which almost certain-
ly contributes to the greater sizes there), appears to
be less directly related to latitude, for it follows gra-
dients in density which are local as well as latitudi-
nal. The mechanism linking longevity and density
remains unresolved.
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For the limpets there are less firm data on latitu-
dinal population trends, and indeed the depen-
dance of growth, size and life-span upon local hab-
itat factors (Lewis & Bowman, 1975) suggests that
demonstration of latitudinal trends comparable to
those in Gibbula could be more difficult. But cau-
tious comparisons do point to Portuguese limpets
probably being more numerous and smaller than in
Britain, and this accords with expectations based
on the undoubted latitudinal changes in gonad cy-
cles and settlement times.

Zonation and latitude

While southern limits could be set by excessive
heat damaging either settlers or gonad activity per
se, the only two southern limits among our species,
P vulgata and Semibalanus, experience no bar to
reproduction in the south (Barnes & Barnes, 1972;
Guerra & Gaudencio, this volume). They do show,
however, that an additional aspect, the ‘zonational
environment’ in the littoral zone, has also to be
considered.

All littoral species are limited upshore by aerial
conditions. Sometimes low temperatures are harm-
ful but most are limited by intolerance of heat,
desiccation or strong light, and it is commonplace
to find upper limits lower down the shore in sunny,
quick-drying situations, either locally or geographi-
cally. It is therefore no surprise to find that P. vul-
gata at its southern limits in northern Portugal is
confined to shaded low-level positions. Even in
north-east Britain spat are sensitive to heat and
desiccation, and remain in damp micro-habitats for
many months in the upper shore (Lewis & Bow-
man, 1975). In south-west England, Ballantine
(1961) reported that 1%2—2 years elapsed before
small animals moved onto open rock surfaces in
the upper levels. There is no specific information
about the shore levels within which P vulgata set-
tles and survives in Portugal, but it is logical to as-
sume that the low levels are the best (only?) places
for spat to establish in winter, and for all-sized
animals to survive in summer.

Semibalanus, in its isolated and fluctuating
southernmost populations in south-west France
and north-west Spain (Barnes & Barnes, 1966,
1972) and also further north in Brittany, south-west
Britain and southern Ireland, is similarly most
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abundant in shaded or lower shore positions. Al-
though our north-east England studies (Kendall et
al., 1985) showed no correlation between heat death
of spat and annual repopulation maxima we did
record significant heat deaths of adults as well as
spat in north-west Scotland in some years. The
potential for such deaths must increase towards the
south and restrict Semibalanus to lower levels.
Thus in both species their littoral habitat is being
compressed to extinction southwards, and as they
vacate the scene their roles, physically and ecologi-
cally, are taken over by P. depressa and Chthamalus
spp, processes that perhaps illustrate a common
pattern in other boreal species.

For P vulgata the progressive decrease in total
population stocks and gametic output southwards
must offset to some degree whatever increase in
recruitment levels or regularity might result from
the longer breeding period, with its potential for
more settlements per season (see above); but the
resultant between these opposing forces remains
unknown. In Semibalanus, however, with its single
brood, maximum settlement densities in south-west
England are well below those further north where
the species occupies much of the littoral zone (Ken-
dall et al., 1985).

Littoral gradients may also impinge upon mol-
lusc recruitment more directly. Pools and other
damp situations in which Patella spat can only sur-
vive in mid- and upper-shore levels respond much
more quickly to insolation and air temperatures
than do the sea or low-level pools. Thus early set-
tlers may fail in the upper shore because pool tem-
peratures become too high by day, whereas late set-
tlers may find low-level pools and sea temperatures
too cold and may then succeed, if at all, only in up-
pershore pools that warm up enough. Thus it is
even possible that towards its northern limits P
aspera, usually regarded as a lower-shore species ex-
tending upshore northwards only as summer tem-
peratures and desiccation decline, is becoming
more dependent upon mid-shore pool recruitment
than that on open rock at lowest shore levels (Bow-
man, pers. commun.).

Conclusion

No one species in our programme has been stud-
ied in adequate detail throughout its range for a

long enough period. Nevertheless the total amount
of information about different species in different
regions builds up to suggest features that may prove
to be broadly similar in all our molluscan species,
when future work fills present gaps and puts very
local or short-term data into broader perspectives.

Thus northern populations are known to be
characterised by short reproductive periods in the
summer, frequent recruitment failures and in-
dividuals of large size and potentially long life-
spans. Towards the south (note than Portugal is not
the southern limit of four of our species) the par-
tially confirmed expectations are for longer periods
of (possibly) less synchronous gonad activity in-
volving more or all of the winter period, a lower
frequency of recruitment failures, and probably
higher densities of individuals of smaller size and
shorter life-span (when allowances are made for ef-
fects of very local factors). Despite the different
pattern of gonad activity these same population
trends apply also to Chthamalus.

Closer to the southern limit the most characteris-
tic feature among the molluscs will probably be a
marked decline in abundance as the habitable en-
vironment retreats downshore.

From the monitoring viewpoint it is important to
note that population stability depends to the north
on high longevity, which minimises the effects of
recruitment failures. On the other hand, the occa-
sional very good settlement may result in a sudden
increase in numbers which then persist conspicu-
ously for several years. To the south, continuity de-
pends upon regular recruitment to offset the short
life-spans, and densities will primarily reflect the
scale of each input. Between these extremes (i.e.
over much of a species’ range) the various fluctua-
tions in recruitment and mortality rates preclude
any characteristic density patterns until a persistent
trend develops. But it is important to note that
‘northern’*type stability and ‘southern*type annual
oscillations can occur in respectively the upper and
lower levels of the same shore at the same time in
species of wide vertical range, e.g. P vulgata and P
depressa, or among topshells in which recruitment
is confined to limited ‘nursery areas’.

Prediction of recruitment, albeit in terms as
broad as ‘good’, ‘moderate’ and ‘poor’ was, and re-
mains, the objective. To an extent this may be done
simply at extreme northern limits (e.g. Chthamalus,
Gibbula, Monodonta) by the now known correla-



tion of warm summers with good recruitment (as in
1975, 1976, 1983) without knowing why. However,
for P vulgata and P. aspera (even though this is
close to its northern limit) the confident prediction
of ‘failure’, which in monitoring terms is the most
significant natural event, has necessitated gaining a
deep insight into all the phases involved together
with accurate environmental data.

Even in Britain (for trochids and P. depressa),
but more especially in south-west Europe for all
species, there is need of precise data on spawning
times, storms and sea temperatures; on speed and
frequency of gonad re-ripening; on number and ex-
act times of settlements per season and the fate of
early or late settlers, together with experimental
work on the temperature requirements and toler-
ances of spat and juveniles. Such data would re-
solve current uncertainties resulting from the
longer breeding seasons which, because they en-
counter higher temperatures than in the north, sug-
gest either higher values for spawning triggers and
settler tolerances, or frequent larval and spat mis-
matches and wastage, or long retention of ripe ga-
metes before spawning (or a combination of all
three).

Finally, how do our current data and hypotheses
accord with the generality of data on invertebrate
reproduction? The latitudinal reversals of breeding
times shown by our Patella spp have previously
been reported extensively in temperate zone poly-
chaetes by Bhaud (1972). They are also implicit in
the different breeding times shown by species of
different geographic affinity living in the same lo-
cation, i.e. summer breeders being at their northern
limits and vice-versa (in the northern hemisphere).
Such examples are provided by ascidians (Millar,
1958), echinoderms (Falk-Petersen, 1982) and in
Australasian mussels, a southern hemisphere ob-
verse (Wilson & Hodgkin, 1967).

The longer breeding period southwards appears
to be an accepted principle of biogeography dating
back to Orton (1920). When linked with earlier
spawning to the south (or later northwards depend-
ing upon one’s own position!) it shows the breeding
pattern of a warm-water species in which the tem-
perature and nutritional requirements of the gonad
are the main determinants of the timing of the
overall repopulating process. Such needs in such
species are satisfied sooner and for longer in the
south (Seed, 1976).
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Clearly, similar needs exist in limpets and
trochids, but their food supply is much less
seasonally and regionally varying than in the bi-
valve plankton feeders which figure often in mol-
luscan gonad studies. Hence the longer breeding of
Patella spp, Gibbula and Monodonta in south-west
Europe probably owes most to the warmer temper-
atures, even if these operate as much via increased
grazing activity as upon metabolic processes. But
whatever the environmental or endogenous condi-
tions that initiate gametogenesis and control its du-
ration in our ‘molluscs, the significant point is that
the increased duration southwards (or at least to
the centres of their ranges) results primarily from
extension /ater, i.e. through autumn into winter and
the following spring. The accompanying move
away from mid-summer breeding in the north final-
ly, as in P. vulgata, brings repopulation firmly into
the winter period.

A similar pattern of later breeding southwards in
the scallop Argopecten irradians was attributed by
Sastry (1970) to geographical differences in food
availability and temperature, and Barker & Blake
(1983) elaborated this in terms of energy available
for reproduction from the balance of input and
reserves relative to latitudinal changes in metabolic
rate. Accepting the more critical nutritional re-
quirements of bivalves, and that some workers find
that these over-ride temperature or other latitudinal
factors (Newell ef al., 1982), it is nevertheless partic-
ularly interesting in Argopecten to observe the
latitudinal temperature regimes. Gonad initiation
begins in Massachusetts at about 10°C (April), in
North Carolina at 20°C, and in Florida about
28 °C (July), but spawning temperatures are about
23°C in the north (July) and were induced at 25°C
(October) in the south. These data indicate that the
gonads function adequately over a very wide range
of temperatures, whereas the larvae and settlers are
meeting very similar conditions throughout the
species range.

The existence of latitudinal (by implication
temperature-controlled) gradients or reversals in
breeding/recruitment times implies a narrow opti-
mum range for some crucial phase, even accepting
probable adaptation by local races. Although it is
axiomatic that the entire process from gametogene-
sis initiation to establishment of the ‘O’ class has
evolved to give the best chance of repopulation suc-
cess under regionally varying conditions, the major
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research emphasis by far is placed upon studies of
gonad development and spawning, with the impli-
cation that later phases or events are of little sig-
nificance. Yet the molluscs in this COST 647
programme point to a different conclusion. Vari-
ously within this group we find northern limits set
primarily by recruitment not gonad failure, breed-
ing in animals transplanted beyond geographical
limits, and recruitment fluctuations and even
failures well inside distributional limits that show
no correlation with gamete production. Such facts,
reinforcing increasing information on the narrow
temperature range within which spat are successful,
point overwhelmingly to spat being the more sensi-
tive phase and most in need of the latitudinal gra-
dient in settling times. The seasonality of gameto-
genesis and the shorter duration northwards point
clearly to strong temperature sensitivity in gonads,
but within the overall reproductive/recruitment se-
quence the annual timing of gonad cycles appears
to have become geared primarily to meeting the
needs of spat.

Although the patterns of gonad development
and spawning in Modiolus modiolus differ greatly
from those in Patella, Brown (1964) concludes that
here too, spawning and larval development operate
within a narrower range of temperature regimes
than gametogenesis. It seems probable that this will
prove to be the case in many other species, provided
that studies on ‘reproduction’ are extended to cover
the later and possibly most critical phases within
‘repopulation’.
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Abstract

Size/frequency samples have been taken from populations of the trochid gastropod Gibbula umbilicalis
at a number of sites around the British Isles each year since 1978. In the North of Scotland, close to the
limit of the species distribution, recruitment was generally poor and populations were sparse and dominated
by large old individuals. While such poor recruitment may reflect the low density of adults and the shortage
of nursery areas, a distinct temporal pattern of recruitment was also evident. At the start of our study, the
majority of sites had population structures biased towards young animals implying that conditions for the
settlement of larvae or their subsequent survival had been favourable over a wide area. In the years that fol-
lowed only the enclosed Loch Eriboll regularly received substantial recruitment.

Further to the south, in Wales and SW. England, recruitment was usually more regular, populations were

more dense and individuals smaller.

Introduction

The long term study of trochid gastropods as
part of the programme of both the NERC Rock
Shore Surveillance Group of the UK. and COST
647 is based on the proposal by Lewis (1976) that
the most cost effective way of gaining an under-
standing of the processes which regulate coastal
ecosystems is to study the reproduction and recruit-
ment of selected key species. Although there are
relatively few shores in Britain where trochids are
the dominant grazers their importance increases
considerably further to the south.

G. umbilicalis reaches its northern geographic
limit on the north coast of Scotland (Lewis et al.,
1982) although occasional specimens have been
collected in the Orkney Islands (Rendall 1956). It is
absent from the North Sea although it can be
found as far along the French coast of the Channel
as Calais (Crisp & Southward 1958) while on the
English side, its range extends to the Isle of Wight.
The species is present throughout the Atlantic coast

of France, Spain (Fischer-Piette, 1955; Fischer-
Piette & Gaillard, 1956) and Portugal and probably
reaches its southern limit near Cap Blanc on the
coast of W. Africa (Fischer-Piette, 1955).

In this paper we consider the temporal changes
in the population structure of G. umbilicalis to-
wards the north of its range. The data presented
come from an extensive long term study aimed at
separating geographic patterns in reproduction and
recruitment from local scale variation and the iden-
tification of those climatic factors which Hutchins
(1947) suggested might set the limits of a species
distribution. This methodology was used by Ken-
dall et al., (1982) and Bouwman (1985) to detect
regional patterns of recruitment in the other rocky
shore species.

Methods

This study is largely based on data from five sites
in NW. Scotland, a single site in Wales and two
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sites in SW. England which it was aimed to sample
2—3 times annually between 1978 and 1985 al-
though this did not always prove to be possible.
This is supplemented by information from a range
of secondary sites which were sampled at more ir-
regular intervals. On each visit a sample of about
200 snails was taken (when possible) and returned
to the laboratory where the basal shell diameter was
measured to 0.1 mm using vernier calipers or the
graduated eye-piece of a binocular microscope.
Size/frequency histograms were plotted from the
data obtained. The single exception was the site at
Skerray, at the species virtual northern limit, where
searches of one to two hours duration never rev-
ealed more than 150 individuals. In view of this ex-
tremely low population density all animals were
returned after measurement in the field.

Previous experience had shown that the juveniles
do not inhabit the full range of adult habitats being
most abundant on the undersides of stable stones
and cobbles which overly permanently damp clean
gravel. Sand or silt appear to be inimical but even
in apparently suitable areas the juveniles may be
highly aggregated. As our principal aim was the
quantification of recruitment, random sampling,
which would tend to oversample the adults, was
discarded in favour of collections centred on nurs-
ery areas. This proceedure tends to over-estimate
the relative abundance of spat. As the cryptic be-
haviour and small size of the newly settled spat pre-
vents accurate assessment of their abundance after
their late summer/early autumn settlement all col-
lections were made in the following late spring or
early summer.

Most shores occupied by G. umbilicalis tend to
have a highly heterogeneous structure with many
microhabitats within a small area. In such circum-
stances it is not possible to estimate the true density
of the population and thus where comparisons of
abundance were made this was on the basis of repli-
cated 5 minute searches by a single operator
(M.A.K.) using a standardised technique.

The location of the study sites is shown in Fig. 1.
Four major categories can be distinguished: - 1)
boulders and stones overlying shallow gravel and
bed-rock on sheltered sections of otherwise open
coasts (Culkein, Clashnessie, Scourie & Osming-
ton); 2) broken bed-rock with gullies containing
boulders, smaller stones and pools (Skerray &
Widemouth); 3) Stable clean shingle with small

boulders and gravel (Loch Eriboll); 4) Stable shin-
gle on open coasts (Aberaeron).

Results

Preliminary surveys in 1976 and 1977 showed
that the majority of populations throughout Brit-
ain were dominated by small animals which had
settled 1—2 years previously. A similar situation
was still evident in NW. Scotland in 1978 at the
start of our detailed studies, at Scourie for example
(Fig. 2) the greatest part of the population was less
than two years old. The 1978 year class was poorly
represented in samples taken during 1979 and in
subsequent years we were unable to detect any con-
tribution to the population from spat settling in
1979, 1980, 1981 and 1982. By 1983 the population
consisted entirely of large (15—19 mm shell di-
ameter) old animals but in 1984 a small number of
the previous years settlers were collected. Prior to
the 1984/5 winter it was evident that there had been
a successful settlement of the 1984 year class and
this was confirmed by the clear bimodality of the
1985 size frequency histogram. A similar pattern of
success/failure was recorded at Clashnessie and
Culkein, although at the latter site there were al-
ways a small number of spat present, even in the
worst years.

Although statistical techniques for the compari-
son of histograms exist (Grant & Tyler, 1983), the
methodology necessary to sample G. umbilicalis
precludes their use to assess the comparative
strength of the various year classes. Fortunately,
the annual pattern of recruitment success/failure at
the majority of sites in NW. Scotland was suffi-
ciently distinct for such data treatment to be un-
necessary. It is also clear that the population struc-
ture and recruitment pattern at Skerray and in Loch
Eriboll were exeptional. In Loch Eriboll, although
the annual intensity of recruitment varied, we were
always able to distinguish ‘O’ class animals. Only
25 km away at Skerray such animals were only
identified with confidence in 1985.

Figure 3 shows that populations of G. umbilica-
lis in SW. England and mid-Wales have more fre-
quent recruitment leading to polymodal size fre-
quency distributions; densities also tend to be
greater than in more northerly populations (Fig. 5).
Our most extensive studies have been conducted at
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Fig. 1. Map of Britain showing the location of sites referred to in the text. 1)Skerray 2) Loch Eriboll 3)Scourie 4) Culkein 5)Clashnessie
6) Coigach 7) Griunard Bay 8) Loch Ewe 9) Beasdale 10) Loch Melfort 11) Aberystwyth 12) Aberaeron 13) Dale 14) Widemouth 15)
Lyme Regis 16) Osmington.
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Aberaeron where, on the basis of timed searches the
species is twice as abundant as in Loch Eriboll, the
most highly populated of our Scottish sites. At
Aberaeron the homogeneous nature of the stable
cobble shore facilitates the making of reliable esti-
mates of the density of the population and of
recruitment. The full results of these studies will be
published elsewhere (Kendall, Williamson & Gar-
wood, in press) but for this paper it is sufficient to
record that we have yet to observe a total failure of
recruitment. Nevertheless, spat densities recorded
in the spring/early summer following settlement
have ranged from as few as 0.7 + 0.21 spat m~2
(1978 year class) to 20.7 + 4.1 spat m 2 (1980 year
class). Further to the south, Widemouth (Fig. 4)
experienced regular recruitment but at Osmington
close to the species N.E. limit on the Channel coast
‘O’ class animals were always rare.

If data from our main study sites are combined
with those from the supplementary sites (Fig. 4) we
can detect two gradients along which the frequency
of poor recruitment increases; from south to north
along the west coast of Britain and from west to
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Fig. 4. An assessment, based on samples taken in late
spring/early summer, of the strength of G. umbilicalis recruit-
ment in Britain between 1976 and 1984. The years referred to are
those of larval settlement not the year of sampling.
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east along the northern coast of the Channel. At
the northern limits, however, the frequency of fail-
ure appears to be greater than at the Channel
limits. We can also detect widespread consistency in
recruitment; thus the pattern of success in
1976/1977 followed by 6 years of failure which was
described above for Scourie was common to most
of Scotland. It is also clear that (with the exception
of Loch Eriboll and Widemouth) settlement/sur-
vival was poor throughout Britain in 1981.

While it is possible to recognise broad-scale pat-
terns of population structure and recruitment con-
siderable local variation may also occur. A relation-
ship between the extent of exposure to wave action
and the abundance of G. umbilicalis has long been
appreciated (Ballantyne 1961). Those populations
which are close to the local limits of any of their
physical tolerances have similar characteristics of
those close to their geographical limits i.e. they are
sparse and dominated by large individuals. The
physical nature of the shore may also influence
population structure. At Portnancon near the head
of Loch Eriboll the population is sparse and domi-
nated by large individuals while that at our regular
sampling site 7 km away at the head of the loch is
dense and composed of small animals. At the form-
er site the shore is a rock platform with occasional
areas of shingle while at the latter site clean shingle
predominates. Further to the south a similar rela-
tionship exists between the predominantly rocky
shore at Aberystwyth and that of stable cobbles at
Aberaeron.

Further contrasts between populations in various
parts of the United Kingdom are set out in Fig. 5.
In general, populations in Wales were more dense
than those in the north of Scotland and there was
a highly significant negative relationship between
abundance and adult size (Spearman rank correla-
tion coefficient r = —0.96,n = 11, p < 0.001).
Adult size is expressed as the diameter of the shell
at the 90th percentile of a cumulative frequency
plot, rather than the maximum diameter recorded,
in order to minimise any possible distortion which
might be caused by sampling within the tail of a
size frequency distribution. Objective ageing tech-
niques such as that used for Monodonta lineata by
Williamson & Kendall (1981) are not suitable for
use with G. umbilicalis as the shell is frequently
worn or covered by encrusting algae. Nevertheless,
examination of the degree of erosion of the larger
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shells at the more sparsely populated sites and the
persistance of the population at Skerray despite
minimal recruitment further suggests that individu-
al longevity is associated with low population den-
sity.

Discussion

Over the eight years of our study the recruitment
of G. umbilicalis has failed more frequently in NW.
Scotland than in Wales or SW. England. This con-
forms with the predictions of Hutchins (1947) and
Lewis et al. (1982) that failure would be most fre-
quent close to the limits of a species distribution.
These authors also proposed that if the limits were
set by climatic/hydrographic factors acting on
recruitment then the effect would be detectable well
into the species range. The high degree of concor-
dance in the pattern of recruitment and the pre-
dominance of large/old animals in NW. Scotland
(Fig. 2 and 4) support this hypothesis, even though
we can neither prove that the actual limit of the
species distribution is set purely by climatic fac-
tor(s) nor identify with certainty the stage of the
species life-cycle which is most severely affected.

It is highly probable that such northern limiting
factors will be related to an insufficiency of sum-
mer warmth which would limit the production of
gametes or so delay the process that the juveniles
would succumb to low winter temperatures. We are
therefore engaged in a sequential examination of
the life cycle of G. umbilicalis aimed at the identifi-
cation of the phases in which there is the greatest
scope for annual or geographical variation.

Earlier studies (Williams, 1964; Underwood,
1972) suggested that G. umbilicalis spawned over a
period of three or four months but more recent
work (Garwood & Kendall, 1985) has shown that in
mid-Wales there is a well synchronised spawning
period of about one month with any subsequent
gamete release being of minor importance. In 1984
the timing of this major spawning period was the
same at two sites in N.W. Scotland and two in Wales
(Garwood & Kendall, in prep.). In the absence of
complementary settlement studies we cannot be
certain that the length of the settlement period was
also identical, nor do we have data for other years.
In NW. Spain however, Lombas et al. (1984) have
shown that the breeding period towards the south
of the species range is considerably longer than that
in Britain and thus the possibility exists that annual
variation in recruitment to Scottish populations
may result, at least in part, result from climatically
induced variability in the length of the reproducive
season.

We also have evidence from our intensive studies
at Aberaeron (Kendall, Williamson & Garwood, in
press) that the severity of winter conditions may ad-
versely affect juveniles. The two poorest year class-
es which recruited during our study (1978 and 1981
settlers) were those which experienced the lowest
winter air temperatures, the summed deviations
from the long term mean air temperatures for the
months of December to March inclusive being
—6.4°C and — 1.7°C respectively. It is also possi-
ble that there is some relationship between the
size/age of the juveniles at the onset of winter con-
ditions and their subsequent survival as in Patella
vulgata late settling individuals usually have a
higher mortality rate than those settling earlier in
the year (Bowman, 1985). As yet we are unable to
separate the effects of processes related to the tim-
ing/protraction of spawning from those related to
the severity of winter. Thus if low numbers of 6—9
month old spat were to be found at sites over much



of NW. Scotland this could be the result, at one ex-
treme, of poor reproduction/settlement followed by
good over-winter survival or, at the other extreme,
of a successful reproduction/settlement and heavy
winter mortality.

Although climatic factors may ultimately set the
limits of a species distribution their effects can be
masked by other factors which operate over a much
smaller area. Over most of N. Scotland successful
recruitment is rare yet in Loch Eriboll, only 25 km
from the species effective northern limit at Skerray,
there is a thriving population. As yet we are unable
to fully explain this anomalous situation although
it is known that in some summers water within the
loch can be 1-2°C warmer than the open sea.
Such warming might favour the production of ga-
metes and/or the growth of spat. The shelter which
permits this local elevation of sea temperature will
also minimise the seaward dispersion of the plank-
tonic larvae.

Variation in inshore currents or longshore drift
may also lead to substantial year to year differences
in local sedimentation. In areas where the breeding
period is short, even a temporary covering of sand
over nursery grounds can prevent settlement or
cause the mortality of a whole year class. Such
events resulted in the loss of the 1983 input in parts
of Gruinard Bay and of Loch Melfort in NW. Scot-
land and of that for 1984 at Llanon, near Aberae-
ron.

Underwood (1971) suggested that the larvae of
G. umbilicalis settled passively in areas of low cur-
rent velocity and this has been supported by our
own observations as well as those of Myers &
Southgate (1980) who collected the spat by using
plastic mesh pan-scrubbers to mimic algal turf.
Generally, nursery grounds are found where wave
energy is low either due to the sheltered aspect of
the shore as a whole or because of the protective ef-
fects of gullies or boulder fields in more exposed
situations. Thus, while there is an abundance of
potential settlement areas on the stable cobble
shore at Aberaeron, at nearby Aberystwyth only a
comparatively small area of the shore is suitable.
Nevertheless, the use of spat collectors has con-
firmed that the rate of settlement within the gullies
at the latter site is no less than that on the open
shore at Aberaeron (M. Bedford, pers comm.).

Although the juvenile habitat may be restricted,
the tolerances of the adult snails are far broader
and hence as animals age they tend to move away
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from their settlement sites so causing both density
and the intensity of intra-specific competition to
diminish. On a shore where nursery areas are abun-
dant however, there is little escape from such com-
petitive pressure and thus growth rate and maxi-
mum body size will be restricted.

In the British Isles the predictability of recruit-
ment tends to increase towards the south and as
population density rises so the maximum size of
the individuals declines. Frank (1975) showed that
Tequla populations towards the south of their
range were characterized by a high density of small,
short-lived individuals. Further evidence of the im-
portance of density dependant competition in in-
fluencing the size/age structure of gastropod popu-
lations comes from a study of the neritacean Nerita
atrementosa. Underwood (1975) showed that at
high densities the growth rate of juveniles of this
species declined while the mortality rate of adults
increased. Similarly, enhanced growth at highly
reduced densities has been observed in transplan-
tation experiments on Monodonta lineata (Wil-
liamson & Kendall, in prep). Such competitive pres-
sures will seldom be of importance towards the
northern limit of the species range indeed, the long
life span of individuals is often necessary to ensure
the continuing existance of these populations. Fur-
ther to the south, however, the combination of
regular recruitment and competition will combine
to determine the size/age of many populations.

Conclusion

Our long term studies in NW. Scotland have
strongly suggested the existance of geographically
operating factors which might act by influencing
the length of the breeding period and/or the over-
winter survival of the spat. Close to the species
limits of distribution their operation has led to a
clear pattern of success and failure of recruitment.
Further into the species range the influence of these
northern limit setting factors declines and the ef-
fects of more local scale physical and biological
variables become more clearly evident.
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Preliminary observations on Gibbula umbilicalis (da Costa, 1778) on the Portuguese

coast
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Summary

Ecological studies on Gibbula umbilicalis (da Costa, 1778) were undertaken in Portugal specifically to con-
tribute to the COST 647 programme. This paper describes the reproductive cycle and the annual changes in
the population size-structure, and makes comparisons with similar data from the species’ northern ge-
ographical limits. The major latitudinal changes are a longer spawning period extending later in the autumn,

smaller maximum sizes and shorter life spans.

Introduction

Gibbula umbilicalis is an eastern Atlantic species
which is abundant on rocky shores in Portugal,
where wave energy is low. Although it is sold as
food throughout the country under the name ‘bur-
ri¢’ its biology has not been previously studied
there. Data on its population dynamics and
reproductive biology have now been collected as a
specific contribution to the COST 647 programme.

Distribution and habitat on the Portuguese coast

Gibbula umbilicalis is found throughout the
country at low and mid-levels of the intertidal zone.
It favours rocky platforms with a dense algal cover
(particularly Ulva rigida, Corallina mediterranea
and Enteromorpha spp) but may also be found in
Lithophyllum incrustans-lined pools, under stones
and on the upper surfaces of boulders. The adults
appear to tolerate desiccating conditions, although
on bare rock they may group together in cracks or
pits or on ledges and fissures on vertical faces.

Juveniles may be found throughout the year, and
are confined to damp situations (e.g. among algae
or mussels and in small pools and cracks) in the
lower shore.

Material and methods

For the determination of size-structure, speci-
mens were collected from sites in the north, centre
and south of Portugal (Fig. 1). The initial half-
yearly samples, winter 1981/2 to 1982/3, were re-
moved from five one-metre quadrats in the mid-
shore and a further five in the low shore. As the
population structure at both shore levels was simi-
lar, samples after June 1983 were restricted to one
square metre at low level.

For the examination of gonads a minimum of 50
specimens were collected monthly between Decem-
ber 1984 and November 1985 from a sheltered shore
of boulders with a few small alga-covered rock plat-
forms at S. Pedro do Estoril. All specimens were
maintained in sea water for 24 hrs before relaxation
in isotonic magnesium chloride and preservation in
4% formalin. The maximum diameter of the shell
of each animal was measured to the nearest 1 mm
using vernier calipers before extraction of the go-
nad. In the last two months of the study fresh ma-
terial alone was examined, experience having shown
that both gonad colour and oocyte size and trans-
parency were distinguishable as accurately as in
preserved material.
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Fig. 1. Distribution of Gibbula umbilicalis on the Portuguese
coast. @ — Sampling sites: 1 — Moledo do Minho; 2 — Cabo
Raso and S. Pedro do Estoril; 3 — Praia da Luz.

Reproductive cycle

Fig. 2a shows the mean state of gonad develop-
ment of G. umbilicalis from S. Pedro do Estoril be-
tween December 1984 and November 1985.

Between December and May the majority of the
gonads were developing, with the whole population
in this condition between March and April. After
June, the percentage of spawning gonads increased,
reaching a maximum between August and October
(Fig. 2b). Thus, although spawning animals were
found during most months there was a clear pat-
tern of winter/spring development leading to early
summer/autumn spawning.

Other authors have reported the infection of
gonads of G. umbilicalis by trematode cercaria. In
mid-Wales, Williams (1964) found that 2.24% of
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Fig. 2. Gibbula umbilicalis: a — Mean state of gonad develop-
ment; b — Percentage of developing and spawning gonads.

the animals were parasitised while at Plymouth,
Underwood (1972) reported a 2% infestation. In N.
Spain (Lombas et al, 1984) the frequency was
markedly higher at 14.25%. We found only a single
infected male (12 mm base diameter) among the
738 specimens examined.
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Size frequencies

Figs 3, 4 and 5 show the size/frequency distribu-
tion of samples from the north, centre and south of
the country. Clearly, sizes are similar in the three
regions, ranging from 3 to 15 mm shell diameter,
but with few individuals larger than 12 mm.

Full interpretation of these data in terms of set-
tlement times, growth rate and age classes is not yet
possible and may prove difficult because spat live
in cracks, mussel patches, among short algae and in
other non-desiccating micro-habitats until they are
several mm in diameter. The presence of animals 5
mm or less over much of the year probably reflects
both spawning over several summer/autumn months
and differential growth of spat, the latter giving an
impression of more extended settlement than may be
the case.

Although several more years’ data are needed to
provide confirmation, it appears that settlement
occurs during autumn/early winter, that 3—5 mm
individuals emerge and enter the samples only in-
termittently during winter but increasingly in
spring, occasionally creating very obvious bimodal
patterns (April 1984, Figs 4 and 5). The numbers
and size-range of juveniles increase during spring
and summer, variously resulting in a broader bimo-
dal distribution (e.g. June—August, 1983, Fig. 3)
but with usually a tail of slow-growing (or late set-
tling) 4—6 mm individuals. By Oct—Dec the ‘0’
class cohort tends to be absorbed into, or to consti-
tute, the major and often unimodal peak of
10—12 mm animals, while categories less than
S mm (or even 6 or 7 mm) are lacking or scarce
(Oct 1983 —Jan ’84, Fig. 3; Oct—Dec 83, Fig. 4).

On this tentative basis it seems that maximum
life spans in Portugal are about 2—24 years, but
this should be confirmed by observation of marked
individuals.

Sex ratio

Of the 738 specimens subjected to gonad analysis
52.7% were male and 47.3% were female. The mo-
dal shell diameter was 12 mm for both sexes; 27.5%
of the population (14.9% males and 12.5% fe-
males) were within this category (Fig. 6a).

In both sexes gonads began to develop at a shell
diameter of 8 mm (i.e. animals within their first
year) and became mature by the time a 10—11 mm
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Fig. 6. Gibbula umbilicalis: a — percentage of males and fe-
males in relation to shell diameter; b — Gonad development in
relation to shell diameter.

diameter was reached (Fig. 6b). Among the very
few animals of 15 mm only spawning stages were
seen, possibly an indication of continuous re-
development and spawning, but more probably be-



cause such sizes are usually attained only by second
year animals during their second summer/autumn.
Even in animals below 10 mm gonads were in an
advanced state of development, and therefore we
conclude that they are probably capable of spawn-
ing. Similar observations were made in Wales by
Williams (1964) who recorded maturation at shell
diameters between 7.5 and 8 mm. In Spain gonad
development begins at around 9 mm and full matu-
rity is reached at 11 mm (Lombas et al, 1984).

Discussion

Previous studies on the reproductive cycle of G.
umbilicalis in Britain have produced rather diver-
gent results, probably because different methods
were used. Williams (1964) recorded development
from November to May/June, spawning until Sep-
tember and a resting period of 1—2 months. Under-
wood (1972) found a longer resting period
(Oct/Nov—Jan/Feb) and spawning from June to
September. Recently Garwood & Kendall (1985)
have shown that oocyte development may occupy a
year overall but the active vitellogenic growth phase
occurs only between late April and July or August,
and is followed by one or two discrete spawning
periods in August and possibly September.

Our Portuguese data differ from the above in the
absence of a clearly defined resting period involv-
ing the whole population. Although some individu-
als were in apparent spawning condition in 10
months of the year, and developing stages could be
found in all months, there was nevertheless sub-
stantial synchrony with most animals developing
Dec—June, and most spawning August—Oct/Nov.
Similar data have been recorded in Asturias in N.
Spain by Lombas et al. (1984) although in that
study the main development and spawning periods
occurred a little earlier than in Portugal.

The presence of ‘spawning stages’ from late May
through to February may prove erroneous if more
detailed studies are possible in the future: the first
ripe eggs to appear towards the end of the develop-
ment period are not necessarily about to be
released at once, and Garwood & Kendall (loc. cit.)
warn against interpreting the persistence of large
oocytes throughout the winter as evidence of a very
extended season of effective spawning. Neverthe-
less, Fig. 2 shows that at least two major spawnings
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took place, one in mid-August and the other late
October/early November. So by comparison with
the data of Garwood & Kendall, Portuguese Gib-
bula have a longer period of effective spawning, ex-
tending 1-2 months later into the autumn.

Such differences accord with some of the latitu-
dinal possibilities proposed by Hutchins (1947) and
Lewis et al. (1982). In Britain (at or near the spe-
cies’ northern limit of distribution) cold restricts
spawning to a short period at or just after the peri-
od of maximum temperatures. At the extreme
southern limits it is suggested that excessive heat
will limit some phase of reproduction/settlement to
the cooler winter period. Portugal is in the middle
of the species’ geographical range, and it appears
that although spawning is still possible in late sum-
mer (i.e. it is still not far enough south to be too hot
then) the extension of spawning to
October—November is a stage in the transition
from northern summer to southern winter. Such a
process is seen in Patella vulgata in which success-
ful settlement in Portugal, its southern limit, is
confined to winter (Bowman & Lewis, 1975; Guerra
& Gaudencio, 1986). Whether or not all spawnings
of G. umbilicalis lead to successful settlement, and
especially those in August or before, necessitates
more detailed information on settlement times than
WE NOW pOSSEsS.

Both the life span and maximum shell size in
Portugal also differ substantially from those
recorded in north-west Europe. Size is not simply
related to temperature for it depends upon growth
rate and life span, both of which may reflect other
local or broad-scale influences. Dehnel (1958) and
Frank (1975) found that despite slower growth rates
higher maximum sizes could be achieved in colder
latitudes because of the longer life spans there; and
among Portuguese molluscs Patella vulgata, here at
its southern limit, is both smaller and shorter-lived
than in Britain.

G. umbilicalis, at its northern limit, may reach a
shell diameter of 21 mm and live for up to 12 years,
although at other sites in north-west Scotland most
animals have shell diameters between 13 and
14 mm and probably live for between 6 and 8 years
(Lewis et al., op. cit.). Both size and life span ap-
pear to decrease as one moves to the south; in
Wales and N. France the species seldom lives longer
than five years (Pelseneer, 1933 in Lewis et al,
1982). In Brittany, Fischer-Piette (1963) found
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specimens of between 15 and 19 mm shell diameter,
although in SW. France and Spain he failed to rec-
ord any animals larger than 13 mm. In N. Spain the
largest specimens observed by Lombas ef al. (1984)
were of 16 mm shell diameter.

In Portugal, G. umbilicalis is closer to its south-
ern limit of distribution than in any of the coun-
tries referred to above and the trend towards
smaller maximum sizes is carried further, as we sel-
dom found specimens larger than 13 mm diameter.
As stated above longevity in Portugal appears
to be no more than 2% yrs approximately, and
whilst the reason for this is unclear there can be no
doubt that it limits the size that can be reached.
There is also another probable factor: population
densities. As Figs 3, 4 and 5 show, densities of
130—200/m? are general and may occasionally ap-
proach 300. Comparison with the 50—70/m? max-
ima in Britain (Kendall, pers. commun.) suggests
that a resulting greater competition for food must
contribute to the smaller sizes. But these higher
densities can be reasonably attributed to the longer
spawning period which increases the chances of
more successful settlements per season, and the du-
ration of spawning is in turn a consequence of the
increasing temperatures from NW. Europe to Por-
tugal.

But while there appears to be a latitudinal trend,
a local Portuguese factor of unknown potency re-
mains: the collection of Gibbula for human food.
This will surely limit both maximum size and life
span.
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Summary

Populations of Monodonta lineata and Gibbula umbilicalis were studied at Aramar beach (Luanco, Astur-
ias) from October 1982 to November 1983. Both species show a sexual ratio of 1:1 but differ in their gonadal
cycle patterns. M. lineata gonadal development stages are found from November to May—June in a signifi-
cant part of the population. Breeding stages occur from June—July to September, and in some individuals
to November, with complete discharge of all spawn at the end of the reproductive season. Some degree of
inter-annual variation is detected. Spawning stages of mature G. umbilicalis are found through the year but
the higher frequencies occur in summer and autumn samples, with development phases predominating in
January to May. Animals over 10 mm in shell diameter maintain their gonads close to spawning stages, com-
pletely spawned individuals being less than 10 percent. In both species variability in gonad stages for a given
month reduces as size increases, indicating a certain synchrony.

The new recruits of M. lineata are detected on the bare rock by September to November and are recogniza-
ble through their first year. Due to the amplitude of the breeding period and differing growth rates size distri-
bution within an age class is wide. Size class frequencies rapidly decrease after the second year of life. The
data for G. umbilicalis are difficult to interpret given the scarce number of juveniles and size overlapping.

Introduction a preliminary picture of their local biology and af-
terwards making comparison with other localities.
It is hoped that useful conclusions about the
regional and local factors role in the population

composition and function can be derived.

Gibbula umbilicalis (da Costa, 1778) and
Monodonta lineata (da Costa, 1778) populations
occur in a wide belt along the rocky Atlantic inter-
tidal shores. They are very abundant in some locali-
ties. The northern limits of their distribution are
the Scottish and Welsh coast, and in the south, NW

Description of site studied

Africa (Fretter & Graham, 1977).

In the British Isles a lot of authors have been
studying these populations for a long time (Wil-
liams, 1964, 1965; Desai, 1966; Underwood, 1972;
Stanbury, 1974; Williamson & Kendall, 1981; Gar-
wood & Kendall, 1985). But references about the
species behaviour in central and southern localities
of their geographical distribution range are limited.

Thus, some studies were begun in the Cantabrian
coast (Anadon et al., 1984) with the object of giving

The Cantabrian coast (N Spain) has a special
ecological and biogeographical interest. There is a
gradient between the boreo-atlantic conditions in
Galicia and more ‘meditérranean’ ones in the
southern part of the Bay of Biscay (see Anadon,
1980; Ibaiiez et al, 1984). The Asturian coast oc-
cupies an intermediate position.

The study was carried out at Aramar beach (Lu-
anco), situated at the eastern margin of Cape Peiias,
in the middle of the Asturian coast. The beach
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is protected from the direct effect of the waves by
some rock outcrops, which present a typical zona-
tion pattern of a exposed shore (‘sensu’ Lewis,
1964). The inner pebble portion is more sheltered
and Fucus spiralis appears as the dominant vegeta-
tion.

Material and methods

Monthly samples, with at least 70 specimens of
each species, were collected from October 1982 to
November 1983. M lineata occurs in a wide zone
above E.LW.S. at the most exposed face. The den-
sest population was of G. umbilicalis and was sam-
pled in two different places. From the inner portion
of the beach we gathered individuals from pebbles
and pools under Fucus spp. horizon. While in the
exposed zone we collect all the specimens from an
area of 3600 cm?, on bare rock between 1.5 and
2 m above E.LW.S.

The animals were narcotised in Mg Cl, over a
period of 12 h, and fixed in 4% formalin. After-
wards shell width (+0.1 mm) was measured for in-

dividual animals and soft parts of the body were
extracted. For the study of the breeding cycle 30
specimens were dissected on each occasion. We
used a Gonad Index based on gonad appearance
and size under a binocular microscope, similar to
that described by Williams (1964, 1965) and Desai
(1966). We recognised 4 development stages in M.
lineata and 5 in G. umbilicalis, as well as 3 spawn-
ing stages in both species.

Population structure was studied from frequency
distribution of size classes (1 mm width) in month-
ly samples. To separate component populations the
data were analysed using probability graph paper
(Harding, 1949).

Results

Gonadal studies

Sex ratio agrees significantly with 1:1 for
both species (x? test, p<0.05), considering all the
sampled individuals.

Fig. 1. Distribution of gonadal stages in the M. lineata population through the study period. D1 to D4: development stages; SI to S3:

spawning stages.
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Fig. 2. Mean gonadal stages in some size classes from M. lineata samples. Vertical lines indicate the range of variation. Dotted lines
show the limit between development (D1 to D4) and spawning (S1 to S3) stages. I: inmature gonads.
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M. lineata

This species showed a gradual gonadal develop-
ment beginning in November 1982. The highest
numbers of individuals with ripe gonads were from
May and June 1983 samples, both sexes behaving
similarly throughout the year (see Fig. 1). Breeding
stages reached highest frequencies in summer and
autumn with a domination of gonads in spent con-
dition in August and November. A limited recovery
of gonads seemed to occur in September (Fig. 1).

Every size class contributed in a different way to
the yearly gonadal cycle of the population (see
Fig. 2). Individuals with shell diameter lower than
8.5 mm did not show recognisable gonads in any of
the monthly samples. Size classes 9 and 10 mm had
some specimens with gonads in various stages of
development (including spawning), but probably
have little effect on the whole population given that
their mean gonadal index did not reach spawning
values. In larger sizes development of the gonads

began in February and proceeded gradually, with
less variability in the reproductive stage of each
month and more time in spawning stages as size in-
creased.

Considering only sexually mature individuals
with significant variations in the gonad index, we
can obtain mean values of the index related to
spawning stages beginning in May and extending
over at least six months (see Fig. 2). Deviations
above the mean are attributable to larger animals,
spending more time in spawning stages, while lower
values correspond to smaller sizes.

Comparison of gonad index values of November
1982 and 1983 samples point out inter-annual
variability in development and length of the breed-
ing period (see Figs 1 and 2).

G. umbilicalis
Development stages were most abundant be-
tween January and May but limited re-development

DDDDD SSS
12345123

DDDDD SSS
12345 123

Fig. 3. Distribution of gonadal stages in the G. umbilicalis population through the study period. DI to D5: development stages. SI to

S3: spawning stages.



also occurred in August—November. At the same
time the recognised fully mature and spawning
stages prevailed in the population for most of the
year, being more abundant in June—July and
November—December. The samples never had
spent gonads with frequencies greater than 10%.
Males and females showed similar and syn-
chronous variations (see Fig. 3).

Fig. 4 represents the pattern of change in the
gonadal index through the year for various size
classes. Individuals of classes 9 and 10 mm did not
show mean values of the index related to spawning
stages, and gonadal activity was not found in lower
sizes, as in M. lineata. In the same way there was
a reduction in the variability of the index values
and the mean increased to spawning stages as size
increased.

The whole group of mature individuals main-
tained their mean gonadal index values close to the
limit of the onset of spawning for most of the year
(see Fig. 4). Developmental phases occurred mainly
between January and May and also in August. In-
dications of inter-annual variations were not de-
tected.

Population structure and dynamics

M. lineata
The studied population showed three distinctly

U T SN S S SR S S |
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recognizable components through the year (see
Fig. 5). New recruits could be first detected in
November 1982 and September 1983. More in-
dividuals appeared in the next months and the
resulting size distributions have wide ranges dues
probably to differences in growth rates and times of
emergence from microhabitats. After a slow grow-
ing period (December to March) the new cohort
was the prevailing mode of the sample size distribu-
tion by mid summer. At this time individuals of the
preceding recruitments were grouped: r class. They
had mean sizes larger than 18 mm and were esti-
mated older than 2 years.

As in the gonadal cycle, some displacements of
the modes can be noted in samples of a given
month in succesive years (see Fig. 5), suggesting
variations in the time of maximum recruitment.

G. umbilicalis

The larger classes dominated the size frequency
distributions of samples, but individuals lower than
5 mm were found throughout the year (Fig. 6). Sepa-
ration of components was difficult due to the low
representation of the juvenile classes and the high
size overlap in the resulting distributions. Neverthe-
less some age groups could be taken out and stud-
ied for some months.

Considering that most spawning occurs between
June and November it is reasonable to expect one

Dnm
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Fig. 4. Mean gonadal stages in some size classes from G. umbilicalis samples. Vertical lines indicate the range of variation. Dotted lines
show the limit between developmental (D1 to D5) and spawning (S1 to S3) stages. I: inmature gonads.
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Fig. 6. Size — class frequency distributions from samples of G. umbilicalis. Age groups are indicated by: a, b & r. The number of in-

dividuals per sample are also given.

main settlement that may extend over several
months in the autumn. But it is unclear if the small
individuals in the October, November and Decem-
ber 1982 samples belong to the new settled cohort
or are the slow growing of the previous year class.

Unfortunately the samples of the autumn of 1983
did not solve the question. Indeed the sudden emer-
gence of size group named b in Fig. 6 is difficult to
interpret.

The growth seems to proceed rapidly in the sum-
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mer months, and the main size group (r class) con-
tains the survivors of the previous year settlement,
having mean sizes greater than 10 mm.

Discussion

Our results show that both species have individu-
als at spawning stages during several months of the
year. In comparison, the populations of the British
Isles studied with the same methodology as ours,
have a shorter breeding season in summer which
sometimes lasts until September or October (Wil-
liams, 1964, 1965; Desai, 1966; Underwood, 1972).
These studies also suggest a parallelism between the
sexual cycles of G. umbilicalis and M. lineata, al-
though we have found important differences.

The observations of Garwood & Kendall (1985)
on size and number variations of gametes in these
species allowed them to determine more exactly the
period of effective spawning within the breeding
cycle, as the existence of mature gametes does not
imply that spawning will occur. Nevertheless at the
moment we can not offer comparable data, we can
only suggest that our populations seem to have a
large spawning season. This is reflected by the low
frequency of the stages with spent gonads (see Figs
1 and 3) and indirectly by the width of size distribu-
tions of the new cohorts at the time of their detec-
tion on the coast (see Figs 5 and 6). Garwood &
Kendall (1985) observed that te synchronisation of
spawning individuals of the population is some-
times less marked and a gradual increase of free ga-
metes over a long period of time often occurs.

The observed gonad development did not have a
resting phase, as the authors (Williams, 1964, 1965;
Desai, 1966; Underwood, 1972; Garwood & Ken-
dall, 1985) indicate for the northern populations,
and both species developed ripe gonads in less time.
In addition G. umbilicalis showed a distribution of
gonadal stages that follows the constant formation
of mature gametes. Equally we can determine the
age of first sexual maturity from the obtained rela-
tions between size, gonadal stage and size distribu-
tions through the year, assuming that size classes
with a starting gonadal activity are about one year
old (G. umbilicalis) or less (M. lineata). Thus our
examples seem to mature earlier than those in Brit-
ish populations, which do not reach maturity until
2 years old (Williams, 1964, 1965; Underwood,
1972; Garwood & Kendall, 1985).

A metabolic acceleration with latitudinal de-
crease (and basically because of temperature in-
crease) is a well known phenomenon in intertidal
invertebrates (Kinne, 1970; Newell, 1979). The proc-
ess of growth and maturation have higher rates in
lower latitudes, although there are some factors like
competition effects which mask and modify this
tendency. In our populations the size of the largest
observed individuals are clearly lower than those
from higher latitudes (Williams, 1964, 1965; Wil-
liamson & Kendall, 1981; Lewis et al, 1982). Al-
though other factors may be involved, it could be
a direct consequence of lower longevity.

With a decrease in latitude there is an increase in
the length of the molluscs reproductive period
(Fretter & Graham, 1964), so that species from tem-
perate climates are not restricted to exact reproduc-
tive seasons. Nevertheless, the length of the
reproductive season may depend on other condi-
tions, such as the lunar cycles or local dynamics of
phytoplankton (Fretter & Graham, 1964; Himmel-
man, 1975). A consequence of lower latitude (and
higher coastal water temperature) could be the ex-
tension of the breeding cycle, mainly in our popula-
tion of G. umbilicalis. As the studied zone occupies
an intermediate latitude in the distribution range of
the species, the populations will not suffer a short-
ening in their breeding cycle because of high sum-
mer temperature, as Lewis ef al. (1982) suggest.

Often it is difficult to achieve accurate estima-
tions of the number of individuals and date of
recruitment at the benthic populations. In our
study case detection of the young stages is compli-
cated by their having different habitats to those oc-
cupied by adults (pers. obs.), so they are poorly
represented in our samples. In spite of this the fact
that adult G. umbilicalis maintain ripe gonads for
most of the year does not imply the absence of
spawning as Underwood (1972) suggests. We have
no evidence of reproductive failures of this species
in the studied locality and there were no extreme
climatic fluctuations during the study period
(Anadon et al, 1984).

If the studied populations maintain a steady
state, we can consider the success of reproduction
will be assured because of the high density of ma-
ture adults (Anadon et al,, 1984). In these circum-
stances an intensive synchronous spawning will not
be essential, nor the release of all of the produced
gametes. The less dense population of M. lineata
(pers. obs.) will need higher gamete emission. The



greater number of adults should also allow G. um-
bilicalis to resist higher levels of gonadal parasitism
in our locality (Lombas et al, 1984) than British
populations (Williams, 1964; Underwood, 1972)
without important alterations in the population.

In the climatic conditions of the Asturian coast,
warmer than Galicia, the studied trochid popula-
tions should occur with a faster turnover rate than
ones in localities with colder temperatures,
with lower rates of growth and reproduction. So
populations should be regulated by competition
(mainly intra-specific), rather than the physical en-
vironment. Higher metabolic requirements and
scarcity of resources (not only the trophic ones)
should establish an upper limit to the size of adults
in dense populations. The high mobility of G. um-
bilicalis between consecutive low tides (Bode et al.,
1984) and through the year (Anadon ef al, 1984)
may also be a result of this competition.

Acknowledgements

We are grateful for the advise on the early phases
of the study by R. Anadon. The whole work group
on rocky intertidal of the COST 647 EEC Project
provided stimulating discussions and data inter-
change, particularly J. Lewis and M. Kendall. This
work was funded by Fundacion Ramon Areces,
Ayuda Puntual 1982.

References

Anaddn, N., A. Bode & 1. Lombas, 1984. Estudio de la biologia
de las poblaciones de Gibbula umbilicalis y Monodonta
lineata (Mollusca, Gastropoda) en la costa de Asturias.
Memoria Fundacion Ramon Areces (unpubl.) 86 pp.

Anadon, R., 1980. Estructura y dindmica del sistema litoral
rocoso de las costas de Asturias. Memoria Fundacién J.
March (unpubl.), 251 pp.

39

Bode, A., I. Lombas & N. Anadon, 1984. Distribucién espacial
y movilidad de Gibbula umbilicalis (Mollusca, Gastropoda)
en una costa rocosa expuesta. Actas do 4° Simposio Iberico
de Estudos do Benthos marinho. Lisboa. 2: 115-124.

Desai, B. N., 1966. The biology of Monodonta lineata (Da Cos-
ta). Proc. malac. Soc. Lond., 37: 1-17.

Fretter, V. & A. Graham, 1964. Reproduction. In K. M. Wilbur
& C. M. Yonge (eds). Physiology of Mollusca. 1: 127-164.
Fretter, V. & A. Graham, 1977. The Prosobranch Molluscs of
Britain and Denmark. Part. 2. Trochacea. J. moll. Stud.,

suppl., 3: 39-100.

Garwood, P. R. & M. A. Kendall, 1985. The reproductive cycles
of Monodonta lineata and Gibbula umbilicalis on the coast
of Mid Wales. J. mar. biol. Ass. UK., 65: 993 -1008.

Harding, J. P., 1949. The use of probability paper for graphical
analysis of polymodal frequency distributions. J. mar. biol.
Ass. UK., 2: 141-153.

Ibafiez, M., A. Romero, J. Feliu, A. Borja, A. Altuna & F.
Aguirrezabalaga, 1984. Consideraciones sobre la biogeografia
de la costa vasca. Actas do 4° Simposio Ibérico de Estudos
do Benthos marinho. Lisboa. 1: 36—45.

Kinne, O., 1970. Temperature. In: O. Kinne (ed.), Marine Ecolo-
gy. Wiley-Interscience, 681 pp.

Lewis, J. R., 1964. The ecology of rocky shores. Hodder &
Stoughton, London 323 pp.

Lewis, J. R., R. S. Bowman, M. A. Kendall & P. Williamson,
1982. Some geographical components in population dynam-
ics: possibilities and realities in some littoral species. Neth. J.
Sea Res., 16: 18—28.

Lombas, 1., A. Bode & N. Anadon, 1984. Estudio del ciclo
reproductor de Gibbula umbilicalis y Monodonta lineata en
Asturias (N de Espaiia). Actas do 4° Simposio Iberico de Es-
tudos do Benthos marinho. Lisboa. 2: 103—114.

Newell, R. C., 1970. Biology of intertidal animals. P. Eleck.
(Scientific Books) Ltd. London. 555 pp.

Underwood, A. J., 1972. Observations on the reproductive cy-
cles of Monodonta lineta, Gibbula umbilicalis and G. ciner-
aria. Mar. Biol., 17: 333 —340.

Williams, E. E., 1964. The growth and distribution of Gibbula
umbilicalis (da Costa) on a rocky shore in Wales. J. anim.
Ecol., 33: 433-442,

Williams, E.E., 1965. The growth and distribution of
Monodonta lineata (da Costa) on a rocky shore in Wales.
Field Studies, 2: 189—198.

Williamson, P. & M. A. Kendall, 1981. Population age structure
and growth of the trochid Monodonta lineata determined
from shell rings. J. mar. biol. Ass. UK., 61: 1011-1026.



Hydrobiologia 142: 41—56 (1986) 41
© Dr W. Junk Publishers, Dordrecht — Printed in the Netherlands

Geographical variation in the breeding cycles and recruitment of Patella spp.

R. S. Bowman & J. R. Lewis?

I NERC Rocky-Shore Surveillance Group, Dove Marine Laboratory, (University of Newcastle)
Cullercoats, N. Shields, Tyne and Wear. NE30 4PZ. United Kingdom

2 62 Station Rd, Scalby, Scarborough, N. Yorks. YOI3 0QG, United Kingdom

Keywords: gastropods, Patella spp., breeding cycles, spawning, recruitment, geographical range

Abstract

The effect of geographical differences in breeding cycles on the recruitment variation of the limpets —
Patella vulgata L., P. aspera Roding and (to a limited extent) P depressa Pennant — has been studied over
much of their range in Britain and NW. Europe. In spite of considerable annual and local variation in recruit-
ment success, broader patterns can be distinguished, which can be linked to spawning times and factors af-
fecting the survival of newly-settled spat. The breeding cycles of P vulgata and P. aspera differ across their
ranges in that, in both species, spawning begins, and gametogenesis ends, earlier in the north and east than
in the south and west. The cause of these differences can be correlated with geographical and annual differ-
ences in sea temperature over the potential breeding periods, and can be related to the regional incidence
of conditions found experimentally to be necessary for successful settlement and survival of spat during a
critical stage of their growth. The significance of this ‘temperature window’ in determining the littoral and
geographical distribution of the species is discussed.

Introduction

In the 1970, a study which had begun in 1965
to explain local cycles of interaction of key rocky-
shore species expanded to include the causes of
their natural population fluctuations, over as wide
a geographical range as was feasible. The rationale
behind this study has been extensively discussed
(Lewis, 1976, 1984; Lewis et al, 1982), and it now
forms the core of the rocky-littoral section of the
COST 647 programme. This paper describes some
of the latest findings on the relation of differences
in limpet breeding cycles to recruitment. Though
most data derive from British limpet populations,
with less regular data from Ireland and NW. Eu-
rope, the results of the more intensive studies of
Portuguese limpet populations, published else-
where in this volume, have been available since their
commencement (Guerra & Gaudéncio, pers.
comm.).

Of the three species of British patellids, much of
the work since 1969 has concerned Patella vulgata
L., and has been published elsewhere, (Lewis &
Bowman, 1975; Bowman & Lewis, 1977; Bowman,
1985). Almost as many data exist for Patella aspera
RoOding, but because of early interpretational prob-
lems have not till now been published. Both these
species occur throughout the British Isles wherever
there is suitable habitat, though P, aspera is nearing
the northern limit of its range in northern Scot-
land. The third species, Patella depressa Pennant, is
restricted to the Channel coast and the south-west
of the British Isles (excluding Ireland), reaching its
northern limit in North Wales. For logistical rea-
sons, this limpet was not included in the
programme until the late 1970s and data are fewer,
but are recorded here to allow comparison with the
more detailed Portuguese studies (op. cit.).
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Methods

Recruitment data for P vulgata were obtained by
in situ observations on marked 1 square metre sites
chosen, on the basis of early experience, as being
likely to have a high settlement potential and low
biological variability. Recruitment levels in P
aspera were originally assessed from size-frequency
analyses of population clearances from mid- to
low-shore pools and ‘open’ rock. After 1973,
low/mid-littoral coralline pools of ca. 0.5—1 sq. m.
area and less than 20 cm. depth were found to
make suitable sites for in situ observations, since
not only are they primary settlement areas but they
are more stable biologically than adjacent ‘open’
rock with its fluctuating populations of mussels,
barnacles and algae. In SW. England most vulgata
sites and all aspera pools doubled as depressa
recruitment sites. Almost all sites were located in
the mid-littoral of exposed shores, as vulgata sites
were positioned wherever possible near aspera sites,
to maximise use of the restricted sampling time.

Figure 1 shows the number and distribution of
the observation sites for the three species around

N.SCOTLAND
4-10;6

NW. SCOTLAND
6-14;9

W. SCOTLAND
3—-8;5

NORTHUMBERLAND
3-532

N. YORKSHIRE
3-8 (18);9

SW. SCOTLAND
4—-6;0

N. DEVON
3-8;5

S. DEVON
2—-8:4

Fig. 1. Map of the British Isles, showing regions studied. Num-
bers indicate: number of shores studied — total P vulgata ob-
servation sites; total P. aspera observation sites. Bracketed figure
for N. Yorks. indicates total vulgata sites 1966—70. Stars show
location of sea-temperature recording stations referred to in
Fig. 4.

Britain. Each site was visited two to five times each
year, mainly in spring and autumn, except in NE.
England, where visits were monthly or fortnightly
or whenever tides allowed. At each visit the num-
bers of spat (<1 year-olds), juveniles (1-2 year-
olds) and adults (the rest) were counted and their
size range noted. The annual recruitment for a site
was regarded as the highest number recorded of
that spawning-year class. Because of differences in
time taken for spat to emerge from settlement
crevices, this number was recorded from 2-24
months after settlement. The observation-site data
were supplemented by extra counts and occasional
clearances for size-frequency measurement, from
similar or lower-littoral habitats.

Breeding cycles were studied by regularly collect-
ing 50—100 animals from the same shore level/hab-
itat at each locality, and assessing the breeding state
of the population from morphological examination
of the gonad, as described by Orton et al. (1956).
On the basis of size, colour and abundance of ripe
(loose) gametes, each gonad was classified as neu-
ter or in one of five stages of development, spawn-
ing or re-development, from which a mean gonad
index was calculated: G.I.=0 if all animals were
neuter, G.I.=5 if all fully developed. Again, fre-
quency of sampling was greater in NE. England,
where at the height of the breeding season samples
could be taken daily if necessary (for vulgata only),
to pinpoint spawning time.

Initially, morphological assessment of small ear-
ly releases was confirmed by histological examina-
tion of sectioned gonads; with practice this later
proved unnecessary, though since 1980 settlement
plates have been used in NE. England to detect
spatfalls and thus check for partial spawnings.

Since 1981 an invaluable aid in the understanding
of breeding and spawning patterns, and recruit-
ment success, has been the collection of daily sea
and pool/shore temperatures by littoral recorders in
NE. England, Wales and NW. Scotland.

Results: Patella vulgata

Recruitment variation

Table 1 presents the peak annual recruitments for
the longest-running Robin Hood’s Bay observation
sites, which initially showed relative stability of
populations other than limpets. However, since
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Table 1. P. vulgata: Peak annual recruitment at Robin Hood’s Bay observation sites. All sites 1 sq. metre in area.

Year Site 1 2 3 4 5 6 7 8
1967 13 78 138 (25)

1968 28 182 278 (90) 1956

1969 34 145 295 45 58 45 1408

1970 58 272 336 78 93 93 1908 2516
1971 16 35 44 40 37 37 84 211
1972 15 85 101 16 25 21 53 144
1973 23 179 M+ 278 28 38 43 549 M- 372
1974 28 301 172 37 58 37 260 160
1975 10 203 196 24 42 30 228 158
1976 M+ 77 358 515 38 |B- 92 56 1728 W+ 1110
1977 86 434 B~ 572 62 84 94 509 195
1978 B- 82 528 717 68 84 77 1447 M+ 962
1979 78 281 456 80 97 70 654 603
1980 71 293 369 33 32 29 243 M- 189
1981 B- 27 80 85 B+ 17 24 12 319 229
1982 W+ 72 102 B~ 161 78 B- 98 W+ 76 496 263
1983 67 268 247 102 153 93 3130 W+ 2088
1984 103 391 332 465 554
1967 — 75 mean: 25 165 204 42 50 44 805 594
1967 — 84 mean: 49 234 294 51 68 54 908 650

Key to sites:

1: HL dense barnacles, ca. MHWN.
2: HL barnacles/mussels, ca. MHWN.
3: ML mussels/barnacles, ca. MLWN.

} exposed north headland of R.H. Bay.

4—-6: ML dense barnacles, ca. MTL.-replicates, moderate exposure, S side bay.
7, 8: ML bare wet rock/mussels, MTL.-replicates, partial shelter, central bay.
M+ -: Mussel % cover doubled; lost. B+; —: barnacle % cover +25%. W+: appearance or marked increase in weed cover (En-

teromorpha and Fucus spp.).

NB. Year is spawning/settlement year, not that in which peak counts were recorded. Bracketed figures from similar site further S on

same reef.

1975, most sites have become increasingly wet, the
result of increased mussel cover, loss of old barna-
cles (and poor recruitment of new), and since 1981
a general increase in algal cover partly because of
reduced grazing from declining limpet numbers.
Site 1 in particular now bears little resemblance to
its original description (see Table 1), being now
mostly bare rock with 10% mussel cover, sparse
barnacles and thick annual weed cover. In contrast,
Sites 7 & 8 proved susceptible to intermittent loss of
their seed-mussel cover (and therefore their main
limpet spat-settlement habitat) through periodic
heavy dogwhelk (Nucella lapillus) predation
and/or storm scouring. Only Site 3 has not
changed appreciably in character, since its wetness
derives as much from its lower-shore location as
from its mussel etc. cover. Especially on the
initially-dry barnacle-dominated sites, a succession
of heavy recruitments since 1975 therefore greatly
increased the density of adult limpets. For instance,

the year-end density (excluding juveniles) on Site 2
was 240 per sq. m. in 1966, 390 in 1974, but rose to
>1000 by 1980; poorer recruitment together with
predation by oystercatchers (Haematopus ostrale-
gus) then reduced the density to 290 in 1984. The
increased grazing from the elevated limpet numbers
in 1980 was partly responsible for the decline in
barnacle cover at these sites, by preventing the es-
tablishment of cyprids.

Increased wetness and, particularly, increased
small-mussel cover (which provides primary-
settlement habitat for limpet spat), have been
shown to elevate vulgata settlement/recruitment
numbers (Lewis & Bowman, 1975), and these
changes must have markedly increased the sites’
potentials — compare, for instance, the sudden
difference in recruitment among the replicate Sites
4—6 in 1976, following increased wetness because
of loss of barnacle cover on Sites 5 & 6 but not 4.
This, together with differences in timing of site
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changes, devalues the usefullness of assessing com-
parative annual settlement/recruitment from devia-
tions from the sites’ long-term recruitment means,
as was generally possible until 1975. Thus, for the
initially-dry Sites 1, 2 and 4—6, though recruit-
ments in 1968 —70 were judged ‘good’ by pre-1976
standards, only those of 1970 exceed the long-term
means. 1976—78 were definitely above-average
recruitment years but where direct comparison was
possible in the absence of major wetness etc.
changes, it seems likely that without such changes
they might have been more equivalent to 1968 —70
than the recruitment figures suggest. This supposi-
tion is strengthened by observations on vulgata
spat numbers in other, unchanged, habitats such as
the midshore aspera observation pools.

The other difficulty in assessing the relative suc-
cess of annual settlement is the time elapsing before
a site’s peak recruitment figure is reached. The sites
tabled peak variously after ca. 6 months (Sites 7 &
8), 9—12 months (2 & 3), and 12—18 months (1 &
4—6). The longer the time lag, the more the final
recruitment figure can be affected by climatic ex-
tremes, or other causes of mortality, and for this
reason settlement plates were eventually developed.

This latter problem was greatest at many of the
Scottish locations, where peak recruitment was of-
ten not recorded until 18—24 months after settle-
ment. All the regional sites were chosen to resemble
Site 2 where possible, as (supposedly) combining
habitat stability with high settlement/recruitment
potential. In practice, they were found to have lower
recruitment than that of Site 2, and lower annual
variation; compare the mean input per square
metre (= S.D.) for the longest-running sites in N.
Scotland (62 +21); NW Scotland (20+18); W. Scot-
land (37+23); NE. England (Site 2) (234+137).
They also experienced much greater biological vari-
ation than the NE sites, because of unstable barna-
cle and mussel populations, and heavier predation
of limpets, barnacles and mussels by oystercatch-
ers, dogwhelks and eiders (Somateria mollissima)
respectively. The lower limpet densities permitted
variable cover of Fucus vesiculosus and ephemeral
algae and diatoms, and all these factors considera-
bly altered the sites’ settlement/recruitment poten-
tial. Assessment of relative success was therefore
more difficult than in the NE, so, to achieve a bet-
ter basis for comparison, also taken into account
were changes in spat numbers during the build-up

to peak recruitment, and the numbers of spat
recorded nearer settlement time in less variable
habitats where spat emerged earlier, such as mid-
and low-shore coralline pools. The raw regional
recruitment data are too numerous to be included
here (though they are available on request) and
would require a lengthy analysis of the sites’ vicissi-
tudes. Instead, Fig. 2 presents an interpretation of
relative settlement/recruitment success for all
regions, based on the above criteria, though the
classification has necessarily to be less precise.
The regions in the figure are arranged in order of
coldest winter sea temperatures, and the year indi-
cated is the spawning year, not that of peak recruit-
ment (as this might occur up to 18 months after set-
tlement). There is broad similarity in recruitment
success between adjacent regions, particularly over
much of northern Britain, where the 1976 -1978
recruitments were all above-average. In all northern
regions the 1975 class was well-represented in
spring 1976, but the unexpectedly-low peak num-
bers recorded (see Table 1 for NE England) almost
certainly resulted from high mortality in the
abnormally-hot summer of 1976 (Bowman, 1978).
Severe cold together with considerable storm dam-
age on sites in northern Britain in the winters of
1978/9 and 1980/1 must also have depressed the
eventual totals for these years: in the NE, Sites 7 &
8 suffered severe sand-scouring in storms immedi-
ately following the 1980 settlement, which was at
least partly responsible for their poor recruitment.
In 1976 all regions had good recruitment, and in
1982 there was a gradient of increasing success
from NE backing to SW. The limited data we have
from outside Britain suggest that the 1980 and 1981
recruitments in NW Brittany were both ‘good’, as
was that of 1982 in Galway, which broadly match
the appropriate S. or W. British pattern for those
years. The existence of such regional patterns sug-
gests that broadscale climatic, rather than local,
factors control recruitment. These might operate at
some stage of the breeding cycle, in the planktonic
stage, at settlement, or during early shore life.

The breeding cycle

a) NE England At Robin Hood’s Bay the breed-
ing cycle has been followed closely since the start of
the study, and though the gonads never failed to de-
velop there were considerable annual differences in
both peak Gonad Index (ie. maximum mean gonad
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Fig. 2. P, vulgata: Geographical patterns of recruitment success. Assessment of data from size-frequency analyses, settlement pools,
and all observation sites (allowing for gross changes in sites’ settlement potential caused by biological variation — see text).
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Fig. 3. P, vulgata: Regional differences in breeding periods. Bars indicate duration of breeding period when sex is morphologically dis-
tinguishable. Dark shading shows period when most of the gametes are released (main spawning time); light shading shows period when
other, usually small, spawnings have occurred: decline of gonads'after this is probably through resorption of gametes. Dashed lines

indicate only one or two years’ data. Period of observations: NE. England, 1968 — 85; other British regions, 1973 —84; N. Portugal, 1974
and 1980—83 (Guerra & Gaudéncio, pers. comm.).
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size) and the timing, extent and frequency of
spawnings (Bowman & Lewis, 1977; Bowman,
1985). In NE England, the gonads begin to develop
in July, as shown in Fig. 3, and some gametes be-
come mature in August. Maximum gonad size is
usually reached by October and most gametes are
released during September and October. However,
spawning can occur well before all gametes are
fully-developed (eg. in August), in which case only
the ripe gametes are shed. Such releases often do
not result in a decrease in gonad size but, with ex-
perience and frequent sampling, can be detected by
a sudden disappearance from the gonad samples of
‘loose’ (ie. ripe) gametes. These partial spawnings
are followed by continued development of unripe
gametes (gonad re-ripening), or occasionally by a
new burst of gametogenesis (redevelopment),
resulting in an increase in gonad size followed by
later spawning, and such gonads can be distin-
guished by colour or histology from unspawned
gonads until ripe gametes are present again. Very
high Gonad Indices are therefore attained only
when most of the season’s gametes ripen before any
release occurs, and so tend to be associated with
‘late’ spawning.

However, the data showed (Bowman & Lewis,
1977) that good recruitment was not attributable to
gonad size nor to size of release. Until 1981 there
was, however, very good correlation between time
of first release and success of recruitment, so that
‘early’ = good and ‘late’ = poor. In a Multiple
Linear Regression analysis, using 28 variables pos-
sibly affecting recruitment, >70% of recruitment
variation could be attributed to earliness of release,
while much of the remainder related to variation in
mussel cover (M. A. Kendall & P. Williamson, pers.
comm.). This correlation was initially explained by
supposing that late-settling spat were likely to be
killed by early-winter frosts, but this hypothesis has
now been modified after using settlement plates to
catch spatfalls and follow their fates directly.

A detailed account of the growth and survival of
newly-settled spat is currently in preparation, but
their relation to recruitment is summarised in Bow-
man (1985). It was found that spat are highly sus-
ceptible to growth retardation and shell deformities
induced by excessively high and low temperatures,
as well as to detachment from the substrate during
rough seas, during a critical period lasting from set-
tlement until production of the ‘true’ calcified shell

and growth of the mantle tentacles, at a size of ca.
0.7 mm. shell diameter. The temperature range for
optimal growth in the laboratory was 10—14°C,
and as growth all but ceases at temperatures below
6°C, the critical period can vary in length from 6
weeks to S months (ie. over the winter). Once past
this critical period the spat are much hardier, and
a clear relationship has been demonstrated since
1980 between the number of spat passing this stage
before the onset of winter and the eventual num-
bers of recruits (Bowman, 1985). Since spat either
fail to settle, or die very quickly, when shore tem-
peratures are too high, as in August/September
1981 and 1982, the recruitment at Robin Hood’s
Bay derives almost entirely from settlements during
September/October, and the hypothesis can be re-
formulated thus: good recruitment follows when
spawning results in settlement coinciding with a
restricted temperature range, optimal at ca.
10—14°C, during early shore life.

b) Geographical variation In NE England this
narrow range, the temperature ‘window’, normally
occurs during September/October, but there is
clearly going to be a north/south gradient in any
such climatic factor. Since it must be to the species’
advantage to recruit successfully every year, it is
perhaps not surprising to find a geographical gra-
dient in time of the main gametic release, from Au-
gust/September in N. Scotland to November in SW.
England. Figure 3 is based mainly on our own
data, since in order to prove such differences are ge-
ographical it is necessary to compare data for
different localities in the same year. Samples
received in 1974 from near the European limits of
vulgata’s range (Tromse, Norway and Portd, Portu-
gal) suggested that the main release started even
earlier (July/August) in Norway, later (after Decem-
ber) in Portugal. The latter observation has been
confirmed by Guerra & Gaudéncio (q.v. this vol-
ume). Data from S. Britain, Eire and France
(Evans, 1953; Orton et al, 1956; Choquet, 1966;
Thompson, 1980; Hatch, 1977) and from Orkney
(Baxter, 1982) fit into this gradient of spawning
times, though hitherto the pattern for SW. England
has been regarded as the norm.

Although the earliest spawnings have been
recorded in NE. England, this might simply reflect
the more frequent sampling there, over a longer
period, and the difficulty of widespread syn-



chronous sampling. In the NE, August releases
were not recorded until 1981 and 1982 (September
spawning being previously earliest), when other lo-
calities could not be visited. A very small mid-
August release in mid-Wales in 1985 suggests that
all British vulgata populations might be capable of
spawning from August onwards, though where
regular runs of gonad data are available over sever-
al years it is clear that release normally starts earlier
in the north than in the south (Bowman, 1985).
Consequently, gonad redevelopment and multiple
release were most common in northern Scotland,
whereas gonads were regularly found to be more-
fully developed in late October in southern Britain,
suggesting an absence of early spawning.

The length of the potential breeding period also
showed a north/south gradient: except very rarely
few ripe gametes remained unspawned by mid-
December in the north, whereas in the south major
spawnings regularly occurred as late as January,
and the Portuguese study (q.v.) extends this into
March. After the last release, any remaining ga-
metes were re-absorbed over the resting period, as
described by Orton et al., (1956), so that sex became
morphologically indiscernible. Whereas ‘resting’
gonads in other regions resembled those described
by Orton in being also histologically unsexable,
through complete regression of the germinal
epithelium, in NE England this was not the case:
the germinal epithelium for the following season’s
gametes here appeared towards the end of the cur-
rent breeding season and persisted over the resting
period. These over-wintering gonads were therefore
of appreciable thickness, in contrast to those of
other populations, and their past and/or future sex
could usually be identified histologically. In such a
condition, sex-change could be seen to have oc-
curred in a high percentage of previously-male
gonads. Thus, although there appears to be in any
given year no appreciable geographical difference
in time of onset of gametic proliferation, in NE
England it begins from an already-present germinal
epithelium which elsewhere has first to be
produced. This might explain the apparently-faster
rate of gamete development in NE populations,
though it is not easy to compare development rates
accurately, because of local and annual differences
in energy budgets and partitioning (Workman,
1983; Wright & Hartnoll, 1981).
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Spawning & redevelopment

Spawning in P vulgata had previously been
linked to rough seas (Orton et al., 1956), but though
this was undoubtedly true in many years at Robin
Hood’s Bay (Bowman & Lewis, 1977) it was not to-
tally convincing, nor did suggested differences in
‘ripeness’ of gonads/gametes satisfactorally explain
the observed spawning differences. There was also
no explanation for annual (and regional) differ-
ences in the frequency and amount of redevelop-
ment after an initial major release. Yet in some
years a very broad pattern of breeding and spawn-
ing time existed: thus in 1977 and 1978 spawning
began earlier than usual throughout Scotland and
NE England, and these breeding periods were un-
usually prolonged, with considerable redevelop-
ment, especially at Robin Hood’s Bay. By contrast,
in 1973 and 1974, spawning in all Scottish regions
began relatively late and little or no redevelopment
followed (Bowman, 1985). The scale of such events
suggested that again a climatic factor might be in-
volved.

Comparison of the regions’ potential spawning
periods (Fig. 3) with the mean sea temperatures in
each area (Fig. 4) shows a rough coincidence with
the time from the annual peak of monthly mean
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Fig. 4. Inshore sea temperatures around the British Isles. Mean
monthly temperatures at the stations shown in Fig. 1, for the
period 1966—75 (Meteorological Office data).
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temperature to when it drops below about 10°C.
Since on exposed coasts, even in S. England, the
peak sea temperature rarely exceeds 16°C, the
spawning period therefore coincides with the pro-
posed temperature ‘window’ optimal for spat set-
tlement and survival. It also appears that the main
spawning time for each region occurs during the
period when mean sea temperature drops below
12°C.

Spawning of molluscs in response to a rise in sea
temperature occurs in the limpets Nacella concinna
Strebel (Picken, 1980; Picken & Allen, 1983) and
Acmaea spp. (Fritchman, 1962a, 1962b), and sever-
al bivalves (Nelson, 1928; Ansell & Lander, 1967;
Lammens, 1967). Spawning in response to a drop in
temperature past a critical level is rarer, but found
in the Bay scallop (Barber & Blake, 1983) and possi-
bly in the South African Patella oculus (Branch,
1974). At Robin Hood’s Bay the sea temperatures
could originally be taken only at low tide in shallow
water in the bay, where considerable inshore warm-
ing was known to occur. Though storms usually
produced a drop in sea temperature, no correlation
between this and spawning could be demonstrated.
When, however, the nearest available daily inshore
sea temperature records (for Humber, about
100 kms south and 0.7 km. offshore) were com-
pared with the Robin Hood’s Bay breeding cycles
from 1967 to 1980, two connections became obvi-
ous (Table 2): a) The season’s first spawning was

Table 2. P. vulgata: Relations between Humber sea tempera-
tures (Meteorological Office data), spawning and re-ripening at
Robin Hood’s Bay, N. Yorks.

Sea temp. Spawning Sea temp. Gonads
fell <12°C  first then rose re-ripened
on: found on: above 12°C
67 18 Oct 10 Nov No No
68 12 Oct 14 Oct Yes Yes
69 29 Sept 29 Sept Yes Yes
70 9 Oct 13 Oct No No
71 27 Sept 6 Oct Yes Yes
72 21 Oct 23 Oct No No
73 26 Sept 27 Sept Yes Yes
74 30 Sept 1 Oct No No
75 29 Sept 2 Oct Yes Yes
76 9 Sept 10 Sept No No
77 18 Sept 21 Sept Yes Yes
78 19 Sept 21 Sept Yes Yes
79 21 Sept 1 Oct No No
80 16 Sept 17 Sept Yes Yes

recorded by the first gonad sample taken after the
Humber sea temperature first fell below 12°C.
With rare exceptions, spawning had been pinpoint-
ed even to the day of occurrence because gonad
samples were always taken at the first opportunity
after a rough sea, to check for release, and 90% of
the spawning drops in temperature accompanied
the heavy swell set up by north-westerly gales (ei-
ther locally or further north). b) After an initial
spawning, gonads redeveloped only in years when
the sea temperature rose above 12°C after the
spawning drop: later spawning(s) occurred when
the temperature next fell to <12°C. Altogether 20
out of 24 recorded spawnings followed drops to
<12°C, 3 of the remainder being end-of-season
spawnings during storms when the sea temperature
was already <12°C.

Since 1981, temperature recorders installed at
MTL on the shore at Robin Hood’s Bay have
shown ‘actual’ sea temperature, (ie. that ex-
perienced by the mid-littoral for 85% of the high-
water period) to be up to 6°C colder (in sum-
mer/autumn) than that taken by hand at the sea’s
edge. The connection between storms, changes in
sea temperature and spawning has therefore been
compared directly, as shown in Fig. 5. The figure
shows no consistent connection between spawning
and temperature drops per se: the first spawning
occurs only when the sea temperature first drops to
<12°C. This is shown particularly well in Sept.
1984. The August 1982 release was the earliest yet
recorded, but small because few gonads had ripe
gametes so early in the season. These gonads con-
tinued to develop during September, with no fur-
ther release, despite a few storms, until the next
time the temperature fell below 12°C. It did not
rise significantly above 12°C that season, and
redevelopment was minimal, the Gonad Index fall-
ing during storms in early October, then at the final
release in mid-November. In 1984, after the first
(major) release, most of the populations’ gonads
redeveloped when the sea temperature rose again
above 12°C. The next release followed a subse-
quent drop to <12 °C, after which the temperature
stayed below 12°C and there was no further
redevelopment, only a limited amount of reripen-
ing in some males, before the final spawning after
a mid-November storm. Similar relationships were
found in 1981 and 1983 (Bowman, 1985), so that
during 1981-1984 11 out of 14 spawnings were
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Fig. 5. P. vulgata: Correlation between sea temperature and spawning at Robin Hood’s Bay, N. Yorks. Graphs show the daily minimum
sea temperature; vertical bars = percentage of spawned limpets in the sample (bumps on the baseline indicate a sample with no spawned
limpets) — when this percentage decreases between samples, redevelopment has occurred. Symbols below the baseline indicate occur-

rence of seiches (star), and duration of storms and heavy swells.

recorded immediately after a drop to <12°C at
Robin Hood’s Bay, the remainder being late-season
releases when sea temperature was already <12°C
and were recorded after storms.

The connection between sea state and tempera-
ture was also clarified. Thus, in August, considera-
ble warming of inshore water could occur during
spells of calm sunny (anticyclonic) weather, only to
cool as quickly when the calm spells ended, as in
August 1984. Similarly, marked drops in sea tem-
perature could occur in late autumn during calm
cold anticyclonic spells, often with night frosts, as
in late October in 1982 and 1984. These falls in tem-
perature did not result in spawning. Temperature
drops causing spawning were almost always as-
sociated with heavy swells, set up by NW gales ei-
ther locally or in more northerly waters (N/NW
storms off northern Scotland usually produced at
Robin Hood’s Bay, three days later, a tidal elevation
of 0.2—1 m. and a heavy swell even without an ac-

companying wind, as in mid-August 1982). Such
swells presumably brought inshore a body of colder
bottom or offshore water, whereas the rough seas
produced by local easterly gales presumably result-
ed in mixing of inshore water which did not always
result in a drop in temperature, particularly on the
open coast, hence presumably the mismatches with
early spawnings.

A comparison of spawning on adjacent exposed
and embayed shores suggests that spawning is not
induced by a change in some character of the water
mass other than temperature. In September 1983
the season’s first release occurred simultaneously at
exposed shores along 200 km. of the NE coast,
when the sea temperature fell to <12°C for the
first time that year. However, in embayed positions,
with sea temperatures 4—6 °C above ‘true’ sea tem-
perature, the fall left bay temperatures still >12°C
and spawning did not occur: similar phenomena
had previously been recorded in Scotland. A simi-



50

lar event in October 1985 followed a swell which in-
troduced a body of visibly ‘different’ (less turbid)
water into the bays under observation. The marked
separation of warm embayed water from cold deep
water on either side of Filey Brigg (N. Yorks.) has
regularly resulted in asynchronous spawning, the
time-lag between first releases on its exposed and
sheltered sides has been 48 days (1981), 25 days
(1983), ca. 36 days (1984) and 12 days (1985).
Recent data from NW Scotland not only provide
further examples of local exposure/shelter spawn-
ing differences, and confirm that 12°C appears to
be critical there, but also indicate the widespread
effect of a major NW storm. Thus, in September
1983, >80% spawning was found in both NW
Scotland and NE England immediately after the
same storm, while in early September 1984 a storm
causing heavy spawning in N and NW Scotland
also caused a temperature drop in NE England
(though not to <12°C on this occasion — Fig. 5).
In August 1982, a severe northerly storm in the N.
Atlantic not only set up the seiche which produced

a large temperature drop and triggered spawning in
NE England (Fig. 5, starred) but also caused tem-
perature falls of similar magnitude in northern
Scotland and Portugal.

Whether or not 12°C is critical in the SW re-
mains undecided, because of recorder breakdowns
and collection difficulties, but it is suspected that a
slightly higher temperature might be involved.

Patella aspera

Recruitment variation and breeding

Unlike P vulgata which occurs throughout the
littoral zone on exposed and sheltered shores in the
British Isles, P aspera has a much more limited dis-
tribution, being restricted to exposed shores and
confined to permanently-wet rock and coralline
pools in the mid- and low-littoral. In SW. Britain
and Ireland the main population and primary set-
tlement areas occur below MLWN, but towards the
north of Britain (and therefore in most of our study
areas) the greatest numbers and most regular

Fig. 6. P aspera: Annual breeding cycles and recruitment at Robin Hood’s Bay, N. Yorks. A: Gonad Index. B: Recruitment — peak
number per square metre recorded of each year class. Data from size-frequency analyses, 1967—69, and as the mean of the two main
observation pools, 1970—84. Shading indicates percentage deviation of recruitment from the long-term mean: stippled = —25 to

—100%; striped = +20%; hatched = >100%.



recruitment are found in mid-littoral pools. Most
recruitment data described here were obtained from
such pools, though breeding and recruitment in a
variety of habitats was studied wherever possible,
and their differences are still being elucidated.
Whereas vulgata was regarded as a winter breed-
er (Orton et al,, 1956), aspera was reputedly a sum-
mer breeder, and, as it approaches its northern ge-
ographical limit (S. Norway) in northern Britain,
local populations in N. Yorkshire were confidently
expected to show frequent recruitment failure, pos-
sibly as a result of incomplete gonad development.
From 1967 to 1972 this expectation seemed to be
confirmed, as there were considerable annual

A. Robin Hood's Bay
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differences in peak Gonad Index — much greater
than in vulgata — which showed a marked similari-
ty to the size of the subsequent recruitment (Fig. 6).

The size-frequency histograms of the local (NE)
population for these years (Fig. 7A) show clearly
the prolonged effect of the ‘missing’ 1968 year-
class, exacerbated by a poor 1967 crop, on the
population structure. Samples collected from
around the British Isles in April/May 1971
(Fig. 7B) showed a similar scarcity of mid-sized
animals in most northern and western populations,
but those in the south (exemplified by SW Eire in
Fig. 7B) had no such missing year-class(es), their
size-frequency structure being typical of popula-
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Fig. 7. P aspera: Recruitment variation as shown by population size-frequency distributions. A: At Robin Hood’s Bay, N. Yorks.,
1968 —73. B: Regional populations in spring 1971. Sample size = ca. 400; arrows indicate position of the 1968 year-class. Samples from
N. Ireland and Eire kindly collected by Dr. R. Seed and Dr. G. B. Thompson.
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tions with regularly-high recruitment, fast growth
and short life (cf. low-littoral vulgata populations:
Lewis & Bowman, 1975). Such a widespread
recruitment failure around the north, and its coin-
cidence with poor gonad development in NE. En-
gland in a summer now on record as the coldest in
the last 23 years (deviations from monthly mean air
temperatures, Whitby, 1968: May —2.7°C; June
—0.8°C; July —2.5°C; August —1.3°C) convinc-
ingly substantiated the original prediction.

Though there is probably an element of truth in
this explanation of the 1968 recruitment failures,
after 1972 the correlation between gonad develop-
ment and recruitment success broke down, demon-
strating (if nothing else!) the need for long-term
data in such studies. Fig. 6 shows that there was
nothing exceptional about the G.I.s preceding the
very good recruitments of 1973 and 1980, or the
poor inputs of 1974 and 1981. Though in 1977 (the
next-coldest summer after 1968) a low G.1. preced-
ed poor recruitment, the small gonad size here
resulted from early spawning of incompletely-ripe
gonads, followed by continued development and re-
lease of the rest of the gametes, as described earlier
for vulgata. In fact it became clear that in aspera
such multiple spawnings are very common, espe-
cially in pool-dwelling populations, which tend to
be the first to spawn.

When spat first appeared on the shore in early
autumn, good recruitment usually followed: in
poor recruitment years spat were not found in the
observation pools until the following spring, and
were often stunted and atypically coloured (Bow-
man, 1981), continuing to grow unusually slowly
and often dying in their second or third year. After
the initial regional pattern shown in Fig. 7B, it
proved difficult to distinguish any consistent
regional similarities. Though the 1973 recruitment
was of record proportions in NE. England, N. and
NW. Scotland, it failed in W. Scotland; the 1980
recruitment, again very good in NE. England,
failed in all other observed regions except S. Devon,
Brittany and Portugal. There was a tendency to-
wards similar recruitment throughout the Scottish
regions, and (from the limited data available) also
throughout S. Britain, Europe and possibly Eire,
though the picture was occasionally confused by
contrasting recruitment success at different shore
levels/habitats. As aspera is regarded as a ‘south-
ern’ species it was expected that hot summers might

boost its breeding and recruitment in the north, but
in the exceptionally-hot summers of 1975 and 1976
this did not occur: in the NE., although spawning
began early (July/August), poor recruitment result-
ed, which negated a simple ‘early = good, late =
poor’ spawning/recruitment relationship. The
Scottish data also seemed anomolous, in that poor
recruitment tended to follow hot, sunny summers
whereas good recruitment followed dull summers.

Geographical variation of breeding cycles

Compared to aspera in NE. England, the size of
juveniles in their first spring, and their later emer-
gence onto ‘open’ rock or in the observation pools,
in Scotland and southern Britain (Bowman, 1981)
suggested that they settled later and/or grew more
slowly over-winter, and this was found to apply to
Irish and Breton populations also. Figure 8 shows
that aspera does breed earlier in NE. England than
in the other regions; it also has the shortest poten-
tial spawning period. Thus in NE. England > 80%
of gametes have been discharged by the end of Sep-
tember in most years, whereas in Scotland and SW.
England the gonads usually contain abundant ga-
metes until the end of October and November
respectively. Since multiple spawnings regularly oc-
cur during the breeding season in these other
regions, redevelopment must here be able to recur
later in the year than is possible in the NE. No-
where else has a gonad development as poor as that
of 1968 in NE. England been recorded: on the con-
trary, the Gonad Index in other regions, including
N. Scotland, regularly peak at a value of >4.0, de-
spite multiple releases. The spawning pattern is
therefore not a simple north/south one as in vuiga-
ta, as the NE. English population is behaving as
though it was further ‘north’ than the Scottish
ones.

The other major difference in the regional breed-
ing cycles of aspera compared to vulgata is that in
any given year there is a marked difference in time
of onset of gametic proliferation, starting (in Brit-
ain) earliest in SW. England and getting progres-
sively later clockwise towards NE. England. Time
of onset also varies annually, within each region
(see Fig. 6 for NE. England), proliferation seeming
to begin later in years with below-average spring sea
temperatures. The possibility of a temperature link
with gonad development fits the pattern of regional
spring sea temperatures (see Fig.4), which are
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markedly colder in NE. England than in N. Scot-
land from autumn to spring. The later maturation
of gonads in N. Scotland compared with NE. En-
gland could reflect the lower summer temperatures.
Despite their later start, gonads apparently mature
faster in Scotland and NE. England than in the
south, because the germinal epithelium for the next
season’s gametes is produced towards the end of the
current season, as it is in local (NE.) vulgata. As in
vulgata this ‘pre-development’ enables the gonads
to be sexed histologically during the ‘resting peri-
od’, and sex-change can be seen occurring in a high
proportion of males — a situation previously only
inferred (Thompson, 1979).

Because of the relative inaccessibility of the local
(NE) aspera populations during neap tides and
rough weather, it has proved difficult to pinpoint
spawning as accurately as with vulgata. Early evi-
dence again suggested storms as a possible trigger
(cf. Thompson, 1979), and in recent years the
aspera have certainly spawned during the same
swells as caused first release in vulgata. In 1983 first
release in aspera preceded that of vulgata, occur-
ring between 10th and 13th August when a moder-

ate NW wind and heavy swell arose during a very
calm period; the sea temperature fell but remained
above 12°C and vulgata did not spawn. However,
in August 1982, the large temperature drop which
triggered vulgata spawning was not accompanied
by swells or gales (see Fig. 5) and aspera did not
spawn. Recent evidence from the sea-temperature
recorder suggests that spawning requires a protract-
ed (>18 hours?) period of exposure to surf plus
continuous (lowered) sea temperature, resulting
from swells breaking across the mid-littoral during
nominal low-water, but the data are still too few to
be conclusive.

Determination of the effect of temperature and
settling time on aspera spat, using settlement
plates, has been hindered by a succession of poor
recruitments, so experimental laboratory studies
are still lacking. However, studies in progress in
NE. England, in littoral pools with known differ-
ences in temperature regimes during low water, are
indicating that the rules governing vulgata spat es-
tablishment also apply to aspera spat, but that
aspera spat are less tolerant of temperature varia-
tion, and more susceptible to storm damage, than
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vulgata spat. They grow more slowly than vulgata
spat at any given temperature, growth being op-
timal between ca. 12—16°C and effectively ceasing
at <10°C. Low temperatures produce severe shell
deformities in aspera spat even as large as 2 mm.
diameter, so spat in regions with lowest winter sea
temperatures must reach a larger pre-winter size to
maximise their chances of over-winter survival, sea
rather than air temperature being important in this
respect as the main aspera habitats are rarely unco-
vered over the winter. Larger pre-winter size is
achieved in NE. England when spawning/settle-
ment occurs early in the breeding season when the
sea temperature is >12 °C and still rising, and/or in
habitats such as pools where temperature, and
therefore spat growth, are boosted by insolation,
though over-heating can adversely affect growth
and survival, as found for vulgata spat. Although
this evidence is not yet complete, it seems to explain
the observed settlement/survival and recruitment
variations, and strongly suggests that, once again,
geographical differences in breeding times might
mirror the time of year when the temperature range
optimal for growth is likely to occur.

P. depressa

Recruitment variation

In Britain, good depressa populations are con-
fined to SW. England, so this species could be stud-
ied only briefly, between 1976 and 1983. Significant
recruitments were recorded only on the North
Devon shores studied: as shown in Table 3, recruit-
ment varied similarly in the two habitat types

Table 3. P. depressa, N. Devon: Mean Peak Annual Recruit-
ment at observation sites. Recruitment expressed as mean num-
bers per sq. m. for high/mid-littoral pool sites and mid/low lit-
toral rock sites. Brackets indicate counts taken well before or
after expected time of peak recruitment.

Pools Rock Rank

1976 (15) (24) 2
1977 8.0 11.3 4
1978 3.2 4.0 5
1979 170.0 47.0 1
1980 8.6 13.0 3
1981 0 3.0 7
1982 0 3.0 7
1983 ) 4) 6
Mean 25.6 15.0

monitored, though the range of variation differed.
1979 was clearly an outstandingly-good recruit-
ment year, and (significantly?) also a year when
large numbers of very young spat appeared on the
shore in late autumn. It is difficult to assess the
relative success of the earlier years’ recruitment, as
primary-settlement observation sites were not es-
tablished till 1979, when the numbers given were
recorded; however, earlier counts and clearances at
a variety of habitats and levels suggest that proba-
bly only 1976 can be regarded as ‘good’. The
1981-1983 recruitments were clearly ‘failures’. In
June 1982, poor 1980 and worse 1981 depressa
recruitments were found on various shores in Brit-
tany, which agreed with the Devon pattern. The
1979 crop in Brittany was also sparsely represented;
this might not disagree with the Devon pattern as
the very good 1979 recruitment which peaked in
Devon in March 1980 had virtually disappeared
from the sites by October 1980. This disappearance,
almost certainly mortality induced by over-heating,
highlights both the need for regular, and well-
timed, sampling, and the dangers of assessment
based on data taken too long after settlement.

Breeding cycles

Our gonad data are intermittent, but agree with
Orton & Southward (1961) and Hatch (1977) that
depressa in Britain can breed from May/June to
October/November, with multiple spawnings and
redevelopment similar to those found in aspera and
vulgata but sometimes so extensive that they resem-
ble separate breeding seasons. Thus in 1978 (and
probably similarly in 1980) a large spawning in
June/July, dropping the G.I. to 2.9, was followed
by marked redevelopment and a later spawning in
October/November, whereas in 1979 spawning in
early July was apparently not followed by
redevelopment. No spat were recorded on the sites
from the June 1978 spawning, but that in July 1979
was presumably responsible for the abundant spat
found that autumn. In the absence of any data
from settlement/survival/growth studies using set-
tlement plates, the fate of spat from these spawn-
ings remains speculative. Better information on
spawning times, over a wider geographical range
than is available in the British Isles, is needed be-
fore any conclusions can be reached for this spe-
cies, and in this context the Portuguese studies (op.
cit.) provide a valuable contribution.



Discussion

The breeding cycles of P. vulgata and P. aspera
show shifts in spawning time, relatively earlier to-
wards regions of cold winter-sea temperatures, later
towards regions of high summer temperatures.
Considering that the temperature tolerance range
of the adults of both species is <0°C to ca. 42°C
(Evans, 1948), the spat of both species apparently
have a remarkably low tolerance of temperature
variation and a narrow temperature range for op-
timal growth. Since survival depends on fast initial
growth during the vulnerable phase immediately
after settlement, it seems unlikely to be a coinci-
dence that regional spawning periods bracket the
time of year when the optimal temperature is most
likely to be experienced. In the ‘north’ (not neces-
sarily geographic north), earlier spawning lessens
the debilitating effects of severe or prolonged win-
ter cold and rough weather; in the ‘south’ delayed
spawning avoids the equally-disastrous effects of
high shore (and sea?) temperatures: particularly for
pool-settling spat overheating from strong insola-
tion is the problem, not desiccation. Yet even in
‘northern’ populations there is evidence that early
settlements can fail because of experiencing too-
high temperatures, and late settlements in the
‘south’ could certainly fail in stormy or unusually-
cold winters. Because of this, and because of annu-
al climatic differences, an extended breeding period
with several releases might increase the chance of
some settlement success, particularly towards the
limits of a species’ range. Since, in the ‘north’, early
settlements have a disproportionately better chance
of survival, the breeding cycles here have apparent-
ly adapted to produce gametes as fast as possible,
by starting next season’s gametogenesis before the
end of the current season.

Spawning of P. vulgata in response to a sea-
temperature drop to below the critical 12 °C, what-
ever the physiological mechanism involved, tends to
synchronise local spawning and ensures that the
young limpets experience optimal sea temperatures
at least while in the plankton. In NE. England, es-
pecially during warm summers, such a temperature
drop is usually produced only by the strong NW
gales which follow in the wake of a deep depression
passing over the British Isles. Such storms, which
also appear to have been responsible for some
aspera releases, tend to affect a wide area, and are
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likely therefore to cause widespread spawning,
probably explaining supra-regional patterns of
recruitment success, particularly in the north. It is
uncertain whether a higher critical temperature is
involved in the extreme south of vulgata’s continen-
tal range, where the winter sea temperature rarely
drops below 12°C. Conversely, it is not clear what
triggers spawning in the extreme north if the sum-
mer sea temperature does not exceed 12 °C, though
very recent data suggest that in such a situation
spawning (and rates of gonad development) are un-
usually asynchronous in different habitats across
the shore (for vulgata and aspera).

The asynchrony of spawning found at adjacent
exposed and sheltered shores (in vulgata) or at
different shore levels (in aspera) also increases the
spread of the potential settlement period, which
may be advantageous in years (or localities) when
conditions curtail the period of gonad development
in some habitats. Though the evidence indicates
that vulgata populations tend to spawn first, and
early settlements survive better, on exposed shores,
it is uncertain whether early or late settlements are
more likely to contribute most to sheltered-shore
recruitment, where the spat will encounter less wave
action but more extreme temperature variation (in
summer and winter). Conceivably, the low vulgata
recruitment/density on sheltered shores, and the
absence of aspera even if littoral coralline pools are
present, indicates that conditions in shelter are
much less favourable for settlement or survival of
spat of either species.

As the shore is not a uniform environment, the
time when conditions favour spat survival must
vary with habitat as well as seasonally. For example,
a temperature ‘window’ requiring moderately-warm
sea and equable shore temperatures would be more
likely to occur in the lower-littoral and in shaded
mid-littoral pools in summer; in autumn, if sea
temperatures were only marginally warm enough,
spat might be able to grow fast enough to survive
only in pools whose temperatures were boosted
during low-water by solar heating. The littoral dis-
tribution of a species over its geographical range
would therefore be set by the tolerance range of its
spat and the ability of its adults to migrate from the
main recruitment areas. This would explain why
limpets in the south become progressively restricted
to the low-littoral of exposed shores (eg. vulgata in
Portugal, aspera in the Mediterranean), but in the
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north occupy progressively higher shore levels (eg.
aspera in NE. England and northern Scotland).
Geographical limits of a species’ range would then
be reached when a temperature ‘window’ was not
available somewhere on the shore with sufficient
frequency for recruitment to maintain a popula-
tion. As limpets seem to have a remarkable ability
to adjust their breeding period to cope with the sea-
sonal vagaries of a littoral environment, the onus
for setting their geographical limits is thus shifted
from breeding failure to spat survival.
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Abstract

Three species of the genus Patella were studied on the Portuguese coast as a specific contribution to the
COST 647 programme. With little prior information existing, this paper presents new basic data on the ge-
ographical distribution, relative abundance, habitats, size-structure of populations, and reproductive cycles
of P. depressa Pennant, 1777, P. aspera Roding, 1798, and P, vulgata L. 1758. Comparisons with N.W. Europe
provide evidence of distinct latitudinal trends in the population dynamics and reproductive biology of these

species.

Introduction

Limpets play a fundamental ecological role in
controlling the quantity of algae on the shore. As
grazers, they destroy large quantities of algae,
mainly at the early sporeling stages (Lewis, 1964).
They are widely distributed around the coasts of
western Europe and the British Isles, variously in-
habiting moderately-sheltered to fully-exposed
shores, making them ideal candidates for inclusion
in the rocky-littoral studies of the COST 647
programme.

In Portugal, limpets are abundant over all the in-
tertidal rocky shore. Together with mussels and
trochids, they form part of the staple diet of the
poorer populace, especially in the north. Apart
from Nobre’s work on Molluscs (1931, 1938 —40),
there were no general studies on limpets in Portu-
gal, and no information on population dynamics.
In 1981, the Instituto Nacional de Investiga¢do das
Pescas started to collaborate with COST 647 by
studying the three limpet species already under in-
vestigation by the rocky-shore group in England,
i.e. Patella depressa Pennant, 1777, P. aspera Rod-
ing, 1798, and P vulgata L. This paper presents
some aspects of the ecology of these species.

Geographical distribution and habitat

The distribution of the three species on the Por-
tuguese coast is shown in Fig. 1.

P, depressa

This species extends from N. Africa to SW. En-
gland and Wales (Fretter & Graham, 1976). In Por-
tugal it replaces P vulgata as the dominant intertid-
al limpet on exposed and sheltered shores,
occurring at all shore levels, on horizontal and ver-
tical surfaces, and in pools lined with Lithophyllum
incrustans (where it usually co-exists with P
aspera).

In the upper shore the shells are usually steeply-
conical, and very thick, whereas at lower levels they
are polygonal, very flattened, and thin. Shell length
also varies according to shore level, thus at high lev-
els, particularly those with dense Chthamalus cov-
er, the maximum length is 25 mm, but at low levels
it reaches 30—35 mm. On very exposed shores the
shells of limpets on verticals are frequently almost
completely eroded.

Juveniles are found mainly at low levels and al-
ways in damp situations e.g. in small pools or
cracks, around the edges of mussel patches, on
Mytilus or on wet, bare rock.
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Fig. 1. Distribution of Patella depressa, P. aspera and P. vulgata
on the portuguese coast. ® Sampling sites: 1 — Moledo do
Minho; 2 — Cabo Raso; 3 — Praia da Luz.

Patella aspera

This is also a southern species, extending from
the Mediterranean to SW. Norway (Lewis et al,
1982). It is also abundant in Portugal, but seems to
be less resistant to desiccation than depressa, oc-
curring only in the middle and lower shore and al-
most always co-existing with depressa. It is found
particularly on rocks exposed to strong wave-
action, among mussels and the algae Corallina, En-
teromorpha and Lithophyllum spp., and in the
mid-shore it is mainly restricted to coralline pools
containing small patches of mussels.

Shells are usually oval in shape and often much
larger than in depressa. The largest specimens
(45—49 mm) were found in the lower shore where
their shells were almost always covered by dense al-
gal growth, making them unrecognisable to all but
the expert eye.

Juveniles are always found around the edges of
mussel patches, or in very small water-filled pits in
the Lithophyllum covering permanently-wet rock.

Patella vulgata

This is a northern species, extending from N.
Norway just into the Mediterranean (Fretter & Gra-
ham, 1976). It is thus close to its southern limit on
the Portuguese coast, where it is abundant only in

the north. Progressing southwards, it becomes in-
creasingly rare until only a few specimens can be
found among the other species (mainly depressa).
It inhabits mainly low shore levels, always in the
shade, on damp platforms or in pools with aspera
and depressa. In the mid-shore it is found mainly on
vertical walls, in the shade.

The largest specimens are found at low levels, at
up to 40 mm in length, the shells being circular to
oval and a little flattened, whereas in the mid-shore
they are mostly conical.

Juveniles were always found only at low shore
levels, in damp sites, e.g. on bare rock having wet
pits or cracks where they are able to avoid desiccation
during tidal emersion, or among mussels, which also
provide shelter from desiccation (Lewis & Bowman,
1975).

Material and methods

Limpets were collected from the north, centre
and south of the Portuguese coast (Fig. 1), always
from low shore levels, between March 1981 and
March 1984. Samples were usually of a minimum
of 50 animals per month, per species. After sam-
pling, shell length was measured to the nearest mm,
and the gonad state was macroscopically
categorised in order to determine the mean gonad
condition by the method described by Orton ef al.,
(1956). Areas of 1 m? were also established in the
same localities, where monthly in situ size-
frequency analyses were taken for determination of
recruitment times and longevity.

Gonad cycles

Patella depressa

Figure 2 shows the gonad cycles of P. depressa in
the three regions. It is clear that the reproductive
pattern differs from north to south. In the north
and centre, breeding is very asynchronous, so that
during the three years of the study neuter, develop-
ing, spawning and spent gonads were found in al-
most every monthly sample. Such asynchrony sug-
gests that frequent spawnings during the breeding
season were followed by bursts of gonad re-
ripening or redevelopment, as described for P vul-
gata in Britain (Bowman & Lewis, 1977; Bowman,
1985).
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Fig. 2. Gonad index (—) and percentage of gonads in the
spawning condition (e e e) of Patella depressa.

In the north, the appearance of neuter gonads in
midsummer and midwinter suggests that develop-
ment (and/or redevelopment) briefly ceases during

these times in some animals, so that the breeding

period appears bimodal.

Rapid spring development is followed by spawn-
ing(s) and a brief resting period (June—July) in
some animals, followed by a fresh burst of autumn
development and spawning, and a somewhat
smaller February—March resting period, in fewer
animals. This bimodal pattern somewhat resembles
that described for P depressa in Britain (Hatch,
1977; Bowman, pers. comm.), where a major spring
spawning can, in some years, be followed by con-
siderable redevelopment to a second peak gonad
size and spawning, though in Britain the main (very
short) resting period occurs over the winter.

In southern Portugal, the summer resting period
is much more distinct, and involves most of the
population (though this varies annually). Rapid de-
velopment in late summer is followed by a long
over-winter period when the gonads remain fat and
ripe, in spite of occasional small releases, presuma-
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bly because redevelopment is virtually continuous
but hard to distinguish in very ripe gonads.

In the central region the breeding situation is
confusing, because either the gonads retain large
numbers of unspawned gametes over the presumed
resting periods, or small releases and redevelop-
ment occur virtually continuously throughout the
year.

Patella aspera

Figure 3 shows the gonad cycles of P. aspera for
the three regions. Development began in late sum-
mer, with the main spawning between October and
December in the north and centre, Decem-
ber/January in the south. A considerable amount
of redevelopment after spawning, particularly in
the south, meant that the gonads remained ripe un-
til early spring, when further spawning preceded a
brief ‘resting’ period when the maximum number
of neuter gonads were found, although not all
animals passed into a resting phase.

Patella vulgata
Data on the reproductive cycle of this species

n NORTH

. cenTER %

T T R T T e TR R R R

1981 1982 1904 1904

Fig. 3. Gonad index (—) and percentage of spawning gonads
(o o @) of Patella aspera.
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males and females in relation to shell length (mm).

come exclusively from the north, since it was im-
possible elsewhere to find a shore with enough vul-
gata to guarantee a sample of 50 limpets a month.
Figure 4a shows the gonad cycles at Moledo do
Minho. This species has the shortest reproductive
cycle, development starting in July/August. Spawn-
ing begins in September/October, though, because
of continued gonad ripening or redevelopment, the
main spawning does not occur until Novem-
ber/January. By May, all the gonads are in the neu-
ter resting condition and remain so until the onset
of the next breeding season.

Size frequencies

P, depressa

Most observations derive from the central re-
gion, from a marked l-metre square in the low-
littoral, on ‘bare’ rock with a great number of
crevices and a small patch of mussels. Juveniles
(<5 mm) were observed every month (Fig. 5),
which can be explained in terms of continuous
spawning, but it is difficult to estimate when they
settled, as they were not detected until they emerged
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from their settlement crevices at a size of 2—3 mm,
aged probably 2—3 months (cf. problems with de-
tecting P vulgata settlement — Lewis & Bowman,
1975). Peak numbers of juveniles were found from
January to March, then a scarcity of very small lim-
pets was followed by further emergence from July
to September. From the fast growth rates of limpets
in the low-shore it seems likely that the Janu-
ary/March peak resulted from an Oc-
tober/November spawning/settlement, and the
summer emergence from possibly a June spawning.

In the south, a few observations were made on a
similar low-littoral site, and juvenile numbers
peaked in November to January, again possibly
from an autumn release.

In the north, the only habitat available was at a
high level and Chthamalus dominated. Juveniles
were scarce, and maximum numbers were found in
January and April. On such dry HL sites juveniles
often do not emerge until 6 months or more after
settlement (Lewis & Bowman, 1975), so it is diffi-
cult to assign these depressa to one or other of the
observed spawning times. Probably both peaks re-
sult from the emergence of settlements from vari-
ous releases during the autumn spawning period.

Settlement of P. depressa throughout Portugal is
therefore probably most successful during autumn
and winter, with early-summer settlement succeed-
ing only at low shore-levels where spat will be large-
ly protected from the adverse effects of high tem-
peratures during low-water.

Analysis of the size-frequency data suggests
these limpets have a life-span of no longer than
three years.

Patella aspera

Size-frequency data were obtained from the
south coast (Fig. 6). The site was a marked 1-metre
square in a large mid-littoral pool, lined with
Lithophyllum incrustans and containing some
patches of mussels and Enteromorpha. Such a pool
must experience high temperatures during low-
water in summer, which could adversely affect the
growth, survival and rate of emergence of the spat
(Bowman, pers. comm., and cf. P vulgata).

Newly-emerged juveniles at 2—3 mm first ap-
pear during March/April to June, then, after a lull
during the summer, numbers build up (probably
through emergence of further limpets from the
mussel patches) to a peak in October/November.
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Fig. 6. Size-frequency of Patella aspera in the south of the
country, from March 1983 to March 1984 (number of individu-
als in relation to shell length (mm)).

These two emergence periods in 1983 probably
resulted from settlements from different spawnings
during the breeding season, i.e. the juveniles emerg-
ing in April derived from the January/February re-
lease (see Fig. 3), and later settlements from end-
of-season spawnings, while those appearing in
February/March 1984 possibly settled in October
1983. It is clear from the March numbers of 1-year-
olds in 1983 and 1984 that the former recruitment
was very much larger than the latter.

The size-frequency data suggest that these Por-
tuguese P. aspera rarely live for more than four
years.

Patella vulgata

Size-frequency data were obtained in the north
from a marked 1-metre square in the lower shore.
The site was shaded and permanently damp, with
a relatively dense cover of mussels, features which
have been found to favour settlement and survival
of spat (Lewis & Bowman, op. cit.). Juveniles start-
ed to appear in late October (Fig. 7), but the large
numbers which emerged in March suggest that set-
tlement(s) derived from the later part of the spawn-
ing period are most successful.
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Again, the data suggest a life-span of only three
or four years. It should be noted that these pro-
posed longevities of the three species, obtained
from interpretation of the size-frequency data of
the observation-site populations, need to be fol-
lowed up by in situ studies of growth and survival
of marked animals, to take into account those
animals which migrate off the observation sites
into areas of lower settlement/greater food availa-
bility, etc.

Sex ratio

All the limpets collected in all regions to deter-
mine the breeding state of the populations were
also measured, and the size-frequency of these
sexed animals suggested the following conclusions
on maturation times and the incidence of sex-
change in the three species.

P, depressa

Males were more numerous than females, com-
prising 57% of the total sexable limpets (Fig. 8),
and the difference in numbers of males and females

at all sizes and in all regions is highly significant
(p<0.001). Individuals of both sexes were found
over the same size range, ie. 12/13 mm to
38/40 mm shell length in the three regions, with the
bulk of the breeding population at between
24—30 mm. There was no appreciable change in
the proportions of the sexes with increasing size
(and age?).

These data suggest that most P depressa mature
in their second year, and that sex is probably fixed
from the outset in at least some individuals, which
agrees with the observations of Orton & Southward
(1961) on depressa in SW. England. However, in
view of the small size (6—10 mm) at which the Brit-
ish depressa matured, and their fast growth and ex-
tended settlement period in Portugal, it is not im-
possible that here they might mature before the end
of their first year on the shore. To check this it
would be necessary to examine animals of all sizes
and known age throughout the annual cycle.

P, aspera
In this species, males again outnumbered females
significantly, comprising 58% of the sexable popu-
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lation (Fig. 9). However, males were found at sizes
from 9—-48 mm, females from 13—49 mm, and the
proportion of males to females tended to decrease
with increasing size/age. This suggests that aspera
mature in their second year as males, and that sex-
change does occur in a proportion of animals in
subsequent years. This agrees with the findings of
Thompson (1979) for aspera in SW. Ireland,
though he found only 7% of animals matured in
their second year. He also found that smaller mem-
bers of an age group matured later in the breeding
season than their larger contemporaries, which
might also occur in Portugal in view of the extend-
ed breeding and settlement periods found. It is,
however, possible that some aspera might mature as
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females in their first breeding period, as the
sex/size difference of small animals is not as
marked as in Irish and British populations. Exami-
nation of a greater number of small individuals of
known age is required to check these possibilities.

P, vulgata

In this species, 40% of the animals examined for
breeding condition were found to be neuter, be-
cause of the long resting period, but of those sexa-
ble, 72% were male (Fig. 4b). The size of males
ranged from 13—-40 mm whereas females were
21—-40 mm, and this agrees with the findings of Or-
ton et al. (1956) in that vulgata maturation begins
in the second year of shore life with all animals
starting as males and an increasing proportion
changing sex in subsequent breeding seasons. The
relatively low proportion of females in vulgata
compared to the proportion of aspera females
might suggest that relatively fewer vulgata change
sex, or it might be a result of the shorter lifespan
of these vulgata. Again, examination of popula-
tions of individuals of known age would help to re-
solve this.

Discussion

The reproductive cycles of the three Patella spe-
cies show some interesting geographical changes
along the Portuguese coast, and it is likely that
these are linked with the regions’ different climatic
conditions. P. depressa is regarded as a summer
breeder in SW. England, where it is near its north-
ern limit: spawning time there seems to coincide
with maximum air temperatures and wave action
(Orton & Southward, 1961; Fretter & Graham,
1976), and there is a short winter resting period. In
Portugal the reproductive behaviour was different.
In the south, nearer the species’ southern limit, the
decrease in gonad activity coincided with the in-
crease in air and sea temperatures over the summer,
and thus seems to reflect the adverse influence of
excessive warmth near southern limits postulated
by Lewis ef al. (1982). Late-summer development
was rapid, and the number of individuals spawning
increased steadily through autumn and winter to
early spring, though successful settlements seemed
to result only from those spawnings occurring dur-
ing the falling temperatures of autumn and early
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winter. In the north, there were several spawning
peaks during the year, with minimal gonad activity
during the periods of highest summer and lowest
winter temperatures. This pattern was similar in the
central region in 1981, when more extreme summer
and winter temperatures were experienced than
during 1982—-1984, when in this region spawning
and gonad activity was at a continuous high level.
It seems unlikely that differences in air temperature
are alone responsible for the differences in breeding
cycles, particularly in these sampled low-shore
populations which are more subject to sea than to
air temperatures. There was certainly no connec-
tion between spawning times and air temperature,
since air temperatures over the spawning periods
ranged from 6—27°C in the north, 9—-23°C in the
centre and 7—26°C in the south. The mean sea
temperatures (1956—75) for northern and central
Portugal are similar in the summer but higher in
the winter compared to those in SW. England
(Bowman, 1985), ie. 12.2 (Jan.)—16.2 (Oct) °C in
the north, 13.0 (Jan.)—17.0 (Sept.) °C in the centre;
those in the south are markedly higher: 14.1
(Jan.)—20.4 (Aug.) °C. It is therefore possible that
in the central region the equable sea and less ex-
treme air temperatures might explain the continu-
ous gonad development, with spawning occurring
on periods of rough seas, whereas the high summer
air and sea temperatures in the south, and the low
winter air temperatures in the north, might slow the
rate of gonad development until temperatures
ameliorated.

The spawning of Patella aspera occurs while tem-
peratures are falling, in Britain, e.g. during Au-
gust/September in N.E. England (Bowman, 1981),
where it is near its northern limit; August to
November in SW. Ireland, where spawning has
been closely linked with gales and wave action
(Thompson, 1979). In Portugal the species shows
several peaks of spawning and development, be-
tween August and early spring, with gonads re-
maining ripe later in the south (ie into
March/April) than in the north, but in all regions
spawning reaches its maximum during the gales
and low temperatures of winter. Since spawning ap-
pears to involve falling water temperatures and
wave action, the delay in the spawning period on
the Portuguese coast in relation to N.W. Europe,
might possibly be explained by the progressively
higher summer sea temperatures towards the south.
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The limpets have thus to wait for sea temperature
to decrease sufficiently for storms to stimulate
spawning. The frequency of storms on the Atlantic
coast of Portugal is higher than that on the south
coast, so limpets in this region might therefore take
longer to release all their gametes.

Patella vulgata was formerly regarded as a winter
breeder, but in northern Britain spawning regularly
starts in August/September, earlier still (July/Au-
gust) at its northern limit in N. Norway (Bowman
& Lewis, 1977). Bowman (1985) has shown that in
N.E. England and NW. Scotland spawning starts
when the sea temperature first falls below 12°C,
which is linked with the heavy swells produced by
north-westerly gales, and also that redevelopment
after such spawnings occurs only when the sea tem-
perature rises above 12°C again. In Portugal the
monthly mean sea temperature falls to around
12°C only in midwinter (Dec—Feb./Mar.), and
does so only rarely in the south. This would explain
the extended breeding season in Portugal compared
to that in northern Britain. It has not been possible
to study daily variations in sea temperature and
limpet gonad states as described by Bowman (op.
cit), but from the Portuguese temperatures ob-
served it seems possible that here spawning could
be in response to a drop to below a slightly higher
sea temperature. However, the Atlantic coast of
Portugal is notorious for sudden storms, which
could bring inshore colder Atlantic water and thus
provide the necessary temperature drops and stimu-
late spawning at any time during autumn and win-
ter. The incidence of these storms might well be
responsible for much of the annual and local varia-
tion in spawning of the three species of Patella in
Portugal, but more detailed ‘meteorological and
reproductive data are needed to investigate this fur-
ther.

In all regions, settlements of the three species
seemed to be most successful if they occurred in
late autumn/early spring, and this is possibly con-
nected with the apparent sensitivity of newly-
settled limpets to temperature variations during
their early shore-life (Bowman, pers. comm.). Thus
the temperatures thought to be necessary for suc-
cessful establishment of settlements of P vulgata
and P, aspera would most likely be encountered in
Portugal in Nov./Dec., and Mar./Apr., and in the
south only then in the lower shore. Data on direct
settlement from settlement plates, as described by

Bowman (1985), are needed to check on settlement
periods, and to determine the relative success of
different spawnings/settlements.

It is clear that in Portuguese patellids, growth is
fast, and longevity less than is generally found else-
where in NW. Europe. Lewis et al. (1982) have sug-
gested that species near their northern limits may
attain greater sizes and live longer than they do fur-
ther south, features that appear to be linked with
infrequent recruitment and low population densi-
ties. Thus P depressa in SW. England usually
reaches 45 mm shell length (Orton & Southward,
1961), P aspera in SW. Ireland reaches almost
60 mm shell length and has a potential life-span of
longer than ten years (Thompson, 1979), and P
vulgata in Britain reaches 57 mm, while longevity
ranges from 4—35 years in a low-littoral bare-rock
habitat to 15—17 years in a high-littoral dense-
barnacle habitat (Lewis & Bowman, 1975). Growth
rates on British coasts are very variable, particular-
ly in juvenile limpets, apparently reflecting compe-
tition for food within a year-class rather than be-
tween adults and juveniles, as well as food
availability, algal production, shore level, feeding
times etc. and also settlement time (Bowman, 1981).
In Portugal, shore densities of P. depressa and P.
aspera are high, presumably as a result of more
regular recruitments than in Britain, but early
growth rates are also higher than those recorded
from similar habitats in Britain and Ireland, and
maximum size and longevity are less. P vulgata,
close to its southern limit in Portugal, occurs at
lower densities, with poorer recruitment, yet also
shows rapid growth but smaller maximum size and
shorter life-span than in equivalent habitats in Brit-
ain (although it is possible that the natural life-
span/maximum size of all limpet spp. in northern
Portugal might be lowered by the continuous heavy
human predation of the largest available animals).
In general, therefore, it seems likely that, in limpets,
growth rates are more a function of temperature
and metabolic rate, which are higher in the south
than further north and therefore result in shorter
life and smaller maximum size. This could have im-
portant implications regarding the breeding strate-
gies of the species, and might possibly be responsi-
ble for the apparently-earlier maturation of
Portuguese limpets compared with those in Britain
and Ireland.



Conclusion

Populations of three species of Patella in Portu-
gal have shorter life-spans and smaller maximum
size than those in NW. Europe. Their reproductive
behaviour seems to be influenced by warm sea and
air temperatures, which provide the potential for
long breeding periods, of which only a limited peri-
od might result in successful recruitment, depend-
ing on the habitat and location of the populations.
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Abstract

Inside the COST 647 Rocky Subtidal Programme, as well as before this came into operation, a co-
operation has been developed between Swedish and Norwegian groups working with rocky subtidal ecology
in the Skagerrak area. Along a coastline of more than 300 km, and additional large fjord systems, natural
fixed-site rocky subtidal communities have been stereophotographically recorded more or less seasonally over
a considerable number of years (15 in Sweden and 7 in Norway). Additional experimental studies have been
undertaken in situ.

Inter-site comparisons revealed many examples of co-variation in long-term population fluctuations. A
common 7-year cyclic pattern was clearly illustrated for the ascidian Ciona intestinalis and the echinoid Echi-
nus esculentus. Similar long-term trends were found in populations of Asterias rubens, Ascidia mentula,
Sabella penicillus, Crania anomala and Protantea simplex over the time periods available for comparison.
Locally deviating populations were also found, however.

Major structuring factors, as well as key species, appeared to be largely the same over the geographic range
studied. By comparing all of our results (mostly based on already published data), recruitment and predation
were found to be the most important locally organizing factors. Recruitment strategies and patterns in-
fluenced both community structure and long-term trends. Predation by echinoderms and gastropods modi-
fied the structure of established communities. The common key predator in the area, Asterias rubens, largely
influenced community structure by selective predation on the dominant competitors Ciona intestinalis and
Mpytilus edulis which, in the absence of predation, appeared to be highly capable of substrate monopolization
in various parts of the studied communities, depending on depth and exposure.

The results indicate the existence of large-scale structuring factors, probably linked to climatic events. This
is considered as an important pre-requisite for the future recognition and understanding of local deviations,
e.g. as results of pollution. This study also pinpoints some species and processes that should be focussed
upon in monitoring programs.

Introduction

The rocky subtidal is one of the least studied ma-
rine environments with respect to quantitative eco-
logical aspects. This is no doubt largely due to inac-
cessibility in combination with lack of suitable
sampling techniques in the past (Lundilv, 1971).
Beginning in 1969, a technique for non-destructive
quantitative studies on rocky subtidal communi-

ties, based on stereophotographic recordings of
fixed sites and photogrammetrical analysis, was de-
veloped in Sweden (Lundilv, 1971, 1974, 1985a;
Torlegard & Lundalv, 1974). The utilization of this
technique permits similar studies subtidally that
have since long been carried out in the rocky inter-
tidal and that have contributed substantially to eco-
logical theory (e.g. Connell, 1972; Dayton, 1971;
Paine, 1966; Lewis, 1964, 1976, 1977).
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For long-term recording of biological change,
rocky-bottom epibioses offer a number of interest-
ing possibilities compared to most other biological
systems in the sea (Lundilv, 1971, 1974, 1985a;
Christie, 1985). Most important of these is perhaps
the scope for non-destructive sampling of perma-
nent test areas dominated by sessile organisms,
eliminating many of the uncertainties associated
with most random sampling programmes. While
the best practical opportunities are offered by inter-
tidal communities, due to accessibility and ease of
study, their usefulness in long-term monitoring
programmes may be questioned on the basis of
their position in an extreme environment and ex-
posure to a highly variable physical environment in
many parts of the world. In the geographic area of
the present study (Skagerrak) random and short-
term climatic extremes are likely to have less in-
fluence subtidally, thereby facilitating the detection
and interpretation of long-term trends. Still, how-
ever, certain important questions have to be an-
swered before the usefulness of these communities
for monitoring purposes can be considered fully es-
tablished. One of the questions relates to the
representativeness of fixed sites as mirrors of large-
scale and long-term events. In a specific study on
this problem Lundélv (1985a) concluded that 1.5 m?
sites over a geographical range of approximately
60 km were indeed closely reflecting large-scale
events in a small number of considered species
populations. There was little evidence that small-
scale random processes were significantly influenc-
ing the long-term patterns observed.

Another pre-requisite for the successful interpre-
tation of results yielded by monitoring programmes
is a reasonable understanding of natural processes
causing change in the studied communities (e.g.
Lewis, 1976, 1984). As pointed out by Lewis (1984),
some factors of possible significance, such as long-
term climatic influences, are difficult to isolate and
evaluate within a small-scale national programme.
Access to intercalibrated data over a wider ge-
ographical range could greatly improve the scope
for accurate interpretation. This line of thought
forms the basis for a European research co-
operation in benthic ecology termed COST 647.
This co-operative programme includes a subprojekt
directed towards rocky subtidal communities. The
longest record of collaboration within this
programme as well as before it came into operation
is between Norway and Sweden.

In this paper we present some of the data cur-
rently available for comparison and covering a ge-
ographical range of approximately 300 km between
the south of Norway and the Swedish west coast.
The basic questions asked are whether or not there
were common trends in population dynamics and
community regulation over the temporal and ge-
ographical scales studied. Further we try to (1) sum-
marize what is currently known about the most im-
portant common trends and regulating
mechanisms in rocky subtidal communities in the
Skagerrak area, (2) identify possible common key-
species, which by their presence or absence are
capable of determining much of the dynamics in
the communities where they exist, and (3) evaluate
the implications for the design and utilization of
future monitoring programmes.

Material and methods

The basic technique used for data aquisition was
photogrammetric analysis of stereophotographs
from fixed sites on subtidal rock walls.

Fixed sites were marked by underwater rock-
drilling utilizing a small pneumatic drilling ma-
chine. Each site normally consisted of a horizontal
strip of six consecutive quadrats, each measuring
0.5x0.5 m (making a total of 1.5 m2). The test
areas were defined by two plastic dowels, separated
by a horizontal distance of approximately 3 m,
from which a rod could be suspended. The rod in
turn provided support for a photography frame
(0.5%x0.5 m) with attached stereo-cameras that
could be moved along the rod to six well-defined
positions. In Sweden, two synchronized 70 mm
Hasselblad SWC cameras equipped with corrective
front ports and motor drives were used most of the
time. In Norway, two synchronized Nikonos III
cameras equipped with 15 mm lenses were used.

The stereophotographs were analysed in a Wild
Stereocomparator MSTK (Sweden) or in stereo-
scopes constructed from two aligned stereomicro-
scopes (Green, 1980) (Norway and Sweden). Deter-
mination of faunal densities were made by careful
systematic examination (by aid of grid lines) of the
colour transparancies at magnification rates be-
tween 12 and 25Xx.

For estimates of cover (%), point sampling of
slides was used. For further studies of processes, in
situ settlement- and predator/prey experiments



were performed in addition to the stereophoto-
graphic recordings. More detailed accounts of the
methods and instrumentation used are given in
Christie (1980, 1983b), Christie et al. (1985), Green
(1980), Lundélv (1971, 1974, 1985a, b) and
Torlegard & Lundalv (1974).

Analysis of correlation between density varia-
tions in Norwegian and Swedish populations was
performed by means of Spearmans rank correla-
tion coefficient (cf. Siegel, 1956). The analysis was
based on pairs of interpolated data in order to elim-
inate effects of varying sampling times. Four inter-
polated values per year (weeks 13, 26, 39 and 52)
were used. Their derivation was based on the as-
sumption of linear change between actual sampling
occasions. Adaption of cyclic variations in Ciona
intestinalis (L.) and Echinus esculentus (L.) to har-
monic series was performed according to models
described in Bliss (1970).

Characterization of sites studied

The map (Fig. 1) shows the sites studied in the
Swedish (S2, G4, G6) and Norwegian (H1, D1, TI,
F4, Aro) part of this co-operation. The sites cover
in distance a coastline of almost 300 km with addi-
tional large fjord systems and archipelagos.

The Swedish sites were recorded each year since
1969, the Norwegian recordings started on one sta-

|
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SKAGERRAK

Fig. 1. Map showing localities covered by subtidal rocky-bottom
monitoring in the Skagerrak area. The Swedish sites are marked
by dots and the Norwegian ones by arrows. The sites referred to
here are labelled by their station hames.
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tion (F4) in 1976 and between 1978 and 1980 on the
others. All sites are on near vertical rocky surfaces,
and each station was sampled at different depths
between 10 and 25 m. All sites were situated within
roughly the same hydrographical regime (c.f. Svans-
son, 1975). While the deeper Skagerrak waters are
of oceanic character, the upper layer is influenced
by the brackish Baltic current slowly increasing in
salinity while it moves north along the Swedish
west coast and further along the Norwegian
Skagerrak coast. The archipelagos and fjords pro-
vide local gradients of exposure, hydrography and
pollution.

The rocky subtidal habitats in the area are
characterized by a stable surface of free rocky space
(or microfoulers) and encrusting algae. Upon this
‘surface’ species settle and occur with differing pat-
terns of fluctuations (Christie, 1980, 1983b; Lun-
délv, 1985a; Svane, 1983; Svane & Lundalv, 1981,
1982a, b). Christie (1980) recorded more than 60
species throughout one year in one community.
Only a few were abundant or of presumed impor-
tance as structuring elements while most belonged
to the category ‘secondary species’ (Lewis, 1976;
Christie, 1980). The sites included in this co-
operation will totally host much more than 60 spe-
cies, but of interest for our comparisons there will
only be the few species that are: abundant and
characteristic, dominating, or of importance in
community organization (‘key species’). As recom-
mended in the COST 647 core programme (Lun-
dalv, 1985b, COST 647 Activity report), this paper
largely deals with ascidians and echinoderm preda-
tors.

Results and discussion

The parallel sampling of rocky subtidal commu-
nities in Norway and Sweden has resulted in com-
parable data on population fluctuations. Some ex-
amples are given below.

Cyclic fluctuations

Figure 2 shows the fluctuations of Ciona intes-
tinalis at four Swedish sites throughout 14 years
compared to the one Norwegian site (F4) recorded
over the last 6 of these years. The observed data are
plotted in Fig. 2A which shows both long-term and
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Fig. 2. Fluctuations of Ciona intestinalis (ind. m —2). A: Observations plotted from four Swedish and one Norwegian (the bold line) sites.

B: Annual means of the observed data.

seasonal fluctuations, while Fig. 2B illustrates the
annual means. The observations presented were
fluctuating in a cyclic pattern best fitted to a period
of 7 years (based on calculations of periodic regres-
sion, Bliss, 1970). The amplitudes of the fluctua-
tions are somewhat different between the different
sites and between the two different 7-yr periods,
but all data (as far as the recordings permit) fits in
with a 7 yr cyclic pattern with maximum densities

in 1973 and 1980, and minimum values in 1969 and
1976.

A similar (and almost parallel) long-term (7 yr)
cyclic pattern was also found for Echinus esculen-
tus populations from sites in both countries
(Fig. 3). As far as these data permit calculations of
harmonic series, they fit in with a common 7 yr cy-
clic pattern where calculated maximum densities
are found to occur between the 1973 and 1974 ob-
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Fig. 3. Annual means (ind. m~2) of Echinus esculentus from two depths on the Swedish station S2 and the Norwegian station F4. The

arrow indicates the first year of Norwegian recordings.

servations and between 1980 and 1981, and with a
calculated minimum value in 1977.

These two species showed comparable cyclic fluc-
tuations over both shorter and longer geographic
ranges, and also between different depths and be-
tween coastal and fjord sites. Hydrographic cycles
of the same (7 yr) and the half (3.5 yr) period
(most typical for temperature) have been shown
from different stations in the Skagerrak area (Gray
& Christie, 1983). Cyclic fluctuations in popula-
tions trends are rewiwed by Gray & Christie (1983)
and among a variety of cycles, there seems to be
several species in the North Atlantic that have been
observed to fluctuate in a cyclic pattern with a 7 yr
period. It is likely that these cycles were triggered by
hydrographical events (see also below). The same
cyclic fluctuation of Echinus following Y2 —1 yr af-
ter the Ciona fluctuation could also occur due to
the fenomenon that prey organisms (here Ciona)
attract predator organisms (Echinus), as found for
the Mpytilus—Asterias interrelationship from the
same area (Christie, 1983a; Lundélv et al, this vol-
ume).

The cyclic fluctuations found here are not pre-
dictable according to the conclusion of Gray &
Christie (1983). We will then not predict the future
fluctuations of the two species mentioned, but state
that our observed data on the two species do fit to

a cyclic fluctuation with a 7 yr period and that the
same cyclic pattern was observed all over the geo-
graphic range studied.

Long-term trends

In addition to the 7 yr cycle described above,
other cycles of longer duration have been suspected
to influence population fluctuations along with
shorter ones (e.g. Gray & Christie, 1983). Our data
series were generally of too short duration to give
any indication of cyclic phenomena with a period
longer than c. 10 yrs. It is thus, at present, not pos-
sible to judge whether trends in our material lasting
over the entire observed period are part of long-
term cycles or represent true uni-directional trends
in response to some ‘permanently’ (e.g. caused by
anthropogenic activity) changing environmental
factors.

Most of the characteristic species (dominant in
number or individual size) compared between our
rocky Skagerrak sites seemed to fluctuate along
roughly common trends. Comparisons of Nor-
wegian and Swedish data for the 5 species Asterias
rubens (L.), Ascidia mentula (O.F. Miiller), Sabella
penicillus (L.), Crania anomala (O.F. Miiller), and
Protanthea simplex (Carlgren) are shown in Fig. 4.
For the first two of these species (Fig. 4A, B) a
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Fig. 4. Comparisons of long-term trends (ind. m~2) in 5 species
from different Swedish (G4, G6, S2) and Norwegian (F4, Hl,
T1, Jomfrul. = Aro) sites.

Spearmans’ rank correlation analysis yielded sig-
nificant correlation between Norwegian and Swed-
ish data (p <0.02), although the fit was not perfect.
In the case of the sedentary polychaete Sabella
penicillus (Fig. 4C), all sites compared (4 Nor-
wegian and 2 Swedish) exhibited a marked drop in
densities down to virtual extinction over the period
1979—82. The decline came somewhat later in Nor-
wegian sites as compared to the two Swedish sites
(G4 and G6, 20 m).

The anthozoan Protanthea simplex was one spe-
cies exhibiting a very marked long-term trend of de-
cline in the Swedish sites (Fig. 4D). This trend also
applied to three additional sites not illustrated here
(c.f. Lundélv, 1985a). Norwegian data pertaining to
this species only covered the period 198082, but
still fitted a possible trend of decline.

The brachiopod Crania anomala was one species
that exhibited a relatively steady trend of increase
in the available Norwegian data over the period
1976 — 82 (Fig. 4E). A Swedish analysis of a Crania-
population at the beginning and end of this period
may also fit with a similar trend of increase.

When considered together, the observations
reported above strongly indicate that most major
trends in population fluctuations did occur in a
roughly synchronized pattern over the entire geo-
graphic range studied. The same conclusion was
reached on a smaller geographic scale (c. 62 km),
but based on considerably longer time-series of
data, after a comparison of population fluctua-
tions in five different species between varying num-
bers (2—7) of the Swedish sites (Lundélv, 1985a).

Comparisons of long-term population fluctua-
tions over geographic ranges have rarely been made
in benthic communities. A few examples of species
where common trends seem to occur over a geo-
graphic range have been reviewed by Gray & Chris-
tie (1983). Short-term population fluctuations have
been recorded much more often. The importance
of access to data over a wide geographic range, be-
fore interpreting such data in relation to local pol-
lutants, has been demonstrated by Bowman (1978).

In addition to the populations treated above, and
showing varying degrees of co-variation, it should
be noted that there were also a few populations
compared that did not adapt well to a common pat-
tern. One example was the Ciona-population at F4,
20 m (not illustrated), which did not fall into the
cyclic pattern exhibited by all other Ciona-



populations illustrated here. The same was true for
a Swedish Ciona-population at station G6, 25 m,
and it may well be that these deviations were as-
sociated with the vertical separation of different
hydrographic regimes, which may also be different
between Norwegian and Swedish sites. We have not
had access to data, however, permitting a detailed
hydrographic characterization of all studied sites.

Physical factors

Since our studied sites were situated in an area
largely influenced by the same broadscale climatic
and hydrographical conditions, it is reasonable to
relate the population fluctuations to the physical
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factors. Figure 5 shows temperature observations
from one Swedish and one Norwegian site flanking
the whole area of studies. The temperature data
from both countries shows a similar pattern, e.g. a
period of high temperatures during the mid of the
1970’s, and several smaller comparable peaks and
depressions. Gray & Christie (1983) have listed vari-
ous broad-scale shorter- and longer-term hydro-
graphic fluctuations, also based on the Norwegian
salinity and temperature data, and concluded that
they generally are reflected in population fluctua-
tions. Svane (1984) has found a relation between
temperature and recruitment in one ascidian spe-
cies. This gives an indication of how temperature
fluctuation may cause a population fluctuation,
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Fig. 5. Mean values of long-term temperature (°C) registrations from the Swedish (upper curve) and Norwegian (lower curve) area.
Swedish data from 15 m depth at Bornd Hydrographical Station, Gullmarfjord (Courtesy Fishery Board of Sweden). Norwegian data
from 10 m at Torungen station (provided by the Norwegian Oceanographic Data Centre).
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but still our knowledge is sparce concerning these
interrelationships.

It is likely that the Swedish sites were influenced
by less saline waters than the. Norwegian ones.
This could be one reason why some represen-
tative (dense) populations of the subtidal species
recorded at the 15—20 m level in Sweden were best
reflected at the 10 m level in Norway. Physical fac-
tors also affect community structure. By classifica-
tion Christie (1985) showed a similarity in commu-
nity structure between all coastal sites on 10 and
20 m depth. These were clustered apart from the
fjord sites. Swedish studies also indicate a similar
pattern in population dynamical features (Lundély,
1985a; Svane, 1984).

Community organizing mechanisms

In addition to the long-term fluctuations
presented here, our data show considerable short-
term (mostly seasonal) fluctuations (e.g. Fig. 2A).
Christie (1983b) found that most species (on station
D1) showed regular (predictable) seasonal cycles or-
ganized by a seasonal recruitment followed by pre-
dation or grazing. Judging from Swedish and Nor-
wegian data, recruitment and predation were the
most important structuring factors in the rocky
subtidal communities in the area (Christie, 1980,
1983a, b; Svane, 1983, 1984; Svane & Lundalv, 1981,
1982a).

By regular community monitoring and by the use
of immersed artificial settling panels, settlement
was found to take place all through the year, but the
recruitment of significance for community struc-
ture took place only during a few months in the
summer-autumn season (Christie, 1980, 1983b;
Svane & Lundilv, 1981). The structuring impact of
a heavy seasonal settlement is obvious and might
be illustrated by the increasing parts of the peaks in
Fig. 2A. Settlement has been considered as an im-
portant factor in controlling rocky community de-
velopment and fluctuations (Lewis, 1964; Suther-
land & Karlson, 1977). The rapid decrease of most
of the peaks in Fig. 2A was found to be a result of
predation. How the predator Asterias rubens con-
trols populations of dominant species has been
documented in both the Norwegian and Swedish
studies. Figure 6 illustrates the results of one of our
experiments (Christie, 1983b). The curves show
occurrence of organisms on panels exposed to nor-
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Fig. 6. Total percent cover of organisms on settlement panels.
Solid line: control panels. Dotted line: predator exclusion panels
(From Christie, 1983b).

mal densities of benthic predators compared to
panels where benthic predators were excluded. Af-
ter an intense period of recruitment, Asterias
rubens entered the predator-exposed panels and
preyed down the sessile organisms from an occur-
rence of almost 100% cover to approximately 20%.
On the predator exclusion panels organism occur-
rence increased, and at the end of the experiment
the panels were totally dominated by Mytilus edulis
(L.). A similar experiment was described by Lun-
délv (1985b, COST 647 Activity report). Panels pro-
tected from Asterias predation were totally domi-
nated by Ciona, while on panels exposed to normal
Asterias-predation Ciona never reached very high
numbers and more species co-existed.

Data from Sweden also illustrate Asterias preda-
tion controlling Mytilus dominance. Lundélv ef al.
(this volume) recorded a sudden increase in Mytilus
populations on the smallest depths (5 and 10 m) in
one of their localities leading to total Myfilus-
dominance by the end of the 1970’s. The increase
in Mytilus was followed by an increase in Asterias
that preyed on the Mytilus-population and elimi-
nated most of it during the early 1980’s. The identi-
cal phenomenon was observed in shallow waters
along the Norwegian Skagerrak coast, but was not
quantified further than recording an identical trend
of Asterias as shown in Fig. 4A. The same trend of
Asterias has also been shown from the Norwegian
fjord site D1 during the same years (Christie,
1983b).

These results illustrate that Asterias all over the



area is the key predator preventing monopolization
of the substrate by the two competitively dominant
species Mytilus and Ciona. The fact that dense
Mytilus-populations attract Asterias was shown ex-
perimentally by Christie (1983a), and aggregations
of Asterias are known to cause heavy predator im-
pact on mussel beds (e.g. Sloan & Aldridge, 1981).
Data on the importance of Asterias-predation on
Ciona has also been provided by Gulliksen &
Skjaeveland (1973). The phenomenon of echino-
derm key predators structuring rocky communities
by providing space for diverse recruitment when
preying down dominant competitors has been
widely documented (e.g. Paine, 1966; Karlson,
1978; Peterson, 1979).

Of lesser significance than Asterias, but also of
common importance in structuring the rocky subti-
dal communities of the Skagerrak are nudibranchs
(Coryphella sp) and sea urchins (Echinus esculen-
tus, Psamechinus miliaris Gmelin) (Christie, 1980,
1983b; Hernroth & Grondahl, 1985; Lundilv,
1985a).

Conclusions

— The species of importance in dominance, abun-
dance or functional roles were mainly the same all
over the studied Swedish and Norwegian Skagerrak
rocky subtidal communities.

~— A similar (and parallel) 7 year cyclic pattern was
illustrated for the species Ciona intestinalis and
Echinus esculentus.

— Significantly correlated or otherwise similar
long-term curved or linear trends in population
fluctuations were observed in a number of abun-
dant or otherwise important species. In cases where
a species could be recorded representatively, the
common trends were often found in all sites over
the geographic gradient, fjord gradients and depth
gradients.

— Community structure all over the studied area
seemed to be organized by the same regulating
mechani<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>