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ABSTRACT.

Competition between Elminius modestus (Darwin) and
Balanug balanoides (L) is considered to be an important issue in
the invasion of British shores by E.modestus and in explaining the
coexistence of both species in the intertidal barnacle niche.

Competition is discussed by reference to the concept of
ecological performance, which is a term describing all adaptations
and physiological and behavioural attributes of each species. Much
information on the biology of cirripedes already exists, but the
importance of predation and settlement behaviour in relation to
competition have not been examined satisfactorily. Consequently these
two ecological features are investigated in the thesis. The tolerance
of developing embryos to extremes of temperature, and the infection
frequencies of the castrating parasite Hemioniscus balani (Spence
Bate) are also examined to assess their importance in the ecology
of each species.

All the available information is then summarised. Comparative
assessments of ecological performance are made for éach speties and
for each single feature of their ecology. The assessments are then
analysed in an attempt to identify factors which are especially important
in regulating competition between the two species. It is acknowledged
that the approach 1s necessarily an over-simplification, but it is
broadly concluded that biological mechanisms are more important than
actions of the physical environment. Settlement behaviour and
susceptibility to predation may be especially significant in influencing

competition both during the initial colonisation by E.modestus and in

the contest of its coexistence with B.balanoides.



I TRODUCTION.



At about the time when Hitler was contemplating the conquest

of Britain, the Australasian barnacle Elminius modestus was

successfully invading the shores of Southern England. By the end of
the war it had become established along the south-east coast and from
this foothold, has spread over most of the British Isles. The earlw
stages of this resoundingly successful invasion are well reviewed
by Crisp (1958) and subsequent colonisation of British shores has
been reported by Crisp and Southward (1959) and Crisp (1960).

The introduction of a new species to an area provides a unique

opportunity to observe the resulting ecological interaction. Elminius

has been so successful in colonising our coasts that inevitably it
has made a marked impact on the intertidal community. Two intriguing
questions immediately arise:  Firstly, why has the invader been so
successful? And secondly, what is the result of the ecological
disturbance created by the invasion? The answers to both questions
hinge around the success of E.modestus in competition with the
indigenous intertidal barnacle Balanus balanoides.

Since Elminius has been established around the shores of North

wWales for over twenty years (see Crisp 1958), without entirely

displacing B.balanoides it seems reasonable to assume that some kind

of ecological balance has been achieved with the two species sharing
the intertidal barnacle niche. This essentially answers the second
question concerning the ecological disturbance resulting from the
invasion, but instantly ralses a new question; namely, how 15 the
balance maintained?

In order to answer these questions it is necessary to make a
very thorough examination of the factors which control ;ompetition

and mortality in the two species of cirripede.



COmEEtitioni

For the purpose of this thesis, the general definition of
competition as:

"Inferred or proven interaction between species which share
a common population-limiting resource'", (Macfadyen 1963) seenms
satisfactory. The definition is equally applicable to
intraspecific competition if the word "species" is replaced by
the word "individuals',

The factors which influence competition may act directly or
indirectly. Competition for food and space will be directly affected
by aspects of the organism's biology relating to feeding efficiency,
growth rate and size. Other features of the organism's biology
such as resistance to dessication, and temperature tolerance may
be said to act indirectly since they do not relate to the resource
for which the organisms are competing, but affect the activity and

survival of the organism and thence its efficiency in competition.

For example Crisp and Southward (1956) suggested that temperature
changes altered the balance of competition between the barnacles,
Chthamalus stellatus and B.balanoides, by effects on breeding

activities and feeding efficiencies.

Competition is not an easy subject to study. Reynoldson (1970)
has suggested that five criteria based on comparative distribution
and abundance; Identification of a common resource; the performance
of competing populations; And results of manipulating resources,
and populations in the field, should all be consistent with a

competition hypothesis before a competitive interaction is clearly

proven. However the sessile nature of intertidal barnacles coupled

with their accessibility and abundance make them suitable subjects




for studies of competition (Connell, 1959), and a number of
important observations have been made. Connell (1961 a)
demonstrated the importance of intraspecific competition in

B.balanoides as a factor contributing to mortality by smothering

and undercutting of individuals and the death of groups of
individuals as a result of hummocking. In a parallel study on

the ecology of Chthamalus stellatus Connell (1961 b) showed that

interspecific competition with B.balanoides was responsible for

the restriction of Chthamalus to the upper part of the intertidal
region.
The observations of Crisp (1958 and 1964) are of great

intertest in describing competition between E.modestus and B.balanoides.

In the first paper (Crisp, 1958, p.510) the situation described

would suggest the eventual replacement of Balanus by Elminius.

However, results from the field experiments on growth-rate described
by Crisp (1964) suggest that E.modestus only has an advantage over

B.balanoides in what the author describes as extremely rigorous and

unnatural conditions, whilst his observations made in the intertidal

region show B.balanoides to have a clear advantage. Yet, on the

shores of the Menai Straits, both species seem to coexist

satisfactorily. Growth rate is an important factor in competition

between barnacles (Connell, 1961 a and 1961 b) but clearly there

are other factors involved.

Assessment and analysis of intersggcific coEEetition.
Considering Reynoldson's (1970) criteria it is quite difficult

to prove the existence of competition. The analysis of a competition
situation is equally difficult because of the multitude of component

factors which contribute to the fitness or ecological performance of



a given species. (Since fitness has a specific meaning in
evolutionary terms, and will be affected by competition, it is
better to use the term ecological performance to describe all the

physiological and behavioural attributes which dictate ecological

success). The actual mechanics of interspecific competition are

even more difficult to investigate because of the complex interplay

between the various aspects of ecological performance and the

fluctuations and temporal and spatial variations in environmental

factors. Connell (1959) summarises the problem, quoting Darwin:
"Probably in no one case could we precisely say how

one species has been victorious over another in the

great battle of life,"
In fact whilst we can measure most of the individual

components which contribute to the ecological performance of an

organism (e.g. growth-rate, salinity tolerance), it is still not

‘possible to measure the contribution of each component to the

overall success of a species in any given competitive situation.

It is therefore necessary to resort to making subjective assessments

or value judgments of each component of ecological performance for

each of the competing species. Reference to Table 6, p.510 in

Crisp (1958) demonstrates this approach. I am effectively
re~defining Crisp's term "Ecological requirements!" as components

of ecological performance. The assessments of performance for each
species can be tabulated and compared and hopefully, if sufficient
components have been examined, the information can be used to explain

the success of one species in competition against the other.
Such an approach is quite straightforward when considering the

physical environment. Tolerance to most features of this environment

can be measured quite accurately, at least on a comparative basis.



Factors relating to the biological environment, e.g. susceptibility
to predation, parasitism and disease are much more difficult to

assessS.
The Study approach.

In the course of this study it was intended to look primarily
at biological aspects of the ecological performance éf each species.
These have generally been neglected, but are obviously imporfant.
Some factors such as susceptibility to disease and longevity/senescence
were deemed too difficult to investigate, if indeed they exist in
natural conditions. Particular attention was given to the effects of
predation by Nucella lapillus, the importance of which has been
demonstrated by Connell, (1961 a). The occurrence of the castrating
parasite Hemioniscus balani was briefly examined because of possible
influences on fecundity and population levels. (See Crisp and
Southward, 1958).

Direct physical competition for space and food is controlled
by the settlement behaviour of the cypris larvae and the growth rates
and feeding efficliencies of the adults. The specific spacing
behaviour of cyprids at settlement is vitally important, as once
settled,}the choice of site is irrevocable. Special attention was
given to this point as a result of a comment by Knight-Jones and
Moyse (1961) that settlement behaviour created a situation where
interspecific competition was likely to be more intense than
intraspecific competition. According to mathematical theories of
competition (Macfadyen 1963, ch.ld4; Slobodkin 1961) such a

situvation must result in the eventual exclusion of one species by
the other. As previously observed, this does not appear to be the

case, at least in the Menai Straits. Furthermore, the idea is in

direct conflict with the extensive literature on gregariousness 1in



barnacles (Knight-Jones and Stephenson, 1950; Knight-Jones, 1953;
Knight-Jones and Crisp, 1953; Crisp and Meadows, 1962, 1963).
Consequently, this point was examined in some detail, both in the
laboratory and in the field.

Most of the physical factors concerned in cirripede ecology
have already been investigated. Salinity, dessication and tolerance
to high temperatures were studied by Foster (1969), whilst low
temperature tolerance has been examined by Crisp and Ritz (1967)
and Ritz (1968). The only significant gap in our knowledge of the
influences of the physical environment was the tolerance of developing
embryos to extremes of temperature. This feature was considered to
demand investigation because of the possibility that temperature
tolerance in embryos is more important than that of adults in dictating
ecological performance. Embryonic temperature tolerance is also
important because of its interplay with fecundity. The extended breeding
season and greater fecundity of E.modestus (Crisp and Davies, 1955)
would not confer such a distinct advantage on this species if its
embryos were unable to tolerate temperatures experienced during the
colder months of the year. In fact Barnes and Barnes (1962)

considered that the effects of temperature on breeding may eventually

limit the spread of E.modestus in Scotland.

The majority of the work was carried out in the laboratory,
as the aim of each investigation was to examine single components
of ecological performance. Field studies usually describe the
summated effects of several components and were therefore generally
employed only as supporting studies to the main investigation. The
exceptions to this were the survey of parasitic infection, which

necessitated a field study, and the field observations on settlement

behaviour,



.Arrangement of materiale.

The thesis therefore comprises six sections. Section I deals
with the thermal tolerances of developing embryos. This information
in itself describes a component of ecological performance and also

facilitates reassessment of fecundity as a component. Sections II

and III examine settlement behaviour in relation to competition in
order to assess the relative emphasis on interspecific and intraspecific
competition. Section IV considers the reiative susceptibility to
predation by Nucella and section V examines the infection frequencies

of each species by He.balani. All the information is brought together
in section VI along with information from the literature and an
attempt is made to explain the success of E.modestus in its
colonisation of British shores, and also to examine factors

contributing to its coexistence with B.balanoides.
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Abstract.

The upper and lower median lethal temperatures for the major
phases of embryonic developnent in 3.balanoides and n,modestus are
':measured. No values could be obtained for the earliest stage embryos
of Z.modestus due to scarcity of material.

The upver median lethal temverature is measured as ~n instantaneous
value,.although-tolerance_of low tomperature is measured as the 18 hr,
L.Y.L.T. oth spocies exhibit similar pa%terns of tolerance to aigh
temperature, disvlaying an increase in tolerance as ambryonic develorment
',?rpﬁeed31 :ost_stages ofrdevelopment are shown to be nore tolerant than

~ the adults. Tolerancs to low temperatures also increases with embryonic

L er

(v

__*deve;opment. Hovever, values for X,modestus embryos suzrreszts o ore
- tolerance than that of adult barnacles, whilst embryos of 3.dalanoides
appear to be generally less tolerant than adults.
l . Both species show appropriate adaptation in tolerence of temperature
extremes: The boreo-arctic Balanus balanocides is more tolerant of low
'temperatures; MW ;fmm sub-tropical waters is more
SItolerantofhightempe;atureS. The ecological implications of the

differences are briefly discussed.



m™e lethal effects of high terrerature on barnscles have been
extensively studied, (SOu-th-.:ard; 1658, and 1965, Crisp and Ritz, 1067,
and Toster, 1969). mlerance of low tenveratures h......s 2l1so received
con31dorhole attention, (boutﬂgard, 1958, Crlsp end RAT z, 1867, Cook =nd
Gabbott, 1970, =nd Cook and Levis, 1971). iost attention has been siven
to cdult barnn cles; 2lthough the Joric of Crisvn and Ritz, (19 57), and Tosier,

. . . - 1.
(¥

(1950), included rcuplii, cymrids, set'tled cynrids and s2c

- iy

T{o:rever, Vary lit’clé is Mown of tiie tenpzrature tolarance of
cirrinede enbryos. i?"oster, '(1969), says tasv, "Il*'.: ATDEArS UlAT, TArOUZI0uT
the entoreny of cirrinedes, there is a unifor: tolerance o temnnaraturs ood
salinity", but 2e pi'esent's no evidence in rela ion to the enbrironic sté:as.
Cris» and itz, (1967), were only able to éssess the tolercnce of aliosi
fully developed embryos of B.balanoi.des to low teaperature. As taey oinvt
out, the reclationsiip betireen tenparature tolerance and zge is not clear,
but there is evid.ence that the hornful effects of tenperature are rnore
inportant d*u:c:l.nc enbryonic develovment than at any other phase of an aninel
life-cyc-le.. 'Ushalcov, (1968), states - )

"For most of the somatic cells studied, injurious tenperatures
are nany centigrede degrees_ higher than th.ose lethal for thé
intact organism. In contrast, tempera’cures.injurious for )
egss and zygotes exceed optimal temperatures for enbryo
development only by 2° to 5°C. (Andronikov, 1965)."

It follows, therefore, that the embryos may be the most wlnerable
stage of the life-cycle, and their limits of temperature tolarﬂnﬁﬂ "111 _
dictate the aurvival and distr:.butlon of a populat:.on. On thﬂ ﬂﬂlﬂe pmmise, B
it could reasonably be expected that the earlier s‘cag-es crf embryonic -
developnent are nore suscept:l.ble to extremes of temPerature, than are
~ later stages. Consequently, thls investigzation exam:l,nes the nedian lethal

tenperature of cirripede egscs at different s*tagcsﬁdf development.
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easurement of Lothal Limite '
The temperatu.re tolerance of an orgam.am is usually expressed as the
- median lethal temperature, (IZ.L '.1‘.). Crlsp and Ritz, (1967), have br:.efly
'diacussed the different approachee to meaaurlng the M.L.T, ""hen.r
'procedure for aeseseing low temperature tolerance o‘ae adopted in- this
. inveetigatlon. o - - J

" In aeseselnb tolerance to high temperaturee the "1nstantaneoue upper

_____1ethal temperature", (Foeter, 1969), vas en *loyed. AS Foster explalins,

_:._h_"'th.ie a'ooroach is eultable for conparatlve worl although tile results are
| -no... of d:.reot eoologioal sz.gnificance. Apart from rapidity and
B ':--’eonvenience the' “1netamaneoue" value he.e the added adve.:ltaﬂ'e of be:.nb

. o:nparable m.th the resul S of :out‘lward (1958), and Cr:.so and Ritz, (1967).
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 Criteria for estavlisaine nortality.

. The definition of Geath is tra.cqr roblen, in biology as in
" nediecine, and yet "it, -is a prerequisite in any study of letiaal efTects.
- The problem is further .cemp-lica_,-;ted when dealing with invertebrates beccuse
-~ of their capacity for regeneration and ability to survive extensive
 physical damege. In the case of invertebrate embryos, mortality is
'nrobably best described as the fallure to produce vicble larvae., owever,
this criterion rslies on a satisfaciory method of iden t:l.fvlng "viable
larvae,"
Such an approach-is avplicable to worik on ci&ipede enas, a2t least,
theoretically. Iﬁ rractice, the idea is feasible for E.zodestus enbryos
- with their short incubation ;oeriod (14 days anDrox.), but the much lonser
incubation period of 3.balanoides (100 days annrox,), introduces
| coneide:;able difficulties. Furthermore, there is no reliable rmeans of
assessing the viability of the riauplii produced by the egz . Conseq_uenfly
the criterion of'BucceBst‘ul develoment ‘a8 used by Crisn and Ritz, (196‘7)
was adopted. Foxr the purpose of these investlgations the mortality of

any given embryonic sta@ is defined as the failure to develop )
o (succesefully) through four fu.rther stages. ' '

The definitilon holds for all stages 1 to 9, but is obviously .

inapplicable to late stage eggs. Once again it was decided to adopt the
" cfiféﬁon used by Crisp and Ritz, (1967), namely successful hatching of -
: maturo embl'.VOB- However, prelimimary experiments ilﬁiceted inadequaeiea o
in thia approaeh. In some cases the application of hatching substance '
. "(Criap -19‘56), caused the properly formed but unhatched nauplii to become_
_ mobile and attenpt to break out of the egg case, although they fa:lled to _.
h&teh. _ In other instances. obviously deformed and presumably non-viable
, nauplii hatched and began swimming. The first case gives rise to a -
F d.ilemma As mobility ie usually considered to be evidence of life it ie

difficult to classify theBe embryos as dead, but, if the criterien of .'
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hatching success is used to establish mortality, they cannot be classified
as 2live. In general, such cé.ses rrére ascribed to the category of
"significant mortality". The definition of nortality for late stage egg
'masées is therefore based ori 8 conposite criterion of completed embryonic

development, mobility and hatchingc success.

£y

—

of experinental material

Yote: In all assessments o'f tiortality the condition

wvas always related to observations on the appropriate control.
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Anparatus: Tor details of thermel treatnent concerning the determinction
of uvver le tnal ten werztures, see Foster (1969)., All exnerinents vere
perforned using a Grant Instruments S3 15X woter beath, set to achieve a
heating rote of 042 C_/mn. '

- ™ull deteils of the es..-u.lﬁ"*ent used for investisating low venroracurs
| -'tole_l_nce are given 'b;gr Cris:g and it (1967)- Horever, the thormostablity !
of 4he lov te rwero’curo 00“1&11"‘5!1""1"55 oS re-assessod as + 1.0 dezrecs C

PR

‘aver a poriod of 13 hours.

'Iaterials: 'Ioc,:s becring adult bomocles were collectzd at vorious
S “al le'fol... from the shore of *he llenai Jtraivs, noar the el
Suspension 2ridge.

 Procedure: e pu:.rad e S resses were co Tefully reloved from the nantle

...a-u

u.'l'-

. cavity, washed .in_clean sea=rater and exanined under the nicroscomve to

| :'_1den.t1fy Lhe S‘ta"ﬁe O.a. develobne“lt (ul’lsu’ 1954) Eﬁc‘i Mass Ias ﬁjen

'olaced in a 25 mm, d:l....mete*- 8pecmen ‘tl—-be and covered 1411:11 ste"ilised

'soa-w'-'ter-'*ﬁ "“m tubos were cor’red and labelled. O'-;e' tubo' ifo.s get Sside

_o.s a con‘l:rol, and subsecuent to ’c.:le expﬂri.z_ent both e"“' nasses ‘i’-'ére

s :reared 4n vitdo following the method of Cri SD (1959) 1.2.1'.31'18.1

smined at intervals and developlont of‘ the ireated egg nass vas conpared

with tha‘c of tho con'l:rol. ' The oond:. u:Lon of the experinental m’corial
- w.o,s" “"recorded u:nder one of three categories; Alive, Decd , Significent
mortality.

Roaul’cs were collected for four groups of develoomen"al sta'os, )

G’muP.l : Stages 1 - 4 (Se@nentation an'd ooi’boly)-

Group 2 Steges 5«7  (Sndodem segnentation). _
CGroup 3 : Stages 8-10  (Linb bud formation and di*"‘foren’clation)
Group 4 : Stages 11 - 13 (Up to full development of v:.able_

stare 1 m,uplius) ;

dato was then analysed using a comuter ~rozranmed for probit -

 analysis and linear re-ression,
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Upper i:edian Lethal temperature (_U_’.EZ.L.T. )

B.nodestus. = . . Be.balanoides.

Group Stages = L.2.50 + S.L. Group Stages L.T.50 + 3.3
1 1- 4 - 1 - 1- 4 4lel + 0.2

2 527  46.6 + 0.2 2 Sm 7T 42,9 + 0.2

3 8-10  47.1 +0.1 3  8=10 . 43.7 & 0.2
0.1 4

4 11-13  47.9 - +O. 11413 445 4 0.2
Lower :ledian Lethal temperature (L.li.L.T.)
RA.nodeatus. - % _ Bebalzanoides.
Group  Stages  L.T.50 + 8.3, Group  3tages L.T.50 # S.3
l=4 % l=4 =102 + 0.5
5- 7 = 12.7 & 0.2
0

1
2

3 . 8-10 =~14.0 %C
4

a2 \N nN)
9}
| ! -
7.ﬁ o -
i
4
=t
]
r s
I+
Q
$
o

2
# B,modestus, group 1 (Stages 1~4): Insufficient data was obtained to
provide a result, owing to the Bearcity of material. .
1050 = Medion Lethal temperature.
8,8, - = Standard error.

Stages . ~ 3tage of development, as defined by Crisp, r"(__;'-'_-954_)'!—.-
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Differences betiween staces of enbrvonic develonnent

1.
and_conperison with firures for other phases of the
life-cycle,
- A. “Upper edian Lethal Teﬁéerﬁéure (U.1..L.T. ).
(i) 3B.Bz2lanoides.
As enticipated there is an increase in the U.1L.L.T.
- as development progresses. This is nost 'eviden‘c after the cleavase
stages (1-4) with an increase of 1.8 degrees C, In fact, in the
remaining three ,egrdups of stages, the il.L.7T, only rises by a further
1.4 degrees C,
The value of 43.,7'(-}0; for stages 8-10 is in agreement
~with the observations of Crisp and Ritz (1967), who found virtually no .
effect with tempematﬁrea‘up“to 43°. These results therefore substantiate
their view ‘hat late stage eggs exhibit a tolerance at least as great as
that of the adults. The final stages of development (11-13) are tolerant
of temperatures approxinately 1 degree greater than that quoted for the
sqults. _
. Embryonic development encompasses a wide range of
temperature tolerance. The lovest value, predictably that found in the
earliest steges, is considerably lower than the ILL.T's cited for adults.
However, they are fractionally higher than the figures given ' for nauplii
and cyprids, (Crisp amd Ritz,1967). Therefore these planktonic larvae

Ld are the most susceptible stage of the llfe-cycle. But,
as South:ward (1958) has pointed out, shore tem'oeratures may reach .
censidezfa'bly;;higher; levels than sea-water temneratures. Consequently the
early stage eggs are -mor.é likely to be subjected to high t‘empe_mt‘ures than
the planktonic phases of the life-aycle, and thersfore the earliest stages . .

of embryonic development, in B.balanocides, are probably the most vulnerable -

to heat death.



(ii)  Z.oodestus.

Z.n10destus embryos show the same patitern of increasing

-h-

tolerance ﬂs develonnent 'progreeeee. *.‘E‘urtherrlore, the temnperciure
difference betc-feen 'gi*bups-' 'of'steges' are siniler to those found for
Bebalanoides. : It i:'s 'nest regr ettable tmt 10 value could be obtained for
fhe enrliass ~roup of sfeges.

Cone.rieon of ‘ahese results with fisures guvoted for oduls

: I o
n.rnodestus. (Foster ’960), shows the‘c the lowest .,L.7. for exzs, 406.6 C,
is 2 decrees higher than the I 7eLeT. of the adult. 3.balanoides shows a
c desgrees dif‘ferenﬂﬂ in Die U..h-...;. s between grouv 1 and group 2 egss.

Eoz-rever: 2 similar dlf“'e“ence in the case of I.modestus would scercely

su‘T:Lce to nzie 'u.le U.“.u.;. of ee.rly ste.ge Hernodestus endryos lojer thcn
that Of t‘he edul-t'e. '”The obvimie inference is that 21l svages of eubryonic
.develonment in ....modee'l:ug are more resistant to high temperature than the
adult. Such a cenclusz.on may, however, be incorrect due %o exgerme*lual
cend:.t:.ons.' Ritz (1‘358J observed that the rato of hee:bn.ng hes a nrofounﬂ
influence on the U.n..L T. of 3.modestus 'bu’c not B ‘be.,? eidee.
_Consequently a fre.ctmne.l dlfference between the heating *r'e.te in these
xperiments and the rate acnieved: ’oy other *rorkere ~~~~~ may aeve nreduced the
observed nautern. f actue.l data were available for e’cages 1-4, e.'ﬁ the -

_heat:.ng rate was 1den’ca.ca1 with that used in tests on adult ,..a.modee 3y it

is quite poseible that the earliest etages of develoment would abein be

observed as the most eueceptible to heat demage.

. 3. Lmrer I"edim'l Le'che.l temperature (L.;_.L.'l‘.)
(:L) ""'B.balanon.des.__ i
s with the U.ILL, 7., the tolerance of the enbr'yes teeted
shows eer'iﬁ@eaee as developmen’c‘ ""”Pl‘ogreeses'. - 'I'he greateet inereaee’ in
r eeietance °°°“I‘5 when eg;;s reach the final stag,es of develement. although

the figure of -17. 8 C. may be an over—eetimate due to the d:l.fficulty of

establishing mortelity in late stage eggs. (See "Criterds for -establishine
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s \ -y - -\-r"h-'- vy - ‘-1-
*ortell"sy” Je w1113 h-...J.O is eve'“l desrees lower than TLoT Jiven 0¥

L

Crisvy -....:J.d ...a.“”" (102 ), . nd approx iietes o the L.iWL.Ts of Ve aduls ov -.is

5

of yeoxr, All o».;.wr exbryonic stases are considerably 'ore suscezivible

O

Tin
to dec “1 bv freez:l.nf‘ than the adults. 3ut, with a leseTo of -5.106.,
(Crisp ond Ritz, 1957); he chr*e larvae is clearly the nost vidnerable
stoce in the life-—__c_:yclef_ -

(ii)

De.r0d estus

ks dlscove“ed wita B balanoides, there is a »nattern. of

increasing cold _’c.oleranqe e.e_ he e*"urvos cge elo*ﬁ. The largest Incrzase
is againehovn by thwe 1o @ siage ©3Cs, cltrougn vids nay be due o over-
estimation ol "..:..;e I..::.u..:.- 'for ";b"s sroud as nrevioucly exnlained,

(196u) ~ives t.ae L.:.....;...T.' of adult .;.:.zeclestus as —4.903. Jere is
-';here_fore a emilari‘y w:.th tne situ.,.tlon obeerved for tie Uslllel.,
whereby eggs are more ;'esistant_.then the adults, IZowvever, it is worth
no‘cing thatSouthWard (1958) shWS 'th_at B.rodestus could survive _1_2-_-24 _
hours at -10 C-, euggeetinu "'hat the L.......L..... of ,modeetus e.d..tl‘t:e may
be 1ower ~than -4.3 _C, If this were so, then at leaet some egé etagee .

would be more v'u.lnerable to death by freez:r.n.g tlmn the adulta .

S onp _hrieon between s _.ecies__.
(a) U.n.L T, '
| . 'I'he fig'uree for all ete.ges of embryonic development
in E,modeetue are highar t“xan those for B.balanoides. This is in keeping
with ﬂndinge for the adul‘!:s of 'bhese two speclee, (_“oster, 1969) and -
is consietent with their differen’c m.ture.l nabi‘cate. | A elm:l.ler pattern
is saown :Ln both caees- . Incremente in the U.u.L T. for each. ”'roup of
steges are eimilar in both epeciee, and the U IL-L-.-.. for all but the .
earlieﬂt embr:ronic S’Caﬁ‘eﬂ is hlgher tllan values given for adulte of the
sane epec:.es., It therefore seems 1iLely that the mecmmsm of hee.t death"-
is tne sane 1n the Wo speciee s’cudied..
~ne inﬁﬂmetion ,suggeete thetu*.;.’qe last nina stages

are more tolerant to high temperajture than 4 e pare t b».rnacle.
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_,;Lé previously ienvioned this confiras the view of Cris» and Utz (1967),
that the resistance of eggs to ha.g.:l temper lature is at least o8 grect as
the rasistance of the adult.,

(b) L.JLL.T. o . %

The eggs Of B,balanoides are clearly more resistant to low
terﬂ'oerauure tihan those of nodestus. Acpin, this is consistent wiih the
different natural hodifats of the two svecies.

Unlike the situation with heat tolerance, J.nodestus and

B.balanoides show different patvterns of cold resistance. The increascs

1n the LelieL.Ts with sta;e of developzent show less similarity than the

o incramenua of the U.ueleTe Furthermore, the ezzs of | S.modestus are nore

| mais_tant,,.to, lov .’cmpe:atures than the adults, whereas ezzs of 3.2alcnoides

 are not as resistant as the adult, (at the saue *ime of year). Lilese

‘differences could sugegest a different mechanism of cold tolerance in the
enbryos of the two species. However', & nore lilwely explanation is a

_. d‘ifférence in the mechanism of cold tolerance in the adult, B.balg *wid"es _

. | _.adults show cms:.derable caanges in cold tolerance during the vea_r’ (Crisn

and Ritz 1967) » Whereas Z M does not seen to shmr the sane Beasonal-
' '-variat:.on in temperature resiatance. (Ritz 1968, and Fos ter 1969). Of

- “'.course it is quite nossibla that both these explanatlons are correct and
'both the adult and embryonie stages possess a different mechanisn of cold
tolerance,

(c)

mtio'ns and ecolozical imnlicetions.

General obs

Considerat:.on of both the U.;..L T. and L.mL 'I'. figmt'93 |

- suggests a basic difference between W and w_' In tﬂé o
- former fhe eggs are generally moré resistant than the 'a.dults to thé
}effecta of temnﬂrature, whilat in the latter the embryon:l.c s»a.ges se@m to'.
'Tbe tne most vu'.l.nerable Par‘l: of the life-cycle. This effectiva.ly wid-cns '
the_ range of temperahu:'e -tolerance in E.modestlg as compared -to_ -

"W and may he-ve contributed to 11:3 successful snread in B
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Zoth species shoiw an aspropriate adaptation in the tenparature
tolerance of tineir e__.'.".‘_:bI‘_'S"OS:?. Se.nodestus, breeding primarily in sae suisier
has embryos wirich are most tolerant of high temperatures; 3.balanoides,
breediﬁgfrbm late a_utu:;n tq early spring has embryos whicia not only
exhibit considefa’ble tolerance to low temperature, but 2lso show increasing
tolersnce as the seasonal tenperatures fall. These differences in

tenperature ftolerance of ihe embryos coupled with the nore profound direct

~and indirect effects of temperaiure on breeding activities of I.:odestus,

{Crisp and Davies, 1955), produce an effective temporal separation of the
~ breeding seasons. It nay therefore be sugpested that the effecis of
temperature on the reproduction of J.nmodestus and B.bzlanoides coniribuie

B to the co-cxistence of these two species on our coasts.



(2)

(4)

(5)

o

(1

- 23 -

Instantaneous values for the U.u.L.T., of 2R.modestus and

B.balanoides are given for the major stages of embryonic development.

(For E.modeetue no value could be obtained for the earliest phase

of dev elopment )

18 hr., L.M.L.T, values are given for the same stages of embryonic

development as e:e.mined' in the 'imeetigation of tolerance to high

temperatures.

| Both epeeiee eh'ow;- Bimilarpatterne of tolerance to high temperatures.

Tolerance increases ae tievelopment progreeeee. Later stages of

embryonic development are more tolerant than adults.

Tolerance to “lei'-r"‘tempereturealee i‘neree.eee throughout embryonic
develepm'ent. Heeever,ﬂ'the pe.tterns of cold tolere.nce are different.
B.bale.noides embryoe are generally less tolerant than adults,

ehilst moet embryomc atases or a&wsurnved temperaturee

- belew thoee cited as 1ethal t‘o the adnlt It is poetuleted that

_.different meche.nieme of eold tolerance me.y B::Let in the two Bpeciea._"_ _

E.belemidee d:lsplaye greeter tolerence of low" temperature then
K. modeetu.e '

' E.modeetus exhibite a greeter tolerence of high temperature than

B belenoidee. R

The findin@ are eoneietent with the different zoogeogrephic origins

' of the two speeiee. It is cencluded that differencee :.n temperature -

tolerence may eeeist coex1etence of the two epeclee by reinforcing

' temporal eeparation of the breeding seasons.
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SECTION 'II'_ )

 BALANUS BALANOIDES (L.) AND ELMINIUS

" MODESTUS DARWIN (CIRRIPEDIA, CRUSTACEA)

IN RELATION TO COMPETITION BETWEEN THEM.
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% SECTION III

LABORATORY STUDIES OF GREGARIOUS SETTLEMENT

IN BALANUS BALANOIDES (L.) AND ELMINI

MODESTUS (DARWIN) IN RELATION TO

COMPETITION BETWEEN THESE SPECIES.
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SECTION IV

A LABORATORY STUDY OF PREDATION BY THE

COMMON DOG-WHELK NUCELLA LAPILLUS

(GASTROPODA : PROSOBRANCHIA) ON THE

BARNACLES ELMINIUS MODESTUS DARWIN AND

BALANUS BALANDIDES (L.).

Published in slightly modified form in

J. mar. biol. Ass. U.K. (1979) 59, 299-306.
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3arnacles ln"ected oy E 2lani exhibit a sisnificant

reduction in growin rate (CI‘iSP }960), and are usually rendered sterile

~ ({crisp and Davies, 1955 and Crisp 1968). This may affect population

Lo levels in succeeding host generatlons as discussed by Crisp and

Soutiward (1958). cZemdoniscus is not 2 completely” srecific »arasite

(Perez 1923),'umd-_both\}:.moﬂestus and Bebalanoides are notentizl hocts

(Crisp =nd Davies, 1955, Crisp and Southwaerd, 19058 arnd Crisy 1968).

If one species vWere uore susceptible than the other infection by
E.bolani could 1nf1uence the nopul:_.tmns 0f these two cirripedes and

- consequently Hf‘fact the balance of competition between them. 4 survey

was therefore conduct ed to examine the frequency of occurrence of the

- paragsite in a med populati-on of E.modestus and B.balenoides.

. {nfectionof E.modesms and- B.balanoides.

On the Anglesey shore of the lenai Straits, adults of both specles
vere examined for the présenc_e of Hemioniscus. Only the occurrence of
the adult female paraéi.te vas recorded as explained by Crisp (1968).

The figures obtained in this way are satisfac-tory for conparative
purposes. . . - - :

E,modestua.was obse:wed to hhve a frequency of infection of
1,967 (11/571) compared to a frequency of 1.25% ( /486) for B,balangidga.
Comparison of t‘ﬁ.e figures by 22 shoved that the differences are not -

. significant, (8 = 0.80. p approx., 0.4). On thi's widence._the _
susceptibility o.f the two species is roughly equal. Howéver, the |
greater facundity of Z.modestus (Crisp and Devies, 1955), would still

| g:we this species an important advanta#e in compet:.tlon with B.balamidga.
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- The aim of thé’-pre‘&e’ediag*éebt‘ibné of this thesis is to examine

‘several aspects of the ecology of the two species -of' cirripede. Most

the work relates to the biological enviroment and considers the

#ffects of predation, pamitim and gregarious sottlenant. Section I
mncorna the physical enviromsent (the effects of tompmture), although
it does allow a re-assessment of the importance of the high fecundity
af M (Crisp and: Baﬁ&ﬂ, 1955). Tho iﬁ‘omation can now be
uae& to make assessments of the ccologlﬂl porfomnaa of the two
_f__gpoc:.ea with respect to the va.rious factors investigated.

For convemience mlogiml porfomnc' is oomiderod under

.,m headings according to the nlttn-o of the enviromental factors

Responses to reatmn of tho :I.oa]. enviromment are termed

‘wPhysical aspects®. The biological enviromment concerns reactions to

uding members of the same species and these

‘aspects." This heading also includes

i*etli res éms to the biol'ociml enviromment,
uly mmm u intrimie bieloﬁ.ml propertieo

but are. unre ae“

.u& as fcewitr. {Sim ueh individml aspect ropruents a

mponont of mlugiml der

m doeanu mrer to mahu 1)

| m oqu:lvalon‘b o

iporta "'t diffortnet between the two typeu of aspects is tho
'; .ffoo‘l: or tmponturo. | Phamieal umts are not putly aftoatcd by

l'or exuplo, N : -

mporaturo as many are in fac‘t leamu'ea of its effocta._
:tho median lethal tOIPm ea of a amiu are muurily imapondont
of em:l.romenta.l tupmtura. Othor phw-ieal faetora which do not
dirwtly concern tumatm-o shmt r.lati‘vely little nriation vith
different temperatumy Por ennple Crisp and Costlow (1963) hmred



gthat the effect of salinity on developing cirripede embryos was not

o

appreciably influenced by tenperaturea normally encountered by the

af imals. However, eimo all imrtehrnm are poikilothermic, most
gb;,oloﬂcal aspects of their eeeleg nuet inevitably be affected by
?mperat’ure, although mumenti of b:tolog'ical components are not
%invalidated as long as they edequetely relate to temperaturu in the
@mtnral onviremnt. ‘The si@fim ef this difference between
’_ph:ysical and biologieal mponents is that the latter are more likely
;tQ vary in time. and apaoe. Variability in mture is often important
*in maung ﬂfim ad;juatments" To eeological eituatiom._

All the a ;__.,,fa,ble itﬂ’omtion is summarised in Teble l. The

'ta,ble is adapted fmm Criap (1956) am up~-dated by the relevant

Taoct:lone of th:l.s theaia and by 'me follmring ' ' .

| Q) Barnes and Bam (1962) on growth-rate, (ineluding
. feedin efﬁ.e:l.oney eﬁ tolerance of siltation).

o (2) Bams, Read and Top:lnka (1970) on resistanee to

neMcal d&nge
: - (3) thger and Orisp (1965) on larval ealinity tolemneo.
- (4) c;-up (1960 m 1964) on mth rates. l
 ' (5) | hCrisp aud Daviu (19'55) on breeding of @Qg
(6)  Crisp and Rits (1967) on low temperature tolerance.
. (7) Damprt (19’76) on mponeos to rluotuating ulin:l.ty -
(8) _. mter (1969 t) on toleraneo of high tomperaturea. -
(9) . -Poater (19593) on otfeeta ot aaliﬂty duliut:l.on and
. . high mporam -

(10) Larman and Gabbott _(-_1975) on discrimination during .
settlement, ' o o

(11)  Bits (1968) on Lov temperature tolerance.
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mable 1. An ecological coaparison between F.modestup and B,balanocides.

Basic Tacts. E.modegtus., B.beleapoides

P4dal sons occuplied M.H.d, to below L.¥.S. J.49.0. to L.4.3.

sgttlement season May to October March to April

adult sise (Diameter) 5 to 10 ma. 5 to 15 ma.

conpomnt. of aaolociul prforRance: ) m. M, w_i

A, Physical Aspects

molerance of salinily extrenee (adult) >+ + e * ¢+ 6 and 9
Tolerance of salinity extreses (larval) + e .+ 5
rolersnce of high temperature (adult) .+ & . - & Band 9
rolerance of high t-poﬂh::l (embeyonic) > PN Thesis
Tolerance of l;v tempersture (adult) + + + + + 6 and 11
 golersnce of low tempersture (embryonic) + + ‘oo Thesis
Tolerance of dulioation * b re ¢+ > e S
molerance of siltation * + + + s 1
B.c;istanco to mechanical dameage + + + + & 2

g, 3iological Aspects

Suscepiibility to parssitism - - Thesis
gusceptitility to predation - - - . . o o ™ enis
growta rate + + + >, ee 4
Feeding of ficiency oo . .
sigcrimination luring setilement .+ b PN 10
sregeriousness during settlenent * + ¢ 4 -+ >+ ™esis
Pecundity 4+ d e >+ b 5

Naxigum Scors 5§ + or -

- signs are used only where the feature is deletericus in its effect. 4As predation can only act %o

eliminate individuals, it is given a negative score. All other features except parasitisa ars described

in such & way taat they will aid survival szd therefore positive scores have been allocated.

® Reference No. Key to numbers is given in text.
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"Bagic facts" are taken from Southward and Crisp (1963).

The table is intended merely to provide a simple comparative
gummary of all known features of the ecology of E.modestus and
B.balanoides. It is necessarily subjective since there is no*
reasonable means of estimating the importance of any one component
to the ecological performance of the species. Each component is
allocated a rating and the score received by each species for a
particular component is directly comparable. Scores received for
different components are not strictly comparable although some
attempt has been made to weight components according to their probable
importance., For example; amongst the physical aspects, tolerances to
salinity and dessication would seem to be more important than
tolerance of siltation or resistance to mechanical damage, since
the latter are probably more localised in their occurence and scores
have been weighted accordingly. Similarly, amongst biological

components, susceptibility to parasitism is clearly less significant
than susceptibility to predation and these aspects have also been

weighted accordingly.
Summarising the information in this way avoids the problem
of comparing sets of figures in different units and takes account of

the qualifying comments of the workers whose results have been used.

The data is thus easier to evaluate without the constant need to

interpret a wide range of different measurements. (It also helps to

obviate the otherwise excessive need for references in the text).
Using the table as a basis for discussion it is possible to

examine all features of the ecology of E.modestus and B.,balanoides

and attempt to identify those which have allowed Elminius to be so

guccessful in invading the intertidai habitat on British coasts.

Similarly, since Elminius has not completely replaced Balanus on our
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shores, the table can be used as a basis for discussing their
coexistence. It therefore seems appropriate to 'exa.mine the informatilon
in two sections: GSection 1 - Ecological features contributing to the
success of E.modestus in competition with B,balanoides during it's
colonisation of British shores; Section 2 - Ecological features
affecting competition between E.modestus and B.balanoides in the context
of their coexistence on British shores. Some overlap between sections
is inevitable because it is necessary to consider the consequences of

components in relation to both colonisation and coexistence in order

to assess their effect.
The discussions are based on the situation in North Wales,
where most of the observations have been made, and may therefore not

apply throughout the entire geographical range of Elminius in the
m'ltiah Isles.,

Discussions also tend to overlook the two extreme habitats which

are especially favourable to one species, (i.e. sheltered estuaries
where E.modestus is dominant, arid exposed coasts where B.balanoides
is dominant)., Their omission is intentional, since most rocky shores
provide intermediate conditions between the two extremes, and

competition will be most important where the overlap of fundamental

niches is greatest. Furthermore, Elminius is so widespread throughout

the intertidal enviromment that the habitats produced by environmental
extremes may be comparatively unimportant except during the earliest

stages of the Elminius invasion. Crisp (1958) described the importance
of sheltered areas such as harbours and estuaries in providing suitable

habitats for the establishment of Elminius colonies, from which

subsequent dispersal took place. The succeas of Elminius in these
habitats could be ascribed to advantages in tolérance of siltation and

lowered salinity, coupled with its greater feeding efficiency which may
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be very important in areas of reduced water movements. However,

the situation is complicated by the considerable fluctuations in
abundance of indigenous intertidal barnacles (Southward and Crisp, 1956)
during the early years of the spread of Elminius. The decline of
B.balanoides at this time may have significantly assisted colonisation
of many areas.

In fact consideration of environmental extremes involves many
complications, since competition with other species, (Chthamalus
stellatus on exposed coasts and Balanus improvisus in estuaries)
will presumably have an influence in these habitats., The difficulties

of analysing competition between two species are sufficient to be

convinced that attempts at explaining competition between three or

four sdﬁecies would be decidedly over-ambitious.

Discussion 18 therefore largely confined to intermediate
coastal habitats for simplicity, and because these habitats may
reasonably be deemed to represent the majority of the intertidal

rocky shore environment,
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The concept of ecological performance.

The original intention of this thesis was to investigate the
ecological interaction between Balanus and Elminius by analysing
competition between the species. Analysis involves the assessment and
comparison of all aspects of the ecological performance of the two
species and consideration of the likely effects of each aspect on
competition. It must be emphasised that such an approach is by no
| means the same as a consideration of the effects of envirommental
factors on ecology. The concept of ecological performance describes
the su_i tability of organisms to the environment, whereas examination
of environmental factors concerns the suitability of the environment
to the organisms. Consideration of envirommental factors is perhaps
more applicable to zoogeography and studies of faunal distribution,
For instance, factors such as high temperatures or poor food supply

may explain why a species is absent from a certain locality, but

wherever the species is found it is the tolerances or adaptations of
the species to these factors which govern its success in that environment.
It therefore seems more stirictly accurate to consider ecological
performance when analysing competition, since competition can only occur
when both species meet together in the same enviromment. (There is
a great danger of circular argument here and the preceeding remarks may
merely reflect a personal viewpoint. However, since we are primarily
interested in the organisms it seems more appropriate to discuss the
guccess of a species by reference to its ecological capabilities than
by considering the enviromment),

The approach is probably more valid than a consideration of

envirormental factors because some biological components of ecological

performance do not directly relate to envirommental factors., As
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explained previously, such features as fecundity are not a direct
response tc an envirommental factor, but are intrinsic to the organisn.
Thus the concert of ecological verformance encompasses more than just

responses to the environment. Consequently I have used the concept

of ecological performance throughout the ensuing discussion.
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DISCUSSION.

Section 1 - Ecblogical features contributing to the success of
BE.nod es tus ih competition with B.balanoides during its colonisation
of British shores.

(A) Physical Aspects.

These are more easily dealt with as they show
little variation with time, space or biological conditions, although
B.balanoides has the unusual ability of being able to adjust its
tolerance to low temperature in accordance with the season of the
year (Crisp and Ritz, 1967). In terms of response to the physical
environment it is difficult to separate the two species, as concluded
by Foster (1969 b). E.modestus is slightly more tolerant of high
temperatures and occurs slightly higher on the shore - probably
assisted by its greater feeding efficiency. Occupation of this narrow
zone free from competition with B.balanoides could provide a useful

gpatial refuge for Elminius. Once the first arrivals had colonised

this region of the shore substantial stocks could be built up
facilitating more extensive colonisation. The greater tolerance of
giltation by E.modestus could also provide a refuge in sheltered areas.
Personal observations in the Coﬁway estuary tend to support this idea.

Silt is deposited on rocky surfaces during early Spring and either

prevents settlement of Balanus cyprids or covers and kills the young

spat. Most adult Elminius which settled later in the year when rock
surfaces are comparatively clean survive the period of heavy siltation.

However, the specific adaptation of E.modestus to sheltered areas has

been questioned by Barnes and Barnes (1962).
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(B) Biological components.

The limited advantages of E.modestus over
R.balanoides in physical aspects of its ecological performance imply
that its success must lie in biological aspects. It certainly appears
+o have no advantage in terms of growth rate, nor in its avoidance
of castrating parasitism. (The latter in fact does not seem to be
a significant feature in the ecology of eiiner species, at least in
the Menai Straits). Elminius appears to have an advantage over
Balanus in feeding efficiency as suggested by Barnes and Barnes (1962),
although this is probably counteracted by deficiencies in growth rate.
The benefits may manifest themselves in allowing E.modestus to occupy
higher levels on the shore as considered above, and also in enhanced
reproductive activity as discussed below.

Amongst biological components the greatest
attribute of E.modestus is its remarkable fecundity coupled with
its extended breeding season, as deécribed by Crisp and Davies (1955).
Obviously these features are very important in colonisation and must
largely explain the rapidity with which the invasion took place.
Crisp (1958) explains how the vast supply of larvae and long
gsettlement season allowed Elminius to take over large areas of the
habitat previously occupied by B.balanoides. The effectiveness of
rapid colonisation is also demonstrated by the predominance of
Elminius on loose stones. Observations in the Menai Straits and
Conway estuary showed that these stones are turned over from time to
time by storms or human activity, and the existing barnacle population

is suffocated., The new, bare surface becomes available for

colonisation and since Balanus has such a restricted settlement season

the surface is usually colonised by E.modestus.

Fecundity and a prolonged settlement season explain
the rapid spread of Elminius and the creation of small isolated
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populations. However, both species occur together throughout most
of the intertidal zone., This could result entirely from continuous
settlement of E.modestus recruited from these isolated stocks and
fyom those occupying the spatial refuge between M.H.W. and H.W.N,
(Such jadividuals are then presumably eliminated by direct physical
competition from the established population of B.balanoides.) The
hypothesis is not entirely satisfactory since the existence of
Elminius in the intertidal zone does not appear to be so completely
opportunistic and in many cases Elminius seems to survive in direct
physi cal competition with B.balanoides. It is thus reasonable to
conclude that in spite of limitations on growth-rate and size,
Elminius uses its advantages of fecundity and feeding efficiency to
compete satisfactorily with B,balanoides.

But two other factors have probably contributed
to its success. As explained in Section IV, the predatory behaviour
of Nucella lapillus could have given E.modestus a great advantage when
- first colonising new areas of shore. Removal of large numbers of
B.balanoides through predation by Nucella would firstly create
considerable areas for the settlement of E.modestus. Subsequently
the preference shown by Nucella for the larger faster growing species
would negate the advantages of B.balanoides in this respect, allowing
E.modestus to grow without hindrance from its competitor. Thus the
high fecundity of Elminius coupled with its comparative immunity to
predation by Nucella would have enabled very rapid and highly successful
colonisation,

Finally, there are strong indications that the
settlement behaviour of the two species has played a small but vital

role in the success of E.modestus. The comparatively low discrimination

at settlement shown by Elminius (Larman and Gabbott, 1975) suggests
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that the presence of the competitor need not hinder settlement of

the invader. This would be of great importance in the earliest stages
of colonisation where existing populations of Elminius were very small
or non-existent. Subsequently, the tendency towards gregarious
settlement would not only perform its probable evolutionary function
in aiding cross-fertilisation, but would lead to & situation where
intraspecific competition would be more pronounced than interspecific
competition. In other words, the effects of crowding would be more
deleterious within one species than between the competing species

as suggested in Section f_I___f. Thus it may well be that settlement
behaviour has created a situation whereby E.modestus could largely
avoid the problem of direct vhysical competition with the larger,

faster-growing indigenous species. (The consequences of this

situation are discussed further in Section 2, )
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Summary, Section 1.
Advantages in physicel aspects of the ecology of

B.modestus, namely tolerance of high temperatures and siltation may

have contributed to the success of Zlminius in colonising British

shores. The feeding efficiency of E.modestus has probably supplemented
these benefits in physical components, facilitating the occupation
of a spatial refuge.

Advantages in biological aspects have probably been
more important in the rapidity of the Zlminius invasion. High fecundity
in conjunction vith greater feeding efficiency and a degree of success
in direct physical competition with H.balanoides have allowed rapnid
and effective colonisation of rocky shores. It issuggested that the
principal factors contributing to this success in competition are the
lower susceptibility of Elminius to predation by Nucella and the tendency

for gregarious settlement to minimise the extent of direct physical

interspecies competition.
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Section 2 - ©Zcological features regulating competition between
E.modestus and B,balanoides in the context of their coexistence
on British shores.

(A) Physical Aspects.

It has already been observed that the ecological
performance of the two species is difficult to separate when
agsessed in terms of the physical enviromment. In fact, as
Foster (1969 b) observed, there appears to be a contradiction of
Gauses axiom, that two species with similar ecology can not coexist
jndefinitely. Thus it seems unlikely that ph&sical components of
ecological performance can explain coexistence because the overlap
of fundamental niches would be too great to allow continuous
coexistence. Furthermore, any partiecular adaptation to the physical
enviromment would be unlikely to change with time or population
levels. Southward and Crisp (1956) demonstrated that changes in
envirommental factors could influence competition between barnacle
specles, but this is completely different to a change in the
organisms ecological performance with respect to the physical factor
concerned. Consequently, a physical component contributing towards
coexistence must produce a retarding effect on the evident success
of E.modestus during colonisation. (It also follows that any
advantage conferred by physical components must necessarily make a
negative contribution to coexistence). Thus it is very difficult to
ascribe coexistence to physical aspects of the ecology of either
species because their adaptations to physical factors overlap to such
a high degree and because there is no evidence of changes in these
factors or theecological performance of either species with respect

to these factors during the short period of time involved.
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(B) Biological Aspects.

As in section 1 it appears that biological
components must have more influence on competition than physical
components of the animals' ecology. Both species compete for space
and food, and yet those comporants which have the greatest effect
on direct physical competition, namely size, feeding efficiency and
growth rate seem unlikely to encourage coexistence. The experiments
of Crisp (1964) indicate that B.balanoides is considerably more
successful in direct physical competition with E.modestus except
at high population densities or in conditions of severely restricted
water flow, (i.e. limited food availability). It would be reasonable
then to suppose that some form of spatial or temporal separation of
the species exists in order to explain how both may survive utilising
the same resources. opatial separation as considered in section 1
is very limited and whilst it may be evoked to explain the continued
survival of Elminius by virtue of a spatial refuge between H.W.N.

and M.H.W., it cannot explain the continued survival of Balams

since E.modestus occurs throughout most of the zone occupied by

B.balanoides. The hypothesis that Elminius survives by means of

a spatial refuge and Balanmus survives by being superior in direct
physical competition (on account of its greater size and faster growth
rate,) 18 one possible explanation. However, this idea seems
unsatisfactory as explained in Section 1 because of its inconsistency
with the rapid spread of E.modestﬁs and its observed success in many
areas where both species are found together.

Temporal separation resulting from different settlement seasons
is perhaps a better explanation, B.,balanoides settling slightly
earlier in the year has chance to become established before the swarms

of Elminius larvae begin their search for settlement sites. Any space

unoccupied by B.balanoides can be colonised by Elminius and attempts
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at settling in areas where large numbers of Balanus already exist

may also be quite successful. There is an intrinsic suggestion here
that E.modestus may be the more successful species in direct physical
competition since it must compete against an established Balanus
population. Interestingly this is the complete converse of the
implications involved in the spatial refuge explanation. Furthermore,
the idea of temporal separation can be criticised as it again implies
that Elminius is merely an opportunistic coloniser surviving like

some epheneral plant occupying a refuge in time (and space). Whilat
it must be accepted that all barnacle species are to some extent
opportunistic, this argument suffers the same objections as those
discussed in connection with spatial seperation of the species.

It is difficult to reconcile the rapid and successful spread of
E.modestus and evidence of its success in direct physical competition
with B.balanoides if itls survival is purely the result of opportunistic

fortune.

One only has to imagine the intense competition for space that

would result if the settlement seasons coincided to be convinced that
temporal separation of spat-fall, whilst not complete, must enhance

the possibilities of coexistence. Elminius with its prolonged breeding
and settlement season expresses the advantages of its greater fecundity,

but B.balanoides, settling earlier in the year has chance to establish

that particular year class before the new generation of E.modestus

arriV‘BS-
So far nothing has been found which can greatly alleviate the
extent of competitive exclusion resulting from crowding. Nor have

any mechanisms been considered which can vary to maintain a balance

in competition thus allowing coexistence.

A feature of paramount importance in competition is settlement
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behaviour. Whilst such ecological components as growth-rate and
gize govern the outcome of direct physical competition, settlement
behaviour controls the incidence of contacts which give rise to such
interactions between the two species. Earlier consideration of
spatial separation related to the geaeral pattern of distribution
(and survival) whereby the only effective separation of the species
is a narrow band of the upper shore dominated by E.modestus. In
general, throughout the intertidal, both species occur together.
The only noticeable discontinuities are a form of patchiness rather
than zonation, again reflecting the likelihood that biological
mechanisms rather than physical factors are at work. Presumably
this patchy distribution is a direct consequence of gregarious
gettlement as considered in section _Z_I.____fi-. (The envirommental
heterogeneity responsible for creating these patches can only be
assumed). It is thus easily arguable that small scale spatial

separation of the species does occur, and that this makes a significant

contribution to coexistence. Concommitent with the spatial separation
resulting from_gregarious settlement is the effective increase in
direct intraspecific competition and consequent reduction of direct
interspecific competition since most of the competitive effort of

the individual becomes directed against its own species. As described
in theoretical terms, (Slobodkin 1961, ch., 7), such a situation ean
enable coexistence even when there is considerable overlap of the
fundamental niches, because the effect of each species on the other

one is minimised. Thus the effect of gregarious settlement in tending

to make intraspecific competition more intense than interspecific

competition and creating small scale spatial separation of the species

may promote coexistence of the two species in the same habitat,



- 102 -

The actual intensity of intraspecific competition can vary
according to population density as shown by Crisp (1960, 1964),
and the role of direct physical competition in regulating barnacle
populations has been demonstrated by Connell {1961 a, 1961 b). Hence
there is an ecological mechanism which can and will vary according
to the relative success of either species. Crisp (1958, p.510)
describes a change in competitive interaction between Balanus and
Rlminius. As the population of Elminius increased (at the expense
of B,balanoides), intraspecific competition between individuals of

Balanus declined, leaving B,balanoides which were "individually large,

healthy and successful.™

The fluctuations and variations in the intensity of direct
physical competition within and between species are difficult if not
impossible to assess, but it seems that the balance between the two
must be very important in maintaining coexistence. If the theoretical
considerations mentioned earlier can be said to apply to real
situations then the gregarious settlement-of both species may be
fundamental in controlling competitive interactions in such a way
as to achieve coexistence,

The final component which may play a part in coexistence is

the predatory behaviour of Nucella. Connell(1961 a) has clearly
shown that predation by Nucella is important in regulating Balanus
populations. The experiments described in section E indicate that
prey selection may change according to the populations of the prey
species present, Furthermore, the tendency shown by Nucella to take
the larger individuals (Connell, 1961 a) would create space for both
species probably at the expense of B.balanoides, thus negating some
of the advantages of this species resulting from its greater size,

growth-rate and earlier settlement season. (Even if predation became
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random, Nucella would still tend to remove the numerically dominant

species thereby helping fto restore a balance between the populations

and encourage coexistence).

Paine (1966) has shown that predation can significantly affect
the balance of competition between specie~ in the intertidal
enviromment and encourages diversity. It therefore seems likely that

the susceptibility of both species to predation by Nucella is an

importanf'feature in the coexistence of Elminius and Balanus on our

shores.,
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Summe. Section 2.

The ecological components ccontributing to the co-existence
of B.balanoides and X.modestus seem to be biological rather than
physical., As in section 1 the major features are identified as the
settlement behaviour of the two species and the predatory activity
of Nucella lapillus. Both of these factors can act to reduce the
extent of direct physical competition between the two Species and also
have the capacity to vary according to the state of balance between
populations of the two species., Temporal separation of the breeding

seasons may also be important in facilitating co-existence.
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Conclu3icnS.
If.is difficult7to-esoribe,success in oomsetition or coexistence
to- individual compozﬁehts o'_;t_‘j e_ool_ogioal. perforunance. _However, it seens
reasonable to concludethat in t‘-he s.ituationfz existing between “lminius
and “qlqnus bmlogioal mechanisms are mora iroortant thm influenoes of
the ohvsics.l environment 111 regulsting com}etitlon. - In psrulcula.r,
fecuqaltv, sattlem::nt benaviou:r and susceo*loillt" to rredation all seen
“to be hlghly upnlficant. Temporal separat*z on of spat-fall may- also be
1moortant;;'i. - - -

o "&bw.ously cospetition .must 1n?olire to vs rying degrees all comoon--nts
of ecological pevformance th singly and ‘ov means of n complex 1nter“l.,...y
of fagtors. acting in combinatian. -Gonseouently- any assessuent of the
sltust:.on is bound to be: an over-simpllficatlon... Some- 'factors are
comoletely ignored and small fluctuations and variatioas in the '
envz.ronmentmayhave -1nf1ueaces which arn al:nost impossible to detect.
As observed i.n the introduction to thls thesia, the interactzon betwaen

' ecological performnce and emrironmental variat:.on makes the actual

mechanios of interspsciflc. competition very complicated imleed. It is

_therefore to be hopea that the ooncept of ecological performance simplifi es
the issue sufficiently to make helpful deductiorm without over—simP].ifying
- to the point where such deductions are meaningless. ‘I‘here is certainly
soope for more experimental field eoology to test some of the id.eas put .. |
' forward here. For example much could be learned from observations on s
artificially introduced poPulations of one species into areas where they o
are abeent or very low in numbers. The subsequent eliminati on or survival
: of such a population could shed nmch light on the factors oontrolling

_ ecological sucossa. _ I‘t would 'be espscially interesting to introduoe . -

B_;BW ta Australasian shores and thus observe the situation in '

| reverse so to spealc.
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‘he ecologiCﬁl'aerfor$ance aporoach i3 a useful preraration for
s:e’r 2c0logical -':—:-::‘;;jtﬂrimentation., althoush 2 groat denl of informztion is
Yl i_%ired.;b%éf‘ore such an dnalysis can beattempted. ~ The ,;.;emmi
coﬁciusibﬁ tnai. biological factors are more important .than physical ones
is not *~.-.1'f*o;jethcr su.rpri'sing, since such extensive cormnetition could
o:a:-.:,l;g} rosult it the pﬁvsical aspects of the ecology of the twe svecles
shdt-fed o hizh | 1é’.fel-.0f‘ sirr;tilarity. ‘Z*Thils*c the a»>roncL cﬁ.n not comnletel:-

nteraction between linminiugs sni “~larus T hove

..

_— h " | - .L.',L' Co it ‘..

'
L

32
Wi

that this synthesis has revealed the major [eatures o7 the 2colocy of
both srzeiss which allowad the former to bha so sucesssful ipn its invasion
of Rritiszh shores, an? which nowv allow hoth species to cogxist =s

astablished members of the rocky-shore comuunity.
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: _ Ectérs __tffectlng écmpetltion betwaen "“lmnius modes‘cﬁs aﬁd
:Balamzs h‘e”.{lﬂ noideé are brlefly; revie‘?féd‘ % o . - . “
- The sltmtlon is 1n§estigated by coﬁéldering‘single comﬁonentu }
'of the ecolozy of both 3Pecies. . iost atteﬁt’lonl is é’iV@ntﬁ faa+ufeé
”af the blolorrlcal enviramnant wrﬁich nqvn-.n.of been “de*‘uately #xaminea
sotors. ' - '
. The eff ects 'of nﬂmsitismx rradation and "ref%z:-'rious settlament
in relntian to cam*netition afe lmémti"’;‘tﬁd (sectlons Il to Vi*wlusive.)
‘Eerperature tﬂlerance-of developing embryos is éonsidered in section [.
. ..Parasit’ism is sho.wn te b‘e' comp&rativelv uniﬁpcrfant but nredation
i_;_fi':and pregarioussettlement may be mgufioﬁm faatora in c:.rrlpede ecology.
Qinﬁe they .can influeﬁﬁe the balance of ccmnetltion between srecies.
‘mbryonic temperature tolerances probably relnforce *l:he térnnoral
'sepﬁrationof fsettlement seasons, % -
_ The wnséquences of all aapecta of the ecologr of poth specieé |
'fam discusaed in sectian _V_’I_. It is concluded that biological features

af ecolﬂgy are more important than 1nflu9nces of the physical envir oment.'

Prada‘tion and aettlement behaviour may be partieularly significant in

;explaining both the 1nitia1 success of "“lminius in colomsatn.on and

";tthe coaziatenca of both sPeqieg en British ahores.-



