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The five stages in the behaviour pa tte rn  by which Calliactis parasitica transfers to  shells of 
Buccinum, normally occupied by Pagurus bernhardus, are described. The first of these, the 
clinging of tentacles to shell, is a  trigger for the  pa tte rn  as a whole; it  occurs in  Calliactis 
already settled on glass or plastic, and more consistently, in Calliactis whose pedal disks are 
unattached.

Tests on the frequency and speed of the clinging response under various conditions gave 
th is information: (a) individual shells used by Pagurus vary  greatly in potency; (b) Calliactis 
cling to shells of Pecten and M ytilus, b u t only erratically and after long delays; (c) Buccinum  
shells th a t have never been occupied by crabs, evoke the clinging response most consistently 
and rapidly; (d) removal of periostracum from Buccinum  shells reduces, b u t does not abolish, 
clinging, though Calliactis responds to isolated strips of periostracum as to a shell; (e) Calliac­
tis does no t cling to dummy shells, to  shells boiled in  alkali, or to shells coated w ith a  thin 
plastic layer; (/) Calliactis does no t cling to  inactivated shells when these are re-occupied by 
crabs. I t  is concluded th a t the clinging response depends entirely on a general molluscan 
shell-factor. In  the settlem ent of the foot on the shell (the fourth stage of the behaviour 
pattern), a  specific response to  shell-factor is also involved.

Vertical incisions, even complete bisection, do not abolish clinging bu t merely slow down 
th e  orderly pattern  of the transfer to  a shell. Horizontal incisions impair the pattern  more. 
Complete horizontal section, including removal of the pedal disk alone, abolishes the 
clinging response and the whole behaviour pattern .

Interposed stimuli show features consistent w ith a  5-stage programme in which the com­
pletion of each stage is a  trigger for the next. B u t each stage may be greatly prolonged, and, 
if  interrupted, starts  again. The neurom uscular links required to co-ordinate this behaviour 
pa tte rn  are listed and discussed.

I n t r o d u c t io n

The sea anemone, Calliactis parasitica, is norm ally found in  European A tlantic 
w aters living on shells of the  whelk, Buccinum  undatum, inhabited  by the  herm it 
crab, Pagurus bernhardus. Ross ( i 9 6 0 ) described how Calliactis which have settled 
on glass, plastic or stone, transfer b o th  to  em pty and  Pagurus-oaoxrpiQd Buccinum  
shells and  showed th a t th e  anem one establishes the  association alone, w ithout the 
crab assisting. The presen t paper describes fu rther observations on this pheno­
m enon. The objects were to  discover th e  factors involved in the  initial response of 
Calliactis to  a shell, and in  the  m ovem ents by which the anemone eventually 
settles on the  shell.

E u r t h e r  o b s e r v a t io n s  o n  t h e  t r a n s f e r e n c e  b e h a v io u r  

Since the  earlier paper, m any  m ore transfers of Calliactis from plastic p lates to 
Buccim tm  shells have been observed, and  m any of these have been filmed b}7-

* Present address of both authors.
[ 266 ]



Response o f the sea anemone to shells o f the hermit crab 267

tim e-lapse cinem atography a t  1 fram e every 2 or 3 seconds. I t  is now possible to 
give a m ore accurate description of th e  phenom enon. W e now recognize five 
d istinc t stages in  a  typical transfer.

(1) The attachment of the tentacles and oral disk to the shell 
On con tac t w ith  a shell, some of the  anem one’s ten tacles cling to  the  surface and 

m ove over i t  by  excited serpentine m ovem ents. I f  these tentacles rem ain in con­
tac t, o thers soon adhere also and  explore th e  surface more and m ore actively. 
W ith in  a few seconds, waves of ten tacu la r flu ttering  trave l around the  m argin as 
th e  anim al extends and  m ore tentacles touch th e  shell. Occasionally th e  anim al 
re trea ts  m om entarily by a quick m arginal contraction, a sign of strong general 
stim ulation, and then  quickly extends to  re-establish  contact w ith  th e  shell. Soon 
the  en tire  ring of tentacles becomes closely applied to  the  shell, and  th e  m argin, by  
partia l contraction of the  sphincter, grips th e  shell, forming the  rim  of a sucker 
com prising the  oral disk and m outh. This ten tacu la r and  m arginal hold on the  shell 
exerts a strong pull. A crab is often held fast b y  an  anemone a t  th is stage, unable 
to  free itself except by its  m ost powerful m ovem ents. A n em pty shell is frequently  
lifted or dragged tow ards the  anemone. In  th is situation , the s ta te  and position of 
the  ten tacles and oral disk are no longer visible. M any tentacles continue to  
adhere b u t  usually they  are shorter th a n  th ey  were a t  th e  beginning of the  response. 
Sometim es th e  m outh also grips th e  shell a t  th is tim e, b u t usually i t  is hidden from 
view.

(2) The detachment o f the pedal disk 
Once th e  tentacles and m argin have a secure hold  on the  shell, peristaltic  

waves trave l down the  column tow ards th e  foot. The column gradually  th ins and  
som etimes tw ists. As a rule, several m inutes elapse before any change can be 
detected  in  the  pedal region and  th is change, w hen i t  happens, is variable ; the  pedal 
edge m ay  be draw n in  tow ards th e  centre, th e  whole basal region m ay swell notice­
ably, or th e  disk m ay lift off th e  p late  a t  one or m ore points around th e  outer rim . 
A t th is stage the  mucous envelope which surrounds th e  basal region of the  anim al 
is often shed. The ensuing period, when th e  pedal disk is being detached, m ay las t 
for m any m inutes, or i t  m ay pass quickly. Som etim es th e  anem one is firmly held 
by the  cem enting deposits of its  pedal disk, often b y  only a small area of a tta c h ­
m ent. In  such cases, the  pedal disk, afte r becoming p a r tly  detached, m ayre-a ttach , 
and again  p a rtly  detach and re -a ttach  several tim es before becoming com pletely 
free. Sometim es th e  anim al fails a ltogether to  detach  itself after several such 
attem pts, and  th en  i t  eventually  relaxes its  hold on th e  shell and th e  pedal disk 
again settles firmly on the  plate.

This release of the  pedal disk is achieved b y  co-ordinated m ovem ents of circular 
and parie ta l muscles, assisted perhaps by th e  longitudinal muscles of the  m esen­
teries pulling th e  pedal disk tow ards th e  oral disk, w hich is by th is tim e closely 
a ttached  to  th e  shell. However, the  detachm ent is n o t a stereotyped predictable 
process. I ts  form varies according to  th e  an im al’s position in relation to  the  shell, 
and to  th e  firmness of the  foot’s a ttach m en t to  the  surface from which i t  is tran s­
ferring.
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(3) The movement o f the detached 'pedal disk to the shell 
The m om ent th e  pedal disk is detached, the  colum n th ins and  bends to  bring the 

foot over tow ards the  shell. As th is flexure develops, the  basal region below the 
line of the  cinclides swells im mensely. This swelling m ay produce a grotesque 
effect, -with th e  foot resem bling the  cap o f a m ushroom . These m ovem ents in  the 
transfer are carried out quite rap id ly  and are ju s t perceptible to  the  eye, taking 
only 1 to 3 m in  to  complete.

W hile these events are tak ing  place, the ten tac les and m argin continue to grip 
the  shell, b u t often th ey  slowly change position  to reach an area on the  shell away 
from  th a t  w ith  which the  foot m akes contact. F requen tly  th e  swollen pedal edge 
first touches th e  shell a t  a po int im m ediately ad jacen t to  the  area to  which the 
tentacles are a ttached , and the  anim al is b e n t into a tig h t U-shape. I t  often 
happens, however, th a t  the  shell is no t reached b y  th e  foot a t  th e  first a ttem p t, or 
i t  m ay encounter another anemone already occupying the  site tow ards which i t  has 
moved. In  such cases the  flexed anim al unbends and, afte r a pause, the  movement 
is repeated  usually  in another direction. B u t once even a tin y  area of th e  foot 
touches the  shell it  begins to  adhere and  a firm a ttach m en t is form ed as if  aided by 
local adhesive elem ents, perhaps by  nem atocysts (p. 279).

This m ovem ent o f th e  foot to the  shell, like th e  detachm ent of th e  foot from the 
plate, shows a  rem arkable degree of adap ta tio n  to  the  circum stances of the  transfer. 
I t  is adap ted  particu larly  to  the  position tak en  up  on the  shell by  th e  tentacles and 
oral disk. I f  th is  is high on the  shell, the  anem one usually swings over by  a spec­
tacu lar vertical m ovem ent above the shell. I f  th e  tentacles are a ttached  low down 
on the  shell, th e  anemone m ay drop down on th e  floor of the  container and climb 
on the  shell lazily from  a  semi-prone position. I f  the tentacles have become attached 
a t  a position m idw ay between the  top  and bo ttom  of the  shell, the  detached anemone 
usually moves across in a horizontal position. E ven  if the  foot first contacts the 
shell a t  some restric ted  surface such, as the  apex or the  siphonal groove, ultim ate 
success is usually achieved by  behaviour adap ted  to  these special circumstances.

(4) The settling o f the pedal disk on the shell 
However sm all i t  is in itially , the  area of con tac t between the  pedal disk and the 

shell provides a base from  which i t  slowly extends and  consolidates. This consolida­
tion  m ay tak e  from  5 to  15 min. I t  is achieved by  fu rther swelling of the  whole 
basal region and th e  films show it  as a highly dynam ic process of advance and 
re trea t, of settling, lifting and re-settling, again and again. D uring th is period the 
foot often encroaches on th e  area to  which th e  tentacles and  oral disk have been 
a ttach ed  heretofore. A t th e  sam e tim e, the upper colum n usually constricts.

(5) The release o f the tentacles ancl oral disk and the resumption of normal posture 
Once the  pedal disk has settled  securely, th e  tentacles and  oral disk, by now 

m uch shrunken and d istorted , suddenly release their hold on th e  shell. Like the 
flexure which b rough t the  foot to  the  shell, so th e  final straightening movement, 
which brings th e  anim al back to  its norm al vertical posture, is rap id  enough to be 
visible to  the  eye, usually  tak ing  only 1 to  2 m in. B u t for some tim e after the
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anemone has straightened, its  appearance is m ost abnorm al ; th e  tentacles rem ain 
deflated an d  th e  upper column is constricted and  contorted. The foot continues 
the  m ovem ents described in  (4) above, usually g reatly  swollen and  spreading over 
the shell to  tak e  up its  final position.

The films show th a t  th is final period is one of g rea t ac tiv ity . F rom  tim e to  time, 
the anim al bends an d  sweeps its  tentacles and oral disk over th e  shell. The foot 
continues to  inflate and  deflate, often sliding across th e  shell to  occupy precisely the  
area to  which th e  ten tacles and oral disk became a ttach ed  a t  the  beginning. Up to 
half an  hour m ay elapse before these activities cease and  before th e  anemone 
assumes its typ ical resting appearance, w ith  its  tentacles inflated, its  oral disk 
expanded, its  column re latively  short and  its  basal disk firm ly bedded into the 
irregularities o f th e  shell surface. F o r some tim e afte r this, th e  a ttach m en t of 
the foot is re latively  w eak and th e  anemone can be easily prised off. M any hours 
or days later, however, th e  a ttach m en t is so firm th a t  g rea t force m ust be used 
to  remove Calliactis from the  shell. P resum ably  th is is due to  th e  deposition of 
cementing secretions as a slow final stage in the  process of th e  settling  of the  
foot on th e  shell.

This account brings ou t th e  purposiveness and flexibility o f th is  behaviour 
pattern . Com pared to  a  simple reflex satisfying an im m ediate need, as for food or 
protection, th is is a complex m anoeuvre from  which th e  anim al can gain only some 
long-term advantage in  the  fu ture . E xperim ents now to  be described were carried 
out to find the  factors involved a t  various stages in  th e  transfer to  a shell.

E x p e r i m e n t s  o n  t h e  f r e q u e n c y  o f  t r a n s f e r  

The shell variable

The earlier work showed big differences am ongst Calliactis in  th e  tendency to 
transfer to  shells from  other surfaces. Some individuals never transferred , others 
did so in every tria l (Ross i 9 6 0 ). In  th e  present study , especially in  m aking films 
in London, we found th a t  th is anem one variable was often re la ted  to  the  tim e 
spent by th e  anim als in  the  laboratory . A bout 2 weeks a fte r arriv ing from P ly ­
m outh (perhaps several weeks a fte r cap tu re  if n o t freshly caught), th e  tendency 
to transfer to shells fell off noticeably. L a te r a t  P lym outh , we found th a t  m any 
specimens, which h ad  been living on crabs for some weeks crowded into a large 
tank, failed to  display the  phenom enon. F or livety and  consistent activ ity , Cal­
liactis freshly collected from  the  sea were needed. W hen these fresh anim als were 
then kep t a t  P lym outh  under good conditions th ey  rem ained active as long as we 
were able to  te s t them , 16 days in all. I t  seems, therefore, th a t  conditions of 
capture and m aintenance in the  labo ra to ry  are responsible for m uch of the  v aria ­
bility observed in th e  ac tiv ity  o f different Calliactis. I n  our experience, this 
activ ity  once lost never returns.

A t the  sam e tim e, o ther observations suggested th a t  some shells evoked the  
typical p a tte rn  of transference behaviour m uch more effectively th a n  others. I t  
seemed also th a t  th is was a  persisten t featu re of such shells. To te s t th is, an  experi­
m ent was set up  in  which four fresh Calliactis were allowed to  settle  w ith in  each of
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te n  jars, th en  a recently crab-occupied B uccinum  shell was in troduced into each 
ja r, and after 1 2  h, the  num ber o f anem ones transferring  to  each shell was recorded. 
The anemones were then  detached and  allowed to re-settle, the  shells were changed 
around, and  this procedure was repeated  u n til each shell h ad  been offered to  each 
group of four Calliactis. W e th u s obtained a record of th e  num ber of transfers by the 
fo rty  anemones to  each of the  ten  shells over a period of 7 days. The results are 
shown in tab le  1 .

T a b l e  1. N u m b e r s  o f  C a l l i a c t i s  t r a n s f e r r i n g  f r o m  g l a s s  t o  e a c h  o f  t e n  
B u c c i n u m  s h e l l s  r e c e n t l y  o c c u p i e d  b y  P a g u r u s  b e r n h a r d u s

R o ta tin g  tr ia ls  carried  on over 7 days p resen tin g  fo r ty  Calliactis to  each  shell in  groups of 4.
See te x t  for de ta ils

no. o f  tran sfe rs  to  shells
shells (o u t o f 40

1 10
2 13
3 14
4 20
5 11
6 14
7 17
8 28
9 23

10 24

The above rem arks abou t the  decline of ac tiv ity  in Calliactis in the  laboratory 
m ake one ask w hether th e  anemones were as active a t  the end as a t  the  beginning 
of the  experim ent. The to ta ls  for th e  ten  presentations as a tim e series were: 23, 
18, 16, 22, 14, 13, 17, 22, 17, 12. A slight decline is indicated by these figures b u t it 
is no t a m ajor effect. The possibility o f a slight change in ‘flavour’ of the shells by 
these repeated  transfers is also ind icated  by  these figures.

The frequency of transfer in  th is experim ent was 174 out of 400, com pared with 
approxim ately  50%  in earlier tests  (Ross i 9 6 0 ). Inspection of tab le  1 shows a 
wide sca tte r w ith  no central clustering in  the  num bers of transfers to  these shells. 
I f  th e  shells were all alike in  th e ir capacities to evoke activ ity , transfer to  them  by 
th e  anemones should follow a binom ial distribution. In  th a t  case, the  probability 
o f getting  ten  or fewer transfers in  fo rty  trial's as in  shell 1 would be 0-014 and of 
getting  tw enty-eight or more transfers, as in shell 8 , would be 0-00067. The results 
for shells 1 and  8 are unlikely therefore to  be due to  chance, so besides the  anemone 
factor there seems to  be a variable shell-factor which influences the  tendency of 
Calliactis to transfer to  a  shell from  another surface.

Shells of different species 
The same forty  anemones were tes ted  against Buccinum  shells in various condi­

tions and  against shells of twro o ther species. Ross ( i 9 6 0 ) showed th a t  Calliactis will 
transfer to th e  hving whelk, Buccinum  undatum. Table 2 shows how frequently it 
can effect th is transfer and  shows also th a t  the  anemone transfers to  bo th  Pecten 
m axim us and  M ytilus edulis. These recorded frequencies of transfers to living
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B uccinum  and  Pecten are misleading, however. T he powerful sudden m ovem ents 
whicli these two species can perform  prev en ted  a  num ber o f transfers from being com ­
pleted. Twelve Calliactis were seen a t  various tim es a ttem p tin g  to settle on th e  
living Buccinum  b u t  only three succeeded. The re s t were throw n off by  the  vigorous 
ro ta to ry  m ovem ents of th is anim al th rough  1 8 0  to  2 7 0 ° .

T a b l e  2 . N u m b e r  o f  t r a n s f e r s  b y  f o r t y  C a l l i a c t i s  ( t e s t e d  i n  g r o u p s

OF 4 ) FROM GLASS TO VARIOUS MOLLUSOAN SHELLS 

T he tr ia ls  w ere ca rried  o u t in  th e  above order over seven  d ays. See te x t  fo r rem ark s on  resu lts
w ith  asterisks. Uo unoccup ied ; U t u n tre a te d .

tran sfe rs  to
fo rm erly  shell from

shell occupied  by  occupied  b y  tr e a tm e n t glass (m ax. 40)
B u cc in u m  P agurus bernhardus —  U t 14
B uccinum  Uo P . bernhardus a lka li-c leaned  1
B u cc in u m  Uo B . u n d a tu m  U t 20
B u cc in u m  B . undatum, —  U t 3*
Pecten Pecten m axim us  —  U t 6*
M y tilu s  M . edulis —  U t 9
B uccinum  P . bernhardus —  U t 17

Table 2 shows th a t  Calliactis has no special preference for shells recently  occupied 
by Pagurus bernhardus. In  th is experim ent, th e  m ost effective shell was one direct 
from Buccinum  in  which no crab had ever lived. This experim ent also lasted  abou t 
7 days. T he Calliactis were k ep t out-of-doors in running  sea w ater and the  response 
to pagurid  shells was about the  sam e a t  th e  end as a t  th e  beginning. Difficulties 
were arising tow ards th e  end, however, because th e  anem ones were taking longer 
and longer to  re-settle on the glass betw een trials.

E x p e r i m e n t s  o n  u n a t t a c h e d  C a l l i a c t i s  a n d  t h e i r  b e h a v i o u r

IN  RESPONSE TO SHELLS AND OTHER OBJECTS

The procedure ju s t described to  determ ine th e  num bers of transfers b y  a ttached  
Calliactis under various conditions is bo th  tedious and difficult to standardize. The 
need to  re-settle  th e  anemones after every tr ia l lim its observations to  two trials 
every 3 days. A t best only abou t ha lf the  anim als respond and they  m ay do so only 
after a  considerable delay.

W e have observed m any tim es th a t  Calliactis lying u n a ttach ed  on their sides 
cling to  shells m uch m ore readily  th an  Calliactis w hich have already settled  on 
another surface. To an  active shell, such anemones respond alm ost "without fail, 
and go th rough  th e  whole process of climbing on the  shells from  the  prone position 
very quickly (5 to  10 min). Such anim als, therefore, offer a m uch m ore s tan d ard ­
ized basis for com parative trials. Their behaviour is essentially like th a t  described 
above w ith  stage (2 ) left out. Also once a tr ia l  is com pleted, th e  anemones can be 
rem oved from  th e  shells and w ith in  a sh o rt tim e th ey  m ay be used again.

The ready tendency  of detached Calliactis to  cling to shells, and to  climb on them  
unaided, was observed b y  E au ro t (1 9 3 2 ) w orking w ith  Calliactis from the  M editer­
ranean w hich norm ally  live on a different species, Dardanus arrosor H erbst
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( =  Pagurus striatus Latreille). The more a c tiv e  clinging response to  shells of 
detached anim als has la tely  been studied by  D av en p o rt, Ross & S u tto n  (1 9 6 1 ) and 
show n to be due to a  lower threshold  to  n em ato cy st discharge in th is condition. I t  
is therefore a phenom enon of considerable in te re s t  in its own right.

In  these experim ents, ten  fresh Calliactis w ere placed in  a plastic tan k  and pre­
ven ted  from settling  on the  bo ttom . From  tim e to  tim e, te s t objects, usually  three 
shells, were introduced. The Calliactis were th e n  b rough t in to  contact w ith  these 
objects to see w hether th e  tentacles adhered and  w hether th e  anim als subsequently 
climbed on. The events were tim ed so th a t  we h a v e  records, n o t only o f the  numbers 
of animals th a t  cling to  the  shells and subsequen tly  settled, b u t also how quickly 
they  did so.

Table 3 shows th e  program m e of experim ents an d  the results. Beginning with 
u n trea ted  Buccinum  shells, w ith  and  w ithout Pagurus bernhardus or Buccinum  
itself, and com paring these w ith  Pecten and  M y tilu s  shells, we proceeded to  tes t the 
effects of various trea tm en ts  on these shells and  th e  responses to  various substitutes, 
which in  tu rn  were trea ted  in various ways.

F rom  the results of tria ls 1 to  8  it  is clear th a t  th e  clinging response and  the  sub­
sequent settling are evoked m ost consistently an d  m ost rap id ly  by  Buccinum  shells. 
Trials 1 to 3 gave positive resu lts for clinging a n d  settling in v irtually  every case. 
The rap id ity  of th e  clinging response w ith B uccinum  itself was rem arkable (trial 4) 
bu t, for the reason already given, the  anemones w ere usually  throw n off before they 
could settle securely. The reaction-tim es w ith  th e  various Buccinum  shells (crab- 
occupied or Buccinum -occupied or em pty) m ay n o t  be significantly different from 
one another. I t  is evident, however, th a t  th e  response is no t absolutely specific to 
Buccinum  shells since b o th  Pecten and  M ytilu s  have some activ ity , though the 
in tensity  is m uch lower (trials 5 to  8 ). In  all cases, the  clinging response, and the 
en tire behaviour p a tte rn , are responses to  the  shells and  no t to  the  anim als in­
habiting them . The com plete failure of re-occupation by P . bernhardus to  restore 
ac tiv ity  to inactivated  shells (trials 2 2  to  24) m akes this po int clearly. Calliactis 
shows 110 tendency to  adhere to  the soft p a rts  of th e  whelk in spite of its sensitivity 
to  the  shell. Occasionally it  does cling to  th e  legs o r chelae o f a crab ; this m ight be 
due to  sim ultaneous con tac t w ith  the  shell b u t i t  needs fu rther investigation. We 
already know th a t  Calliactis fails to  transfer to  shells th a t  have been boiled in 
alkali to  remove superficial organic deposits (Ross i 9 6 0 ). I t  m ight be argued that 
such a trea tm en t acts m erely b y  rendering the  shell unpalatable from the  traces of 
caustic th a t  rem ain. T he shells were neutralized, however, after boiling, and  tria l 9 
shows th a t  m ost of th e  active clinging of Calliactis to the  shell is abolished. Trials 
13 and  14 supplem ent th is  observation  and show th a t  th in  coats of plastic also 
v irtually  abolish th e  clinging response and  the  settling  behaviour, presum ably by 
preventing any chemical facto r in th e  shell from  coming in contact w ith the 
anemone.

Trial 10 shows th a t  Calliactis still respond, though  less actively and after long 
delays, to  Buccinum  shells from  which the  periostracum  has been removed. More 
extensive superficial cleaning, by  a power-driven wire brush, m ay reduce the 
activ ity  still m ore b u t by  no m eans abolishes it  a ltogether (trials 11 and 12). The
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use o f plaster-of-paris models m oulded from a B uccinum  shell, and  reproducing the 
shell surface very  accurately, provide ad d itio n a l evidence th a t  simple tactile con­
ta c t  w ith  a  surface having this form  and  topography  is inadequate to  evoke the 
clinging response (trial lo).

No m ethod has y e t been discovered which gives inactive substitu tes or inactive 
cleaned shells, th e  capacity  of eliciting the  ten tac u la r  response and  the  subsequent 
settling  behaviour. The plaster blocks im pregnated  w ith  powdered shell showed 
some ac tiv ity  (trial 2 1 ) b u t spraying or coating  p laster models or cleaned shells 
w ith  scrapings and exudates from  crab, w helks and shells had  absolutely no effect 
(trials 17 and  18).

T rial 19 is instructive in showing the  difference between th e  ten tacu lar responses 
to  shells and  to  food. Tentacles adhere to  food a n d  Calliactis clinging to  food, say to 
a large piece o f squid, can be detached only w ith  difficulty. In  passing it  can be 
n o ted  th a t  Calliactis clinging and  feeding o n  squid or crabs, unlike Calliactis 
clinging to  shells, show no tendency  to  d e tac h  their pedal disks, or, if  they are 
detached already, to  go through the  typical bending and swelling m ovem ents which 
follow adhesion to  a shell. In  tria l 19 th e  te n  Calliactis were offered cleaned shells 
and models sm eared w ith m ucus and scrapings of squid on which other Calliactis 
were feeding. There was m uch ten tacu la r ac tiv ity  in  response to these shells and 
models b u t no clinging of the  tentacles or flexure of the  column, as happens w ith the 
u n trea ted  Buccinum  shell.

Some additional observations, no t carried o u t as p a r t  of the  above experiment, 
gave fu rther inform ation abou t the  m ateria l factors involved in  the  clinging res­
ponse. I t  has been stressed already (Ross i 9 6 0 ) th a t  contact w ith  the  shell is 
necessary to  elicit th e  response ; no substance diffuses from  the  shell to  stim ulate the 
anem one a t  a distance even w hen it  is very  close to  the  shell. W e have extracted  a 
num ber of shells w ith  acetone, e thyl alcohol an d  ether for several weeks and tested 
b o th  the  m ateria ls ex tracted , and the  shells, afte r the  extraction. The extracted 
m aterials showed no activ ity  b u t Calliactis responded perfectly norm ally to the 
shells, clinging to  them  and climbing on in  th e  usual way in a very  few minutes. 
T his would be consistent w ith an  active agent on the  shell th a t  is highly stable and 
insoluble, perhaps a quinone-tanned p ro te in  or a  m uco-polysaccharide. I t  is worth 
no ting  th a t  th is active shell-factor is longlasting. Occasionally we have tes ted  shells 
th a t  have been k ep t d ry  in  the laborato ry  for as long as 18 m onths and  found them 
to  be still quite active. This is im portan t in  th e  n a tu ra l relationship w ith  the  crab. 
Shells m ust re ta in  ac tiv ity  long after th ey  have been cleaned of all tissue remnants 
from  the  Buccinum  which deposited the  active shell-factor on and in the  shell. In 
life such shells often become encrusted w ith  barnacles and hydroids. Barnacles on 
th e  surface do n o t seem to block ac tiv ity  b u t th ey  seldom cover the  original shell so 
com pletely th a t  some areas of contact w ith  the  original shell would no t be available 
to  th e  anemone. W e have never seen Calliactis clinging to  shells already inhabited 
by  Hydractinia, so th is m ay form  an effective barrier.

A lthough tria l 10 showed th a t  peeling off the  periostracum  from a Buccinum  shell 
does no t abolish ac tiv ity , we have found th a t  periostracum  alone is highly active. 
I f  a strip  o f th is m aterial is brought into con tac t w ith  Calliactis, it  is held by the



Response o f the sea anemone to shells o f the herm it crab 275

tentacles and  soon afterw ards th e  typical colnmn flexure develops and the  foot 
swells, as if to  a tta c h  to  the  non-existent shell. This phenom enon has been filmed 
b u t no a ttem p t has been m ade to  identify  the  active com ponent o f th e  periostracum .

E x p e r i m e n t s  o n  o p e r a t e d  a n i m a l s  

A num ber of operations were carried out on Calliactis in  order to  study  how the  
program me of responding and settling  on shells was affected by  removing p a rts  of 
•the body o r separating p a rts  norm ally connected horizontally  or vertically . O pera­
tions were perform ed w ithout anaesthesia on fresh anim als know n to  respond very

(¿///V \ \ v y w m m''■¡i / S

A'/Mbí-,
R

V5?
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F igu re  1. D iag ram s o f  opera tions 1 to  12 perfo rm ed  on  C alliactis as described  in  ta b le  4.

actively to shells. Various vertical and  horizontal cuts were m ade; each operation 
was perform ed on two specimens except where the  anim al was vertically  bisected. 
The anim als recovered well in running sea w ater and  were presum ed ready  for 
testing 24 to  36 h  la ter. The appearance of th e  m ore drastically  operated  anim als 
usually differed from  norm al because th e  cu t edges tended  to  close up and  seal off 
the exposed coelenteron.

The operations are shown diagram m atically  in  figure 1 . The specimens were 
tested for their capacity  to give th e  clinging response to  shells typ ical of detached 
Calliactis, and  for th e ir ab ility  to  proceed from  th e  clinging position to  the

i8 Vol. 1 5 5 . B.
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som ersaulting m anoeuvre b y  w hich th e  foot finally settles on th e  shell. The results 
are shown in table 4.

I t  is evident th a t  Calliactis s till re ta ins its  capacity to respond to, an d  settle on, 
Buccinum  shells after m ost v ertica l incisions. Only when the  incision passed through 
b o th  oral and pedal disks (4 and  6 ) was any serious disfunction observed in  the com­
plete behaviour program m e. These deeper incisions (4 to  6 ) m ade bending and set- 
ling m ovem ents slow and  laboured, b u t even when the  anim al was fully bisected
(6 ), bo th  halves clung to  th e  shell and  one half-anim al eventually  succeeded in 
settling.

T a b l e  4. R e c o r d s  o f  a t t a c h m e n t  o f  o p e r a t e d  C a l l i a c t i s  t o  s h e l l s  o f  
B u c c i n u m .  T w o  C a l l i a c t i s  u s e d  a n d  t e s t e d  f o r  e a c h  o p e r a t i o n  

Stages as in pp. 267-269.

results
d irection  
o f m ain

opera­
tion d esc rip tio n  of cling­

A

incision no. op e ra tio n ing se ttled rem arks
vertica l 1 oral d isk  a n d  m arg in  d iv ided +  + +  + all stages v e ry  fast

2 m id-co lum n c u t +  + +  + stage  3 slow
3 pedal d isk  d iv ided +  + +  + stages 4, 5 slow
4 an im al ha lf-b isec ted +  - +  - s tage  3 v e ry  slow
5 an im al d iv id ed  to  peda l d isk +  + +  + stage  3 slow
6 w hole an im a l b isec ted +  + -  + stage  3 slow /failed

ho rizon ta l 7 p ed a l edge rem oved +  + +  + all stages v e ry  fast
8 h a lf-peda l d isk  rem oved +  + +  + stage  4 slow
9 p ed a l d isk  rem oved  en tire ----- ----- ten tac le s  w ithdrew  on 

con tac t
10 b o d y  ha lf-sec tioned +  + +  + stage  3 v e n / slow
11 body  th re e -q u a rte rs  sectioned +  - ----- stage  3 failed
12 b o d y  sec tioned  en tire ----- ----- ten tac le s  w ithd rew  on 

con tac t

H orizontal section h ad  m ore serious consequences. The oral halves o f animals 
divided horizontally a t  any  level (9 and  12) showed no tendency to  cling to  shells. 
The tentacles of these never becam e fully expanded, b u t in our opinion this was not 
th e  cause of failure. A fter some vertical incisions, e . | .  bisection, th e  tentacles 
failed to expand, yet th e  clinging response to shells was no t abolished. Perhaps the 
m ost instructive experim ental resu lt in  tab le  4 is the  abolition of the  clinging res­
ponse after removal of th e  pedal disk (9). Y et w hen only half th e  pedal disk was 
p resen t (8 ) the  operated  anim als a ttach ed  them selves successfully, though with 
some difficulty. Rem oval of th e  pedal edge, i.e. th e  outer rim  of the  pedal disk, had 
no effect whatsoever on th e  se ttling  behaviour (7).

W e conclude from these observations th a t  some organic connexions between 
tentacles and  pedal disk are necessary for in itiating  and developing th is p a tte rn  of 
behaviour. Certainly the  vertical pathw ays, in terrup ted  by horizontal incisions, 
seem to  be the  more im portan t. This corresponds w ith the  observations of Daven­
po rt, Ross et al. (1 9 6 1 ) 011 th e  control exercised by  th e  pedal disk over the  discharge 
o f th e  ten tacu lar nem atocysts, shown by them  to  be involved in  the  response of 
Calliactis to  shells.
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E x p e r i m e n t s  o n  C a l l i a c t i s  d u r i n g  c l i n g i n g ,  f l e x u r e  a n d  s e t t l i n g  

In  clinging to shells Calliactis are often assisted b y  m ovem ents of th e  sphincter 
which grip  th e  shell as described above (p. 267). These m ovem ents stiffen the  column 
and help th e  anim al to  detach, or if already detached, lift it  off the  floor of the  tan ii 
so th a t  i t  becomes supported solely by its  hold on th e  shell.

1 2

a

E

b

E

c

E

F ig u r e  2. P o sitio n  of Calliactis before (1) a n d  a f te r  (2) elec trical s tim u la tio n  a t  th re e  
d ifferen t s tages du ring  th e  m ovem en t o f th e  p ed a l d isk  to  th e  shell : (a) peda l d isk  n o t y e t 
in  c o n ta c t w ith  th e  shell; (5) a b o u t o n e -ten th  o f p ed a l d isk  in  co n tac t w ith  shell; (c) ab o u t 
o n e -th ird  o f peda l d isk  in  co n tac t w ith  shell. I n  (a) a n d  (b) th e  an im al s tra ig h ten s  b u t 
rem ains a tta c h e d  to  shell by  ten tac le s  ; in  (c) th e  an im al s tra ig h ten s  b u t rem ains a tta c h e d  
to  shell b y  p ed a l disk. E , e lectrodes. T im e in te rv a l b e tw een  (1) an d  (2) in  each case 
a b o u t 30 s.

Electrical and  mechanical stim ulation  of an  anim al th a t  is beginning to  cling to  a 
shell has effects like those ju st described, reinforcing its  hold on the  shell by  the  
partia l contraction  of the  sphincter. Prolonged stim ulation  closes the  m argin so 
much, however, th a t  the  contact o f th e  ten tacles w ith  th e  shell is broken and  the  
anemone falls off.

Calliactis continues to  respond to  stim uli during th e  subsequent stages of tran s­
ference an d  settling. S tim ulation (figure 2 a 1) in te rru p ts  flexure and causes the

1 8 - 2



278 D. M. Ross and L. Sutton

column to  become erect again (figure 2 a 2). After a pause, however, the animal 
once again undergoes flexure to bring the  p e d a l disk over to  th e  shell. F lexure can 
be in terrup ted  several tim es in th is w ay w ith o u t affecting the  eventual completion 
of the  m ovem ent tow ards the  shell.

Once the  foot has established contact w ith  the  shell, stim ulation  m ay have one 
o f two effects. I f  th e  area of contact is still v e ry  small (figure 26 1), the  responses 
to  stim uli, b y  undoing th e  flexure, pull the  fo o t away from  th e  shell and  straighten 
th e  column to  bring the  anim al to  the  position  shown in  figure 26 2 . B u t if the 
foot is m ore securely a ttach ed  (figure 2 c 1), th e  straightening of the  column caused 
b y  stim ulation causes the  tentacles and m arg in  to  le t go and  brings the  animal 
in to  its  norm al se ttled  position (figure 2c 2 ). This m ovem ent resembles the move­
m ent th a t  norm ally  concludes the  transfer behaviour (our stage 5) b u t electrical 
stim uli a t  the  frequency used here (1/s) give a  jerky  m ovem ent whereas the natural 
straightening m ovem ent is sm ooth. A t low er frequencies which do n o t elicit 
quick responses (P an tin  1 9 3 5  ; Ross 1 9 5 7 ), th e  response is alm ost identical in timing 
and  character w ith  th e  norm al m ovem ent. T h e  n a tu ra l m ovem ent could be due, 
therefore, to  an  o u tb u rs t of low-frequency exc ita tion  producing a slow sym metrical 
response o f th e  m usculature, e.g. circular, p arie ta l and  longitudinal mesenteric 
muscles. This is, however, the  only one of th e  five stages in  th e  behaviour prog­
ram m e th a t  can be evoked b y  th e  m ore obvious forms of ex ternal stim ulation. I t  
m ust be presum ed th a t  th e  o ther stages arise from  more subtle form s of excitation 
a t  each transition  p o in t in  th e  behaviour p a tte rn .

E xperim ents were also carried ou t on the  adhesion of the  pedal disk to  the shell. 
W hen the  foot is swinging over to  m ake con tac t w ith the shell, it  is possible to 
present other surfaces to  i t  as substitu tes for the  shell i t  is approaching. We have 
tried  sm ooth and  rough plastics, stones, plaster-of-paris models of shells, and 
alkali-cleaned shells, in  th is way. All of th ese  were rejected. On encountering 
such surfaces, the pedal disk w ithdraw s, the  flexed column of the  anemone becomes 
stra igh t and  then, a fte r a  pause, th e  anim al bends tow ard the  shell a  second time, 
as it  does when it  encounters another anem one on th e  shell. If, instead of sub­
stitu tes, a second B uccinum  shell is b rough t up to  m eet the  pedal disk during 
flexure, the  disk sticks to  i t  a t  once even though  i t  is no t th e  shell to which the 
tentacles are attached .

Once a sm all portion  of the  pedal disk m akes contact w ith  a shell the  behaviour 
of the  whole disk changes com pletely. The u n a ttach ed  area will th en  adhere to any 
surface presented to  i t  so th a t  an  anem one can easily be m ade to  settle  p a rtly  on shell 
and  p artly  on an o th er surface. Moreover, if  th e  anim al is rem oved from the  shell 
during settling, or soon afterw ards, the  pedal disk will then  adhere very  readily to 
any  surface on w hich it  is placed. Calliactis in th is condition settle  firmly on a. 
sm ooth glass p late  w ith in  a  very  few m inutes, whereas an  u n a ttach ed  Calliactis 
usually  takes m any  hours or even days to  stick  securely to  such a surface.

I t  seems to  us th a t  when th e  foot first touches th e  shell a condition which we 
describe as ‘stick iness’ is produced over the  whole pedal disk. This facilitates 
adhesion and is so effective even when only a small area of the  foot is on the shell 
th a t  quite strong pressure is required  to  dislodge it. A lthough the  natu re of this
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suddenly occurring ‘ stickiness ’ is no t know  w ith  any certain ty , i t  resembles th e  
‘ stickiness ’ of Calliactis tentacles on touching a  shell. This ! stickiness ’ was shown, 
by D avenport et al. (1 9 6 1 ) to  be due to  th e  discharge of nem atocysts. P erhaps 
pedal £ stickiness ’ is due also to  nem atocysts, as these are left behind  in consider­
able num bers on cover glasses which are b rought into con tac t w ith  a ‘ sticky ’ pedal 
disk.

A pparently  the  m ovem ent w hen th e  foot first m akes con tac t w ith  th e  shell m arks a 
second po in t in  th e  transference behaviour of Calliactis a t  w hich a specific response 
to shell is called for. L ike th e  first contact o f the  tentacles, it  seems to  be a response 
to some com ponent in the  shell. Cleaned shells do n o t evoke i t  nor do shell models. 
Perhaps i t  is also a response to  th e  ‘ shell-factor ’ postu la ted  above, and  b y  D aven­
port et al. (1 9 6 1 ), b u t  th is could be se ttled  only w hen m ore is know n about th e  
natu re of the  ‘shell-factor’.

D i s c u s s io n s  a n d  c o n c l u s io n s

This analysis of the  behaviour o f Calliactis parasitica, as found a t  P lym outh  
living m ostly  on Buccinum  shells inhab ited  b y  Pagurus bernhardus, has clarified a 
num ber of points th a t  were previously obscure. The p rim ary  stim ulus th a t  elicits 
the behaviour p a tte rn  by w hich Calliactis transfers to , or climbs on, shells, is u n ­
doubtedly a shell-factor of m olluscan origin. The whelk, B uccinum  undatum , con­
tributes this shell-factor in its  m ost p o ten t form  b u t it  is p resen t also in  some 
other m olluscan shells. A t p resen t we can only say  th a t  th is  shell-factor is some 
highly stable, insoluble organic com ponent o f bo th  shell and  periostracum .

One of th e  unsuspected features o f th is association is th a t  th e  anem one gains its 
position on the  shell by  responding, n o t to  th e  crab, b u t to  traces of the  mollusc 
th a t laid down th e  shell long before. This is a  good exam ple of the  indirect rou te 
by which th e  behavioural basis of an  ecological relationship can be established.

The parallel w ork of D avenport et al. (1 9 6 1  ) on th e  role of the  nem atocysts in  the 
sticking of the  tentacles on th e  shell has been m entioned. They showed th a t  some 
remote control em anating from  th e  pedal disk affected th e  threshold  for the  dis­
charge of these nematocysts.¿¿This has been supported  here by th e  absence of the  
ten tacu lar clinging to shells w hen th e  pedal disk is rem oved. This nem atocyst 
response is the  first recognizable event in th e  transfer to  a shell. I t  m ay, therefore, 
trigger off th e  whole subsequent behaviour p a tte rn , though i t  cannot be proved th a t  
there is n o t a p rior chemosensory response th a t  triggers off the  nem atocyst response 
itself. In  any event, th is response of Calliactis suggests possible relationships be­
tween the  shell-sensitive nem atocysts and  th e  nervous system , in  con trast w ith 
most o ther nem atocysts which function  as independent effectors (P arker & van 
Alstyne 1 9 3 2 ; P an tin  1 9 4 2 ; H y m an  1 9 4 0 ; Ew er 1 9 4 7 ).

Some final com m ents are necessary also on the phenom enon as a  co-ordinated 
p a tte rn  o f behaviour. W e have seen th a t  i t  proceeds in  five d istinc t stages, each 
one having to  reach  a  certain  degree o f fulfilm ent before the  n ex t one begins. 
In terrup tion  of any  stage does n o t d isrup t th e  program m e as a whole. I t  sends the 
in terrup ted  stage back to  its s ta rtin g  po in t, whence i t  begins again and  proceeds to  
complete itself.
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I n  principle th is behaviour is n o t difficult to  in te rp re t as a system  of reflexes. 
Some of these form  a chain in  which each com pleted reflex in itiates th e  nex t, and 
inhibits an  earlier one. Thus, freeing the  pedal disk s ta rts  flexure, and stops peris­
talsis, of th e  column. B u t the  p rim ary  reflex in  th e  behaviour p a tte rn , th e  adhesion 
of th e  tentacles and oral disk to  the  shell, overlaps several stages and m ay govern 
m uch of the  program me. The resum ption o f a stage throw n into reverse (as in  the  
straightening of th e  flexed column by  stim uli) m ay  be due to  the  control exercised 
by excita tion  from  the  tentacular-oral region, w hich rem ains adhering to  th e  shell 
alm ost to  th e  end.

I t  is n o t easy to  assess correctly th e  significance of this behaviour p a tte rn  of 
Calliactis in  relation to  current views ab o u t th e  na tu re  o f the  actin ian  nervous 
system . F igure 3 presents a diagram  of th e  m inim al sensory and m otor links 
required  to  account for Jhe behaviour described above. This is a  functional and  
not a m orphological scheme, b u t i t  im plies m ore differentiation in  th e  nerve net 
th an  one usually expects, even allowing for th e  in tricacy  revealed in  the  recent 
paper b y  B atham  et al. ( i 9 6 0 ). Y et th e  scheme in  figure 3 shows only direct sensory- 
m otor and  m otor-m otor links. I t  does n o t reflect adequately  the  flexibility of th e  
behaviour p a tte rn  in relation to  th e  specific problem s of transference in  each case. 
One has to  adm it degrees of sensory discrim ination, and  capacities for acting on 
inform ation, th a t  im ply association neurones w orking in  concert.

This behaviour p a tte rn  of Calliactis s trongly  reinforces P an tin ’s (1 9 5 2 ) rem arks 
on th e  unexpected com plexity of ac tin ian  behaviour, w hen seen against th e  back­
ground of an  apparently  simple nervous system . I t  is rem arkable th a t  th is support 
for th e  general argum ent should come from  Calliactis, which, com pared w ith  
M etridium , was once described as ‘an  ap p a ren tly  inert an e m o n e .. .in  a s t a t e . . .o f 
continual though  slight m ovem ent’ (B atham  & P an tin  1 9 5 0 ).

R e f e r e n c e s

Batham , E . J . & Pantin , C. F. A. 1 9 5 0  J . E xp. B iol. 27, 290-301.
Batham , E . J ., Pantin, C. F . A . & R obson, E . A . i 9 6 0  Quart. J . M icr. Sei. 101, 487-510. 
D avenport, D ., Ross, D . M. & Sutton, L. 1 9 6 1  Vie et M ilieu  (in the Press).
Ewer, R . F . 1 9 4 7  Proc. Zool. Soc. Lond. 117, 365-376.
Faurot, L . 1 9 3 2  Arch. Zool. exp. gén. 74, 139-54.
H ym an, L . H . 1 9 4 0  The invertebrata. Protoza through Ctenophora. N ew  York : McGraw-Hill. 
Pantin, C. F . A . 1 9 3 5  J . E xp. Biol. 12, 139-155.
Pantin, C. F . A . 1 9 4 2  J . E xp. Biol. 19, 294-310.
Pantin, C. F . A . 1 9 5 2  Proc. Roy. Soc. B , 140, 147-168.
Parker, G. H . & Van Alstjme, M. A . 1 9 3 2  J . E xp . Zool. 63, 329-344.
Boss, D . M. 1 9 5 7  J . E xp. Biol. 34, 11-28.
Boss, D . M. i 9 6 0  Proc. Zool. Soc. Lond. 134, 43-57.


