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A b s t r a c t

T h e  field biology o f Pagurus bernhardus, the common herm it crab of the Eastern 
N orth  Atlantic, is reviewed. T h e  importance of the shell resource— the availability of 
appropriately-sized em pty shells of gastropod molluscs—is highlighted as the 
controlling influence affecting all aspects of growth, behaviour and even reproduction.
A comprehensive bibliography is provided.

I n t r o d u c t i o n

D e s p i t e  th e ir  occurring on alm ost every shore in the B ritish Isles, the role o f herm it crabs 
in the ecology o f rocky shores is little  understood . T h is  work aims to bring  together m uch 
o f the scattered literatu re  on h erm it crab  biology in order to help anyone studying  the  shore 
to include the group  w ith  m ore confidence. A lthough there  are m any species w orld-w ide, 
different h erm it crabs do have a great deal in com m on. C onsequently , although concen
trating  upon the  com m on E uropean  species Pagurus bernhardus, the opportun ity  has been 
taken to broaden th e  lite ra tu re  base w herever possible to consider som e of the  w ider 
aspects o f the biology of these fascinating animals.

E x t e r n a l  M o r p h o l o g y

H erm it crabs are C rustaceans, placed w ith in  the decapod infra-order A no m u ra1. T he 
A nom ura are characterised  by having the  last thoracic plate on the ventral side free of the 
carapace, having the fifth (and som etim es also the fourth) pair of pereiopods (walking legs) 
reduced, and having the second antennae placed to the outside o f the  eyestalks (Ingle, 
1980). A nom urans have a long fossil h istory  and  probably  separated from  the line w hich 
led to the m ore typical b rachyuran  crabs during the  lower Jurassic period , some 200 
m illion years ago (G laessner, 1969). A long w ith the  stone crabs (Lithodes spp. and 
Paralithodes spp .), h e rm it crabs are included w ith in  the  super-fam ily Paguroidea, one of 
four anom uran  super-fam ilies—the  others being the  L om idea (represen ted  by the  single 
species Lomis hirta— M cL augh lin , 1983a), the G alatheoidea (the squat lobsters and 
porcelain crabs), and  the H ippo idea (the m ole crabs). T h e  possible orig in  o f the  herm it 
crabs from  crevice-dw elling ancestors (w hich had progressively lost the ir abdom inal calci
fication) a ttracted  to the convenience offered by a m ore m obile shelter, is discussed by 
M cL aughlin  (19836).

H erm it crabs are m ost readily  distinguished  from  the o ther anom urans by the  possession 
o f a naked, unsegm ented, and  usually tw isted  abdom en, w hich is, typically , protected

T h e  classification o f the crustacea is in m uch confusion. Schram  (1986) offers a compromise view and places the 
herm it crabs in the Infra-order AN O M A LA . M cLaughlin and Holthuis (1985), however, have argued for the 
retention of the name A N O M U R A  on the grounds of its familiarity. T h e  term  A N O M U R A  will be used 
throughout this paper.
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190 I. L a n c a s t e r

by an em pty gastropod shell. T h is  abdom en is characteristically  coiled to the righ t in a 
healthy  individual. A fu rther distinguishing feature o f  the  h erm it crabs which easily separ
ates them  from  the m ore fam iliar b rachyurans is th a t herm its  can m ove forw ards in a 
stra igh t line, and  do not move sideways “ crab fash ion” .

T h e re  are though t to be in excess of 800 species o f h erm it crab  w orld-w ide, belonging to 
som e 86 genera in 6 families (G ordan , 1956; H azlett, 1981a). A lthough  one tropical family 
(the C oenobitidae) w ith  some 12 species is sem i-terrestrial (term ed “ tree-crabs” ), all 
o ther herm its are m arine. O nly 3 families are rep resen ted  in N .E . A tlantic w aters—the 
D iogenidae, the  Paguridae, and the Parapaguridae— com prising some 40 species in 13 
genera. O f these, the genus Pagurus no t only contains th e  m ost local species (11 recorded— 
Ingle, 1985) b u t also contains in excess o f 150 species w orld-w ide (G arcia-G om ez, 1982). 
P. bernhardus is the m ost com m on herm it crab  recorded  in B ritish  w aters, and is the  only 
local species whose biology has been stud ied  to any extent. T h e  total num ber of species of 
h erm it crab  represented  around B rita in  is, how ever, difficult to estim ate since identifi
cations o f “ herm it crabs”  are often autom atically ascribed to P. bernhardus. A figure of 
10-15 species w ould, how ever, be suggested by the lite ra tu re  (T ab le  1). A lthough m ost 
com m only associated w ith  the littoral zone and shallow  coastal w aters, P. bernhardus is 
know n to have a bathym etric range dow n to a t least 500 m  (Selbie, 1921). M em bers of the 
genus Pagurus dem onstrate some o f the  w idest ranges o f behaviour know n am ong herm it 
crabs, w ith  the  consequence that the ir taxonom y has been the  cen tre  of considerable 
debate. T h is  p roblem  is reviewed by Ingle (1985) who traces the  m ajor subdivisions of the 
genus th ro u g h  the literature , details m any o f the  nom enclatural changes, and cites the 
au thorities for the  original descriptions.

T h e re  are a num ber o f well illustrated  descrip tions of herm it crab species w ith keys to 
the ir identification, including Selbie (1921), Allen (1967), C ro thers and  C ro thers (1983), 
and Ing le  (1985). A n old b u t still useful key to the  w orld-w ide genera is given by Alcock 
(1905), w hile Provenzano (1959) and W illiam s (1984) key and  describe m any of the  species 
o f the  N . A m erican coast. A lthough num erous au thors com m ent u p o n  details of the 
anatom y o f  the  species th a t they have investigated, the  m ost com prehensive account of the 
anatom y o f any herm it crab is given in the m onograph  on “ E upagurus”  by Jackson (1913) 
(see page 228 on the  use o f the nam es Pagurus and  Eupagurus). P. bernhardus itself is 
characterised  by the following description: the  3 rd  m axillipeds (the largest pa ir o f acces
sory feeding appendages) are broadly separated  at the ir base, the rig h t chela is larger than 
the left and  has a bristly  surface w ith the p ropodus (the fixed finger) being gently convex 
and covered by tubercles. T h e  colour o f the  anim al is generally green-brow n w hen young 
b u t tu rns to a m ore red-yellow  colour once a carapace length o f some 20 m m  has been 
reached. T h e  rig h t chela has a characteristic red  line down the  m iddle w ith a row of 
conspicuous tubercles along each side and  converging tow ards th e  tip . T h e re  is a d istinct, 
sharp , ro strum . A  m ore detailed descrip tion  is given in Selbie (1921).

Som e o f the  m ost in teresting  reports on the  behaviour o f living anim als (ra ther than 
stra igh t anatom ical accounts derived from  preserved  specim ens) are given by E lm hirst 
(1947) and  B rightw ell (1951a, 19516, 1953) who m aintained anim als in  glass replicas of 
shells and  were therefore able to observe how  they held  them selves in th e ir  shells, how  they 
m oved w ith in  the ir shells, and  how  they m ain ta ined  cu rren ts of w ater th rough  the ir shells 
(Fig. 1). I t  was the  first o f  these au thors who confirm ed th a t the telson and uropods (see 
Fig. 2 fo r an  explanation o f  the  anatom ical term s) served as hooks o r clam ps to hold  onto 
the  colum ella of the shell, and  that the  4 th  and  5 th  pairs o f pereiopods were used as struts 
against th e  shell wall in order to help  the anim al m ain tain  its position . T h e  4 th  pair, in
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F ig . 1
Pagurus bernhardus occupying a replica glass shell.

p articu lar, were seen to be responsible for cleaning the  carapace, p leura, and  limbs. 
G eneral body  m ovem ents together w ith  m ovem ents o f the  pleopods produce w ater cur
ren ts  w hich sweep out faeces from  as far as the  shell’s upper w horls, and also provide an 
adequate gili resp iratory  curren t. C ontraction o f the  abdom en (while firm ly attached to the 
shell’s colum ella) allows an extrem ely rapid w ithdraw al m otion in  the event of any sudden 
danger in  the  vicinity.

T h e  sexes o f herm it crabs are only d istinguishable w ith certain ty  after extracting the 
anim als from  th e ir shells, b u t, once rem oved, the  differences are plain. T h e  female has 4 
unpa ired  abdom inal appendages (pleopods) on the  left side only, and  these are biram ous 
w ith  each b ranch  m ore or less equal in size and  bearing conspicuously long setae. In  the 
m ale there  are only 3 pleopods on the  left side, and  these are qu ite  different from  those of 
the fem ale having a relatively inconspicuous inner b ranch  and bearing reduced setae. It 
should , how ever, be no ted  here th a t in ano ther com m on E uropean  species, Pagurus 
prideaux, the  m ales are w ithout pleopods. T h e  su rest way to identify  the different sexes is 
to exam ine the  bases of the w alking legs for the reproductive openings—the gonopores are 
conspicuous on the  coxal segm ents o f the 3rd pereiopods in the fem ale, and on the 5th in 
the  male. T h ese  details are sum m arised in Fig. 3.

D i s t r i b u t i o n

H erm it crabs are abundan t and highly successful m arine organism s, and  the group is 
represen ted  on sea shores and in shallow coastal w aters w orld-w ide. M any form s have a 
considerable bathym etric  range— extending in  the case o f the  N .E . A tlan tic  species 
Parapagurus pilosimanus to depths in  excess o f 4500 m  (Selbie, 1921). H erm its  occur so
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S om e ana tom ical fea tu re s  o f  Pagurus bernhardus  (a fte r  Jackson , 1913). T h e  ind iv idual re p re se n te d  is a m ale. T h e  segm ents o f  one 
o f  th e  w alk ing  legs a re  labelled  fro m  W a rn e r (1977) and  M c L a u g h lin  (1982).

com m only offshore in  the  N .E . A tlantic area th a t they have com e to be recognised as 
m em bers of a specific com m unity— the boreal offshore gravel association (Jones, 1950)— 
characteristic o f coarse deposits such  as sand, gravel, stones, and  shells at m oderate depths. 
H ow ever, ben th ic  studies w ith conventional grabs have provided little quantita tive data on 
their d is tribu tion  or abundance (perhaps because o f their m obility) and, generally, their 
role in  m arine system s rem ains largely unexplored  (H azlett, 1981a).
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G o n o p o r e s  o n  c o x a e  (b asa l  
s e g m e n t s )  of  3 rd  p e r e io p o d s .

4  b i r a m o u s  p l e o p o d s  o n  left 
s i d e  o f  a b d o m e n  o n ly ;  b r a n c h e s  
(rami)  m o r e  o r  l e s s  e q u a l  in 
s iz e  a n d  b e a r in g  c o n s p i c u o u s  
s e t a e .

F ig . 3.
S om e ch a rac te ris tic s  u sed  to  d is tin g u ish  be tw een  th e  sexes o f  P agurus bernhardus (a fter J ack so n  1913). T h e  ind iv id u a l rep re sen ted  
is a fem ale (v en tra l v iew ). In  m ales th e  g onopo res  o p en  on  th e  coxae o f  th e  5 th  pere io p o d s, an d  th e re  a re  o n ly  3 b ira m o u s  pleopods 
( th e  to p  ones  are  m iss ing ). T h e  in n e r b ran ch e s  o f  the se  p leo p o d s a re  m u c h  red u ce d  in th e  m a le  a n d  b ea r  less consp icuous setae.

H erm it crabs are particularly  conspicuous on  shingle and gravel shores, especially w here 
firm  sand appears am ong the stones (Lew is, 1964), b u t are absent from  the m ost wave- 
exposed coasts, particularly  those com posed o f  loose and  shifting rocks (Reese, 1969). In  
sandy environm ents they ten d  to be restric ted  to the sublittoral. A  study  o f a Sw edish fjord 
popu la tion  (E riksson et al. 1975a, 19756) has indicated  th a t, given a choice, P. bernhardus 
p refers a hard  substra tum  to one of sand. I t  has been suggested (B arrett, 1974) th a t the  
possession o f a shell may provide herm it crabs w ith  a survival advantage in exposed sandy 
environm ents since the shell can be rolled abou t by wave action w ithou t dam age to the crab 
w ithin— th u s  providing them  w ith access to habita ts th a t m igh t be denied  o ther types o f 
crab. L itto ra l populations are usually associated w ith  rock pools— particularly  those from  
abou t m id -sho re  level dow nw ards— though  num bers o f herm it crabs in  any area may vary 
enorm ously , b o th  from  place to place and  from  season to season (Pike and  W illiam son, 
1959; P erk ins, 1985; Southw ard and Southw ard , 1977).

P . bernhardus has been recorded from  all parts o f the coasts o f B ritain  and Ireland , 
though  its range extends from  Iceland, the  Faeroes, the  M urm an  Sea and  N orw ay no rth  o f 
the  A rctic C ircle, via the  w aters o f Sw eden and  D enm ark  to Spain, Portugal, and the  
M ed iterranean  (Selbie, 1921). O ther references to local, B ritish , d istribu tions o f herm it 
crabs are given in T ab le  1.

F e e d i n g

H erm it crabs are perhaps best described as “ om nivorous detritivores”  (H azlett, 1981a), 
and  the ir highly  flexible feeding behaviour is th o u g h t to be a key factor in their success as a
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group  (S chem bri, 19826). H erm it crabs ten d  to be h ighly opportun istic  feeders, and  this 
hab it adapts them  particularly  well to living in unpredictab le  environm ents (Scully, 
19836). T h e ir  gu t contents m ay include anything from  algal rem ains and fragm ents of 
m icroscopic shells, crustaceans and  polychaetes, to sponge spicules, diatom s and 
foram inifera (O rto n , 1927; Sam uelson, 1970). T h e ir  d ie t m ay change seasonally to include 
m uch larger p rey , e.g. oph iu ro ids, bivalves, am phipods, crangonids, and even smaller 
herm its, as available (H u n t, 1925). P. bernhardus has been observed to  chip away at the 
fragile tests o f  th e  heart u rch in  Echinocardium  to feed off the  gonads w ith in  (Brightw ell, 
19516), and  m ay even a ttem p t to break barnacles and  tub icu lous polychaetes (Pomatoceros) 
from  stones and  shells (O rton , 1927). H erm it crabs do no t appear to m ake a habit o f killing 
healthy  gastropods, though this po in t is debated (see p 210). M ore bizarre feeding habits 
observed for herm its  include p lunging the claws into the gastric cavities o f anem ones to 
rem ove partia lly  digested m aterial (Brightw ell, 1951a), filter feeding (B oltt, 1961; G erlach 
et al.3 1976), scrap ing  surface foam  in rock pools (Scully , 1978), and even eating parts of 
them selves th a t have been crushed  or dam aged (B rightw ell, 19516)! E qually , cannibalism  
is com m on in  m any o f  the  species stud ied  (H azlett, 1972a).

T h e  crab’s m echanism  for locating food appears to depend  m ore on taste th an  sight, and 
long unb ran ch ed  hairs (“ aesthetascs” ) located at the  distal ends o f the  1st antennae seem to 
be the  p rincip le  organs o f th is sense. O ther branched  hairs on the  m ou thparts , on the 
dactyli o f the  w alking legs, and  along the  biting  edges o f the  chelae, also seem  able to taste, 
and it is likely th a t a range o f such receptors act together to analyse the  natu re  o f the  food 
available (H azle tt, 1968/, 1971a, 19716). T h e  anatom y o f  the m outh  p arts  and the feeding 
m echanism s o f h erm it crabs have been well studied (e.g. Caine, 1975, 1976; G reenw ood, 
1972; K unze and  A nderson , 1979; Patw ardhan, 1935; R oberts, 1968; Schem bri, 1982a). 
T h e  relatively feeble m o u th  parts of herm it crabs (O rton , 1927) do no t allow them  to utilise 
exactly the sam e food as shore crabs such as Carcinus, and this fact m ay help to reduce the 
com petition  betw een  them . T h e  digestive enzym es p roduced  by pagurids and aspects of 
the  physiology o f digestion in th is group are discussed by A rnould  and  Jeuniaux (1982).

W hen feeding, th e  chelipeds (and occasionally the  walking legs as well) scoop m aterial 
up to the  3 rd  m axillipeds w here hairs act like brushes to transfer particles to the  m outh  
(G erlach et a l., 1976; O rton , 1927). In  addition  to th is “ scooping”  type o f deposit feeding, 
at least th ree  variations have been recorded  (Schem bri, 19826) includ ing  “ scrubbing” 
detritu s from  th e  surfaces o f small granules, “ scrap ing” it from  larger surfaces, and 
“ picking” it from  crevices. I f  the sedim ent is fine enough, m aterial m ay even be stirred  up 
in to  a suspension and  then  filtered by the  setae of the  3rd  m axillipeds and  o ther accessory 
m outhparts (O rto n , 1927). T h e  quan tity  o f sedim ent sifted by a h e rm it crab  feeding in 
these ways has been variously estim ated as betw een 100 and 300 cm 3 p er day (T horson , 
1966; S tachow itsch , 1979).

T h e  loss o f  the  larger claws does no t appear to be a serious im ped im ent to feeding, and 
crabs lacking b o th  chelipeds can be observed to feed quite  successfully in an aquarium  
using only th e ir  3 rd  m axillipeds to m anipulate food.

B r e e d i n g  B i o l o g y

T h e  reproductive  cycles o f relatively few herm it crab species have been  stud ied  in detail, 
bu t the rep roductive  behaviour characteristic  of the  group  is be tte r know n (e.g. Coffin, 
1960; K am alaveni, 1949; H elfm ann, 1977; H azlett, 19686, 19726). S tudies on a nu m b er of 
species have ind icated  th a t, betw een them , herm it crabs display alm ost all the  know n
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patterns o f (sexual) reproductive behaviour— including  seasonal breeding and continuous 
b reeding  (H azlett, 1981 a), breeding before m oulting  and  b reeding  after m oulting (H azlett, 
1968c), b reed ing  while females are still ovigerous or after larval release (Coffin, 1960), and 
breeding  w here single or m ultip le copulations are th e  ru le (H azlett, 19726).

M ating  behaviour has been observed in a n u m b er o f species (including Pagurus 
bernhardus), and  the general procedure is ou tlined  by H azle tt (19686). A male will typically 
carry a fem ale about w ith him  for some tim e p rio r to copulation (for several hours— or even 
several days, M acG initie  and M acG initie , 1968), usually  by grasping h er shell by the  rim 
w ith  his sm all cheliped, and w ith the  shell facing away from  him . A  m ale may be able to 
sense w hen  a female is ready to m ate, or may sim ply catch any fem ale th a t he can at th is  time 
and  retain  contact w ith  her—keeping o ther m ales at bay— u ntil she is ready. T h e  role of 
pherom ones in m ate searching is no t know n in this g ro u p .1 T h e  tendency  for dom inant 
m ales to deposit sperm atophores indiscrim anately on any o ther individuals th a t they can 
overpow er— including im m ature females and  even o ther m ales— does, how ever, suggest 
th a t m ate selection in these anim als m ay be based m ore upon  subord inate behaviour cues 
th an  upon  individual recognition (M atthew s, 1959; Salm on, 1983). W hen finally ready to 
m ate the  fem ale is tu rn ed  into a position facing the m ale and a period  o f m utual cheliped 
tapping  begins, which m ay last 15-20 m inutes. C opulation  occurs w ith  bo th  individuals 
eased ou t o f th e ir  shells and w ith  the ir ven tral surfaces apposed. T h ey  may rem ain  like this 
for 4—6 m inutes and may still hold  together after copulation for up  to  10 m inutes m ore, bu t 
after th a t tim e the m ale will usually push  the  fem ale away and subsequently  has nothing 
fu rth e r to do w ith her. Fem ales are frequently  observed to be still carrying m atu re  eggs at 
the tim e o f  copulation, b u t quickly release them  afterw ards. T h e  male may even help  with 
th is process (H azlett, 1968c), and a second brood  m ay be in place only hours after the first 
has hatched.

T h e  actual site of fertilisation is unclear in P. bernhardus, though several strategies have 
been suggested for h e rm it crabs, including  bo th  in ternal fertilisation  (w ith sperm  being 
stored in  a sperm atheca un til needed— K am alaveni, 1949; W arner, 1977) and  external 
fertilisation . In  the last case the sperm atophores m ay be placed on the coxopodites of the 
fem ale’s th ird  and  fourth  pereiopods (w here they have been observed after copulation in 
P . bernhardus—H azlett, 19686), and th en  m ay be ripped  open by her fifth pereiopods as the 
eggs are ex truded  (M atthew s, 1959). Since copulation has been observed in P. bernhardus 
shortly  before m oulting (H azlett, 19686— w here the au th o r notes th a t th is is unusual since 
the  rou tine  in crustacea is generally to m oult first and  then  m ate), it is even possible that 
sperm atophores may be taken by the fem ale from  h er old exoskeleton and  used as the  new 
eggs are laid. A  com bination of m echanism s m ay, o f course, be found  to operate. Such 
uncerta in ty  is no t unusual in herm it crab rep roduction , and sim ilar confusions have been 
noted  w ith  o ther species (e.g. Clibanarius chapini and  C. senegalensis from  W est Africa— 
A m eyaw -A kum fi, 1975). A fter copulation eggs are usually in place upon  the  pleopods 
w ith in  one hour (Coffin, 1960), although copulation itse lf does no t inevitably resu lt in egg 
laying (M atthew s, 1959).

T h e  stim uli w hich may initiate b reeding  in  h erm it crabs have been variously suggested 
(e.g. E m len and  O ring, 1977; O rton , 1920; Reese, 1963; A jm al K han  and N atarajan , 1977) 
as being photoperiod , sea tem pera tu re , the  difference betw een sea tem peratu re  and air 
tem pera tu re , salinity, and  food availability fo r bo th  adults and larvae. I t  is, how ever, m ore

1A recent paper (Im afuku, 1986) does, however, suggest that m ales o f at least one species may be able to 
discrim inate between receptive and other females by detecting a water-borne chemical with their 1st 
antennae.
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likely th a t a n u m b er o f factors will be involved for any one population  (K nudsen , 1964). 
C ontinuous and  synchronous breeding is reported  in a n u m b er o f species, particularly  
tropical form s (review ed in H azlett, 1981a), b u t any precise synchrony in cool-w ater 
form s is generally though t to be less com m on (W arner, 1977). Factors such as fluctuating 
tem peratures and  photoperiods may influence gonadal m atu ration  such th a t “ breeding 
seasons”  occur, b u t it is likely th a t w ith in  such seasons, especially if  extended, 
individual females will ten d  to be asynchronous (w ith some being in the  early stages of 
m atu ration , som e getting  ready to spaw n, some spaw ning, and some already spent— Giese, 
1959).

C ollections o f P. bernhardus m ade in various parts o f Britain  and E urope suggest that 
this species can be found  breeding at alm ost any tim e o f the  year (T able  2), b u t direct 
com parisons betw een these observations can be confusing since some refer to  littoral 
populations and som e to sub-litto ral ones. D etailed  studies from  the South  W est of 
E ngland (L ancaster, 1988) and observations from  South  W ales (C ro thers, 1966), 
N o rth e rn  Ire lan d  (Elw ood and  Stew art, 1987) and  B rittany (C arayon, 1941), however, 
suggest th a t B ritish  littoral populations of P. bernhardus ten d  to breed predom inantly  
during  the  m onths o f N ovem ber to M ay (i.e. b reed ing  is periodic and  not continuous). In  
particu lar, the stim uli o f low w ater tem peratures and  w in ter photoperiods have been 
im plicated in contro lling  th is  pa ttern , w ith tem peratures below  about 8 -1 2°C regulating 
m atu rity  and  egg p roduction  in females, and w ith  a reduced pho toperiod  influencing 
m ating behaviour in m ales (L ancaster, in preparation).

T h e  progress o f reproductive m atu rity  can be followed by observing the developm ent of 
the ovaries in  the  females— as these paired  structures can be clearly seen th ro u g h  the  th in  
abdom inal wall o f individuals rem oved from  their shells. A n u m b er o f stages o f develop
m en t can be d istinguished , and  these are described in  detail in T ab le  3. Sexually m ature 
females (stage “ 4”  fem ales) are particularly  conspicuous and have deep blue-black ovaries 
filling the  abdom en and  bulging w ith  granular eggs w aiting to be laid. Fem ales in th is state 
will be p resen t in  m ost litto ral populations from  abou t N ovem ber onw ards, and the  first 
eggs will p robably  appear (attached to the  abdom inal appendages) shortly  afterw ards. 
C lu tch  sizes vary, depending  upon  such factors as the  size of the  fem ale and the  am ount of 
available space inside h er shell. F igures ranging from  some 200-300 eggs for a female of 
shield length  3.0 m m  to in excess o f 1200 for a shield length o f 5.0 m m  are typical. M uch 
larger clutches are possible for deep-w ater form s w ith  shield lengths o f a round  20 m m ; for 
exam ple, a figure-of-50-000 eggs-quoted by Jackson (1913). L arg e rtu m b ers  oTeggs will, 
how ever, fail to  reach full term  since they are dam aged by abrasion as the  fem ale moves 
a round  in her shell o r m ay be lost as the  clu tch  is w aived in the w ater beyond the  aperture  
for aeration. E stim ates o f up  to 30%  o f a clu tch  being  lost in these ways appear in the 
literatu re  (Bach et al., 1976; Fotheringham , 1980).

T h e  period  o f gestation will be dependen t to a certain  extent upon  w ater tem perature  
b u t, a t typical w in ter values of some 8 -1 0°C, developm ent m ay be expected to  take 
approxim ately 43 days (range o f  36-51 days, L ancaster, 1988). T h e  progress o f the  eggs 
(followed in fem ales k ep t w ithou t shells or in glass replicas) appears to follow a predictable 
p attern . A t least seven stages can be recognised (F igure  4), w hich grade into each o ther at a 
p redictable ra te  i.e.

stage 1-2 
stage 2-3  
stage 3-4

6-7  days 
12-14 days 
5 -7  days
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5 6
F ig . 4.

C o n sp icu o u s  stages in  the d ev e lo p m en t o f  th e  eggs o f  P agurus bernhardus
1. C lu tc h  d ee p  b la ck  in  co lour. In d iv id u a l eggs as so lid  balls  o f  cells, each  co nsp icuously  d a rk  a n d  g ra n u la r  w ith  yolk . E gg  

d ia m e te r 0.5  m m .
2. S lig h t c lea r p o le  v isib le in  eggs as they  en te r  th e  g as tru la  stage . Y olk in  ce ll-like  g ran u le s  ( “ y o lk  sp h e re s” )- E gg  d iam eter 

0 .5  m m .
3. S hape  o f  em b ry o  b eg in n in g  to  fo rm , m ade dark  a n d  consp icu o u s by th e  enc lo sed  yolk. F ir s t  traces  o f  eyes v isib le w hen  

v iew ed  la tera lly . E g g  d ia m e te r 0.5  m m .
4 . L im b  b u d s  v is ib le  on  v en tra l su rface. D iffe ren tia tio n  o cc u rrin g  in to  cephalic  a n d  ab d o m in a l reg ions. Eyes ru s t-b ro w n  in  

co lo u r an d  c re sce n t sh ap ed . D a rk  g ra n u la r  yolk  d isappearing . E g g  d ia m ete r 0.5 m m .
5. Z oeal sh ap e  b e t te r  defined. D isce rn ib le  ey e s-o m m atid ia  w ith  ru s t-b ro w n  p ig m en t. S p asm o d ic  m ov em en ts. H e a rt bea ting  

s tro n g ly , ab o u t 140 bea ts  p e r  m in u te . Y olk  a lm ost gone. E g g  d ia m e te r  0.7  m m .
6. E yes c lea rly  d is tin g u ish ab le  an d  b lack . T ra n s lu c e n t b o d y . Z o ea l fo rm  q u ite  a p p a re n t. T h e  “ e y e -d o t”  stage . E gg  d iam eter 

0 .7  m m .
7. (n o t illu s tra ted ): H a tc h e d  o r  h a tc h  w hen  touched . F ir s t  zoeal s tage (p re -zo ea l s tage v e ry  b rie f). F em a le  w ith  em p ty  egg 

capsu les on  p leo p o d s.

zoea is m ore spade-shaped, form ing a tru e  tail fan (W illiam son, 1965). T hese  details are 
sum m arised  in F igure  5. A nom uran  larvae typically swim backw ards (i.e. telson first) w ith 
the  dorsal side upperm ost and  abdom en ex tended  (W arner, 1977). T h e  tail fan may be used 
to  m ake escape m ovem ents or to reverse course after collision. T h e  long rostral spine may 
aid  flotation (by increasing surface area), enabling the anim al to rest in the  water colum n 
w ithou t sinking. Sw im m ing seems to be a d irected  and no t a purposeless m ovem ent, and 
sensitivity  is show n to gravity and to bo th  the  in tensity  and  d irection  o f light. T h e  larvae
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T ab le  3. The characteristics used to classify m aturity infernale P agurus bernhardus

Stage C h ara c te ris tic

0 O varies “ s p e n t”— recen tly  em p tied ; fem ale  w ith  a fu ll c lu tc h  o f  eggs o n  h e r  p leo p o d s.
1 O varies pa le  a n d  w ith  n o  obv ious co lo u ra tio n ; u su a lly  cha ra c te ris tic  o f  v ery  sm all (i.e. carapace < 3 -0  m m ) and

p re su m a b ly  im m atu re  indiv iduals.
2 H a lf  to  w ho le  o f  abd o m en  consp icuously  p u rp le  ( th e  typ ica l “ re s tin g ”  cond ition).
3 O varies as tw o  th in  b lue -b lack  lines in  th e  ab d o m en ; n o t  alw ays g ran u la r. N o  p u rp le  co lou ra tion . D a rk  lines m ay

ap p e a r to  jo in  p rox im ally . F em a le  beco m in g  “ m a tu re ” .
4 O varies d ee p  b lu e -b lack  in co lou r a n d  filling  ab d o m en . C on sp icu o u sly  g ran u la r a n d  b u lg ing  w ith  eggs a b o u t to be

la id . T h e  m o s t m a tu re  stage.

stage 4 -5  5-7  days
stage 5 -6  6-11 days
stage 6 -7  2 -5  days.

A fem ale living in the  littoral zone p robably  produces tw o clutches each season th a t she 
rem ains there. Fem ales found w ith  fu ll clutches on the ir pleopods du ring  the  late w inter 
(January /F ebruary) will probably  produce  th e ir  second clu tch  shortly  afterw ards. A  th ird  
clu tch  is possible b u t, as sea tem peratures rise in  spring , the necessary stim ulus appears to 
fade.

T h e  em bryological developm ent o f  h e rm it crabs has been described for various species 
e.g. for P . bernhardus (briefly) by Jackson (1913), for Clibanarius olivaceous by Kam alaveni 
(1949), for Pagurus samuelis by Coffin (1960), and  for Pagurus prideaux  by K rainska 
(1934, 1936, 1938) and by Scheidegger (1976). G eneral details on crustacean em bryology 
are given by A nderson  (1982).

Larval release may be a passive process (M atthew s, 1959) or an active one—w ith  larvae 
being forcibly released by the  female snapping  back into her shell after a partia l em erg
ence (Coffin, 1960) or by being blow n ou t o f  the  shell in the  c rab ’s exhalent cu rren t 
(A m eyaw -A kum fi, 1975).

L a r v a l  L i f e  a n d  M e t a m o r p h o s i s

H erm it crabs have planktonic larvae, allow ing no t only for dispersal b u t also enabling 
the young to grow  w ithout com petition  from  adults for e ither food or hab ita t space. Tw o 
conspicuously different larval form s occur in h erm it crabs: the  first o r zoeal form  (defined 
as a crustacean larva th a t swims using  its thoracic appendages) typically has four stages, 
while the  second or glaucothoëal form  (corresponding to the  brachyuran  m egalopa as the 
stage sw im m ing by using its abdom inal appendages) has a single stage. T h e  h istorical use 
o f these term s and  the  reasoning— based u p o n  th e  previous definition— behind  regarding 
the anom uran  glaucothoë as m erely another form  of m egalopa (i.e. the  earliest stage in the 
life cycle w ith  functional pleopods), are discussed by W illiam son (1982). T h e  zoeae of 
h erm it crabs can easily be d istinguished  from  those o f b rachyuran  crabs by being m ore 
shrim p-like in  profile and by the ir having a long rostral spine in  place o f a tail dorsal spine. 
E qually , while the telson o f b rachyuran  zoeae tends to be forked, th a t of the anom uran
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Pagurus bernhardus:
(a) 1 s t  s t a g e  z o e a ,  l a te ra l  v i e w .
(b)  1 s t  s t a g e  z o e a ,  d o r s a l  v ie w .
(c) g l a u c o t h o ë ,  d o r s a l  v i e w  

Carcinus maenas:
(d)  3 r d  s t a g e  z o e a ,  l a te ra l  v i e w

1 mm

1 m m 1 m m

F ig. 5.
T h e  larval fo rm s o f  P agurus bernhardus, w ith  a zoea o f  th e  sh o re  c rab  Carcinus m aenas fo r com p ariso n  (a fte r  W illiam son , 1911; 
M acD o n a ld , P ike  an d  W illiam son , 1957; C ro th e rs , 1967).

feed on a range o f p lanktonic m aterial b u t living and  m oving anim al food seems to be 
preferred . T h e  duration  o f each stage, and thu s the  length o f larval life, appears to 
be dependen t on tem pera tu re  and, to a certain  extent, upon  adequate feeding— i.e. the 
atta inm ent o f a certain  bulk seems to be necessary before it is possible to m ake the  m eta
m orphosis in to  the  glaucothoë (W arner, 1977). Low  tem peratu re  slows developm ent, and 
salinities below  about 15-20%o seem to inh ib it larval m oulting  altogether (B ookhout, 1964).

O ne of the  m ost detailed studies o f m etam orphosis in herm it crabs is by T hom pson  
(1904) for Pagurus longicarpus1 (from  N ew  E ngland w aters, U .S .A .). D etailed  descrip
tions and  illustra tions of the  zoeal and  glaucothoëal stages o f P. bernhardus are given by 
W illiam son (1911), Jackson (1913), and M acD onald , Pike and  W illiam son (1957). Keys to

'T h e re  is some controversy over the identification of this species, and R oberts (1970) and N yblade (1970) 
consider th at T hom pson  confused the  larvae of Pagurus longicarpus with those of a similar species P. annulipes.
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the  identification o f the zoeae and glaucothoës of B ritish  h e rm it crabs are given by 
M acD onald  et al. (1957), G urney  (1939), and  by Pike and  W illiam son (1960a, 19606).

L aboratory  studies on larval developm ent tend  to be difficult since survival rates are 
generally low— M acD onald et al. (1957) found  th a t larvae survived only some 10-14 days 
in  laboratory tanks, and  even Bookhout (1964) in his detailed w ork on larval rearing , only 
attained a survival ra te  o f around 10-15% . D espite th is, the la tter au thor did manage to 
obtain  an alm ost com plete sequence o f developm ent tim es for P. bernhardus from  D anish 
waters. W hen individuals were m ain tained  at 10°C, and at a salinity o f 30-35%o, the 1st 
zoeal stage was found  to last a round  11 days, the  2nd som e 7-10  days, the  3 rd  9-11 days and 
the  4 th  12-15 days. Zoeal developm ent m ay therefore be expected to be com pleted in  some 
39-47 days if  conditions are favourable. T h e  glaucothoëal stage was found  to last a fu rther 
13-17 days. Com plete larval developm ent in  P. bernhardus is, therefo re , suggested to take 
about 60 days.

Larval life is usually considered to have ended  by the  6 th  m oult, i.e. the  one im m ediately 
following the glaucothoë, w hen the  change from  the straight abdom en to the m ore typically 
coiled form  occurs. A t this po in t, the  1st “ young h e rm it”  stage (of Pike and  W illiam son, 
1959) is attained. T hom pson  (1904) was o f  the  opinion th a t crabs unable to find a suitable 
shell at th is tim e w ould suffer considerable m ortality , and figures o f 60%  are quoted as 
com pared w ith less than  50%  for those th a t do gain access to  suitable shells. Bookhout 
(1964), how ever, observed th a t m any glaucothoës w ithou t shells still m ade the  critical 
m oult to the  young herm it stage at about the  same tim e. A  shell does, how ever, seem  to be 
essential from  th is stage forw ards.

G r o w t h ,  M o u l t i n g  a n d  R e g e n e r a t i o n

G row th  for a crustacean is a com plex process, since the hard  exoskeleton w hich 
surrounds it  m ust first be shed before ano ther, larger one, can be m anufactured . W hat 
these anim als gain, how ever, from  such  a rig id  and  inflexible struc tu re  is th a t, once 
hardened , their new exoskeleton provides them  w ith alm ost to tal physical protection . T h e  
situation  in herm it crabs is com plicated by the fact th a t the calcified exoskeleton does 
no t cover the  abdom en, leaving th is region soft and vulnerable. F o r successful grow th 
therefore, h e rm it crabs have to depend upon  p ro tecting  their bodies w ith in  struc tu res which 
they do no t them selves m anufacture— suitably sized gastropod shells. C onsequently , the 
sizes attained by herm it crabs are a reflection o f the sizes o f shells available to them . T h is  
can m ean th a t crabs w hich only have access to small shells will no t be able to grow as m uch 
o r as quickly as those w ith access to larger shells. T h u s , it is no t surp rising  th a t the  overall 
fitness o f  h erm it crabs seems to be closely linked to the  availability of this precious 
resource. Indeed , if the shells in  w hich herm its  are forced to live are too sm all, grow th rates 
may be reversed (L ancaster, 1988; L ancaster, in preparation) and individuals may end up 
sm aller after a m oult than  they were before! T h is  m ay, how ever, be an  advantage in the 
sho rt-te rm  since it provides a strategy w hereby a suboptim al shell can be occupied for 
longer, allowing the crab to receive at least m inim al p ro tection  un til som ething better can 
be found (Scully, 19836). C onvincing evidence th a t entire populations o f herm it crabs can 
be size-lim ited by the lack o f any larger shells in their vicinity is given by D rapk in  (1963), 
who observed th a t the  m ean size o f Clibanarius erythropus (given as C. misantropus) in the 
Black Sea increased rapidly after the larger shells of the gastropod Rapana bezoar 
(accidentally in troduced in to  the  area som e years before) becam e available to them .

G row th  in herm it crabs is, therefore , an  even m ore unpredictab le  phenom enon than  in 
th e  case o f o ther arth ropods, and  is a difficult p roperty  to analyse since size/frequency data,
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th a t o ften  prove so useful elsew here, are unreliable here (K urata , 1962). P redicting  the 
eventual size o f  a know n individual is particularly  difficult since grow th increm ents are not 
constan t from  one m oult to  the  next, even w ith  the  same anim al (H artno ll, 1982). In 
crem ents vary, no t only betw een the sexes, bu t also betw een individual crabs of the  same 
age and  initial size. T h e  only predictable pa tterns are: th a t sm aller crabs increase m ore per 
m oult than  do larger ones (B utler, 1961), starved or captive animals grow  less at each m oult 
and m o u lt less frequently  than  do w ild ones (H ia tt, 1948; W enner et al., 1974; K urata ,
1962), m oults are generally m ore frequent in w arm er m onths than  in colder ones (T ravis, 
1954), in te rm ou lt dura tion  increases w ith  age (M acK ay and W eym outh , 1935) and  as the 
salinity falls (Ajmal K han  and N atarajan , 1981), and  individuals in the  course o f regenerat
ing lost appendages have sm aller increm ents than  do undam aged specim ens of the  same 
size (H artno ll, 1982). Since arthropods produce none of the useful structures such as 
scales, o to liths, vertebrae or fin rays th a t can be used  either individually  or statistically 
to give a m easure o f age, estim ating th is param eter in m any crustaceans is virtually 
im possible. N evertheless, M arkham  (1968) has suggested an equation  to p red ict the 
n u m b er o f m oults th a t an individual P . bernhardus has undergone:

L s = — 0.36 +  1.36 (1.11 )s*

[w here L s = m easured  fro n t carapace ( =  shield) length , and s =  in star num ber. T h e  con
stants are derived from  K ura ta  (1962) and the  figure (some 1.5-1.8 m m ) quoted by Pike 
and W illiam son (1959) for the total carapace length  o f the  first young h erm it stage of this 
species.]

M o u lting  has one considerable advantage in  th a t it perm its dam aged lim bs to be shed 
voluntarily  in the  event o f  capture. Loss of a lim b m ay accelerate the  process o f m oulting 
(W eis, 1982), and  the  new lim b may be fully resto red  after 2 or 3 m oults (Scully, 1986). In  
fact, th is ability  is often so well exploited by crustaceans that it has been estim ated th a t, at 
any one tim e, a t least 10 % o f individuals in any population  are likely to be regenerating one 
or m ore lost appendages (Bush, 1930; N eil, 1985). A lthough undoub ted ly  an aid to sho rt
term  survival, the effects th a t autotom y may have on an individual’s long-term  prospects 
may be m ore serious, since the  lim b loss will influence its dom inance (M ainardi and  Rossi, 
1972), its ability  to m ate, to com m unicate, to com pete, to feed, and  to m anoeuvre in to  a new 
shell. H ow ever, even though  the loss of one or m ore lim bs may make locom otion difficult, it 
does n o t necessarily becom e im possible— Reese (1962a) m entions a glaucothoë lacking 
bo th  chelipeds and its 1st and  2nd  pereiopods th a t m oved a round  its tank  using  its an ten 
nae, its 3 rd  m axillipeds, and its 3 rd  and 4 th  pereiopods, and was still able to en ter a shell! 
All lim bs will regrow  after autotom y and in the sam e p roportions as before. P. bernhardus is 
a “ o n e-h an d ed ”  species and  the chelae will regenerate to their usual form  (i.e. righ t larger 
than  left) eventually (Bush, 1930). In  th is respect, h erm it crabs differ from  the brachyuran 
crabs such as Carcinus maenas w here the left chela will develop into the  m aster if the right 
one is lost (see C ro thers, 1967). M oulting  itself m u st no t be regarded  as w ithou t hazard 
since at least 4 days seem to be requ ired  for the nex t exoskeleton to h arden  (H azlett, 1970a).

*In  order to calculate the instar num ber directly from the length o f the shield, this equation can be transform ed to:

L o g  io

0.0453

L s +  0.36 

1.36
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D u rin g  th is tim e the anim al is extrem ely vulnerable, and fighting, feeding, and locom otion 
are all very difficult.

T h e  actual process o f m oulting (review ed in crustacea generally by Passano, 1960, and 
for crabs in particular by W arner, 1977) is described by E lm h irs t (1947), who m aintained 
h e rm it crabs in glass shells and was thu s able to observe this norm ally  h idden  process in 
detail: the soft exoskeleton o f the abdom en is m oulted  first, and  th en  the  calcified carapace 
and lim bs are m oulted in one piece. T h e  process m ost frequently  occurs a t n igh t and the 
old exoskeleton will usually be eaten over a period  o f anything u p  to 3-15  days, presum ably  
to recover valuable m ineral salts. Even the  large chela m ay be eaten after about 5 weeks.

S o c i a l  B e h a v i o u r

A n enorm ous variety o f com plex behaviour pa tterns are displayed by crustaceans (see 
reviews by W arner, 1977, and  Schone, 1961), and some o f the m ost intensively stud ied  are 
those exhibited  by herm it crabs. B ehaviour is know n to be h ighly variable bo th  w ith in  and 
betw een species (H azlett, 1981a) and  m ay even becom e so d istinctive that individual 
populations are virtually isolated (e.g. Southw ard  and  Southw ard, 1977). Such differences 
m ay, how ever, allow several species to coexist in the  same h ab ita t even th o u g h  their 
requirem ents for shells, food etc. m ay otherw ise appear very sim ilar (e.g. Vance, 19726; 
Van der Laan and K uris , 1979; A bram s, 1980, 1981; Bach et a l., 1976; B ertness, 19816, 
1981e; G ran t and U lm er, 1974; H azlett, 1966a).

T h e  m ost conspicuous types o f social behaviour ten d  to be those th a t best d istribu te  
resources am ongst the individuals fittest to exploit them . T h e  m ost intense com petition 
exists betw een animals o f the  same species, and it is com m on for potentially  wasteful 
dam age to the com petitors (by direct conflict betw een them ) to be avoided by having  some 
form  of ritualised  behaviour. T h u s  the  resources becom e evenly d istribu ted  th roughou t 
the population  w ith the  m inim al physical in jury to the individuals concerned. M uch  o f 
the  herm it crab literature deals w ith  such in teractions (particularly  w hen the resource 
concerned is a gastropod shell), and em phasises the  displays th a t are used to  advertise 
dom inance and subordination in conflict situations. H erm it crabs are particu larly  good at 
solving the  problem s of lim ited  resources and  are efficient at bo th  exploiting w hat they 
have and  contesting for w hat they have not. T h is  quality  perhaps m ore than  any o ther may 
have led Eales (1967) to describe P . bernhardus as “ pugnacious” !

T h e  m ain types of behaviour stud ied  in herm it crabs (excluding reproductive and  feed
ing behaviour) can be categorised as follows (Scully, 1983a, H azlett, 1972a, 1975a).:

1. Aggressive behaviour related  to the aquisition  o r defence o f a shell.
2. B ehaviour aim ed at investigating and  exam ining an em pty shell or object in the 

vicinity.
3. D isplays aim ed at m aintain ing personal distance betw een individuals (and unrelated  

to the  shell resource).
O f these, num bers 1 and  2 are discussed in m ore detail u nder the topic o f  “ Shell 
Selection” .

In  a detailed study of herm it crab social behaviour, H azlett ( 1966a) concluded th a t when 
tw o individuals m eet they  ten d  to follow  one o f only th ree m ain courses o f action— either 
they  ignore each other com pletely, they m ate, or they fight! T h e  sexes of the individuals 
concerned to no t appear to have any effect on interactions th a t do no t involve m ating 
(W inston and Jacobson, 1978). W hen tw o crabs com e in to  contact, the  distances over 
w hich they begin to react to  each o ther vary enorm ously betw een individuals, bu t appear to
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depend  little on  the ir relative sizes. Ind iv iduals used  to crow ded conditions will generally 
tolerate a m uch  closer approach before reacting th an  will those used to m uch free space 
(H azlett, 1975a, 1979). Such increased tolerances presum ably  serve to p revent tim e and 
energy being w asted on constant disputes— though  suddenly  increasing the density of 
crabs in an area does m arkedly increase the  frequency and in tensity  o f  aggressive 
in teractions u n til individuals ad just to the  overcrow ding. C onsequently , the m ost r itu a 
lised patte rn s  o f behaviour occur in naturally  gregarious populations. I t  is am ongst these 
individuals th a t the  least damage m igh t be expected during conflict situations (M ainardi 
and  R ossi, 1972). Crabs w ith d ifferent h istories can, therefore, becom e involved in dis
pu tes w ith  unexpected  outcom es—a large and dom inan t individual from  a w idely-spaced 
population  (and hence one used to m aintain ing a large “ personal space” around itself) can 
com e “ u n stu ck ” w hen faced w ith a sm aller individual from  a densely-crow ded population 
(and used  to a m uch sm aller personal space). As the  larger crab approaches the sm aller one 
it will rap id ly  cross the th reshold  distance at w hich it w ould norm ally expect a smaller 
opponen t from  a sim ilar background to re treat. T h e  sm aller crab , how ever, does noth ing  as 
its personal space has no t yet been breached. T h u s , by doing absolutely no th ing , this 
sm aller crab will appear m ore dom inant to the larger crab—w hich will tend , eventually, to 
re trea t in confusion! Predicting  the  outcom e o f some interactions m ay therefore be diffi
cult. P red ic ting  th a t there will be an in teraction  can, how ever, be m ore certain , since 
aggressive acts are particularly  com m on betw een two crabs w hen at least one o f them  
occupies a shell th a t is sub-optim al in some respect. T h e  eventual outcom e o f th is type of 
contest is still unpred ictab le , how ever, since the  inform ation each crab receives about the 
o ther (essential in order to know  w hether the  opponent is larger o r m ore dom inant) 
depends u p o n  th e  ro le th a t each individual plays— w hether as attacker or defender. T he 
defender, by w ithdraw ing into its shell, is unable to gather m uch  inform ation about its 
attacker. H ence , it w ill no t know w hether leaving its shell early on in the  struggle may mean 
less dam age or in jury  in the long run. T h e  attacker, how ever, can judge from  its opponen t’s 
size (the presence and  size of its m ajor cheliped is though t to be particularly  significant 
here— D u n h am , 1981; N eil, 1985) and  the  apparen t size and state o f its shell w hether the 
attack is w orth  pursu ing . Some o f the  factors th a t m ay help to p red ic t the  outcom e of such 
conflicts are discussed by H yatt (1983) and D ingle (1983), b u t, w ith in  a reasonable range, 
size is a good p red ic to r o f dom inance in aggressive encounters betw een crabs (H azlett, 
1968d; M ainard i and  Rossi, 1972). I f  the  tw o anim als are evenly m atched, th en  the 
d u ra tion  and in tensity  o f a fight is likely to be determ ined by the  behaviour o f the  non
in itia to r, i.e., by its w illingness or otherw ise to re linquish  hold o f its shell (H azlett, 1978, 
19806).

A lthough h erm it crabs in teract for m any reasons (and often aggressively), it is con
spicuous th a t they ten d  to do relatively little dam age to each o ther on these occasions. 
M u ch  o f the explanation m ust lie in the com plex ritualised behaviour th a t the group 
d isplays, b o th  interspecifically and intraspecifically (reviewed by H azlett, 1981a). D is
plays o f particu larly  effective visual and  tactile signals— that efficiently express dom inance 
and sta tus— becom e ritualised and  stereotyped as th e ir  value influences evolution. Efforts 
will n o t, therefore , be w asted by engaging in reproductive behaviour w ith  m em bers of 
o ther species, and  losers o f ritualised  fights will have a m uch be tte r chance of surviving 
(and reproducing) th an  if the  conflicts were tru ly  physical. B ehaviour w hich occurs during 
te rrito ria l or dom inance encounters is term ed “ agonistic”  (to avoid any anthropom orphic 
suggestion th a t m ay be im plied by the term  “ aggressive” ) and eventually tends to produce 
a dom inance-order in w hich all individuals com e to recognise their “ place” . C rab societies
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tend  to be com petitive ra ther than  co-operative (W arner, 1977) and  the  advantages of 
m aintain ing a social o rder can be seen in any group exposed to  w ide fluctuations in the 
availability of resources: some ind iv iduals, at least, will survive during hard  tim es by 
m onopolising food/territo ries/m ates etc. a t the  expense o f the o thers, and thu s the  popu
lation will also survive. A n analysis o f  agonistic behaviour in crustacea generally is given by 
D ingle (1983).

O ne way, in particu lar, by w hich h e rm it crabs avoid constan t physical conflict is by 
m aintain ing a certain “ personal space” around them selves into w hich o ther individuals are 
n o t w elcom ed (H azlett, 1975a). T h e  exact na tu re  o f  this space varies b u t, as has been 
m entioned, the m ost aggression is displayed tow ards neighbours under conditions of the 
greatest crowding. I t  is under these conditions th a t there  will be  the greatest incentive for 
individuals to form  a clear and d is tinc t hierarchy— specifically to  prevent excessive energy 
and  tim e being spent upon  display and  conflict. In  such situations (e.g. in aquaria) it is easy 
to distinguish  the m ost dom inant individual (the “ alpha” individual of H azlett, 1969a) and 
the  least dom inant, though o thers are less easy to rank. A  m ore general te rm  used to 
describe such an ordered arrangem ent w ith in  a group o f anim als is “ dom inance h ierarchy” 
(H azlett, 1979). T h e  m aintenance o f such hierarchies depends, to a certain  extent, upon 
each individual rem em bering its place w ith  respect to the  o thers—though the  exact signifi
cance of m em ory and individual recognition are debateable (H yatt, 1983). T h e  eventual 
outcom e o f an in teraction  betw een any tw o individuals is m uch m ore likely to depend  upon 
such factors as relative sizes and  each ind iv idual’s physiological or physical condition. A 
form erly dom inant crab  will tend  to lose an encounter if it has recently  m oulted , or if it has 
lost or is regenerating appendages—particu larly  its chelipeds— since such a loss m ay make 
the  anim al appear m ore subm issive o r make it less able to hold on to its shell (Scully , 1983a; 
H azlett, 19696). Its  previous social experiences are also im portan t—w inners will tend to 
w in and losers will ten d  to lose! I t  therefore appears th a t it is a strong aggressor that is 
recognised and no t an individual.

T h e  displays them selves m ust be learned (or, if  innate, then  perfected) and here  the role 
of experience is m ore clearly dem onstrated . H azle tt and Provenzano (1965) reared  young 
h erm it crabs in isolation and  th en  presen ted  them  w ith  typical conflict situations involving 
others o f the ir own species. In ju ries were com m on in the fights th a t ensued, un til the  ritual 
displays were perfected. E qually , the  youngest crabs often failed to recognise the  displays 
m ade tow ards them  by o ther individuals— bu t those that survived im proved w ith  time. 
T h e  im portance o f experience is em phasised in the  actions o f another species o f C aribbean 
herm it w hich, w hen presented, w ith  m odels in particu lar display postures, consistently 
gave the same display in response (H azlett, 19666). T h e  types o f display th a t an individual 
gives in a particular situation  m ay well, therefore, depend  upon  those m ost frequently  
reinforced in its reperto ire by experience. T h e  m ost com m only executed displays observed 
in  P. bernhardus have been categorised by H azlett (1966a, 1968a, 1968^, 1972a) as:

1. Cheliped presen tation— w here one or b o th  of the  chelae are held forw ards and point 
dow nw ards, rem aining perpend icu lar to the  substratum  (F igure  6a).

2. Cheliped extension— w hen a cheliped m oves rapidly forw ards and upw ards u n til the  
lim b is parallel to the  su bstra tum  (a m ovem ent w hich may physically strike and move 
an opponent (F igure  6b).

3. A m bulatory  raise—w here the  second and  th ird  pereiopods are m oved rap id ly  away 
from  the body until they lie at rig h t angles to it. T hey  may be held  in th is  position for 
some tim e, and the display m ay be sub-categorised as single to quadrup le  raises 
depending upon  the  num ber o f lim bs involved. T h e  limbs m ay even be extended into
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5a. T h e  " c h e l ip e d  
p r e s e n t a t i o n "

5b. T h e  " c h e l ip e d  e x t e n s io n "
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" n o r m a l "  f ron t  v ie w  5c. " d o u b l e  a m b u la to r y  r a i se "

(front view)

F i g . 6 .

D iag ram m atic  re p re sen ta tio n s  o f  som e com m on  disp lays u s e d  by Pagurus bernhardus (a fte r  H a z le tt, 1966a, 1968e, 1972a).

an  “ am bulatory  poke” , often  striking the  o ther crab in  the  region o f the eyestalk 
(F igure 6c).

4. D islodgem ent shaking— a predictable p a tte rn  of behaviour observed in the  case of 
one crab grasping and  clim bing onto the shell o f another, w here the one clim bed upon 
jum ps up  and  dow n in an a ttem pt to rem ove its attacker.

In  addition , w ork w ith  m odels has show n th a t the  th reaten ing  na tu re  o f the displays can be 
fu r th e r  em phasised by the crab’s ow n body position . A raised body position will increase a 
signal’s aggressive value and a low ered body will decrease it (H azlett, 1968c). In  some cases 
up  to  six body-position  characteristics m ust be p resen t sim ultaneously in order to make a 
signal effective (H azlett, 1972c). T h e  subm issive crab is usually obvious in any encounter 
since it re treats or ducks into its shell (H azlett, 1975a), bu t in one species at least (Reese, 
19626) the loser o f an agonistic b o u t was observed to simply lie on its side w ith  its limbs 
lim p and relaxed—perhaps a useful signal if  escape is no t possible.

S ince he rm it crabs seem to possess such a d istinc t set of displays w ith  w hich to w arn off 
ne ighbours, th e  question as to w hether they occupy and defend fixed territories is w orth
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asking. T h e  whole field o f anim al spacing and  territoriality  is com plex, and  any in te rp re t
ation of field data tends to be h ighly controversial (discussion in  M cB ride, 1971). G eneral 
observation shows no tendency for crabs to be found in the  same parts o f  experim ental 
tanks from  day to day, and detailed studies o f the ir m igratory behaviour w ould generally 
argue against the  occupancy o f fixed positions for any prolonged periods o f tim e. Some 
crustaceans (e.g. fiddler crabs) do occupy fixed territories (D ingle, 1983) and  the advantage 
o f possessing such a “personal space” are well docum ented in term s o f resource partition 
ing and breeding success (e.g. H yatt, 1983). H erm it crabs only appear to m aintain  the 
space im m ediately a round  them selves w herever they happen  to be, and they are no t 
inclined to defend a fixed piece o f g round  from  one period to  the next. E qually , these 
personal fields are highly flexible, depending  upon  conditions o f  overcrow ding, and  may 
no t necessarily be the same in all directions— usually being greatest tow ards the fron t, the 
d irection from  w hich an “ attacker” is m ost likely to be first seen.

T h e  S h e l l  R e s o u r c e

T h e  shell-carrying hab it is so fundam ental to the biology o f herm it crabs th a t very few 
aspects o f their behaviour appear unaffected by it (H azlett, 1966a). T h e  adaptations associ
ated w ith shell use enable herm its to exploit the in tertidal environm ent very successfully, 
avoiding extrem e conditions by creating m icro-habitats w ith in  th e ir  shells— which 
thereby  provide “ all the advantages o f a burrow  w ithout any o f its restric tions”  (Reese, 
1969). T h is  closeness o f  association is very easily dem onstrated , since, on any shore 
inhabited  by these anim als, em pty  gastropod shells are rare—and the in tense com petition 
th a t is often w itnessed, even for dam aged shells, illustrates how  the aggression, ritualised 
display, and fighting behaviour so typical o f this group has evolved.

H erm it crabs are highly vulnerable if  deprived o f their shells. N aked crabs will generally 
accept a w ide range o f objects as substitu tes, b u t the statem ent by B rightw ell (19516) that 
“ the  herm it crab . . . will die if no t p rovided  w ith  a hom e” seems exaggerated. M ortality  is 
certainly h igher for anim als evicted from  th e ir shells (cannibalism  m ay be a particularly  
im portan t factor— Sam uelson, 1970), b u t if  P. bernardhus is p ro tected  from  attack and is 
able to cling to some form  of shell m aterial (this seems necessary for w ithstand ing  the 
stress o f being w ithout a shell) it can certainly survive for m any m onths in  the  laboratory. 
T h is  observation is contrary  to those o f Allee and  D ouglis (1945) th a t shell-less Pagurus 
longicarpus do no t feed unless housed in  a m ore or less suitable shell.

T h e  advantages o f possessing a shell have been particularly  well studied , and can be 
briefly sum m arised as follows:

1. P rotection  from  predators.
2. Protection  for the soft and vulnerable abdom en from  m echanical abrasion by a rough 

substra te  (Bollay, 1964).
3. P rotection  from  tem peratu re  fluctuations— either by allowing w ithdraw al in to  the 

shell if  conditions becom e severe, or by perm itting  m ovem ent away from  an area if 
conditions becom e in tolerable (Reese, 1969).

4. Protection  from  w ater loss—particu larly  im portan t for those species th a t are sem i
terrestrial or those th a t find them selves exposed at low tide (H erre id , 1969).

5. P rotection  for salinity stress (D avenport et al., 1980; Shum w ay, 1978).
6. P rotection  for the b rood  (T aylor, 1981).

T h e  shell resource can prove a lim iting factor in herm it crab population  dynam ics, affect
ing bo th  population size and  the rates o f individual grow th, developm ent, and longevity
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(H azlett, 1981a; M cL ean, 1983; Scully, 19836; R aim ondi and L ively, 1986; Lancaster, 
1988). E m pty  undam aged gastropod shells ten d  to be scarce in natural habitats occupied 
by herm its, and  sub-optim ally  sized and dam aged shells are frequently  used and  even 
fought over. A nim als denied access to the larger shells requ ired  for grow th tend  not to live 
as long as others which find them . Increases in h e rm it crab population  densities can 
quickly follow local increases in gastropod  shell num bers, and  the value for the  m ean body 
size o f  an en tire  population  can increase if the crabs are given access to shells larger than 
those usually available to them  (D rapkin , 1963). In  addition , certain strategies seem to 
have developed to maxim ise the shell resource available to a population e.g. slightly larger 
than  optim al shells may be p referred  by the  crabs, since these extend the tim e before 
ano ther shell need  be found. Ind iv iduals m ay display com plex ritualised  shell-fighting or 
even sw apping behaviour (seep212 /214), and  com petition  for shells can becom e so intense 
th a t appendages (particularly  the  chelipeds) m ay be lost in violent conflict. A large p ro 
po rtion  o f the  num bers presen t m ay have one or m ore lim bs m issing— a m eans by w hich a 
shell-lim ited  population can be recognised in  the  field!

A shortage o f  adequate shells (a reasonable definition o f “ shell-lim itation” ) may be a 
com m on p rob lem  for the m ajority  o f herm it crab  populations. Since there  are generally 
even few er o f the  largest shells available, the  largest crabs probably  feei the effects o f this 
lim itation  m ost severely. Such lim itation may be quan tita tive (insufficient shells to go 
around) or qualitative (plenty o f shells, b u t o f the w rong size, dam aged or buried), or a 
m ix tu re  o f b o th , bu t individuals forced to occupy sub-optim al shells will inevitably be at a 
disadvantage. D am aged shells (and those w ith  holes) will facilitate the en try  o f com m en
sals, parasites, and  egg predators (in  T ay lo r, 1981), and  may well m ake it easier for o ther 
crabs to crush  th e  shells or to force an eviction. Such a shell will also be a less safe refuge in 
the event o f  salinity  stress, since w ater will leak out o f the  holes if the crab is exposed on an 
open surface o r w ater of a different chem istry  m ay infiltrate. A n individual forced to 
occupy too large a shell may be at a disadvantage since additional energy dem ands will be 
im posed by the  extra weight (Elwood and  G lass, 1981), and  it  may find m ovem ent and 
m anoeuvering difficult (H azlett, 19706). O n the o ther hand , i f  the shell is too small, the 
p roblem s o f w ater loss, reduced  reproductive success (by reducing the  anim al’s size at 
m atu rity  and hence its potential clu tch  size— e.g. B ertness, 1981c), reduced  grow th (e.g. 
Fo theringham , 1976a, 1976c; L ancaster, 1988), reduced p ro tection  from  predators 
(Vance, 1972a), reduced success in agonistic encounters (C hildress, 1972) and the 
increased chances o f being “ w inkled o u t”  by predators (C onover, 1978) will all serve to 
decrease the  an im al’s chances o f survival. T h e re  is even a suggestion th a t the  dim ensions of 
the shell occupied  has an effect on the crab’s eventual size and  shape—particularly  w ith 
regard  to the  grow th  o f its appendages (Blackstone, 1985, 1986). A nim als in sm aller shells 
have a restric tion  placed upon th e ir  body  grow th b u t develop larger claws to enhance 
th e ir  chances in sexual com bat. T h e  results of such work are, how ever, open to wide 
in te rp re ta tions (see H uxley, 1932).

S h e l l  S e l e c t i o n  B e h a v i o u r

T h e  first signs o f this vital area o f behaviour appear during  the glaucothoë stage 
(T h o m p so n , 1904; H azlett and  Provenzano, 1965). H ere , exploratory m ovem ents m ade 
du ring  random  w anderings (w hen no visual orien tation  seems to occur, see Reese, 1962a), 
first b rin g  the  anim al into contact w ith  gastropod  shells, and p rovid ing  one is o f an app ro 
p riate  size and  shape, enable it to effect an entry. I t  is at this tim e th a t the shell resource
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comes under one o f its greatest strains, particu larly  if larvae o f m ore th an  one herm it 
species are settling at the  same tim e w ith  essentially the  same requirem ents. In  such cases, 
evolution has favoured m echanism s th a t partition  the  resource—by differing th e  tim es o f 
larval release (Bertness, 1981 d) or the  period  o f larval developm ent, by tim ing  th e  release to 
coincide w ith  the  period o f m axim um  abundance of su itable shells, or by varying larval size 
(W ang and  Jillson, 1979).

T h e  param eters by w hich a particu lar shell is chosen by an individual h e rm it crab  (or by 
w hich it assesses w hether its existing shell is w orth  defending) are far from  clear and 
represen t one o f the  m ost controversial areas o f th e ir  biology. A lm ost every physical 
param eter has been considered as being prim ary: the shell’s w eight (H azlett and 
H errnk ind , 1980; Reese, 1962a; Bach et aí., 1976), its w eight:volum e ratio  (M arkham , 
1968); the  angle of its colum ellar axis— and hence its ease of carriage (D ow ds and Elw ood, 
1983); the relationship betw een the crab’s w eight and the shell’s w id th  (Vance, 1972b); a 
shell’s volum e; its rugosity; its apertu re  size or shape; even its in ternal arch itec tu re . I t  is 
m uch m ore likely, how ever, th a t the  behaviour em ployed by a crab is h igh ly  p lastic, and 
th a t a num ber of param eters are assessed w ith  no single factor determ ining  the  overall 
suitability  o f any one shell (M itchell, 1976; K uris and  Brody, 1976). Indeed , w hatever 
param eters are used at one tim e are likely to  change as the anim al grow s and  as its 
requirem ents alter (H azlett, 1981a).

T h e  controversy over w hich param eters take precedence has arisen since m any of the 
investigations have been conducted  u n d er highly  artificial conditions— w ith  the  animals 
under test often being given access to  to tally  unrealistic  choices o f shells. T h e  underly ing  
principle beh ind  such tests is th a t an anim al given an  unrestric ted  choice o f shells should 
eventually com e to occupy one w hich is optim ally constructed . T h e  shell’s dim ensions can 
then  be m easured and those crab and shell param eters w ith the h ighest correlation  can be 
assum ed to be significant. T h e  supposed “ preferred” size/w eight etc. has been used to 
provide a base-line against w hich shell quality  can be judged under na tu ra l conditions, and 
even in order to construct certain  “ indices”  o f shell quality  such as the  Weight Index  o f 
Reese (1962a) and the  Shell Adequacy Index  o f Vance (1972a, 19726). U nfo rtunate ly , all o f 
these estim ates rely upon  a crab “ recognising”  the  ideal qualities o f the  shell it  occupies 
and  rem aining in  it for some tim e afterw ards. I t  can, how ever, easily be dem onstrated  th a t 
some crabs can continue to  exchange shells th roughou t their tim e in captivity  if  given the 
opportun ity  to do so, and th a t the  swaps may be qu ite  spontaneous and  unpredictable. 
T h is  can m ean th a t the  shell occupied after 24-48 hours (the usual criterion) m ay have 
little relevance to preferences in the long-term . In  fact, after a rigorous analysis of the 
m athem atics behind  m any o f these indices, G ilchrist (1984) has suggested th a t their 
relevance to the real situation  is obscure, and  th a t m any o f the relationships suggested may 
be noth ing  m ore than  “ analytical artefacts” .

T h e  animals them selves are, how ever, clearly aware o f the sub-optim al n a tu re  o f their 
shells if these are dam aged, are too large, o r are too small. T hey  can recognise bo th  the 
necessity and  opportun ity  to find another. T h e  inevitability o f such behaviour, and the 
enorm ous range of reasons th a t may determ ine w hy a particular shell will no t be suitable 
for an individual’s needs, argue m ost forcefully for a “ gestalt” approach to shell selection. 
I t  also stresses the difficulty in try ing  to  assign m athem atical “ ru les” to shell quality. In  
consequence, it  may be th a t a m ore subjective approach is m ore appropriate  in “ classify
in g ” the adequacy o f shells occupied by a population . Such a schem e w ould involve 
identifying w hether or no t a shell offers p ro tection  for the crab’s body (dam age and the 
presence of epizoic “ g row ths” may no t necessarily render a shell un inhab itab le , perhaps
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only m aking it  m ore difficult to carry). F o u r grades o f  quality could form  the basis fo r such 
a classification:

1. T h e  en tire  crab  may be w ithdraw n in to  the shell such th a t no p a rt o f its body is visible 
from  the outside—such shells offer excellent protection  against being “ w inkled-out” 
and  m inim ise the consequences o f breakage to the lip, b u t they may be aw kw ard to 
carry.

2. T h e  an im al’s chelae may be visible w hen the  rest of the  body is w ithdraw n, b u t the 
rem ainder of the body is well p ro tected . Such a shell w ould be easier to carry.

3. T h e  an im al’s chelae break the plane o f the  aperture  w hen the  anim al is w ithdraw n 
such th a t it appears cram ped and  m ay be in danger o f being pulled  out by another 
crab.

4. T h e  en tire  ou te r faces o f the  chelae are ou tside the  aperture , together w ith p a rt o f the 
shield, the  eyestalks, and the antennae. A lthough  an apparently  vulnerable position, 
no crab larger than the occupant is likely to find the  shell suitable, so the risk o f  being 
pu lled  ou t w ould probably  be sm all u n d er norm al circum stances. Such a shell is 
clearly too sm all and offers the  m inim al pro tec tion  to the  vulnerable an terio r o f the 
body, b u t is very easy to carry.

O f these four grades, num bers 2 and 3 m ay be regarded as broadly optim al, while grade 1 
w ould be sub-optim al being too large, and grade 4 w ould be sub-optim al being too 
small. In term edia te  grades could obviously be created  but m ost cases could p robably  be 
accom m odated w ith in  these four.

N o t only does no single param eter o f shell quality  appear unvaryingly essential to a crab, 
b u t no single type o f shell is consistently  chosen. T h is  is clearly dem onstrated  by the  sheer 
n u m b er of shell types that can be found  occupied by herm its, and the  fact th a t individuals 
will m ake use o f any suitably sized shells in an aquarium  study, how ever exotic they m ay be. 
C rabs will also utilise straight tubes and  replicas m ade of glass (F ig .l) , and have even been 
observed to use fragm ents o f discarded and broken b rachyuran  exoskeletons, bo ttle  caps, 
Coia cans, fuses, and  parts o f beer bottles if  no shells are available (F otheringham , 19766; 
G ilchrist and  A bele, 1984) ! Particu lar preferences for the  shells o f certain  gastropod species 
have been suggested by some au thors, tho u g h  the  exact natu re  of the  “ choice”  is usually 
confused by th e ir  relative abundance in  the  habita t. I t  w ould, how ever, make perfect sense to 
assum e th a t an individual can detect a shell’s su itability  and can reject one that is unsuitable. 
P resum ably , the  m ore unsuitable a shell is th en  the  greater will be  the tendency to abandon  it 
and search elsew here—a p o in t dem onstrated  by N eil and Elw ood (1986) who show ed that 
crabs occupying poor quality  shells approach  and  contact new  shells m ore quickly, and 
spend  longer investigating them , than  do anim als in “ b e tte r”  shells. Some o f the reasons 
why a shell m ay be rej ected as unsu itab le  are listed by Kellog ( 1976) as : fewer than  1.5 whorls 
in tac t (shell provides negligible pro tec tion  from  predators), m aterial wedged tigh tly  in the 
apertu re  or fouling organism s sealing off the  apertu re  (crab unable to en ter the shell), broken 
w horl h in d erin g  em ergence from  the  ap ertu re  (crab unable to walk efficiently), an terior end 
b roken  and colum ella dam aged (negligible p ro tection  and difficulty w ith  gripp ing  shell), 
and shell badly corroded (provides negligible protection).

In  B ritish w aters, P. bernhardus does ten d  to be associated w ith  particu lar species of 
shells— b u t these will m ost likely rep resen t com prom ises betw een availability and oppor
tu n ity , as well as reflecting the  sheer survivability  o f em pty shells in an environm ent 
subject to considerable physical forces. T h e  m ost com m on shells are (in o rd er o f size): 
H inia  reticulata  ( =  Nassarius reticulatus), H . incrassata ( = N . incrassatus), B ittium  
reticulatum  and  juvenile Littorina  “saxatilis”  for the  smallest crabs i.e. im m ediate post-
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glaucothoë and “ young herm its” ; small Gibbula sp p .¡L. obtusata for anim als to 0.5 g; L . 
littorea!Nucella lapillus fo r anim als 0 .5-1.5 g (and carapace lengths of up  to  14 mm ); 
and Buccinum undatum  for anim als 1.4—7.6 g (and above 15 m m  carapace lengths) (data 
Jackson, 1913; Elwood et a l., 1979; Pike and W illiam son, 1959).

In  at least one area o f deep, sheltered  w ater off D enm ark  (Jensen and B ender, 1973), L. 
littorea and  B . undatum  have been recorded  as overlapping in  size, i.e. w ith  L .  littorea a t 
10-35 m m  and B . undatum  a t 15-90 m m  b u t, although the larger L .  littorea can be found 
quite  com m only on B ritish  shores, the  sm aller Buccinum  are p robably  too fragile to  survive 
in the littoral zone on any b u t the m ost sheltered coasts. T h e  area of overlap m ay represen t 
a critical stage in the life cycle for m any populations, particu larly  if no offshore population  
o f Buccinum  is available (as appears to be the case in , for exam ple, parts o f sou th-w est 
Cornwall— Lancaster, 1988).

T h e  m anner in w hich a crab orientates tow ards a potential new  shell is also o f im portance. 
Since b linded animals do no t seem  to take significantly longer th an  norm al ones to  find and 
en ter shells (Reese, 1963), chem otaxis has been suggested. A ttractive m olecules may be 
liberated from  dam aged snail tissues (M cL ean, 1973; R ittschoff, 1980a; 19806), o r from 
sym bionts such as H ydractinia  (Jensen, 1970). I t  has even been suggested th a t calcium 
leached from  shells m ay have a pow erful attractive effect on herm it crabs (M esce, 1982). 
Since the attractive effect can be abolished w hen the shells are coated w ith  a sealant (to 
p reven t the  release o f calcium ), it  is even possible th a t the  reason why herm its do no t tend 
to orientate tow ards living gastropods may be because m any o f these shells possess a 
periostracum , and thus w hen no calcium  is being released from  a shell it  is sim ply not 
recognised as such by a crab. O nce contact has been m ade, certain  sequences o f investi
gative behaviour tend  to occur in  alm ost all o f the herm it crab species stud ied— aimed, 
presum ably, at extracting as m uch inform ation as possible about the  new  shell before 
becom ing com m itted to the highly  risky m anoeuvre o f leaving the  safety o f the o ld  one. 
T h e  new shell is first rolled a round  u n til the aperture  is available for p rob ing , then  the 
chelipeds are inserted to check the  inside for obstructions before the first ten tative inser
tion o f the abdom en is m ade (Reese, 1963, 1962a; Scully, 1986). T h is  process may be 
repeated several tim es, and  the  anim al m ay alternate betw een the new  shell and  the old 
un til it is satisfied w ith the new  one or rejects it as unsuitable. T h e  loss of appendages does 
no t necessarily preven t a crab from  selecting and en tering  a shell, though the  process may 
take longer due to the reduction  in  the am oun t of sensory inpu t and  loss o f dexterity  (Reese,
1963). A crab may use its chelipeds as calipers to obtain  a m easure o f the  ap ertu re  w idth 
(K inosita and Okajima, 1968). T h e  dura tion  o f such investigations is, inevitably, variable, 
depending upon the risks associated w ith  the m anoeuvre and its potential benefits (Elwood 
and  S tew art, 1985), bu t it is no t uncom m on for five m inutes or m ore to elapse before a 
decision is finally m ade (N eil and  Elw ood, 1985).

T h e  u ltim ate source o f the shells used by a population  o f herm it crabs lies w ith  the 
gastropods them selves. V arious au thors have a ttem pted  to determ ine the  m echanism s 
by w hich shells are obtained. N atu ra l snail m ortality  is an obvious source, b u t active 
predation  upon  snails has no t been ru led  ou t (R utherford , 1977; Brightw ell, 19516, 1953; 
P urtym an, 1971). Scully (19836), how ever, considers th a t m ost o f these la tter observations 
involved attacks on sick o r in jured  snails, or were staged under artificial circum stances 
w hich d id  no t perm it the snails any escape, and th a t predation  is p robably  rare  under 
norm al circum stances. H ow ever, w hen predators do attack and kill snails, it is inevitable 
th a t herm its move in and  a ttem p t to take over any undam aged and  newly vacated 
shells— even though they them selves played no p a rt in the predation. Shells are rendered
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unavailable to a population  by various m eans: they may be rem oved from  the area by 
cu rren ts  (Vance, 19726), by the  em igration o f o ther crabs (taking the  shells w ith  them ), by 
burial (K ellog, 1976), or they may be broken or eroded until they  are un inhabitab le  (in 
Scully, 19836). S p ight (1977) suggests th a t a shortage o f em pty shells is only to be expected 
in the  in tertida l environm ent, since the  only th ing  keeping them  there  is the  activity o f the 
herm its  them selves.

N o tw ith stand ing  th e  occasional chance encounter w ith  a su itable em pty shell, m ost of 
the shells th a t a crab comes into contact w ith  will either be dam aged, occupied by a living
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snail, or occupied by ano ther c rab . O f these, it is p robably  the la tte r situation  th a t offers the 
m ost potential, and it  is th o u g h t th a t direct aggression em ployed against another crab 
either to force an eviction or an exchange, is the  m ost usual way th a t a herm it crab obtains a 
new  shell. Equally, th e  useful shells will have a tendency  to be recycled in  a predictable way 
until accidentally lost or dam aged (F igure 7— from  H azlett, 1981a).

T h e  m echanism s o f  shell fighting have consequently  received a great deal o f study  (e.g. 
H azlett, 1966a, 1967,1970c, 19726,198la ; Vance, 1972a; Elw ood and Glass, 1981; D ow ds 
andE lw ood , 1983,1985). C onsiderable subtleties and  com plexities have been indicated for 
this m ethod o f aquisition, and  contests occur no t only betw een m em bers o f the  same 
species b u t even betw een m em bers o f different species. A  shell-less crab  can even m anage 
to  evict a housed crab by direct aggression if  it  is strong enough (Allee and  D ouglis, 1945). 
Shell fights follow a generally predictable pa ttern , and  involve the  attacker in m anipulating 
the  o ther crab’s shell and  usually  “ rapp ing”  its ow n shell against it a n u m b er o f times 
before a ttem pting  to  pull the occupant ou t and flinging it away. A particu larly  good 
account of a shell fight is given by D ow ds and Elw ood (1983). Since the  evicted crab is so 
often seen to m ake use o f the a ttacker’s discarded shell, it has been suggested th a t perhaps a 
process o f “ negotiation”  is actually occurring to the  potential benefit o f bo th  parties (i.e. 
H azlett, 1978, 1980a, 19836, 1984, 1987). T h is  is d isputed  by a num ber o f o ther authors, 
how ever, who consider th is  to be an unrealistic in terp re ta tion  since the  ch ief beneficiary in 
any shell d ispute is likely to  be the largest crab (N eil, 1985; E lw ood and  N eil, 1986; E lwood 
and  G lass, 1981; D ow ds and E lw ood, 1983). Indeed  the  whole question  o f shell fighting as 
a “ real” phenom enon has been questioned  (in B ertness, 1981e), w ith  the  suggestion that it 
m ay be m erely a laboratory  phenom enon, b u t the  num ber o f observations th a t have been 
m ade and  the range o f situations investigated im ply th a t it is no m ere accident or laboratory 
artefact. A crab will no t necessarily fight every o ther individual th a t it m eets. Occasions 
w hen a fight is likely can be p red icted  on the  basis o f the quality o f shells available to a 
population— the poorer the  shell th a t each crab occupies the  m ore likely will a fight 
become. T h is  can reach an extrem e w hen an individual in a grossly sub-optim al shell m eets 
another o f the same size o r sm aller in a shell even slightly b e tte r (Scully, 19836). U nder 
these circum stances, severe in juries can be caused to a crab th a t chooses to resist an  attack. 
I t  has been noticed th a t whole populations o f  crabs may becom e so shell-lim ited that 
individuals will fight w henever they m eet— and the victor m ay only decide after the 
conflict w hether the new ly won shell is even w orth exam ining (Vance, 1972a).

M o v e m e n t s , M i g r a t i o n s  a n d  A c t i v i t y  R h y t h m s  

T h e  patterns o f m ovem ent displayed by herm it crabs are diverse and  unpred ictab le . Some 
individuals in a population  m ay w ander over great distances while others rem ain  in  m uch 
the  same area for long periods o f tim e. H azlett (1981a) noted th a t some individuals are 
effectively sessile since they occupy fixed (i.e. attached) tubes o r shells, while som e move 
ha lf  a m etre  or so in a day b u t always re tu rn  to the  same spot. O thers m eander 20 m  or m ore 
in a day bu t only change the ir ne t position  by some 1-2 m. E qually , “ nom adic” m ovem ents 
o f  several hundred  m etres in a day may occur, w hich may be lateral (w ith the  crabs 
rem aining in the  same zone on the  shore) or perpendicular to the shoreline (exposing them  
to a wide range of conditions). S tachow itsch (1979) followed the  m ovem ents o f tagged 
crabs for periods o f up  to 2 years, and  was able to conclude from  recaptures (around 50%  
after 1 year and  24%  after 2 years) th a t the  average range of m ovem ent o f m ost of the 
individuals observed did  no t exceed 15 m  during  this tim e. T h e  suggestion th a t a type o f 
“ hom e range”  m ay operate  cannot, therefore, be ru led  out for this population , since random
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w andering  should  have taken them  fu rther. S im ilar pa tterns of behaviour are recorded  by 
H azle tt ( 1983a) for two C aribbean species— though  here the  term  “ site a ttachm ent”  is used 
to describe th e ir  lim ited overall range o f  m ovem ent— and by T om linson  (1960) for a 
population  o f unnam ed herm its off the  C alifornian coast. Occasionally, long-term  popu
lation m igrations occur e.g. Pagurus longicarpus m igrates from  the  littoral zone off R hode 
Island  U .S .A ., w here it breeds du ring  the  sum m er m onths, in to  deeper w ater du ring  the 
w in ter (R ebach, 1969,1974), as does Clibanarius vitta tus  in Texas (Fotheringham , 1975).

Possible reasons for long-term  m igrations have been suggested to include:
1. A voidance o f debilitatingly cold w in ter tem peratures in the shallow littoral zone, 

w hich w ould leave the crabs sluggish and m ore prone to  predation  (R ebach, 1974).
2. T o  provide a m echanism  for concentrating  breeding crabs in  the  narrow  littoral zone 

area after they have spen t the  w in ter period  in the  deeper w ater offshore— thereby 
facilitating their finding a m ate (F o theringham , 1975).

3. E ncouraging  the  crabs to m ove offshore for at least p a rt o f their life cycle in order to 
have access to larger types o f shell— since the larger gastropods tend  to be deeper 
w ater form s (Fotheringham , 1975).

S hort-te rm  m igrations of the “ alongshore”  or “ on-off shore”  patterns typically involve 
individuals w hich occupy substandard  or dam aged shells (H azlett, 1983a). Such m ove
m ents may b rin g  the crabs in to  po ten tia l shell-yielding situations. Indeed , it does appear 
th a t th e  poorer the  shells are th a t the  crabs occupy or com e into contact w ith, then  the  greater 
is the  tendency  for them  to m igrate (H azlett, 1981¿?; Lancaster, 1988). T h e  erratic and 
seem ingly random  nature o f such m ovem ents are am plified by each crab’s tendency to  stop 
and  change direction in order to investigate objects th a t it passes. F u rtherm ore , they will 
d ivert to in teract w ith  o ther crabs (e ither by deliberately approaching or avoiding them ), and 
they will make frequen t stops to feed. E qually , the  anim als will often  respond to “ w indfall” 
deposits o f food w hich may resu lt in a com plete change of d irection (S tachow itsch, 1979), 
and  to sites o f gastropod p redation  (w here “ new ”  shells are becom ing available— M cL ean, 
1973). T h is  la tte r response is th o u g h t to be due to chemical attraction—possibly to am ino 
acids o r sm all peptides released in to  the  w ater from  the breakdow n o f gastropod flesh 
(R ittschoff, 1980a, 19806). T hese  pa tte rns m ay be fu rther com plicated by the tendency of 
m ost herm it crabs to continually change th e ir  m inds when presen ted  w ith  two separated 
stim uli such th a t they perform  a zig-zag pa th  betw een them  (alternately m aking for one or 
the  o ther) w ith  no predictable outcom e u n til they m ake th e ir  final tu rn  (Fraenkel and 
G u n n , 1961). O ne positive advantage th a t resu lts from  such “ w andering’’ behaviour is that 
h erm it crabs m ay become the  first organism s to repopulate “ graveyard” areas after con
ditions re tu rn  to norm al (F edra  et al., 1976), and m ay, incidentally, help to in troduce other 
form s, carried  as epizoites.

V ariations in speeds o f m ovem ents m ay be due to food availability (where a hungry  
anim al will ten d  to move m ore quickly tow ards a potential food source) and  danger from  
predato rs. T h ese  two factors m ay be fu rther influenced by the  type o f substra te  th a t the 
anim al is crossing. A rough surface (as well as im peding progress directly) may trap  m ore 
food, will contain  m ore “nooks and  crannies” to investigate, will tend  to offer m ore p ro tec
tion  from  predato rs, and hence will encourage slower overall m ovem ent than will an open, 
bare, surface w hich will make the  anim al m ore conspicuous to  a p redato r and w hich will 
p robab ly  contain little o f in terest to explore. O n th is basis H azle tt (19816) considered 
su bstra te -type  to be the greatest single factor accounting fo r the enorm ous variations 
observed in the  m ovem ent pa tte rn s  o f h e rm it crabs. V ariations have also been observed on 
a d iu rnal basis— Stachow itsch (1979) no ted  th a t Paguristes oculatus was predom inantly
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active by day in the N . A driatic , while M itchell (1973) no ted  the sam e fo r P. bernhardus 
originating from  the M illpo rt area o f the U .K . M itchell m ain tained  a num ber of P. 
bernhardus under conditions o f 24 hours continuous illum ination  and observed th a t the  
anim als’ m ost active periods coincided w ith  the equivalent hours o f na tu ra l daylight—  
concluding th a t some form  o f inbu ilt d iurnal rhy thm  of activity exists in  th is species. T h is  
pa tte rn  is the opposite o f the  observations o f Ball (1968) on tw o Pacific species o f Pagurus, 
which were m ore active in the  dark. T h e  possible inability  o f P . bernhardus to  dark adapt its 
eyes (Brocker, 1935) may account for this difference. E riksson et al. (1975&) also failed to 
find any evidence o f  appreciable nocturnal activity in P . bernhardus. T h is  tendency  of at 
least certain herm it crabs to  be m ore active by day (w hilst m ost b rachyuran  crabs are 
nocturnal) may well be  as a resu lt o f the  p ro tection  they feei afforded by the ir shells 
(W arner, 1977).

Periods o f activity separated  by periods o f inactivity also seem typical o f h erm it crabs 
(M cL ean, 1973). Cues for th e  phasing o f activity rhy thm s may include the  tidal cycle for 
in tertidal populations (especially periods o f im m ersion followed by periods o f exposure to 
the air, the  tem peratu re  changes occurring  as the tid e  re tu rn s  to flush ou t a rock pool, and 
the pressure changes associated w ith  the  rising and falling tide), and  perhaps d iurnal, sem i
lunar, lunar, and annual cycles o f tem peratu re/day-leng th  etc. for sub -litto ra l populations 
(N aylor and A tkinson, 1972). I t  is unlikely, how ever, th a t any one factor will operate  singly 
at all tim es, and  m any com plex interactions are likely.

Environm ental cues for longer-term  m igrations (those re tu rn ing  the  crabs to a particu lar 
environm ent after a prolonged absence in a substantially  different area) are also though t 
to be both  com plex and  interactive. Cues know n or though t to be used by m igrating 
crustaceans include the slope o f the beach, surface w etness, surface particle size, visual 
landm arks (such as pebbles and light/dark  boundaries), sho rt-te rm  m em ories o f m ove
m ents (term ed a “k inesthetic”  m em ory), the  chemical qualities o f the  w ater (i.e. due to 
surface/land run-off, zoo/phytoplankton com position, levels of am m onia, n itra tes, etc), 
water curren ts, wave action, w ind  d irection etc. (reviewed by R ebach, 1983). A dditionally, 
some littoral crustaceans are know n to use the position o f the  sun and the  polarisation of 
blue sky as navigation cues to d irect them  tow ards o r away from  the  sea (K rasne, 1973)— 
though cloud cover m ay restric t this ability som ewhat. T h e  use o f m ultip le  cues for 
orientation is possible, and  R ebach (1981) suggests th a t w hen m ore th an  one cue is signifi
cant these will tend  to be arranged  hierarchically. T h e  m onitoring o f slope is though t to be 
one of the m ost im portan t o f these cues— especially w hen downslope corresponds w ith 
offshore. T h e  angle of the  slope is perceived by the statocyst organ at the  base o f the 1st 
antenna—lobsters being able to perceive slopes o f only 1-3'' by th is m echanism  (Cohen, 
1955). W ater chem istry  cues are p robably  m onitored by the aesthetascs (long, th in , 
cylindrical sensory hairs) at the  tip  o f the 1st antenna (Rebach, 1981).

D espite all of the evidence of com plex control o f m igration it is no t th o u g h t th a t specific 
“ hom ing”  behaviour occurs in  herm it crabs (R ebach, 1978).

P r e d a t o r s

D espite the pro tection  o f the ir shells, herm it crabs fall victim  to a w ide range of 
predators. Rem ains o f the an terio r hard  portions of herm it crab carapaces are commonly 
found in the stom achs o f com m ercially caught fish, especially cod, w olf-fish, and dogfish 
(Brightwell, 1953; V ance, 1972a; Pike, 1961; Eales, 1949). Ballan wrasse, com m on in the 
shallow w aters off the  N orw egian coast du ring  the sum m er m onths, have yielded many 
herm it crab rem ains— including  shell fragm ents—in  the ir stom ach contents (Sam uelson,
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1970). O ther predators include sea b ird s, b rachyuran  crabs (especially Cancer species), 
octopus, and starfish (Perkins, 1985; Sam uelson, 1970; Vance, 1972a; Ross, 1971). M any 
gulls attack h erm it crabs left stranded  in sm all pockets o f w ater as the  tide recedes, flying up 
and  th en  dropping  them  onto rocks below to crack open the shells and so gain access to the 
anim als w ith in  (Rebach, 1983). In  addition , herm it crabs them selves may attack and 
devour their ow n kind (H azlett, 19706; Perk ins, 1985). Cannibalism  is one of the m ain 
problem s o f keeping these anim als in captivity .

H u m an  predation  is no t usually a p roblem  fo r th is group o f crabs, although it is reported  
th a t herm it crab abdom ens are boiled and  sold in m arkets in F rance (Brightw ell, 195 la )— 
w here they are said to taste very like praw ns (!)— and fisherm en may occasionally use naked 
herm its  as bait for bass and  cod. T h e  terrestria l herm it Coenobita was form erly a delicacy 
(baked in its shell) in Jam aica, and the coconut crab Birgus latro was once prized for its oily 
abdom en am ong the Pacific Islanders (Jackson, 1913).

A part from  a w ithdraw al reflex into the  shell at any sign o f danger, herm it crabs have 
ano ther “ reflex”  th a t may help  th e ir  survival. A t the  approach of a shadow  or any sudden 
m ovem ent, they will often let go and  sim ply d rop  off any rock or surface th a t they may be 
on. T h is  may take them  out of sight and  hence danger— bu t it may also land them  in  a new 
and  potentially  even m ore hazardous situation  than  before!

P a r a s i t e s

T w o  types o f isopod Athelges paguri and  Pseudione hyndmanni, and  one barnacle Pelto
gaster paguri, are com m only referred  to in the  literature as being parasitic on Pagurus 
bernhardus.

B oth isopods are oval in shape, assym etrical, and conspicuously segm ented. Pseudione is 
th o u g h t to occur chiefly in the  branchial cavity o f the crab (w here the female may a tta in  a 
leng th  o f 10 m m  and the male around  2 m m ), while Athelges is m ore usually found  attached 
to  the  upper p a rt o f the abdom en— though  it has been reported  from  both  the branchial 
cham ber (Cattley, 1938) and  from  the thorax  (Pike, 1961). Athelges can be distinguished 
from  Pseudione by the form er possessing 4 pairs o f conspicuous stalked pleopods tow ards 
the  posterio r end  o f the  body to each of w hich are attached a pair of greatly expanded p la te 
like lamellae (F igure 7a). F u ll descrip tions are given by Pike (1953, 1961). Sars (1899: 
Pseudione P .202, Athelges P .210) and  N aylor (1972). Levels o f infestation in natural p o p u 
lations are no t though t to be h igh— Pike (1953) reported  a 1.5°-0 infection rate for the 
anim als he collected from  the Irish  Sea, w hile I no ted  only 2 Athelges from  2000 individuals 
o f P. bernhardus exam ined over a 4 year period  in S.W . Cornwall.

T h e  parasitic barnacle Peltogaster paguri is usually conspicuous as either a glowing red 
spo t show ing th rough  the crab’s abdom inal tissues if it has no t yet e rup ted , or if it has, then  
as a vivid red  sac fixed to the  dorsolateral surface o f the left side o f the  c rab ’s abdom en 
(F igu re  7b). A nother species o f parasitic  barnacle, however, occurs alm ost as com m only on 
P. bernhardus, b u t is less com m only m entioned  in the  literature. T h is  is the  superficially 
sim ilar Clistosaccus paguri. T h is  barnacle m ost frequently  occurs on the left side o f its 
h o s t’s abdom en dorsal to its p leopods, and can be distinguished from  Peltogaster by its 
w hite body. D etailed  histological exam ination  also reveals its in ternal anatom y to be quite 
d ifferen t from  th a t o f Peltogaster. D escrip tions are given in Sm ith  (1906: p. 117) and  Hoeg 
and L u tzen  (1985) w hilst a recent account o f biology may be found in H oeg (1982). Sm ith  
(1906), com m ents th a t the  parasite  is a ttached  via its host’s gonads such th a t parasitised  
m ales are effectively castrated and  may com e to develop the sexual characters o f females 
(e.g. ova developm ent). I f  parasitised  at a very early age such males may even retain  the
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[a). A th e lg es paguri
-  f e m a le ,  w ith  s m a l l e r  m a le  
a t ta c h e d .

m m
V entra l  v ie w

Dorsal v ie w

1 m m

S h o w in g  po s i t io n  of 
a t t a c h m e n t  to  left s ide  
of h o s t ' s  a b d o m e n .

1 m m

(b). Peltogaster paguri
F ig . 8.

Two common parasites of Pagurus bernhardus (after Sars, 1899; Pike, 1961; Hoeg and Lutzen, 1985).

pleopod on the ir second abdom inal segm ent. T h e  pleopods of a parasitised  fem ale may 
come to resem ble those o f  a norm al m ale (T hom pson, 1904), though , generally, such a 
female only appears to suffer an  arrested  developm ent. In  a study o f anom urans off the west 
coast o f N orw ay, Sam uelson (1970) observed th a t fem ale P. bernhardus parasitised  w ith 
Peltogaster paguri were no t b reeding, a lthough it was well into the  breeding season at the 
tim e. T h e  effects o f parasitic  castration are no t so clear cut in the case o f Athelges paguri, 
how ever, bu t G iard  (1886) d id  no te  th a t m ales parasitised  by th is isopod had pleopods of 
the female num ber and form . T h ese  parasites usually occur singly on the ir hosts (w ith the 
conspicuous form s o f  bo th  Athelges and  Peltogaster being females, each carrying a m uch 
sm aller hyperparasitic  m ale— see R einhard , 1942, for a discussion o f th is w ith  Peltogaster), 
and, although M acG initie  and  M acG in itie  (1968) have recorded 23 unspecified Peltogaster 
on a single Pagurus, R ainbow  et al. (1979) com m ent upon  a general lack of gregarious 
behaviour in the  larvae o f th is species— an unusual situation am ong barnacle cyprids.

Peltogaster m ay itself fall prey to the hyperparasitic  isopod Liriopsis pygmaea  (described 
by Sars, 1899: p. 242), an  organism  w hich first lies w ithin the body cavity o f  the  barnacle 
before eventually e rup ting  ou t onto its body surface.
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A s s o c i a t i o n s

H erm it crabs and  the ir “ com m ensals” have long been a source o f curiosity , and the  total 
n u m b er o f species w ith w hich an individual crab m ay be associated could well exceed 
several dozen (T able  4). R ecords exist for m any species o f herm it crabs e.g. Fotheringham  
(1976c), C uadras and  Pereira (1977) and T ay lo r (1979), while H azle tt (1981a) reviews the 
field o f associations generally.

T h e  principal relationships discussed in the literatu re  are those betw een h e rm it crabs 
and  anem ones. Indeed , such relationships are even though t to be so reliable th a t they are 
used  in some taxonom ic works as clues to identification (e.g. C am pbell, 1976; B arre tt and 
Y onge, 1958). T hese  include, in particu lar, the  association betw een Pagurus bernhardus 
and  Calliactis parasitica, and  P. prideaux  w ith Adam sia carciniopados. T h ese  relationships 
are, how ever, ne ither sim ple nor inevitable since A . carciniopados has also been recorded in 
association w ith  bo th  P. bernhardus (Jackson, 1913) and  w ith  P. alatus (as P. excavatus— 
M ainard i and Rossi, 1969a), w hile C. parasitica  has been observed w ith  at least tw o other 
herm its (Dardanus arrosor and Clibanarius erythropus) and may occur on the  shells o f living 
gastropods (Ross, 1967; Rees, 1967). E qually , bo th  P. bernhardus and C. parasitica  seem 
able to live qu ite  happily  apart— tho u g h  relationships betw een A . carciniopados and P. 
prideaux  are no t so clear, since each is th o u g h t to decline w ithout the o ther (M anuel, 1981). 
T h e  actual benefit th a t each p a rtn e r receives in the relationship is no t clear. In  some cases it 
appears th a t the  stinging cells o f the  anem one p ro tec t the crab from  attack by such p reda
to rs as the octopus and  other crabs (Ross, 1971; M cL ean  and M ariscal, 1973). Pike (1961) 
even suggests th a t one o f the  p rincipal reasons w hy he so seldom  found the  rem ains of 
P. prideaux  in  the  stom achs o f p redato ry  dogfish and  cod may have been because o f the 
pro tec tion  offered by the anem ones. Such  pro tec tion  is no t always im pregnable, however, 
since B rightw ell (1953) com m ented th a t a crab p ro tected  by 3 large anem ones was dis
m em bered  by W rasse th a t seem ed qu ite  indifferent to the discharging nem atocysts. A 
m ore inglorious role has been noted  fo r at least one anem one by Balasch et al. (1977) who 
observed a crab prodd ing  and  m oving its passenger around u n til, presum ably , it occupied a 
m ore convenient position— being used, it  w ould seem , as little m ore th an  a counter balance 
to m ake an awkward shell easier to carry! T h e  chief benefit to the  anem one is probably  the 
opportun ity  given it to occupy a ha rd  su b stra tu m  in an otherw ise barren  landscape of m ud 
or shell gravel (thus enabling it to inhab it apparen tly  unsuitable regions), together w ith 
being able to supplem ent its diet by in tercep ting  food particles w hen the  crab eats (Ross, 
1967). H ow ever, the observations initially  m ade by W ortley (1863) and  later confirm ed by 
Fox (1965) th a t specim ens o f P. prideaux  may actually feed th e ir  sym biotic anem ones do 
suggest an even fu rther subtlety  to th is relationship . T h e  anem ones are no t totally depen
den t upon  scraps from  their hosts, how ever, b u t are efficient p redators in the ir own right. 
B rightw ell (1951a) observed Calliactis parasitica  seizing and holding large praw ns that 
could easily have escaped sm aller anem ones. E qually , the anem one may no t have every
th ing  its on way since the same au thor (B rightw ell, 1953) also observed P. bernhardus to 
consum e enorm ous num bers o f eggs being shed  from  its anem one and  even, on another 
occasion, to p lunge its chela into the  anem one’s gastric cavity and  rem ove quantities of 
partia lly  digested food!

T h e  anem ones may be transferred  by the  crabs from  shell to shell (Cowles, 1920; Ross, 
19796; Fox , 1965), or the anem one itse lf m ay in itiate the m ove (Ross, 1960; Ross and 
S u tton , 1961). D om inan t crabs are often  seen to encourage the  presence of anem ones and 
have even been observed to  rem ove anem ones from  the  shells o f subord inates and  place 
them  on their own shells (Ross, 1979a; M ainard i and  Rossi, 19696)!
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T ab le  4. Species recorded in association with  P agurus bernhardus (a fter T ait, 1972, and
Jensen and Bender, 1973)

P ro tozoa
Z ootham nium  spp.
Folliculina spirorbis D ons 
Cibicides lobulatus (W alker a n d  Jacob )

P o rifera
Cliona celata  G ra n t B o ring  in to  shell
Ficulina ficus  (O liv i)
Suberites dom uncula  (O liv i) S ponge m ay  even tually  d isso lve  aw ay shell to  enclose c ra b  d irectly

C oelen te ra ta
H ydrac tin ia  echinata  (F lem ing )
H . carnea  (M . S ars)
D icoryne conferta  (A lder)
Perigonim us repens (W rig h t)
Cam panularia johnston i (A lder)
G onactinia prolifera  (M . S ars)
E pizoanthus incrustatus  (D ü b e n  an d  K o re n )
Calliactis parasitica  (C ouch ) „

. . .  , Sea anem ones
A dam sia  carciniopados (O tto )

T u rb e lla r ia
M acrostom um  sp.

N em e rtin i
Tubulanus linearis (M cIn to sh )

P o lychaeta
Eulalia  bilineata  (Jo h n sto n )
N ereis fu c a ta  (S av igny)
Polydora cilia ta  (Jo h n sto n )
Arenicola m arina  (L .)
Fabricia sabella (E h ren b e rg )
Exogone naid ina  (Ö rsted )
Dodecaceria concharum  (Ö rs ted )
H ydroides norvegica (G u n n e ru s )
Pomatoceros triqueter  L .
Serpu la  verm icularis  L .
Spirorbis spirillum  (L .)
S . pagenstecheri Q uatrefages 
5 .  spirorbis (L .)

B ryozoa
Lichenopora verrucaria  (F ab ric iu s )
Electra pilosa  (L .)
Callopora lineata  (L .)
Tubulipora  sp .
A lcyon id ium  polyoum  (H assall)
H ippothoa hyalina  (L .)

C opepoda 
Sunaristes paguri H esse 

C irriped ia  
A lcippe lam pas  H ancock

Verruca stroemia  (O . F r . M ü lle r)
B alanus balanus (L .)
B . im provisus  D a rw in  
B . crenatus B ru g u iè re  
Sem ibalanus balanoides (L )

I n  to p m o st w h o rl o f  shell

B oring  in to  la st w h o rl o f  shell close to  co lum ella  (easily  overlooked); 
edge o f  m a n tle  p ro tru d e s  th ro u g h  a sm all slit.

B oring  in to  shell

B o ring  in to  shell
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T ab le  4. Continued.

221

A m p h ip o d a
Podoceropsis nitida  (S tim p so n ) I n  tu b e s , o ften  on  o u ts id e  o f  shell, p articu la rly  in  su tu re s
M etopa  rubrovita ta  G . O . Sars
A o ra  typ ica  K röyer
E urystheus m aculatus  Jo h n sto n e
M e lita  obtusata  (M o n tag u )
O rchom enella nana  K rö y er

D ecap o d a
Porcellana longicornis L .

P o ly p la co p h o ra
Lepidopleurus asellus S peng le r

G a s tro p o d a  
A cm aea  tessulata  (M ü lle r)
A . virg inea  (M ü lle r)
Precuthona peachii (A ld er an d  H ancock) a  n u d ib ra n c h  th o u g h t to  feed  exclusively  o n  H ydractin ia
A can thodoris  pilosa  (M ü lle r)

L a m ellib ran c h ia
M o n ia  pa te lliform is  (L .)
H eterom onia  squamula (L .)
H ia te lla  arctica  (L .)
M y tilu s  edulis L .
A n o m ia  ephippium  L .

T u n ic a ta
S ty e la  coriacea (A ld er an d  H ancock)

(T h is  is n o t  m e an t to  b e  an  exclusive list— m an y  o f  th e se  species w ere  reco rd e d  in  S cand inav ian  w ate rs  an d  th e ir  B ritish  
c o u n te rp a r ts ,  w here  d iffe re n t, w ou ld  be ad d itio n a l to  th e  list. A lso , no  ac co u n t is taken  h e re  o f  parasites).

[S om e o f  th e  m ore  in te re s tin g  associates a re  d esc rib ed  in  anno ta tio n .]

A second com m on associate o f P. bernhardus is the  hydro id  H ydractinia echinata, w hich 
p robably  also finds the  firm substra te  p rovided  by the  gastropod shell a valuable po in t of 
a ttachm ent. As a bonus, food is m ade available to  the  colony as the  crab d istu rbs the 
sed im ent over which it moves. E qually , H ydractinia  may directly consum e the  crab ’s eggs 
as they  are aerated or its larvae as they  are released (Fotheringham , 1976c; Rees, 1967; 
C hristensen , 1967). T h e  benefit to  the crab  is therefore uncertain , since the  hydroid  
generally appears to provide neither camouflage nor protection (Jensen, 1970), and may 
even sting the  crab th a t carries it w ith  its nem atocysts (Brooks and M ariscal, 19856).

P erhaps the th ird  m ost com m only m entioned  associate of P. bernhardus is the polychaete 
N ereis fuca ta , w hich constructs a m ucus tu b e  for itself w ithin the upper w horls o f the 
gastropod  shell. T h is  w orm  has been repo rted  as occurring in betw een 3 -2 0 %  of shells 
collected from  the  Clyde Sea— depending  u p o n  dep th  (Pike and  W illiam son, 1959), in 
10%  o f  the shells occupied by P. bernhardus off M illpo rt (C ram  and E vans, 1980), and  in 
a ro u n d  30%  o f  the  shells in L iverpool Bay (Jackson, 1913). A lthough B rightw ell (1951a, 
19516) was originally o f the opin ion  th a t the  presence of the w orm  is no inconvenience and 
causes the  crab no discom fort, F o theringham  (1976c) m entions th a t a re la ted  polychaete, 
Neanthes succinea, readily consum es the  eggs o f its com m ensal crab Clibanarius vittatus, 
and  th u s  m ust be considered po ten tia lly  destructive to  its brood. Equally, considering that 
one o f  the  sim plest ways to  evict a h erm it crab  is to tickle its abdom en via a hole drilled  in 
one o f  the  u pper whorls o f the shell (see p . 225) it w ould seem  th a t stim ulation  o f this 
sensitive area by a w orm  m igh t cause th e  crab  some discom fort. T h e  shell en try  behaviour

usually  fo u n d  b o rin g  in to  rock! 

in  la st w h o rl, ju s t  inside en tran ce
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of the w orm  is described by G ilp in-B row n (1969) and  by C ram  and  Evans (1980), who 
com m ent upon  its non-specific nature . T h e  w orm  appears to respond to  a w ide range of 
stim uli and has been observed to effect entry into the  shells o f at least 5 different crab 
species. T h e  behaviour o f  the polychaete inside the shell of its host is described by E lm hirst 
(1947) who observed his animals in glass replica shells.

T h u s the  overall relationships betw een herm it crabs and  the ir associates are complex 
and unpredictable. M any com m ensals will occupy poten tia l brood  space or space that may 
may be used for increased grow th after m oulting , and  they may represen t a th rea t to both 
the crab’s eggs and larvae. U n d er the circum stances, the term  “ com m ensal”  may be 
inappropriate, suggesting as it does an association from  w hich the crab loses nothing. It 
may be th a t the  o lder definition (de Bary, 1879) o f “ sym biosis” as a situation  w here two 
dissim ilar organism s live together in close association, may be m ore realistic. Perhaps the 
finest descrip tion , though , o f these interactions is provided  by Scully (19836) w ho refers to 
a herm it crab and  it associated sym bionts as a “ com m unity in m otion” !

P h y s i o l o g y

T h e  shells enclosing the  bodies o f herm it crabs im pose no resp iratory  constrain ts upon 
them . T hese  anim als are capable o f generating w ater cu rren ts w ith in  their shells pow erful 
enough to sweep faecal m aterial ou t from  the  apex (B rightw ell, 1951a), and presum ably, 
therefore, also capable o f keeping aerated water circulating to the gills. P. bernhardus has 
been show n to be capable of surviving for up  to 7 hours in anoxic sea w ater (D avenport et 
al., 1980) and  so m u st be able to rem ain totally w ithdraw n inside its shell (and hence 
effectively cu t off from  any new  suppy o f oxygen) fo r at least th a t tim e. H e rm it crabs are 
probably oxygen conform ers and  allow their consum ption to fall as the  am ount o f gas in the 
surrounding  w ater declines. T h ey  may survive to tal anoxia by respiring  anaerobically in a 
m anner sim ilar to th a t used by fiddler crabs trapped  in w aterlogged burrow s (Teal and 
Carey, 1967).

A fall in oxygen consum ption  (and hence a reduction  in activity) occurs as salinity levels 
decline, particu larly  below about 50%  salinity. T h is  suggests a reason for the inability o f 
some species (including P. bernhardus) to penetrate  estuaries to any great extent. P. 
bernhardus has been stud ied  to determ ine its salinity tolerances (D avenport et al., 1980; 
D avenport, 1972a, 19726; Shum w ay, 1978) and does appear to be reasonably euryhaline, 
particularly  w hen o f the  size range typical of the littoral zone. T h e  anim als do , however, 
tend to w ithdraw  into the ir shells as values approach 20-22% o, and  generally rem ain 
w ithdraw n un til levels re tu rn  to a round  32-33%o. T h e  anim als probably  trap  small 
am ounts o f w ater inside the ir shells as they w ithdraw  and only em erge again as this is 
gradually “ recharged” by “ fresh” sea-w ater diffusing in , indicating th a t conditions are 
once again favourble. T h e  secret o f osm otic tolerance for these anim als appears to be 
prim arily  one o f conform ing i.e. tolerating osm otic swelling in the soft abdom en, enhanced 
by the p roduction  o f copious urine. Since the  salinities to w hich they are usually exposed 
will seldom  fall below  25%o, there  w ould be little need to  develop a m ore sophisticated 
m echanism , n o r acquire a greater tolerance (any fresh-w ater inflow into a rock pool tends 
to rem ain on the  surface and m ixes only slowly, if a t all, during  a tidal cycle— Pyefinch, 
1943). T h e  crabs m ay, how ever, consciously avoid osm otic stress by m oving away (if at all 
possible) from  waters w hich are becom ing diluted. Shum w ay (1978) observed th a t activity 
increased am ong herm it crabs as salinities started  to fall, and  th a t w ithdraw al only tended 
to occur if escape was n o t possible. T h e  ability of a herm it to detect changes in  salinity
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was dem onstrated  by R oberts (1971), who found th a t larval P. longicarpus could detect 
differences as small as 2-5%o.

T h e  tem perature  extrem es w hich can be to lerated  by herm it crabs depend  upon  both  
the ir degree of acclim ation and  u p o n  the  usual tem peratures experienced in the ir natural 
habitats. U sing resum ption o f norm al behaviour as a m easure o f survival (i.e., the reoccu
pation  o f gastropod shells after exposure to experim entally induced tem pera tu re  regimes) 
Fraenkel (1960) estim ated th a t the  u p p er lethal lim it for P. longicarpus was 30°C. W hile 
th is value is lower than  for some o ther anim als tested  (i.e. 40-41°C  fo r Littorina littorea 
taken from  open rock surfaces) the  finding does none-the-less reflect th a t some herm it 
crabs are quite capable of surviving conditions m ore extrem e than  they are likely to 
encounter in nature . M aynard  (1960) suggests th a t the optim al tem pera tu re  for m ost 
tem pera te  decapods will be in the  range o f 20-30°C , at w hich the  heart ra te  will be m axi
m al, b u t that above this value the  beat tends to becom e irregular before finally stopping 
betw een 36-52LC (see also p. 225).

H erm its  respond very rapidly to sudden  m ovem ents, and E lm hirst (1947) noted that 
m ovem ents “ some feet aw ay” w ere detected . C olour vision has no t been convincingly 
dem onstrated , b u t spectral curves o f the  optical system  of P . bernhardus (Stieve, 1960) 
have indicated a fall in pho tic  response beyond 600 nm  (i.e. the orange-red  p a rt o f the 
spectrum ), suggesting a reason fo r the inability  of some individuals to respond to red- 
coloured colonies o f H ydractinia. Early claim s th a t herm it crabs can detect polarised light 
(e.g. K erz, 1950) have been d ispu ted  (W aterm an, 19616) on the  grounds th a t inadequate 
controls were perform ed in the  original experim ents.

M ost herm it crabs do n o t voluntarily  spend  a great deal o f tim e out o f w ater, and appear 
sensitive to w ater loss. In  a study  o f 3 species o f herm its from  southern  C alifornia, U .S .A ., 
Y oung (1978) found that each one had characteristic  desiccation tolerances varying from 
an average of 44 m inutes to 158 m inu tes, and  th a t survivable w eight losses in these species 
(as percentages o f total body w ater conten t— around 60%  in herm it crabs) appears to 
greatly exceed values reported  elsew here for b rachyuran  crabs— i.e. a round  40-50%  as 
against 20% . H ow  this relates to  the  actual differences in the  am ounts o f “ spare” body 
w ater in the two groups is less clear, how ever, and it may be th a t herm it crabs, w ith their 
soft abdom ens, sim ply have m ore w ater to lose (see also H erre id , 1969).

P ressure  responses in crustaceans have been stud ied  in both  larvae and  adults (e.g. 
K nigh t-Jones and  Qasim , 1967; Rice, 1964; Qasim  and K nigh t-Jones, 1957). T hey  have 
frequently  show n such a positive correlation  th a t a sensitivity to pressure  has been 
suggested  as providing a m echanism  for contro lling  activity in adu lt crabs. T h is  would 
allow m axim al activity to be co-ord inated  w ith  the  period of h igh tide— and hence w ith the 
availability o f the largest su itab le  h ab ita t range (N aylor and  A tkinson, 1972). H ow ever, 
the  exact natu re  o f the response to  p ressu re  is difficult to gauge, since activity patte rn s  in 
the  species stud ied  often have an endogenous periodicity  (i.e. they are m ain tained  even 
u n d er constant conditions) and  the  anim als them selves dem onstrate different sensitivities 
at different tim es o f the year. T h e  th resho lds for pressure responses in crustaceans have 
been  shown to  be small fractions o f one atm osphere (K night-Jones and  Q asim , 1955)— 
values probably  insufficient to have any effect on a solid or a liquid , bu t possibly sufficient 
to bring  about a com pression change in a gas. Since crustaceans do no t have a sw im bladder 
b u t do have sem iconducting substances (lipids and  polyphenols) in the ir cuticles, it has 
been  proposed that the cuticle itself m ay act as an electrode, exploiting the  potential 
norm ally  existing betw een the  anim al and  the  surrounding  w ater to cause a discharge of 
hydrogen  ions at the  ou ter surface and thereby  create a fine film o f gas (a “ gas p lastron” )
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around certa in  parts o f  the  anim al. T hese  w ould occur especially in areas w here the cuticle is 
th inner, i.e. a round the  bases o f b ristles or on tubercles, and w ould be sensitive to defor
m ation u n d er the  sm allest of pressure changes (review ed by D igby , 1972). T h ese  com 
pressions could in  tu rn  be detected  by sensitive hairs in the  cuticle, and  m ay help to  explain 
w hy handling specim ens, even gently, frequently  seem s to lower th e ir  ability to  detect 
p ressure, and hence tends to lead to abnorm al behaviour, for a few day after capture. T h is 
cathodic effect w ould also provide a m echanism  for the  deposition  o f calcium  salts in the 
cuticle, since the  hydrogen  ions discharged produce an alkaline environm ent a round  the 
outside o f the cuticle, p rec ip ita ting  salts in the vicinity (D igby, 1984, 1985). T h is  m echan
ism also explains how  the enorm ous range of o ther ions found  in the  cuticle could com e to be 
deposited (a m ix ture  w hich appears too com plex to be due to th e  selectivity o f enzymes).

F u rth e r  aspects o f crustacean physiology are discussed in g reater detail in W aterm an 
(1960, 1961a) and  W arner (1977).

T h e  C o l l e c t i o n ,  C a r e  a n d  S t u d y  o f  H e r m i t  C r a b s

Being, on the whole, qu ite  conspicuous anim als, herm it crabs are usually  no t difficult to 
find. G astropod shells in uncharacteristic  places or positions, o r w hich m ove suddenly  or 
rapidly, are likely to contain herm its. O nce a few have been picked up  (and the  correct 
“ search im age”  attained) others alm ost seem to leap out! T h u s , visual searching is one of the 
sim plest m ethods for collection and  can be used effectively b o th  in the  littoral zone (where 
pools tow ards th e  bottom  o f the  shore will be m ost p roductive) and  by divers in the shallow 
sublittoral. O ther techniques have also been used, and G ilchrist and  Abele (1984) m ention 
th a t no less th an  52 descrip tions o f  m ethods exist in the lite ra tu re  for the collection o f herm it 
crabs. T h ese  include sam pling along transects, the use o f traw ls (for deeper w aters that 
cannot be searched by SC U B A  diving), baiting, pitfall trap s  etc. Q uantified sam pling can be 
m ost easily accom plished by e ither thoroughly  searching fixed areas or by searching large 
areas for fixed tim es. Ideally , a range o f m ethods should be used to  sam ple a population  and 
baiting  in particu lar should no t be overlooked. T h is  seem s to a ttrac t those m ore reclusive 
individuals th a t occupy broken shells and which do no t w ander in the open unless attracted  
to a specific stim ulus. T h ese  anim als are undersam pled  in a random  visual search.

Once collected, it quickly becom es clear why the  rou tine  s tudy  of herm it crabs is so 
difficult— they m ust be rem oved from  their shells before correct identification can be 
confirm ed or the anim als can be sexed or accurately m easured. M any m ethods have been 
suggested for accom plishing this b u t all involve some hazard for the anim als and  all need 
patience and care. H erm its frequently  leave the ir shells w hen tem pera tu res rise above the 
“norm al”  levels to w hich they  are accustom ed (perhaps as a “ last reso rt”  way o f avoiding 
becom ing overheated), and  recom m endations to artificially heat the apex o f  the  shell or to 
anaesthetise the  anim als in w arm  w ater com m only occur. U nfortunate ly , although these 
m ethods m ay work for som e anim als on some occasions, they m ust be executed very 
carefully. A ny slight m ovem ent in  the vicinity while a crab is em erging from  its shell will 
bring  about a reflex w ithdraw al and  it will re trea t to the very back of the  shell w here it may 
rapidly succum b to the  hea t and  die before the shell can be cooled. Fem ales w ith eggs are 
particularly  re luc tan t to abandon  the ir shells and considerable m ortality  may resu lt in a 
sam ple o f reproductiv ity  active individuals trea ted  in th is way.

T h e  anim als also tend  to shed  the ir lim bs very easily under such circum stances, and  it can 
be alm ost im possible to rem ove an individual forcibly if the  telson does no t relax or if it is 
p revented  from  releasing its hold  on  the columella. T h e  m ost effective m ethods for rem ov
ing a crab from  its shell are either to “ tickle”  its abdom en w ith  a length  o f fine nylon
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line via a small (1 m m ) hole drilled  in the apex o f the shell, o r to crack the  shell open w ith  a 
small vice. T h is  latter m ethod  sounds bru ta l b u t, since the force can be applied suddenly  
and very precisely, the  crab appears to suffer no ill-effects w hatever. In  the long-run  this 
m ay well prove to be the  least traum atic  m ethod  of all. T h e  anim al can quickly be separated 
from  the fragm ents o f its hom e if  placed in  a shallow dish filled w ith cool sea-w ater (it will, 
in fact, extract itself if  left for a m om ent) and  will then  vent its indignation  on anyth ing  in 
its vicinity! U se o f a ham m er for th is pu rpose  is no t to be recom m ended since the  pressure 
cannot be applied  anything like so accurately. G enerally, the  idea is to m ake the  an im al’s 
hom e uninhabitab le  w ithou t stressing it  to  death ; w ith  practice and care large num bers of 
anim als can be rem oved for rou tine  s tudy  w ith  no casualties. A replacem ent supply  of 
em pty  shells w ill, o f course, be needed w hen this m ethod is used— drilled shells being 
especially useful if the  animals are p a rt o f a long-term  study.

C rabs can be successfully m ain tained  in  laboratory  tanks for several m onths, perhaps 
even years, either in shells, in glass replicas (see Fig. 1), o r even “ naked”  in  separate 
beakers. T h e  glass replicas will be u sed  if  the anim als have noth ing  else to cling to , bu t 
these appear difficult to  carry and  are seldom  chosen if there is anything else to hand—even 
ano ther crab! I f  left naked in a beaker it seems particularly  im portan t, in order to p revent 
stress, th a t the anim als have som ething to grip or h ide  beneath  such as a broken m ussel 
shell. T h e  beakers them selves can be placed in  a large tank filled w ith sea-w ater (30-35%o) 
at a tem pera tu re  o f 10-15°C, p rovid ing  th a t th is is aerated sufficiently violently to bring  
about w ater m ovem ent and  tu rbulence. Cool water (i.e. 6 -10JC) seems preferable for 
prom oting  survival, b u t if  the w ater tem pera tu re  rises only slowly the  anim als will p ro b 
ably survive h igher values p rovid ing  th a t there  is adequate oxygenation. N aked crabs 
should no t, how ever, be placed in beakers w ith any form  o f substrate since the  sensitive 
abdom en will be dam aged and , in the  case of ovigerous females, eggs will be abraded and 
lost. Feeding is straightforw ard— sm all pieces o f raw  fish, m ussel, shrim p etc. every 2-3 
days seems quite  adequate, b u t uneaten  food should be rem oved after the first day to 
p revent it clouding the w ater. M o u lted  exoskeletons should be left in the  tanks since these 
are usually eaten to replace m inerals needed  in the harden ing  of the new  skeleton. Beakers 
should  be cleaned at least once a week. I f  na tu ra l photoperiods are no t possible (i.e. if the 
tanks are in a constant environm ent cham ber) then  an artificial photoperiod  o f approx i
m ately 15L :9D  seem s to be particu larly  satisfactory, b u t continuous dim  ligh t is preferable 
to continuous b rig h t light if no contro l is possible. I f  all o f the animals are in troduced  into 
the  sam e tank to begin w ith, they  appear to  quickly adapt to the crow ded conditions— b u t 
m any fights will occur in  the  first few days. D arkness and  cool tem peratures, coupled w ith 
the m inim al o f  d isturbance, appear to help  reduce  problem s at this stage. Subsequent 
additions, how ever, will frequently  suffer “ bully ing”  from  established residents. I f  a large 
tank is used and the anim als are free to roam  around , it may also prove useful to add  a 
n u m b er o f large stones or pieces o f algae to  provide refuges—herm it crabs are no t sociable 
animals! Equally, they are accom plished m ountaineers and will climb ou t o f beakers or 
m esh cages if  they  can reach the  rim!

Param eters for m easuring h erm it crabs have tended  to  concentrate upon  the anterior 
h a rd  po rtion  of the body— the  céphalothorax— and upon the lengths o f the large claws. O f 
these, the  length of the  céphalothorax is perhaps the  m ost useful since appendages can be 
lost or may be regrow ing (and no t yet a tta ined  full size). T h e  total body leng th  is p articu 
larly difficult to m easure accurately since the abdom en is coiled and ra th e r flexible. A 
refinem ent on the  total céphalothorax length  (usually called the  “ carapace”  length) is to 
m easure the an terio r, hard , portion  (i.e. from  the rostrum  tip  to the  cervical suture—
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F ig . 9.
P aram ete rs  u sed  in  th e  m e asu rem en t o f  Pagurus bernhardus (a fter M ark h am , 1968). A  =  a n te r io r  h a rd  p o rtio n  o f  th e  céphalo 
thorax  (th e  “ S H I E L D ” ), B =  th e  en tire  céph a lo th o rax  (th e  “ C A R A P A C E ” ), a  =  ro s tru m , b  =  ce rv ical su tu re , c =  p o s te rio r no tch  
( th e  p o s te rio r m a rg in  o f  th e  céphalo tho rax ).

Figure 9). T h is  is a m ore realistic m easure since it does no t flex (and hence d istort) and 
because it can be easily preserved and  m easured after m oulting. T h is  fron t portion— 
usually term ed  the “ sh ield”— can be easily m easured  either by V ern ier callipers, or using 
an eye-piece graticule attached to a dissecting m icroscope. T h e  m easure is highly corre
lated w ith  the carapace length  and  a conversion factor can easily be calculated for obtaining 
one from  the other.

T h e  volum e o f a c rab ’s shell is m ost conveniently m easured  by filling it w ith w ater from  a 
m icroburette  and  record ing  the volum e added. All shell weights need to be o f d ried  speci
m ens to overcom e the  different w ater ho lding properties o f the various shell architectures. 
C rab w eights should  be o f individuals gently b lo tted— slight errors due to w ater held  in the 
branchial cham bers, or betw een the  eggs o f a clutch, are inevitable.

I f  the anim als are to  be used in behavioural studies it may be necessary to m ark them  
individually. W ith  larger form s this is seldom  difficult as long as the  standard  criteria for 
the m arking o f anim als are followed (i.e. the m arks m u st be non-tox ic , and m ust not 
influence the  anim al’s behaviour or increase its risks due to predation , etc.). T h ese  criteria
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A  m e th o d  fo r in d iv idua lly  c o lo u r  m a rk in g  th e  ca rapace  o f  Pagurus bernhardus (m odified  fro m  S o u th w o o d , 1956). C o lou rs  o f  
enam el m o de lling  p a in t fo u n d  p a r ticu la r ly  u sefu l a re  R e d , Y ellow , T a n , O ran g e , B lue  a n d  W h ite . T h e  d o ts  a re  p laced  w ith  th e  
finest b ru sh e s  (e.g. 0000 series) and  a re  read  clockw ise a ro u n d  th e  carapace; any  po sitio n  n o t re q u ire d  is rep laced  b y  w h ite . T h u s , 
in d iv id u a l n u m b e r 1 w ou ld  b e  W R W W W , n u m b e r  99 w ou ld  be  W W O O  W  etc. M o re  co lo u rs  can  be  ad d e d  as re q u ire d  to  take th e  
to ta l n u m b e r  o f  in d iv id u a l m a rk s  b ey o n d  th e  599 p o ssib le  w ith  the se  six colours.

I f  th e  p a in t is a llow ed  to  d ry  befo re  th e  c rab  is re tu rn e d  to  th e  w ate r, th e  p a in t do ts  sh o u ld  rem a in  v isib le  fo r u p  to  fo u r  weeks.

are reviewed generally by Southw ood (1966), and for crustacea in  particu lar by Rebach 
(1983) and  by C ron in  (1949). W hile shells can be easily m arked w ith  quick d ry ing  pain t 
(i.e. m odelling pain t) or w ith  plastic  tags, or even w ith num bers draw n w ith  a sp irit pen 
(perhaps on a drop of “ liqu id  p ap er” ), the  m arking o f the crabs them selves is m ore 
difficult—particu larly  w hen the  en tire  anim al is only a few m illim etres in length. M arked 
shells are particularly  convenient for study  and  do no t appear to a ttrac t p redato rs any more 
than  unm arked shells (B ertness, 1981a) providing th a t the m arks are no t too conspicuous. 
H ow ever, in areas popu lar w ith  tou rists , it may be found  that small children  are very m uch 
m ore proficient at picking ou t m arked shells than  any natural predators! E qually , m arked 
shells do no t appear to affect the  behaviour o f  the crabs them selves (Reese, 1963) and so 
often represen t the  sim plest m ethod  o f following individuals for some tim e. F loating 
plastic tags— perhaps buoyed up  by a small piece o f polystyrene foam — can be used  to help 
identify  crabs subm erged in deeper w aters. I f  the anim al does need to be m arked , how ever, 
one m ethod th a t is possible is to use a system  in w hich coloured dots (o f quick drying 
enam el m odelling pain t) are placed on the  carapace w ith a very fine b rush  in  a p a tte rn  such 
as is illustra ted  in F igu re  10. T h e  dots m ust be small (i.e. sm aller than  a n u m b er could  be 
draw n) so as no t to  in terfere w ith  the  anim al’s m ovem ents or sensory perception , b u t the 
code m u st be com prehensive enough to allow a large num ber of anim als to be recognised 
as individuals. U sing  only six d ifferent colours the m ethod illustrated  allows up  to 599
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individuals to be m arked , and  if the animals do not m o u lt (always a problem  w ith  tagging 
crustacea) the m arks can usually be read up  to 4 weeks later. T h ey  do eventually w ear away, 
how ever, and  m u st be allowed at least a few m inutes to  dry before the  anim al is re tu rned  to 
the w ater if they are n o t to float off immediately! Since the dots ten d  no t to wear a t the same 
rate it m ay be wise to ignore any individuals w here all 5 dots cannot be clearly identified— 
though  w ith  a b inocular m icroscope it is usually possible to identify  a colour from  only a 
very small p o rtion  o f the original mark.

A nim als may be hum anely  killed e ither by im m ersing in w arm  (not hot) w ater, by 
freezing them , o r by narcotising  them  for approxim ately 30 m inutes in a satu rated  aqueous 
solution o f m agnesium  chloride dilu ted  w ith an equal volum e o f sea-w ater (m agnesium  
ions have a depressan t effect on crustacean nervous and  neurom uscular activity, eventually 
leading to  irreversib le “ diastolic arrest”—W iersm a, 1961). Specim ens should be fixed in 
5%  form alin  in  sea w ater for 24 hours and  then  p reserved  in  70%  alcohol (a few drops of 
5%  glycerol may help  to preserve flexibility). F u rth e r  details o f preserving and fixing are 
given in L incoln  and Sheals (1979).

L arval rearing seems to be a particularly  difficult operation  to see th rough  to com pletion 
since conditions o f tem pera tu re , salinity, and feeding usually need to be m aintained within 
very fine lim its. V arious authors m ention  the usefulness of b rine  shrim p eggs (Artemia  
spp.) as a food source, b u t since this is unnatu ral it m ay  possibly induce abnorm al develop
m en t (R oberts, 1974). N aup lii o f copepods and barnacles may well be the best answer 
(m oving food seem s to be preferred— G urney , 1939) b u t w ould need to be cultured. 
Larvae seem  to have been best raised in individual dishes floated in large tanks (to m aintain 
a stable tem pera tu re  and  to  facilitate changing o f the w ater and  cleaning) subject to 
light regim es o f  12L:12D  in an otherw ise constan t environm ent cham ber (H azlett, 
1971c).

N o m e n c l a t u r e

T h e  In ternational C om m ission on Zoological N om enclatu re  in tervened in the debate 
over the  generic nam e of the  com m on herm it crab in 1954 since th is anim al had  com e to be 
know n by tw o different generic nam es during  the  previous 100 years.

T h e  com m on h erm it crab of European w aters was nam ed as Cancer bernhardus by 
L innaeus in  the  10th edition  of the Systenia N aturae  (1758) based, it w ould seem , upon 
descrip tions and  illustra tions provided by a n u m b er o f o ther authors. T h e  species was 
originally described as having the left chela larger th an  the  righ t, w ith  th is s tru c tu re  being 
sm ooth in texture.:

“chelis cordatis laevibus: sinistra majore”.
H ow ever, since th is descrip tion does no t apply to  the  crab now  know n as Pagurus 
bernhardus, it is believed th a t L innaeus confused at least tw o o ther species (perhaps 
Diogenes pugilator, Paguristes oculatus, and Pagurus bernhardus) thus rendering  the  original 
descrip tion  invalid. In  the  12th edition o f the S y  sterna N aturae  (1767) the  descrip tion was 
am ended to:

“chelis cordatis muricatis: dextra majore” 
em phasising the characteristic  tubercles roughening  the chelae and  the  fact th a t the  right 
chela is always larger th an  the left. T h is  second definition is now accepted as definitive.

In  1775, herm it crabs w ere separated from  the  genus Cancer by F abricius, who included 
all the conspicuously non -brachyuran  crabs in a new  genus. Pagurus. Pagurus bernhardus 
was later taken as the  type for the genus Pagurus by L atreille  in 1810.
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T h e  second generic nam e, Eupagurus, dates from  1851, w hen B rand t re-exam ined the 
original classification of L innaeus and , because o f a disagreem ent over the  iden tity  o f the 
type specim en, decided to assign the  com m on herm it crab to a d ifferent genus. Eupagurus 
bernhardus was the nam e in general use for the first h a lf  o f this century.

T h e  controversy was exam ined by the C om m ission who voted th a t the  nam e Pagurus 
should  be retained on  the grounds that:

1. Pagurus was the  oldest and  best know n nam e in  use for any genus o f herm it crab.
2. Pagurus is the type genus o f the  sub-fam ily pagurinae, the fam ily paguridae, and the 

section paguridea (now the  super-fam ily paguroidea— the group containing all the 
know n herm it crabs).

3. Pagurus is the “ derivative genus”  o f Anapagurus, Catapagurus, Holopagurus, 
M ixtopagurus, etc.

T h e  generic nam e Eupagurus was, therefore, declared invalid in 1957 (O pinion 472; 
H em m ing, 1957).
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