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Abstract T h e seaso n a lity  o f  po lyp ide  cycling has been 
investiga ted  fo r th ree  species o f  erect b ry o zo an s from  
A n ta rc tica : Isoseculiflustra  rubefacta  (K luge, 1914), N e 
m ato flustra  fla g e lla ta  (W aters, 1904) and  H im antozoum  
antarcticum  (C alve t, 1905). A p p ro x im ate ly  ten  colonies 
o f  each  species w ere co llec ted  m o n th ly  by S C U B A  divers 
over a  14 m o p e rio d  d u rin g  1992/1993, and  the  s ta tu s  o f  
each  ind iv idual zo o id  w as classified as d iffe ren tia ting / 
regenerating , ac tive  (feeding au to zo o id s), degenerate  
(b ro w n  body) o r sexually  rep ro d u c tiv e  (ovicells p resen t, 
o r  zo o id  co n ta in in g  a  la rva). P o lyp ide  cycling in  all th ree 
species w as d is tin c tly  seasonal. N ew  zoo ids fo rm ed  at 
th e  g ro w th  m arg in  an d  typ ically  co n ta in ed  actively 
feed ing  po lyp ides fo r ~ 9  m o  befo re  these po lypides d e 
g enera ted  in to  b ro w n  bod ies in  th e  au s tra l w in ter (June). 
V ery few po lyp ides w ere ac tive  in  the  period  fro m  June 
to  A u g u st, w hen  w a te r-c o lu m n  fo o d  levels w ere a t  the ir 
low est; afte r th is  p e rio d  new  po lyp ides d ifferen tia ted . 
In d iv id u a l zoo id s typ ically  u n d e rw en t a to ta l o f  five 
(/. rubefacta  a n d  N . fla g e lla ta ), o r  a t least fo u r (H . an t
arcticum ) com ple te  p o ly p id e  cycles before becom ing  se
nescent. P o lyp ide  lifetim es generally  becam e sh o rte r  as 
th e  age o f  the  zo o id  increased . Sexual re p ro d u c tio n  w as 
also  d istinctly  seaso n a l in  these  species, w ith  b an d s  o f 
ovicells o r sexually  rep ro d u c tiv e  zoo ids being  fo rm ed  
each  y ear in la te  su m m er once a  given colony h a d  g row n 
to  a  th resh o ld  size (o r  age). L a rv ae  w ere th en  b ro o d ed  
fo r ~ 1 0  m o befo re  being  re leased  in  Ja n u a ry /F e b ru a ry  
(N . flage lla ta )  o r  F e b ru a ry /M a rc h  (H . antarcticum ). The 
seasona l p a tte rn s  o f  p o ly p id e  cycling  a re  re la ted  clearly
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to  th e  v a ria tio n s  in  fo o d  availab ility , a n d  these species 
a p p e a r  to  h av e  th e  lo n g est zoo id  lifetim e (~ 5  yr) a n d  the 
slow est po lyp ide  cycling  (once p er y ear w ith  po lypide 
lifetim es u p  to  10 m o) re p o rte d  fo r any  b ry o zo a n  so  far.

Introduction

C lo n a l an im als  offer v a lu ab le  o p p o rtu n itie s  fo r  eco lo 
g ists to  s tu d y  the  fac to rs  affecting sexual an d  asexual 
rep ro d u c tio n  in  the  sam e ind iv idual. T h ey  are  also 
eco log ically  im p o rta n t, w ith  ta x a  such as ascid ians, 
sponges a n d  b ry o zo an s  being  m a jo r  co m p o n en ts  o f  
h a rd -su b s tra tu m  fou ling  assem blages. T ypically , a 
b ry o zo a n  co lo n y  will s ta r t  w ith  the  se ttlem en t o f  a  sex
u a lly  p ro d u ce d  la rva , fo llow ed by m e tam o rp h o sis  to  
p ro d u c e  the  an ces tru la . T h is  is then  follow ed by asexual 
g ro w th , in  w hich  new  m o d u les  (zooids) a re  a d d e d  to  the 
co lo n y  w hich  th e reb y  g row s in  size. Som e b ryozoans 
also , how ever, fo rm  new co lon ies by  fra g m e n ta tio n  o f  an  
ex isting  co lony , a  p rocess w hich is asexual, fo r  it  p ro p 
ag a tes  th e  m a te rn a l genom e (M cK inney  a n d  Jack so n  
1989, p p  167-189; T h o m sen  an d  H á k a n sso n  1995). 
W h e th e r  a  new  colony fo rm s sexually by th e  se ttlem en t 
o f  a la rv a  o r  by fra g m en ta tio n , su b seq u en t g ro w th  is 
a lw ays m o d u la r  by  ad d itio n  o f  zooids.

C h e ilo s to m atid s , the m o s t successful living o rd e r  o f 
b ry o zo a n s , a re  also  ch arac terised  by  extensive p o ly m o r
ph ism  in  zoo id s. M an y  zoo ids a re  specialised  fo r feeding 
(au to z o o id s) , o th e rs  for sexual re p ro d u c tio n , co lony  
p ro te c tio n  (av icu laria ), o r even m o v em en t (R y la n d  1970). 
B ry o zo an s  th u s  fo rm  v a lu ab le  m odel system s fo r  in 
v es tig a tin g  th e  influence o f  b io tic  an d  ab io tic  fac to rs  on  
sexual rep ro d u c tio n  and m o d u la r  g row th . O f  p a r tic u la r  
re levance in  h igh  la titudes a re  the  seasonal v a ria tio n s  in  
m a n y  im p o r ta n t en v iro n m en ta l fac to rs , v a ria tio n s  w hich 
te n d  to  in d u ce  a  co rresp o n d in g  seasona lity  in  th e  b io logy  
o f  p o la r  o rg an ism s (C larke 1988).

T h e  sha llow  shelf-w aters a ro u n d  the  A n ta rc tic  co n 
tin e n t a n d  th e  ou tly ing  is lan d  g ro u p s a re  ch arac terised  
by  low  se aw ate r tem p era tu res  w ith  on ly  s lig h t seasonal



v aria tio n , to g e th e r  w ith  m a rk e d  seasona l v aria tio n s in 
light clim ate, p rim a ry  p ro d u c tio n , an d  physical d is tu r 
bance by b o th  ice an d  w ate r m o v em en t (C larke e t al. 
1988; C lark e  an d  L eakey  1996). H ow ever, these w aters 
have been k n o w n  since the  tim e o f  the  “ C ha llenger”  an d  
the  “ D iscovery” exped itions to  su p p o rt a  rich an d  d i
verse b en th o s, in  w hich v ario u s  suspension-feed ing  taxa 
can  be locally  d o m in a n t (review ed recently by A rn tz  
e t al. 1994). B ry o zo an s a re  a lm o st u b iq u ito u s in  the 
so u th e rn  ocean ; they  have been fo u n d  to  be extrem ely  
a b u n d a n t o n  b o th  h a rd  an d  so ft su b s tra ta , inc lud ing  
o th e r  o rgan ism s (B arnes 1995b; B arnes an d  C lark e  
1995b), an d  fro m  the  sha llow  su b litto ra l to  deep-sea 
env ironm en ts (B u llivan t 1961; B arnes 1995a). A  few 
species have even been show n to  in h a b it in te rtid a l poo ls 
w here daily  sa lin ity  an d  te m p e ra tu re  v a ria tio n s  may 
g rea tly  exceed n o rm a l a n n u a l v ariab ility  o f  the  local 
m arin e  e n v iro n m en t (B arnes e t al. 1996).

T h e  p a tte rn  o f  a n n u a l v a r ia tio n  in  p h y to p la n k to n  
p ro d u c tio n  in  the  so u th e rn  o cean  m ig h t suggest th a t the 
rep ro d u ctiv e  activ ity  o f  th e  b en th o s  w ou ld  generally  be 
co n stra in ed  to  sum m er. R ecen t stud ies o f  a varie ty  o f 
suspension-feed ing  ta x a , inc lud ing  m any  b ryozoans, 
have, how ever, suggested  th a t fo r  o rgan ism s feeding on 
sm alle r cells such  as n ano fiagella tes, the  period  o f  w in ter 
food-scarc ity  can  b e  very  sh o r t (B arnes an d  C larke 1994, 
1995a). Indeed , one species o f  A n ta rc tic  b ry o zo an , 
A rachnopusia inchoata , has been  show n  to  feed c o n tin 
uously  th ro u g h o u t the  year.

T h e  seasona lity  o f  rep ro d u c tiv e  activ ity  has been 
described only  ra re ly  in  its en tire ty  fo r any  b ry o zo an  
species. In  general, species from  m o re  seasonal env i
ronm en ts, such  as b o rea l a n d  te m p era te  shallow  w aters, 
exh ib it d is tinc t seaso n a lity  (R y lan d  1970; E ggleston  
1972), w hilst tro p ic a l, deep -w a ter o r m o re  cosm opo litan  
species have aseaso n al. effectively c o n tin u o u s  re p ro 
ductive  cycles (G a u tie r  1962; Ja ck so n  an d  W ertheim er 
1985). R ep ro d u c tiv e  seaso n a lity  h as  a lso  been linked  to  
lifestyle, w ith  sho rt-lived  a n n u a l o r  b iennial species 
ten d in g  to  be m o re  seasona l th a n  perenn ial species 
(Eggleston  1972). C e rta in  ep ip h y tic  species also sy n ch ro 
nise the ir rep ro d u c tiv e  tim ing  to  aspec ts  o f  the h o st o r 
g an ism ’s ecology (E gg leston  1972; C an cin o  1986).

In  this s tu d y , w e h av e  investiga ted  the  seasonality  
o f  po lyp ide  cycling  in  the  erect che ilo stom atid s 
Isoseculiflustra rubefacta , N em ato flu stra  flage lla ta  an d  
H im antozoum  an tarc ticum  a t  S igny Is lan d , A n tarc tica . 
S easonal p a tte rn s  o f  p o ly p id e  cycling  are  co m p ared  w ith  
d a ta  o n  feeding ac tiv ity  a n d  g ro w th  ra te , an d  p relim i
nary  ob se rv a tio n s o n  sexual rep ro d u c tio n  are  included  
to  p ro d u ce  an  overall p ic tu re  o f  life -h isto ry  in  re la tio n  to  
the key b io tic  an d  physical fea tu re s  o f  the  env ironm ent.

M aterials and m ethods

S p ec im e n s  o f  th ree  erec t c h e ilo s to m a tid  b ry o z o a n  sp ec ie s  w ere  
sa m p led  fro m  O u ter  I s la n d , a lo c a t io n  c lo se  to  th e  B ritish  A n ta rc tic  
S u rv ey  research  s ta t io n  o n  S ig n y  I s la n d , A n ta r c tic a  (60°43 'S ;  
4 5 °3 6 'W ). T h e  s tu d y  s ite  w a s  a t a  d e p th  o f  ~ 4 0  m ; th e  su b stra tu m

w a s  g e n t ly  s lo p in g  a n d  c o n s is t e d  p r im a r ily  o f  p eb b les  an d  sm all 
b o u ld e rs  o v er la in  b y  s i l ty  sa n d ; th e  s ite  is d escr ib ed  in  m o re  d eta il 
in  B a rn es  a n d  C la rk e  (1 9 9 4 ) .  T h e  s p e c ie s  s tu d ied  w ere  Isosecu li

f lu s tr a  ru b e fa c ta  (K lu g e , 1 9 Í 4 ) ,  N e m a to f lu s tr a  f la g e l la ta  (W aters, 
1 904) a n d  H im a n to zo u m  a n ta r c tic u m  (C a lv e t, 1905). I. ru b e fa c ta  is 
o n e  o f  tw o  sp ec ie s  (th e  o th e r  b e in g  I. ten u is)  n o w  reco g n ised  as 
fo r m in g  w h a t w a s  p r e v io u s ly  k n o w n  as A llo e o flu s tra  ten u is  (see  
M o y a n o  1996).

S a m p le s  o f  ea ch  s p e c ie s  (u su a lly  ten  c o lo n ie s  o f  e a c h ) w'ere 
c o lle c te d  m o n th ly  by S C U B A  d iv ers  o v e r  a  14 m o  p er iod  d u rin g  
1 9 9 2 /1 9 9 3 . A lth o u g h  c o n s id e r a t io n s  o f  u n d erw a ter  s a fe ty  m ean t  
th a t e a c h  se t  o f  m o n th ly  sa m p le s  c a m e  from  a sm a ll a r ea , d u rin g  
th e  c o u r se  o f  th e  s tu d y  s a m p le s  w ere  c o lle c te d  ra n d o m ly  fro m  large  
b e d s  o f  ea ch  sp ec ies . I m m e d ia te ly  o n  return  to  th e  la b o r a to r y , tw'o 
s tr ip s , ea ch  ~ 1 5  to  2 0  z o o id s  w id e , w ere  c u t a lo n g  th e  e n tire  len g th  
o f  e a ch  in d iv id u a l c o lo n y  sa m p le d . O n e  str ip  w a s  fixed  an d  pre
serv ed  in  4%  bu ffered  fo r m a l-sa lin e , an d  th e  o th e r  w a s  fixed  in 
10%  g lu te r a ld eh y d e  in  s o d iu m  c a c o d y la te  bu ffer  a n d  th en  pre
serv ed  in  s o d iu m  c a c o d y la te .  T h e  sa m p le s  w ere  h e ld  a t 4  °C  and  
tr a n sp o r te d  to  th e  U K  f o r  s u b s e q u e n t ex a m in a t io n .

S e a s o n a l p a ttern s  o f  p o ly p id e  r ec y c lin g  w ere  d o cu m en ted  by  
m ic r o sc o p e  e x a m in a t io n  o f  th e  m o n th ly  sa m p le s . E very  z o o id  in  
ea ch  s a m p le  str ip  fr o m  e v er y  c o lo n y  w a s  e x a m in e d , an d  th e  d e 
v e lo p m e n ta l s ta g e  o f  in d i \  id u a l p o ly p id e s  w a s  a ss ig n ed  to  o n e  o f  
th e  th ree  c la sse s  u sed  b y  D y r y n d a  a n d  R y la n d  (1 9 8 2 ) , nam ely: 
“ d iffe re n t ia tin g ” , “ a c t iv e ”  (fu lly  d e \  e lo p e d  z o o id s ) ,  o r  “ d egen er
a te d ”  (brow 'n b o d ie s ) . T h e  p o s it io n  o f  ea ch  p o ly p id e  re la tiv e  to  the  
g r o w in g  m a rg in  (w h ich  r ep re sen ts  th e  y o u n g es t  part a t th e  to p  o f  
th e  c o lo n y ) ,  an d  th e  o v e r a l l  len g th  o f  th e  c o lo n y  w ere  a lso  re
co rd ed .

W h ils t  e x a m in in g  th e  sa m p le s  fo r  p o ly p id e  s ta tu s , so m e  pre
lim in a ry  o b se r v a t io n s  o f  sex u a l r ep ro d u c tiv e  a c tiv ity  w ere  a lso  re
c o rd ed . T h e se  w ere  th e  o v e ra ll le n g th  o f  th e  c o lo n y ,  a n d  the  
n u m b er  a n d  lo c a t io n  o f  a ll r ep ro d u ctiv e !}  a c tiv e  z o o id s .

Results

P o lyp ide  cycling

In  b ry o zo a n s , w h ereas  la rvae p ro d u ce d  by sexual re 
p ro d u c tio n  are  the  p rim a ry  m ean s o f  d ispersal an d  new 
co lo n y  fo rm a tio n , o n c e  the la rv a  has se ttled  an d  m e ta 
m o rp h o sed  to  fo rm  th e  an ces tru la , increase in  colony 
size tak es  p lace solely by  asexual m o d u la r  g row th . New 
zo o id s  a re  fo rm ed  by  b u d d in g , hence g ro w th  is m o du la r, 
an d  th e  po lyp ide  w ith in  a  n o n -re p ro d u c tiv e  zo o id  d if
fe ren tia tes  to  becom e fully developed  fo r feeding. T he 
lifetim e o f  an  in d iv id u a l po lyp ide is tran sien t, an d  afte r a 
while th e  po lyp ide  degenerates leav ing  a  sm all residue of 
in so lub le  m ateria l ( th e  b row n body). A  new  polypide 
th e n  regenera tes w ith in  the sam e zoo id  fro m  undegen
era ted  body -w all tissue (R y land  1970). In  m an y  o f  the 
species stud ied  to  d a te , several cycles o f  po lyp ide  d if
fe ren tia tio n , ac tiv ity  an d  degenera tion  m ay  ta k e  place in 
a g iven zo o id  w ith in  a  single sum m er seaso n  (Reed 
1991).

In  th e  flexible erect species exam ined  in th is  study, 
new p o lyp ides fo rm ed  a t  the g ro w th  m arg in  (G M ); they 
then  d iffe ren tia ted  an d  becam e fully  developed , as in d i
ca ted  by  actively feeding, a t tw o o r  th ree zoo ids d istance 
fro m  the  G M . In  all th ree species, a few degenerated  
po lyp ides  cou ld  be detected  qu ite  close to  the  G M , in 
d ic a tin g  th a t po lyp ide recycling h a d  s ta rte d  very  soon 
a f te r  in itia l d iffe ren tia tion . D a ta  from  co lon ies sam pled 
d u rin g  the  au s tra l sum m er in d ica ted  th a t pol>pide
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recycling  effectively ceased ( th a t is, the  p ro p o rtio n  o f  
ac tive  a n d /o r  reg en era tin g  polyp ides w as zero  a n d  all 
zoo ids h a d  d egenera ted ), a t  35 zoo ids b eh in d  th e  G M  in 
N em ato flu stra  flage lla ta  an d  H im antozoum  a n tarc ticum , 
an d  50 zoo ids beh ind  the G M  in Isoseculiflustra rubef
acta  (F ig . 1).

T h e  d a ta  p rese n ted  in  Fig. 1 are m eans ca lcu la ted  
from  ~ 1 0  co lon ies p e r species per m o n th  (m ed ian  11 
co lonies, ran g e  8 to  13), an d  there w as rela tively  little 
v a r ia tio n  betw een  ind iv idual colonies. T h ere  w as a lso  a 
h igh degree o f  synchrony  in  p a tte rn s  o f  po lyp ide  recy
cling  betw een  ind iv idual fronds o f  the sam e co lony , a l
th o u g h  d e ta iled  ex am in a tio n  o f  ind iv idual fro n d s fro m  a 
single co lo n y  o f  N em ato flustra  fla g e lla ta  revealed  sub tle  
d ifferences in  th e  detailed  p a tte rn s  o f  po lyp ide  recycling  
o b scu red  in  the  m ean  d a ta  (Fig. 2). T h u s  in  F ro n d  B, 
th e re  w ere sh a rp  p eak s  in  th e  incidence o f  deg en era ted  
p o lyp ides  m a tch ed  by peaks in d iffe ren tia tion  an d  dips 
in th e  p ro p o r tio n  o f  fully active po lyp ides (F ig . 2). In 
F ro n d  B, th e re  w ere d istinct peaks in  the  p ro p o rtio n  o f  
fully active p o lyp ides a t 14 and  21 zoo ids b eh in d  the  
G M , suggesting  th a t a  typical ind iv idual zo o id  u n d e r
w en t a  cycle o f  p o ly p id e  regeneration  in  the  tim e it to o k  
the G M  to  ex tend  by seven zooids. Since in N . fla g e lla ta  
th e  overa ll zo n e  o f  actively feeding zoo ids ex tended  to  
~ 3 5  zo o id s  b eh in d  th e  G M , this w ou ld  suggest th a t the  
m ax im u m  n u m b e r o f  po lyp ide g en e ra tio n s p er zoo id  in 
th is species is ~ 5 .

A n  in d e p en d e n t es tim a te  o f  the  n u m b e r o f  p o ly p id e  
g en e ra tio n s  p e r  zo o id  was m ade  fo r all th ree  species by 
c o u n tin g  the  n u m b e r o f  ind iv idual b ro w n  bod ies per 
zo o id  an d  p lo ttin g  th is  as a  function  o f  d is tan ce  from  the 
g row ing  m arg in . Since each  cycle o f  reg en era tio n  resu lts 
in o n e  b ro w n  b o d y , the n u m b e r o f  b ro w n  bod ies per 
zo o id  sh o u ld  increase w ith  d istance fro m  th e  G M  an d  
reach  a  p la te a u  once po lyp ide  recycling has ceased. T h e  
d a ta  show n in F ig . 3 confirm s th is  p a tte rn  in  N e 
m a to flustra  fla g e lla ta , w hich averaged  ce5 po lyp ide  g en 
e ra tio n s  p e r  z o o id  before recycling ceased a t ~ 3 5  zoo ids 
fro m  the  G M . Isoseculiflustra rubefacta  also  h a d  ~ 5  
p o ly p id e  g en e ra tio n s  in to ta l, w hereas H im an tozoum  
antarcticum  h a d  ~ 4 . In  I. rubefacta , a  c lear p la tea u  o f  
ju s t u n d e r  five b ro w n  bod ies w as reached  a t ~ 4 5  zoo ids 
from  th e  G M , w h ereas in  H . antarcticum  the re  w as no  
sign o f  a  p la te a u  by 50 zoo ids from  the  G M  (F ig . 3).

S easonality  o f  p o ly p id e  activity

A ll th ree  species illu stra ted  a  m a rk e d  seasona l p a tte rn  in  
po lyp ide  ac tiv ity  an d  recycling (F ig . 1). O n average, 
ap p ro x im a te ly  h a lf  the  to ta l zoo ids in  th e  zone fro m  the 
G M  to  50 zoo ids beh ind  the  G M  h a d  active po lyp ides 
d u rin g  th e  a u s tra l su m m er, w ith  a lm o st all zoo id s close 
to  the  G M  being  ac tive  a n d  the  p ro p o rtio n  decreas ing  
w ith  d is tan ce  fro m  th e  G M . A s the  au s tra l su m m er 
p ro g ressed , th is zo n e  o f  h ighest ac tiv ity  g rad u a lly  c o n 
trac ted  to w ard s  th e  G M , a lth o u g h  th e  p ro p o rtio n  o f  
po lyp ides  active w ith in  th is  zone changed  little un til

June . T h is m eans th a t y o u n g e r  zoo ids  closer to  the  G M  
had  w ere, on average, ac tiv e  fo r longer th ro u g h o u t the 
y ear th a n  o lder zoo id s fu rth e r  from  the  G M  (Fig. 4). 
F ew  zoo ids w ere active f o r  the 3 m o  period  from  Ju n e  to 
A u g u st (the heigh t o f  t h e  au s tra l w in ter), w hen virtually  
all the  au to zo o id s o f  th e  co lony  co n ta in ed  only b row n 
bodies. D ifferen tia ting  zo o id s  w ere p resen t a t th e  G M  
th ro u g h o u t the year, a l th o u g h  d iffe ren tia tion  w as p a r 
ticu la rly  in tense d u rin g  Ju ly  a n d  A ugust. In  Septem ber, 
the  p ro p o rtio n  o f  a c tiv e  zoo ids increased  m anyfo ld  and  
th e  zo n e  o f  active feed in g  ex p an d ed  once aga in  tow ards 
the  base  o f  the colony.

A lth o u g h  the b ro a d  seasona l p a tte rn  o f  zo o id  d if
fe ren tia tio n , activ ity  a n d  d eg en era tio n  w ere sim ila r in 
th e  th ree  species s tu d ied , clear d ifferences w ere detected  
betw een  them . T h e  z o n e  o f  feed ing  ac tiv ity  w as m uch 
b ro a d e r  th ro u g h o u t th e  en tire  year in  Isoseculiflustra  
rubefacta  th a n  in e i th e r  o f the  o th e r  tw o species 
(F ig . la ) , w hereas N em ato flu stra  fla g e lla ta  w as d is tin 
gu ished  by th e  in tense w in te r  co n tra c tio n  o f  th e  activ ity  
zo n e  to  a single zooid  b a n d , w here th e  p ea k  o f  activ ity  
rem ain ed  > 7 0 %  (Fig. lb ) .  T h e  leng th  o f  the  w in ter 
p e rio d  o f  inactiv ity  w as g rea tes t in  H im antozoum  
antarcticum , w hich h ad  n o  po lyp ides active d u rin g  July, 
an d  <  10%  active in  A u g u s t (F ig . le).

S exual rep ro d u c tio n

In  Isoseculiflustra rubefacta , N em ato flustra  fla g e lla ta  and  
H im an tozoum  antarcticum , once a  co lony  reached  a 
th re sh o ld  size (w hich w as typ ically  40 to  50 m m  fo r the 
tw o flustrids and  so m ew h at less fo r H . antarcticum ) a 
p ro p o rtio n  o f  zoo ids becam e sexually  active a n d  form ed 
ovicells o r b ro o d ed  la rvae. N o  ovicells o r o th e r  signs o f 
sexual rep ro d u ctiv e  ac tiv ity  w ere ever detec ted  in speci
m ens below  th e  th resh o ld  size (o r age) ch a rac te ris tic  o f 
th e  species a t this p a r tic u la r  sam p lin g  lo ca tio n . Ovicells 
w ere usua lly  fo rm ed  in  b an d s , several zo o id s  wide, 
ac ro ss  each  co lony . T h e  zoo ids o f  I. rubefacta  and
H . antarcticum  fo rm ed  ovicells a t  th e  a n te r io r  p a r t  o f  the 
zo o id , thereby  a lte rin g  its ex terna l ap p e a ra n c e  (Fig. 5). 
In  c o n tra s t, the zoo ids o f  N . fla g e lla ta  b ro o d in g  larvae 
w ere o therw ise sim ilar in ex terna l ap p e a ra n c e  to  norm al 
au to zo o id s . Ovicells w ere on ly  p ro d u ce d  on  som e 
b ran c h es  o f  H. antarcticum , an d  usually  a t p o in ts  w here 
the co lony  b ranches w ere w idest, im m edia te ly  p rio r  to  
b ifu rc a tio n . Ovicells w ere fo rm ed  d u rin g  zo o id  d iffer
e n tia tio n  a t the g ro w th  m arg in  in  I. rubefacta  and
H . antarcticum , an d  hence w h e th e r a p a r tic u la r  zooid  
h a d  the  p o te n tia l to  becom e rep ro d u ctiv e ly  active was 
d e te rm in ed  on  creation . In  c o n tra s t, the  tim ing  o f  sexual 
d e te rm in a tio n  in  N . flage lla ta  w as n o t ob v io u s and  
b ro o d e d  la rvae d id  no t becom e a p p a re n t u n til the  re 
p ro d u c tiv e  zoo ids w ere som e d is tan ce  fro m  the  grow ing  
m arg in . R ep ro d u c tiv e  zoo ids in  N . fla g e lla ta  and
H . antarcticum  d id  no t have fu n c tio n a l po lypides, 
w hereas those  in  I. rubefacta  re ta in ed  fully functional 
po lyp ides, an d  hence the ab ility  to  feed (F ig . 5).



650  

F ig . l a Isosecu liflu stra
Differentiating A ctive B row n b o d y

100

100

100

m r -
Jy

i I I I Ir Au

l i l i

100

100

10  2 0  3 0  4 0  500 0  10  2 0  3 0  4 0  5 0
D is ta n c e  from  grow th  m arg in  (zoo ids)

0  10  2 0  3 0  4 0  50

F ig . 1 Isosecu liflu stra  ru befac ta  (a ), N em ato flu stra  f la g e lla ta  (b), an d  m argin  (m easu red  as n u m ber o f  zo o id s) (F  Februar)'; A  A p r il; , / June;
H im a n to zo u m  an tarc ticu m  (c). S eason a l varia tion  in  p ro p o rtio n  o f  J y  July; A u  A u gu st; S  Septem ber; D  D ecem b er) D a ta  w ere collected
p o ly p id es  c lassified  a s either d ifferentiatin g/red ifferentiatin g, active , or  for  a ll m on th s; the five m o n th s n o t sh o w n  exh ib ited  patterns
d egen eratin g  in b ro w n  b o d y  as a  fu n ction  o f  d istan ce  from  g r o w th  in term ed iate  betw een  th o se  o n  either side
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S m all co lon ies o f  Isoseculiflustra rubefacta  an d  
N em ato flustra  fla g e lla ta  w ere n o t sexually  active, an d  
g ro w th  w as d irec ted  exclusively a t zooid  p ro life ra tio n  
in  ad d itio n  to  fac to rs  such  as co lony  s tren g th en in g  an d  
a ttac h m e n t. O vicells w ere on ly  detec tab le  in  these tw o 
species once the  co lo n y  exceeded a size o f  40 to  50 m m  
(F ig . 6; we c a n n o t, o f  course , d istingu ish  from  o u r  d a ta  
w h e th e r  the fu n c tio n a l th resh o ld  is one o f  co lony  size 
o r co lony  age). A b o v e  th is  th resh o ld , b o th  the p e r
cen tage  o f  sexually  rep ro d u c tiv e  zoo ids an d  the  n u m b er 
o f  ovicell b a n d s  p e r  co lo n y  increased  w ith  co lony  size, 
a lth o u g h  the p a tte rn s  in  th e  tw o species differed. In
I. rubefacta  th e  m ean  n u m b e r  o f  ovicell b ands
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Fig. 2  N em a to flu stra  f la g e lla ta .  P rop ortion  o f  p o lyp id es  d ifferentiat- 
in g /red ifteren tia tin g , active , or d egen era tin g  in brow n b o d y  from  three 
different fro n d s as a  fu n ction  o f  d istan ce  from  g ro w th  m argin, 
m easu red  as n u m b er o f  zo o id s

increased  fro m  1 in  co lon ies o f  50 to  60 m m , to  7 in the 
la rg est co lon ies (> 1 0 0  m m ). A t th e  sam e tim e, the 
p e rcen tag e  o f  to ta l zoo id s bearing  ovicells increased  to
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Fig. 3  Isosecu liflustra  ru befac ta  (O ) , N em a to flu stra  f la g e lla ta  (® ) , and  
H im an tozou m  a n tarc ticu m  (■ ) .  N u m b er  o f  b row n  b o d ies  p er z o o id  as 
a fu n ctio n  o f  d istan ce  from  g row th  m argin , m easu red  as n u m b er o f  
zo o id s . D a ta  are m ea n s ±  1 S E  (bars)

Fig. 4  Isosecu liflustra  rubefacta. S ea so n a l \  aria tion  in  p ro p o rtio n  o f  
a u to zo o id s  ac tive ly  feed in g  in three z o n es  at in creasin g  d istan ce  from  
g ro w in g  m argin , G M : 0  to  10 z o o id s  from  G M  (O ), 20  to  30 zo o id s  
from  G M  ( • ) ,  a n d  40 to  50 z o o id s  fro m  G M  (■ ) .  (N em ato flu stra  

f la g e lla ta  an d  H im a n to zo u m  an tarcticu m  sh ow ed  q u alita tively  sim ilar  
sea so n a lity , a lth o u g h  neither o f  th ese  species h ave  feed in g  a u to zo o id s  
in  th e  z o n e  4 0  to  50  zo o id s  from  th e  G M )
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Fig. 5  Isoseculiflustra ru befac ta  (cen tre), N em ato flu stra  f la g e lla ta  
(right) and H im a n to zo u m  an tarc ticu m  (left). Sexually  reproductive  
zo o id s  [D  d ifferentiatin g z o o id s  (a t grow th  m argin); P  polyp ide; 
O  ov ice ll ( /. ru b efa c ta  a n d  H . an tarcticum ); E  b rood ed  em b ryo  
(N . fla g e lla ta ); A  avicu laria  (these are a lso  present in  H . an tarcticum , 
but are sm all)]
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F ig. 6  Isoseculiflustra  ru b efa c ta  a n d  N em a to flu stra  f la g e lla ta .  P rop or
tion  o f  zo o id s  b earin g  ov ice lls  a s a  fu n ction  o f  c o lo n y  length  (m m ). 
D a ta  are m eans ±  1 S E  (bars)

alm o st 25% ; in  c o n tra s t, over the  sam e ran g e  o f  co lony  
sizes, N . fla g e lla ta  developed  a  m ax im um  o f  3 b an d s  o f 
sexually rep ro d u c tiv e  zoo ids a n d  only  12%  to ta l zooids 
w ith  b ro o d ed  la rvae. F o r  a co lony  o f  given size,
I. rubefacta  th u s  h a d  ap p ro x im ate ly  tw ice the  n u m b er 
o f  b an d s  o f  sexually  rep ro d u c tiv e  zoo ids  as d id  N . f la 
gellata. T hese b an d s  w ere on  average 2.7 zoo id s w ide 
an d  sep ara ted  b y  8.1 zoo id s in /. rubefacta , w hereas in 
N. flage lla ta  the  b a n d s  averaged  2.3 zoo id s in  w id th  
an d  w ere 6.7 zo o id s  a p a r t. T h e  g rea te r overall invest
m en t in  rep ro d u c tiv e  zo o id s by I. rubefacta  w as thus 
p rim arily  the  re su lt o f  m o re , ra th e r  th a n  la rger, ban d s 
o f  ovicells.

E stim atin g  the  p ro p o rtio n  o f  zoo ids b ea rin g  ovicells 
w as difficult in  H im a n to zo u m  antarcticum  because o f  its 
very  d ifferen t co lo n y -g ro w th  fo rm . W hereas the  tw o 
flustrids w ere fan -sh ap e d , H . antarcticum  grew  as a  series 
o f  m u ltip le , th in , b ifu rc a tin g  b ran ch es. T here  w as only

rare ly  m o re  th a n  o n e  b an d  o f  ovicells betw een  the col
ony  base  an d  a g iven  b ra n c h  te rm in u s in H . antarcticum , 
an d  overa ll the  la rg e s t co lon ies w ere estim ated  to  have 
ap p ro x im ate ly  25%  zo o id s  w ith  ovicells. T h is suggests a 
sim ila r investm en t in  th e  p ro p o rtio n  o f  rep roductive  
zo o id s as fo r Isosecu liflu stra  rubefacta, a lth o u g h  the 
g ro w th  fo rm  w as v e ry  d ifferen t. N o  m ale gam etes w ere 
observed  in  an y  o f th e  specim ens.

In  Isoseculiflustra  rubefacta , th e  ovicells did n o t 
ch an g e  in size a fte r c re a tio n . O vicell b an d s  w ere form ed 
a t th e  g ro w th  m a rg in  in  th e  a u s tra l su m m er, betw een 
Ja n u a ry  a n d  A pril e a c h  year, a lth o u g h  n o t in  all speci
m ens. A s the  co lo n y  grew  in  size, the  m o s t recently 
fo rm ed  ovicell b a n d  then  becam e progressively  d is tan t 
fro m  th e  g ro w th  m a rg in . T h e  change in m a tu r ity  o f 
em b ry o s  w ith in  the  ovicells w as ind ica ted  by  a  change in 
co lo u r  fro m  pale  w h ite  to  o ran g e , an d  an  increase in 
o p ac ity . N o  o b v io u s  p o in t o f  la rva l release w as no ted  
d u rin g  th e  y ear in  th is  species, a lth o u g h  the tim ing  o f  the 
in itia l fo rm a tio n  o f  zoo ids  w ith  ovicells a t th e  grow th 
m arg in  w o u ld  su g g est th a t dev e lo p m en t o f  the  b rooded  
em b ry o  w as b o th  sy n c h ro n o u s  an d  seasonal.

In  c o n tra s t, th e  d ev e lo p m en t o f  em b ry o s could 
be fo llow ed easily in  the m o n th ly  sam ples o f  b o th  
N em ato flu stra  fla g e lla ta  an d  H im antozoum  antarcticum . 
In  N . fla g e lla ta  em b ry o s  first becam e a p p a re n t in  M arch  
w hen they  w ere ~ 7 5  pm  in d iam eter, an d  filled the 
w id th  o f  the  zoo id . A ll la rvae  from  all co lon ies exam 
ined  w ere released be tw een  J a n u a ry  an d  F eb ru a ry . The 
p a t te rn  o f  rep ro d u c tiv e  deve lopm en t in H. antarcticum  
w as sim ila r to  th a t o f  N . fla g e lla ta , a lth o u g h  offset by 1 
m o , such  th a t  re lease  o f  la rvae  w as betw een  F eb ru ary  
a n d  M arch .

Discussion

O ver the  p a s t th ree  decades, th e re  has been a  su b stan tia l 
increase  in  research  in to  b en th ic  m arin e  com m unities a t 
p o la r  la titu d es, m o s t o f  wffiich h as  taken  p lace in shallow  
w ate rs  a ro u n d  A n ta rc tica . A lth o u g h  a sign ifican t frac
tio n  o f  th is  w o rk  has considered  aspec ts o f  rep ro d u c tio n  
in  a  varie ty  o f  tax a , such  w ork  h as  been confined  a lm ost 
en tire ly  to  so lita ry  (u n ita ry  o r n on -co lon ia l) an im als  (see 
P earse  e t al. 1991). T h is is p e rh a p s  su rp ris in g  consider
ing  th e  overw helm ing  im p o rta n ce  o f  m o d u la r  ta x a  such 
as asc id ian s, b ry o zo a n s , sponges an d  certa in  cn idarians 
(h y d ro id s  a n d  o c to co ra ls)  in m an y  areas o f  th e  A n tarc tic  
b en th ic  en v iro n m en t (W inston  and  H eim berg  1988; 
D a y to n  1990; G erd es e t al. 1992; A rn tz  e t al. 1994). T he 
p rese n t s tudy  thus p rov ides the  firs t y ea r-ro u n d  study  o f  
the  life -h is to ry  o f  any  co lon ial m arin e  in v e rteb ra te  from  
A n ta rc tica .

B ry o zo an  life-h istories in A n ta rc tica

T h e  th ree  species o f  erect b ry o zo an s  exam ined  in this 
s tu d y  (Isoseculiflustra rubefacta, N em ato flustra  flage lla ta
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a n d  H im an tozoum  antarticum ) all exh ib it a  m a rk e d  
seaso n a lity  in  m o d u la r  g row th , po lyp ide recycling  and  
sexual re p ro d u c tio n . In  all th ree species th e re  is a  co m 
p le te  cessa tion  o f  po lyp ide activ ity  in  the m idd le  o f 
w in te r  (typ ically  Ju n e  to  A ugust). D u rin g  th is  period  
a lm o s t n o  p o lyp ides can  be classified as active , an d  m o st 
h av e  d eg en era ted  to  the  b ro w n -b o d y  stage (F igs. 1 an d  
4). In  la te  w in te r, zoo ids a t the  g ro w th  m arg in  s ta r t  to 
d iffe ren tia te  actively , and  by  sp ring  there is a  zo n e  o f 
p o lyp ides beh ind  the  g row th  m arg in  w hich  is fo rm ed  
p re d o m in an tly  o f  actively feeding po lyp ides. F eed ing  
th e n  con tinues th ro u g h o u t the  sum m er an d  w ell in to  the  
fo llow ing  w in te r befo re  the  po lyp ides d egenera te  once 
m o re , a n d  th e  zo o id  accum ulates a  fu rth e r  b ro w n  body. 
T h is  en d -o f-season  cessa tion  o f  feeding ac tiv ity  occurs 
ea rlie r  in  the o ld e r  po lyp ides fu rth e r  from  the  grow ing  
m arg in . T h e  av erag e  n u m b er o f  b ro w n  bod ies p er zoo id  
th u s  increases fro m  the g row ing  m arg in  to w ard s  the 
base, to  the  p o in t w here  zoo ids a re  sufficiently o ld  th a t 
they  cease fu r th e r  d iffe ren tia tion . A t this p o in t they  are 
effectively senescen t/dead  a n d  p resu m ab ly  have a  pu rely  
s tru c tu ra l role.

T h e  onse t o f  sexual re p ro d u c tio n  cou ld  be de te rm in ed  
easily  in  all th ree  species: ovicell b an d s  w ere c re a te d  a t 
the  g ro w in g  m a rg in  du ring  the  second  h a lf  o f  the  a u s tra l 
su m m er (Ja n u a ry  to  A pril) in  Isoseculiflustra rube fac ta , 
an d  em b ry o s firs t becam e visible in  N em ato flustra  

fla g e lla ta  an d  H im an tozoum  antarcticum  in M a rc h . In  the  
la tte r  tw o  species, larval release to o k  p lace in  th e  fo l
low ing  F e b ru a ry  o r  M arch , w hereas the tim ing  o f  la rva l 
release cou ld  n o t be determ ined  in  I. rubefacta. T h e  
co u p lin g  o f  p o ly p id e  recycling a n d  sexual rep ro d u c tio n  
in th e  tw o  flu strid  species is ind icated  by  the  increase  in 
the  m e a n  n u m b e r o f  b ro w n  bodies p e r au to z o o id  p o ly 
p ide by  an  av erag e  o f  one in  each b an d s  o f  feed ing  a u 
to z o o id s  betw een  successive b an d  o f  ovicells m oving  
fro m  th e  g ro w in g  m arg in  to w ard s  the  base  o f  th e  co lony .

T h e  m o s t p a rs im o n io u s  in te rp re ta tio n  o f  these  d a ta  is 
th a t all th ree  species o f  A n ta rc tic  b ry o zo an s  ex am ined  in 
th is s tu d y  h av e  a  d istinctly  seasona l p a tte rn  to  the ir 
b io logy . E ach  y ea r  in  la te  w in ter, a  cycle o f  po lyp ide  
d iffe ren tia tio n  is in itia ted . T yp ically , a given feeding 
a u to z o o id  u n d erg o es  a  single p o ly p id e  cycle, la s tin g  up  
to  10 m o  in y o u n g er zooids, b u t m u ch  less (p e rh ap s  5 m o) 
in  o ld e r zoo ids, in  each  year. T h e  lifetim e o f  a typ ical 
a u to z o o id  is th u s  5 yr in  b o th  Isoseculiflustra rubefacta  
a n d  N em a to flu stra  flage lla ta , b u t p ro b ab ly  >  5 y r in  
H im an tozoum  antarcticum  (w here th e  n u m b e r o f  b ro w n  
bod ies p e r  p o ly p id e  h ad  n o t reach ed  a  p la tea u  u p  to  50 
zoo ids fro m  th e  g row ing  m arg in ). A ll th ree  species also 
show  a s tro n g ly  se aso n a l p a tte rn  o f  sexual rep ro d u c tio n , 
w ith  a  new  b a n d  o f  sexually  rep ro d u c tiv e  zo o id s  being  
p ro d u ce d  each  y ea r  a n d  la rv a l dev e lo p m en t ta k in g  ~ 1  
yr. T h e  g ro w th  p a tte rn  fo r th e  tw o  flustrid  species is 
show n  d ia g ra m m a tic a lly  in  F ig. 7. D a ta  fro m  th is  study  
suggest th a t  som e po lyp ide  recycling  occurs th ro u g h o u t 
the  year, b u t th e  v as t m a jo rity  o f  po lyp ides a re  created  
in A u g u s t a n d  a re  active fro m  S ep tem b er un til A p ril o r 
M ay. T h ey  then  d egenera te  fo r th e  non -feed ing  perio d ,
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Fig. 7  Isoseculiflustra ru b efa c ta  a n d  N em a to flu stra  f la g e lla ta . D ia 
g r a m a ta  rep resen tation  o f  life -cy c le  o f  flustrid  b ryozoan s a t S ign y  in 
rela tion  to  selected  en v iro n m en t variables. D a ta  for w inter fast-ice  
(“ le e ”) sh o w  m ean p er iod  o f  sea -ice  presence (bar) w ith  ranges; 
tem p eratu re d a ta  are w eek ly  m e a n s  for a  sin g le  s ta tio n  at 10 m  depth; 
ch lorop h y ll d a ta  are w eek ly  m e a n  con cen tra tion s (m g  n f  3)  for  20- 
2 p m  fraction  (b o th  tem p eratu re  and ch lorop h y ll d a ta  are w eek ly  
m ea n s p o o le d  over period  1989 to  1994: C larke an d  L eak ey  1996). 
P eriod  o f  em b ryo  b rood in g  is  a lso  sh o w n  (s tip p le d ) , togeth er w ith  
m ea n  lim in g  o f  larval release; a n d  period  o f  p o lyp id e  feed in g  (b lack), 
w in ter  n o n -feed in g  period  (open)  an d  p er iod  o f  ch a n g e  (s tip p le d )

w hich  is typically  Ju n e  to  A u g u st, before regenerating  
fo r th e  n ex t season . D u rin g  the  non -feed ing  p eriod , 
how ever, po lyp ides a t th e  g ro w th  m arg in  co n tin u e  to  
d iffe ren tia te  (see Fig. 1). T h is  m ay  explain  w hy these 
species do  n o t show  a g ro w th  b a n d  (in c o n tra s t, fo r 
exam ple , to  Flustra fo lia ce a : S tebb ing  1971), b u t it  does 
suggest th a t  a lth o u g h  n o t feed ing , b ry o zo a n  co lon ies are 
tran s lo ca tin g  reserves from  m o re  m a tu re  zoo ids to  fuel 
th e  co n tin u in g  d iffe ren tia tion  d u rin g  th e  non-feed ing  
perio d .

T h is  in te rp re ta tio n  is o f  course  d ep en d en t o n  the 
a s su m p tio n  th a t no  b row n  bod ies a re  ejected by  newly 
reg en era ted  po lyp ides (a lth o u g h  the  p a tte rn  in  F ig . 3 
suggests th is  does n o t occur). A ssum ing  th a t  each  colony 
p ro d u ce s  a new  b an d  o f  sexually  rep ro d u c tiv e  zooids 
every  year in  la te  sum m er allow s th e  average ra te  o f 
d is ta l zoo ida l b u d d in g  to be es tim ated . In Isoseculiflustra  
rubefacta , th e  b a n d  o f  zoo id s b ea rin g  ovicells averaged  
2.7 zoo ids in  w id th , an d  th e  b a n d  o f  feeding au to zo o id s 
8.1 zoo ids; th is  m akes a to ta l o f  10.8 zoo ids b u d d ed  per 
y ear in  I. rubefacta. The sam e ca lcu la tio n  fo r  N e
m ato flustra  flagella ta , based on  feed ing  au to z o o id s  (av 
e rage  6.7 zoo ids p er band) a n d  zoo ids  c o n ta in in g  visible 
b ro o d e d  la rvae  (average 2.3 zoo ids  p e r band ) yields a 
to ta l o f  9 fro n ta lly  budded  zoo ids p er year. T hese  values

Larval
re lease

S ta rt of 
b rood ing
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d o  n o t, o f  course , rep resen t to ta l zoo id  p ro d u c tio n  per 
year, fo r th is  dep en d s on  overall co lony  size (an d  spe
cifically th e  w id th  o f  the  grow ing  m arg in ). N e ith e r do  
they  reflect th e  overall p ro d u c tio n  o f  co lony  o rgan ic  
m a tte r  p e r y ear (w hich  is g rea ter in  N . fla g e lla ta  th a n  in
I. rubefacta  by a  fac to r o f  ~ 3 : B arnes 1995c). N ev e r
theless, th e  ra te  o f  p ro d u c tio n  o f  new  zoo ids by d istal 
b u d d in g  is clearly  m uch  slow er th a n  the  few d a ta  
av a ilab le  fo r te m p era te -w ate r species: in M em branipora  
m em branacea  g row ing  in  the  la b o ra to ry  a new  tra n s 
verse p a r titio n  a t the  g row ing  m arg in  m ay se p a ra te  a 
new  zooccium  every  4 to  6 h , w ith  full deve lopm en t o f  
the  p o ly p id e  ta k in g  ~ 2 d (L u tau d  1961). In  B ow erbankia  
gracilis , p o ly p id e  fo rm a tio n  in the an ces tru la  takes 4 d  a t 
12.5 °C  (R eed  a n d  C loney  1982).

W ith  so  few d a ta  ava ilab le in the lite ra tu re  fo r co m 
p ariso n , it is cu rren tly  n o t possible to  c o n tro l fo r the 
influence o f  eco logy  o r  phylogeny  to  ensu re  th a t w e are 
co m p arin g  like w ith  like. N evertheless, the  fo rm a tio n  o f 
new  zoo ids is clearly  very  slow  in the  p o la r  species ex
am ined  here , a t ro ugh ly  one zooid  b u d d ed  d ista lly  p e r 
m o n th  in the  p o la r  species co m p ared  w ith  one every one 
o r tw o days in  th e  tem p era te  species stud ied  to  date . 
A  g rea tly  reduced  overall ra te  o f  co lony  zo o id -p ro d u c- 
tio n  w as a lso  re p o rted  fo r the  p o la r  Cellarinella w atersi 
co m p ared  w ith  th e  tem p era te  Flustra fo lia cea  (B arnes 
1995c), a lth o u g h  these  tw o species d iffer g rea tly  in  the 
in v estm en t in ske le ta l struc tu res. C oup led  w ith  th is  is a 
very slow  ra te  o f  p o ly p id e  cycling in the  p o la r  species. In 
Isoseculiflustra  rubefacta  an d  N em ato flustra  fla g e lla ta , 
y o u n g  (first g en e ra tio n ) po lypides lasted  ~ 9  to  10 m o 
co m p ared  w ith  p o ly p id e  lifetim es o f  1 to  10 w k  in  te m 
p era te  species (G o rd o n  1977).

It is well recogn ised  th a t a  severe m ism atch  betw een 
the  frequency  o f  sam p lin g  an d  the tim e-course  o f  the  
p rocess u n d e r s tu d y  can  lead to  e rro r. T h u s, m o n th ly  
sam ples a re  likely to  m iss p rocesses occu rring  o n  a  tim e- 
scale o f  h o u rs  o r days. I t  is possib le, the re fo re , th a t  th e  
m o n th ly  sam ples ta k e n  in  th is s tudy  m ay have failed  to  
d etec t po lyp ide  cycling  occu rring  a t ra tes  re p o rted  p re 
v iously  fo r  te m p era te  b ry o zo an s. A  n u m b e r o f  lines o f  
evidence, som e o f  them  q u ite  in dependen t, suggest th a t 
th is  is n o t th e  case an d  th a t po lyp ide cycling  is genuinely  
slow  in th e  p o la r  b ry o zo a n s  stud ied  here. T h e  first is the 
p a tte rn  o f  ac cu m u la tio n  o f  b row n bod ies w ith  d is tan ce  
fro m  the  G M  (F ig . 3) w h ich , on  the a ssu m p tio n  th a t  no 
b ro w n  bod ies a re  e jec ted , ind icates a m ax im u m  o f  ~ 5  
cycles o f  p o ly p id e  reg en era tio n  p er zo o id  lifetim e. T he 
second  is the  d e ta iled  d is tr ib u tio n  o f  d iffe ren tia ting  
po lyp ides in  ind iv id u al fro n d s (Fig. 2), w hich ind icates 
th a t  a n  in d iv id u a l po lyp ide  has an  average lifetim e 
eq u iv a len t to  th e  tim e it takes to  ad d  seven zoo id  
m odu les  to  the  G M . T h e  th ird  is the  average inc rem en t 
o f  o n e  b ro w n  b o d y  p er zo o id  to  each  zone o f  au to zo o id s  
sep ara ted  by  a  b a n d  o f  rep ro d u c tiv e  zoo ids w hen  m o v 
ing from  th e  G M  to  th e  base  o f  th e  co lony ; co u p led  w ith  
the  c lear tim e-s ta m p  p ro v id ed  by the  an n u a l re lease  o f  
la rvae  th is is very  s tro n g  ev idence fo r the  average life
tim e o f  a  p o ly p id e  being  o n e  year. F inally  th e  average

ra te  o f  ad d itio n  o f  new  zo o id s  to  th e  G M  req u ired  by 
th is in te rp re ta tio n  m a tch e s  th a t es tab lished  from  the 
m easu rem en ts o f o v e ra ll  co lo n y -g ro w th  ra te  m ade  from  
m a rk e d  colon ies g ro w in g  in  s itu  (B arnes 1995c).

A lth o u g h  the  tw o  flustrid  species exh ib ited  a  m ore o r 
less seasonally  d e te rm in e d  p a t te rn  o f  p o lyp ide recycling, 
w ith  one po lyp ide  g e n e ra tio n  p er year on  average, the 
lifetim e o f  an  in d iv id u a l p o ly p id e  tended  to  decrease 
w ith  zoo id  age. D e s p i te  each  zo o id  being  genetically  
iden tical w ith  th o se  a ro u n d  it, th e re  w as also  a  m arked  
v aria tio n  in  the p a t te r n  o f  po lyp ide  lifetim es in ad jacen t 
zooids. A nalysis o f  fixed sam p les, how ever, does n o t 
allow  any  ju d g e m e n t as to  h ow  m u ch  o f  this variab ility  
is the  resu lt o f  s to c h a s tic  v a ria tio n s  in  ecological co n 
d itio n s fo r each  z o o id  (p e rh ap s  reflecting influence o f  
n e ig h b o u rs  on  an  in d iv id u a l p o ly p id e ’s ab ility  to  cap tu re  
food ), a n d  how  m u c h  reflects in te rn a l differences be
tw een th e  zooids. O v e ra ll, th e  po lyp ide  cycling observed 
in  the  th ree  p o la r  species s tu d ied  here w as m uch  less 
sy n ch ro n o u s  th a n  th a t  described fo r C hartella papyracea  
(D y ry n d a  an d  R y la n d  1982).

S easonality  o f  b io lo g y  o f  A n ta rc tic  b ry o zo an s

T h e species e x a m in e d  in  th is s tudy  exh ib it a  s tro n g  sea
so n a lity  in  the ir b io lo g y , w ith  a  p a tte rn  o f  one generation  
o f  p o ly p id e  d eg e n e ra tio n  an d  reg en era tio n  p er year. T his 
is in teg ra ted  w ith  se x u a l re p ro d u c tio n  in  th a t each  ovicell 
ap p e a rs  to  be ac tive  fo r  one year, releasing  a  single larva 
a f te r  ~ 1 2  m o  in c u b a tio n . S tudies o f  som e erect tem perate  
b ry o zo a n s  have a lso  d em o n s tra te d  a  p a tte rn  o f  one 
g en e ra tio n  o f  p o ly p id e s  com pleting  one gam etogenic 
cycle (D y ry n d a  1981; D y ry n d a  a n d  K in g  1982; D y ry n d a  
an d  R y land  1982). R y land  (1963, 1970) has also  dem 
o n s tra te d  seaso n a lity  in  th e  sexual re p ro d u c tio n  o f  fjord- 
dw elling  b ry o zo a n s  a t  a sim ilar la titu d e  to  the  p resen t 
s tu d y  in  the  n o r th e rn  hem isphere (a lth o u g h  a t a  site 
w here the en v iro n m en t is bo rea l ra th e r  th a n  tru ly  po lar). 
T h is seasona lity  w as fo und  to  be cued m ain ly  by  v a ria 
tio n s  in  te m p e ra tu re  and  day  len g th  (R y lan d  1970; 
E gg leston  1972), a lth o u g h  o th e r  p rocesses m ay  also be 
involved . T h e  p a t te rn  o f  zooid  life -h isto ry  in  the  p o la r 
species exam ined  in  this study  is th u s  sim ila r to  som e 
tem p era te  species, w ith  a  tem p o ra l co u p lin g  o f  zooid 
p ro life ra tio n  (m o d u la r  g row th), p o ly p id e  cycling and  
sexual re p ro d u c tio n , b u t over a  m u c h  longer tim e-span.

T h e  life -h isto ry  o f  the tw o p o la r  flustrid  species 
s tu d ied  is also  show n  d iag ram m atica lly  in  F ig. 7. A lso 
show n  are  the  seasona l varia tio n s in  key env iro n m en ta l 
v ariab les  w hich m ay  influence th e  b io logy  o f  p o la r  sus- 
pension -feeders such  as b ryozoans. A lth o u g h  the  an n u a l 
v a r ia tio n  in  sea te m p e ra tu re  in th e  m aritim e  A n ta rc tic  is 
very  sm all, u sua lly  < 2 .5  C°, th e re  is nevertheless a d is
tin c t seasonal p a t te rn  (C larke e t al. 1988; C lark e  and  
L eakey  1996). I t  h a s  been suggested (P earse  1965; Picken 
1980), th a t desp ite  being  sm all, th is  v a ria tio n  could  cue 
sexual re p ro d u c tio n  in  A n ta rc tic  w ate rs . R ecen t studies 
a t  S igny Island  (60°S) have, how ever, fo u n d  th a t  sh o r t
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te rm  (tid a l, daily  o r on  a tim e-scale o f  days) v a r ia tio n  o f 
se a w a te r  te m p era tu re  in  sum m er m ay be as m uch  as 
20%  o f  the an n u a l range , suggesting  th a t sea te m p era 
tu re  is un likely  to  be a  p ro x im a te  co n tro l m echan ism  
(C la rk e  unpub lished  d a ta). F u rth e rm o re , a  co m p ariso n  
o f  th e  tim ing  o f  spaw ning  in  th e  A n ta rc tic  lim pet N acella  
concinna  w ith  seaw a te r  te m p era tu re  a t S igny Is lan d  over 
10 y r revealed  no  c o rre la tio n  w h a tso ev e r (S tanw ell- 
S m ith  a n d  C lark e  1997). A lth o u g h  u n d e rw a te r  light 
in ten s ity  is influenced g rea tly  by th e  presence o r  absence 
o f  ice cover, an d  p articu la rly  the a m o u n t o f  snow  lying 
o n  th e  su rface  ice (G ilb ert 1991; B rouw er 1996), the 
seaso n a l change in  p h o to p e rio d  w ould  seem  to  be the 
likely  m a jo r  en v iro n m en ta l cue a t these la titu d es. M o st 
im p o r ta n t  o f  all, how ever, is the seasona l v a ria tio n  in  the 
s ta n d in g  cro p  o f  ch lo rophy ll in  the  size ran g e  ta k en  by 
b ry o zo a n s . A lth o u g h  the  precise size-range o f  partic les 
ta k e n  by  p o la r  species is n o t k now n , it is likely to  fall 
w ith in  the  n a n o p la n k to n  ran g e  (20 to  2 pm ), a n d  a 
p rev io u s  s tudy  h as  show n a tig h t c o rre la tio n  betw een  the 
a m o u n t o f  a n n u a l g ro w th  in  Cellarinella w atersi a t Signy 
Is lan d  a n d  the  d u ra tio n  o f  th e  n a n o p la n k to n  c h lo ro 
phyll b lo o m  (B arnes 1995c).

T h e  co u p lin g  o f  the  seasona l p a tte rn  o f  feeding, 
p o ly p id e  cycling an d  sexual rep ro d u c tio n  to  th o se  o f 
food  ava ilab ility  in th e  en v iro n m en t suggest th a t the 
resu lts  fro m  th is  s tudy  wall be generally  tru e  o f  erect 
b ry o z o a n s  in the  general locale. W h ils t in d iv id u a l co lo 
nies liv ing in close p ro x im ity  m ig h t be genetically  closely 
re la ted  th ro u g h  being fo u n d ed  e ith e r by f ra g m en ta tio n  
o r  lim ited  d ispersal o f  larvae, it does n o t seem  intu itively  
p ro b a b le  th a t genetic  fac to rs  w ill cause  m a jo r  d ifferences 
in  the  response  o f  se p ara te  colon ies to  fac to rs  such as 
b ro a d  p a tte rn s  in food  availab ility .

W hy  d o  p o la r  b ry o zo an s g row  so slowly?

T h e  rea so n  fo r the  slow  ra te  o f  p ro d u c tio n  o f  new  zooids 
an d  th e  u n usua lly  long po lyp ide  life -spans in  the  p o la r  
b ry o z o a n s  exam ined  in  this s tudy  is n o t c lear. A lth o u g h  
the  d a ta  fo r Cellarinella watersi in d ic a te  th a t the  leng th  
o f  tim e in  the  y ear w hen  sufficient fo o d  is ava ilab le  to  
allow  feeding is critica l to  the  n u m b e r o f  new  zoo ids 
p ro d u c e d  an n u a lly  a t the  g row ing  m a rg in , these d a ta  do 
n o t exp la in  w hy g ro w th  in  p o la r  b ry o zo a n s  is usually  so 
slow  w hen  it does ta k e  p lace. In  m a n y  p o la r  m arine  
in v e rteb ra te s  th e re  is a su ite  o f  asso c ia ted  life-h isto ry  
ch a rac te ris tic s  w hich includes a  slow  g ro w th  ra te , an  
ex ten d ed  life-span an d  a  reduced  b asa l m e tab o lic  ra te  
(C la rk e  1991). I t  is n o t yet c lear as to  th e  ex ten t to  w hich 
a  reduced  m a in ten an ce  co s t is necessarily  re la ted  to  a 
slow  g ro w th  ra te , b u t th e  p resen t s tu d y  show s th a t 
b ry o z o a n s  fit the  general p ic tu re  em erg ing  fo r p o la r  
b e n th o s  (B rey and  C lark e  1993). I t  is possib le  th a t one 
co nsequence  o f  m olecu lar a d a p ta tio n  to  low  te m p era 
tu re  is a  reduced  cap ac ity  fo r m ax im u m  energy 
th ro u g h p u t, th e reb y  lim iting  m ax im a l g ro w th  ra tes 
(C la rk e  1991; C lark e  an d  N o r th  1991; Jo h n s to n  an d

B a ttram  1993; J o h n s to n  et al. 1995; C lark e  1998). I t  is 
also  possib le th a t so m ew h ere  in th e  b iochem ica l m a 
ch inery  requ ired  fo r g ro w th  is a  ra te -lim itin g  step  w hich 
evo lu tion  c a n n o t c ircu m v en t. T h e  p lace to  look  is p e r
haps the  fas te r-g ro w in g  ea rly -co lon ising  species w hich 
have to  com ple te  th e ir  life-cycle befo re  e ither being 
overg row n  by su p e rio r  c o m p e tito rs  o r destroyed  by ice 
(B arnes 1995a, b).
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