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ABSTRACT: Experimental ly  de te rmined  lethal  tempera tures  and tempera tures  l imit ing growth or 
reproduction in the  life histories of 15 benthic  algal species  were used  to infer possible phytogeo-  
graphic  boundar ies  in the North Atlantic Ocean. These  appeared  to correspond closely with 
phytogeographic  boundar ies  based  on distribution data. Many boundar ies  appeared  to be of a 
composite nature.  For instance,  the southern  boundary  of Nemalion helminthoides is interpreted as 
a "southern  reproduction boundary"  on the N. Atlantic E. shore and  a "southern  lethal boundary"  
on the N. Atlantic W. shore. The nor thern  boundary  on both sides of the  ocean is a "nor thern 
reproduction boundary" .  N. helminthoides is a typical representat ive  of the "amphiaf lant ic  temper-  
ate distr ibution group",  to which  seven  other of the fifteen invest igated species be long (Chondrus 
crispus, Desmarestia aculeata, D. viridis, Monostroma grevillei, Acrosiphonia "arcta'" with a 
comparable  composite southern  boundary;  Rhodochorton purpureum with a "southern  lethal 
boundary") .  Polysiphonia ferulacea and Dictyota dichotoma are t reated as representat ives  of the 
"amphia t lant ic  t ropical- to-warm-temperate  distr ibution group",  and  P. denudata as representat ive  
of the "amphia t lant ic  tropical- to-temperate group".  P. harveyi be longs  to the N.E. Amer ican  
tempera te  group and  is bounded  by a "nor thern  reproduction boundary"  and  a "southern reproduc- 
tion boundary" .  This is one of the very few species  endemic  to N.E. America.  This poor e n d e m i s m  is 
ascribed to the vast  adverse  sed iment  shores and  their addit ional  act ing as barriers to glacial  north- 
south d isp lacements  of the flora; it is not related to the wide annua l  temperature  fluctuations 
(> 20 °C) typical for N.E. America. The  tempera te  algal  flora of Japan,  however,  which is extremely 
rich in endemic  species  is subject  to equal ly  wide annua l  tempera ture  fluctuations. Bonnemaisonia 
hamifera is such a J apanese  endemic,  which  has  been  accidental ly introduced into the North 
Atlantic Ocean  where  its life history seems  to be disrupted: it is ma in ta ined  mainly  by vegeta t ive  
propagat ion  of the heteromorphic  tetrasporophyte.  The species  of the  "warm temperate  Mediterra-  
nean-At lant ic  group" are probably too s tenothermous  for life on N.E. Amer ican  shores; they need  
annua l  tempera ture  fluctuations < 20°C. Acrosymphyton purpuriferum seems to be long to this 
group, but  a rgumen t s  are presented  to uni te  this species with A. caribaeum and to range  it unde r  
the "amphia t lan t ic  t ropical- to-warm-temperate  group".  Clathromorphum circumscriptum be longs  
to the "Arctic distribution group" and  has  a "southern  reproduction boundary"  across the ocean 
along the 3 °C February isotherm. This species  is able to survive tempera tures  of about 20 °C. Five 
amphiequator ia l  t empera te  species d iscussed  in this paper  and  four in another  related paper  have  
similar m a x i m u m  winter  tempera tures  of 14-17 °C (mean monthly  values) al lowing reproduction. 
Their  amphiequator ia l  distribution can be expla ined by a s s u mi n g  similar low tempera tures  in the 
euphotic  zone a long E. Pacific and  E. Atlantic equatorial  coasts i.e. in narrow inshore belts of 
intensif ied upwel l ing  dur ing  the p re sumab ly  intensif ied glacial  circulation of the ocean gyres. 
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INTRODUCTION 

A recent ly  f inished revis ion  {van den  Hoek,  1981) and an ear l ier  pub l i shed  one  (van 

den  Hoek,  1963) of the  genus  C1adophora (Chlorophyceae} have  offered an opportuni ty  
to unrave l  the hi therto confused distr ibution patterns of 42 species  of this genus  in the 

North Atlantic  Ocean  {van den  Hoek,  1979). These  42 species  could be ass igned to e ight  

phy togeograph ic  distr ibution groups which  apparent ly  had  a genera l  appl icabi l i ty  to the 

mar ine  a lgal  flora of the North Atlantic  Ocean  (van den Hoek,  1982), and hypotheses  

were  formulated about  the nature  of the phy togeograph ic  boundar ies  of these  distribu- 
tion groups. 

In principle,  it is possible  to test hypotheses  about  the  nature  of phy togeograph ic  

boundar ies  of ind iv idual  benth ic  a lgal  species  by means  of exper imenta l  studies on the 

env i ronmenta l  regula t ion  of their  life histories. A n u m b e r  of recen t  s tudies on the 

env i ronmenta l  regula t ion  of life histories were,  in general ,  not  dev i sed  to answer  

quest ions  on phy togeograph ic  problems.  Consequen t ly  the informat ion conta ined  in 

them is mostly too incomple te  to solve such problems.  Nonetheless ,  they contain a 

wea l th  of re levant  information.  Part of this information has b e e n  discussed e l sewhere  

(van den Hoek, 1981}, and part  of it wil l  be r ev i ewed  in the present  paper.  

BASIC GEOGRAPHIC DISTRIBUTION GROUPS IN THE NORTH ATLANTIC O C E A N  

The above  men t ioned  e igh t  distr ibution groups wil l  be  descr ibed  below,  toge ther  wi th  
two addi t ional  ones, 

(1} T h e  a m p h i a t l a n t i c  t r o p i c a l - t o - w a r m  t e m p e r a t e  g r o u p  

w i t h a n o r t h e a s t e r n e x t e n s i o n (Fig, 1). Species  of this group are ent i re ly  or 

Pig, 1. The distribution of Cladophora prolifera ((I)), CI. coelothrix (O) and Hypnea musciformis (®) in 
the North Atlantic Ocean. 1, (hatched): the amphiatlantic tropical-to-warm temperate group with a 
northeastern extension (CI, coelothrix type). 2 (stippled): the amphiatlantic tropical-to-warm temp- 
erate group with a northwestern extension (Hypnea musciformis type). 8 °W = 8 °C winter (Febru- 

ary) isotherm. 19 °S = 19 °C summer (August} isotherm 
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n e a r l y  r e s t r i c t ed  to t he  t ropics  in  A m e r i c a  and  e x t e n d  m o r e  or  less  far  in to  the  t e m p e r a t e  
z o n e  in  Europe .  Cladophora coelothrix a n d  CI. prolifera are  e x a m p l e s .  The i r  no r the rn  

b o u n d a r y  is n e a r  t he  8 °C F e b r u a r y  i so the rm.  This  s u g g e s t s  tha t  bo th  spec ies  a re  l i m i t e d  

to t he  no r th  by  l e t h a l  w i n t e r  t e m p e r a t u r e s  of t he  sur face  wa te r .  At  l eas t  50 spec i e s  (on a 

to ta l  of c. 580 c o n s i d e r e d  in  a p h y t o g e o g r a p h i c  s tudy  of t he  N. A t l an t i c  Ocean ,  s ee  v a n  
d e n  Hoek ,  1979) s e e m  to b e l o n g  to th is  d i s t r ibu t ion  g roup  on the  bas is  of d i s t r ibu t ion  

data.  E x p e r i m e n t a l  e v i d e n c e  suppor t s  t he  h y p o t h e s i s  tha t  t he  n o r t h e r n  b o u n d a r y  of one  

s p e c i e s  of this  g roup ,  Gracilaria foliifera, does  i n d e e d  fo l low the  8 °C F e b r u a r y  i so therm,  

w h i c h  can  be  c o n s i d e r e d  as a " l e t h a l  b o u n d a r y "  ( M c L a c h l a n  & Ede l s t e in ,  1977; v a n  d e n  
Hoek ,  1982). In  a n o t h e r  spec i e s  of th is  group,  Centroceras clavulatum, t he  n o r t h e r n  

b o u n d a r y  w a s  set  by  a c o m b i n a t i o n  of a s u m m e r  i s o t h e r m  in  E u r o p e  ( d e t e r m i n e d  by  the  

l o w e s t  t e m p e r a t u r e  a l l o w i n g  growth)  a n d  a w i n t e r  i s o t h e r m  in  A m e r i c a  ( d e t e r m i n e d  by  

the  l e t h a l  w i n t e r  t e m p e r a t u r e )  (van  d e n  Hoek ,  1982). 

(2) T h e  a m p h i a t l a n t i c  t r o p i c a l - t o - w a r m  t e m p e r a t e  g r o u p  
w i t h a n o r t h w e s t e r n e x t e n s i o n (Fig. 1). T h e  sole  e x a m p l e ,  Hypnea muscifor- 
mis, has  a c l e a r l y  m o r e  n o r t h e r n  d i s t r i bu t ion  in Nor th  A m e r i c a  t h a n  in  Europe .  This  is 

p r o b a b l y  c a u s e d  by  the  fact  tha t  H. musciformis n e e d s  a h i g h  m i n i m u m  s u m m e r  

t e m p e r a t u r e  for its g rowth ,  bu t  c a n  at  t he  s a m e  t i m e  su rv ive  v e r y  low w i n t e r  t e m p e r a -  

tures  ( d o w n  to c. - 1  °C). 
(3) T h e  a m p h i a t l a n t i c  t r o p i c a l - t o - t e m p e r a t e  g r o u p  (Fig. 2 ) . T h e  

n o r t h e r n  l imi t  of t h e  e x a m p l e ,  Cladophora vagabunda, fo l lows  a p p r o x i m a t e l y  the  12 °C 

s u m m e r  i so the rm,  w h i c h  sugges t s  tha t  th is  l imi t  is d e t e r m i n e d  by  the  m i n i m u m  s u m m e r  

t e m p e r a t u r e  a l l o w i n g  suf f ic ien t  g r o w t h  a n d  r ep roduc t ion .  O n  the  bas i s  of d i s t r ibu t ion  

data ,  at l ea s t  f i f t een  spec i e s  (on a to ta l  of c. 580 c o n s i d e r e d  in  a p h y t o g e o g r a p h i c  s tudy  of 
t h e  N. A t l a n t i c  O c e a n ;  s ee  v a n  d e n  Hoek ,  1979) can  p r o b a b l y  be  a t t r i bu t ed  to th is  group,  

w i t h  n o r t h e r n  b o u n d a r i e s  a l o n g  the  15°C to 12°C s u m m e r  i so therms .  Sphacelaria 
rigidula Kiitz. ( =  S. furcigera Kiitz.) has  the  s a m e  d i s t r ibu t ion  as C1. vagabunda. Its 

n o r t h e r n  b o u n d a r y ,  t he  12°C s u m m e r  i so therm,  is d e t e r m i n e d  by  the  l o w e s t  s u m m e r  

Fig. 2. The distribution of Cladophora vagabunda (© and stippled area) in the North Atlantic Ocean: 
the amphiatlantic tropical-to-temperate group (Cladophora vagabunda type) 
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tempera tu re  a l lowing formation of p ropagules  (van den Hoek, 1982). This boundary  is 

val id  on a world wide  scale. 
(4, 5) T h e  a m p h i a t l a n t i c  t e m p e r a t e  g r o u p ;  w i t h  a s o u t h e r n  

b o u n d a r y  n e a r  a s u m m e r  i s o t h e r m  (4 )  a n d  n e a r  a w i n t e r  
i s o t h e r m ( 5 ) (Fig. 3). Both Cladophora rupestris  and C1. albida have  northern 

boundar ies  approaching  Augus t  isotherms (the 5 °C and 12 °C isotherms, respectively).  

This suggests  that they  are l imi ted  to the north by m i n i m u m  summer  tempera tures  

a l lowing  sufficient growth and/or  reproduction.  The  southern boundary,  however ,  of C1. 
rupestris  is near  the 20 °C summer  isotherm, and of CI. albida near  the 14 °C win ter  

isotherm. This suggests  that  CI. rupestris  is l imi ted  to the south by a le thal  summer  
tempera ture ;  and CI. albida by a winter  tempera ture  which  is sufficiently low to permit  

growth and/or  reproduction.  At its southern boundary  in Texas C1. albida is a win te r  
species,  at its nor thern boundary  a summer  species. At least  40 species  (on a total of c. 

580 cons idered  in a phy togeograph ic  study of the N. Atlant ic  Ocean,  see van  den Hoek, 

1979) can be  at t r ibuted to group 4 on the basis of distr ibution data  (van den  Hoek, 1979, 

1982). Their  southern boundar ies  s eem to fol low the 17 °C-23 °C summer  isotherms. The 

nor thern  boundary  of Call i thamnion hooker i  follows the 10 °C summer  isotherm, and this 

corresponds with a m i n i m u m  tempera ture  of c. 10°C a l lowing  sufficient growth. The 
southern boundary  at the 25 °C summer  isotherm corresponds wi th  a le tha l  t empera tu re  

of c. 27°C (Edwards, 1979; van  den  Hoek,  1982). In a comparab le  way, Dumont ia  
contorta (---- D. incrassata] and Laminaria saccharina have  southern boundar ies  a long the 

19 °C summer  isotherm corresponding with somewhat  h ighe r  le thal  t empera tures  (van 
den Hoek,  1982; Rie tema & Klein, 1981; Rietema, in prep.; Liining, 1980). The  southern 
boundary  of L. digitata, however ,  follows approximate ly  the 10°C win ter  i sotherm in 

Europe, which  corresponds with  the h ighes t  winter  t empera tu re  a l lowing  sufficient 

matura t ion  of the female  gametophyte .  In Amer ica  the southern boundary  is at the 19 °C 
summer  isotherm and this corresponds with  a le thal  t empera tu re  of c. 21 °C (van den 

Fig. 3. The distribution of C1. rupestris ((h stippled area: the amphiatlantic temperate group with a 
southern boundary near a summer isotherm). The distribution of CI. albida (©, hatched area: the 

amphiatlantic temperate group with a southern boundary near a winter isotherm) 
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Hoek, 1982; Lfining, 1980). A comparat ively small  n u m b e r  of at least  twelve benth ic  
algal  species (out of c. 580 in  the N. Atlant ic  Ocean  considered in  a phytogeographic  
study) can be ass igned to the dis t r ibut ion group 5. 

Scytosiphon lomentaria and  Petalonia fascia are both l imited to the south by the 
17 °C win te r  isotherm. This corresponds with the highest  tempera ture  of c. 20 °C which 
allows, in  winter,  the ini t ia t ion of erect thalli  from crustose thalli  in  southern ecotypes 
(Lfining, 1981a, 1981b; van  den  Hoek, 1982). 

(6) T h e  t r o p i c a l  W e s t e r n  A t l a n t i c  g r o u p  (Fig. 4). Cladophoracatenata 
is an  example.  So far, no exper imenta l  data are ava i lab le  to expla in  the temperature  
responses of the species in  this group, which embraces  at least 250 species of the 450 
inhab i t ing  the tropical Western Atlant ic  region (and of the c. 580 species in  the N. 
Atlant ic  Ocean  considered in  a phytogeographic study, cf. van  den  Hoek, 1979) which 
were considered in  the context of phytogeographic  comparisons (van den  I-Ioek, 1975). 

(7) T h e  A m e r i c a n  t r o p i c a l - t o - t e m p e r a t e  g r o u p  (Fig. 4). Only  five 
species can be present ly  ass igned to this group with some certainty. Gracilaria tikvahiae 
is l imited to the North (in shallow embayment s  of the southern Gulf of St. Lawrence) by 
summer  temperatures  above 20 °C a l lowing sufficient growth, and  it is at the same t ime 
capable  of surviving --2 °C be low win te r  ice cover (Edelstein et al., 1976; Bird et al., 
1977a, b, 1978; McLachlan and  Edelstein,  1977; Edelstein,  1977; von den  Hoek, 1982). 
Three of the four other species (e.g., Grinnellia americana) prefer similar  shallow 
embayments ,  where  they profit by  h igh  summer  temperatures  of up to 30 °C, but  can 

survive freezing (van den  Hoek, 1982). 
(8) T h e  N . E .  A m e r i c a n  t e m p e r a t e  g r o u p  (Fig. 4). Very fewspecies ,  for 

ins tance Chondria baileyana are endemic  to the N.E. Amer ican  shores be tween  30 °N 
and  45 °N. Just  l ike most species of the previous group, C. baileyana inhabi ts  inshore 
water  and  embaymen t s  with wide  a n n u a l  tempera ture  fluctuations.  This scarcity of 

Fig. 4. The distribution of C1. catenata (O, 6: the tropical Western Atlantic group); Gracilaria 
tikvahiae (®, 7: the American tropical-to-temperate group); Chondria bafleyana (e 8: the American 
temperate group); Cladophora pellucida (®, 9: the warm temperate Mediterranean-Atlantic group); 

Sphacelaria arctica (e, 10: the Arctic group) 
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endemic  species in  the Amer ican  temperate  dis t r ibut ion group contrasts sharply with the 
large n u m b e r  of endemic  species in  the algal  flora of the Japanese  coasts which  occupy a 
comparable  la t i tudinal  be l t  b e t w e e n  30 °N and  45 °N with equal ly  wide  a n n u a l  tempera-  
ture fluctuations. Here 125 out of 170 "indicator  species" (Funahashi ,  1974} are endemic.  
The Japanese  flora comprises in  total c. 750 Chloro-, Rhodo-, a nd  Phaeophyceae.  
Exper imental  ev idence  indicates  that Campylaeophora hypneoides J. Ag. (Notoya, 1979) 
is l imited to the north by the 15°C summer  isotherm, which indicates  the m i n i m u m  
tempera ture  necessary for sufficient growth; and  to the south by  the 27 °C summer  
isotherm, which corresponds approximately with a lethal  tempera ture  of 30 °C. As this 
species is able to survive in  its nor thern  range  --2 °C, it can br idge  a tempera ture  range  
of --2 °C to 30 °C. Sargassum muticum, a Japanese  species which  has b e e n  accidental ly  
in t roduced in N.W. America  und  N,W. Europe, has a comparable  wide temperature  
range. It is l ikely that the poverty of the endemic  flora a long N.E. Amer ican  coasts 
be tween  30 °N and 45 °N can be at t r ibuted to the adverse na ture  of the sed iment  coasts to 
the growth of benth ic  macroalgae.  Moreover, these adverse coasts have probably  acted 
as barriers to north-south and  south-north displacements  of the benth ic  algal  flora dur ing  
glaciat ibns and have thus caused its impover ishment  and  preven ted  successful specia- 
tion. 

(9) T h e  w a r m  t e m p e r a t e  M e d i t e r r a n e a n - A t l a n t i c  g r o u p  (Fig. 4). 
Cladophora pellucida is one of the numerous  examples.  At least  180 species of the 430 
species inhab i t ing  European  Atlantic shores and  considered in  a phytogeographic  
comparison embrac ing  c. 580 species in  the N. Atlantic Ocean, can be at t r ibuted to this 
dis t r ibut ion group (van den  Hoek, 1975, 1979). In one species, Saccorhlza polyschides 
(see Norton, 1977, for the regula t ion  of its life history}, the southern boundary  in  N.W. 
Africa is si tuated at about  the 15°C February isotherm. This corresponds with the 
max imum winter  tempera ture  of 17 °C a l lowing matura t ion  of female gametophytes  (at 
still h igher  temperatures  they only grow vegetatively}. The winter  tempera ture  lethal  to 
female gametophytes  and  young  sporophytes is 3 °C. The summer  tempera ture  lethal  to 
sporophytes of S. polyschldes is 25 °C. The corresponding le thal  boundar ies  are the 4 °C 
winter  isotherm in  the north and  the 23 °C summer  isotherm in  the south, embrac ing  
19°C of m e a n  month ly  tempera tures  of the surface water. This m a x i m u m  tempera ture  
span makes S. polyschides unfit  for inhab i t ing  temperate  Amer ican  coasts where  all 
species must  be  capable  of b r idg ing  tempera ture  spans  of more than  20°C (mean 
monthly  temperature}. This is a very obvious cause of the absence  of species endemic  to 
European  coasts from N.E. Amer ican  coasts (van de n  Hoek, 1982}. 5;. polyschldes 
bridges,  a long African and  European shores, an enormous la t i tudina l  span  of 25 °N to 
65 °N. Nonetheless  it is incapab le  of inhab i t ing  the N.F.. Amer ican  coasts as a result  of its 
tempera ture  responses. Endemic  species with still narrower  la t i tudina l  spans  in  Europe 
are probably  even  less fit for life on Amer ican  shores t han  Saccorhiza polyschldes. 

(10) T h e  A r c t i c  g r o u p  {Fig. 4). Sphacelarla arctica is an  example  which 
follows the general  t rend of Arctic species to penet ra te  more or less far into the cool 
temperate  zone. About  at least 20 species (on a total of 580 considered in  a phytogeo- 
graphic study of the N. Atlant ic  Ocean, see von den  Hoek, 1979} can be ass igned to the 
Arctic group on the basis of distr ibution data (van den  Hoek, 1979}. The southern 
boundary  of Saccorhiza dermatodea is near  the 4 ° February  isotherm in  Europe, and  the 
15°C August  isotherm in  America.  The 4 °C February  isotherm corresponds with the 
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highest  winter  temperature  (5°C) a l lowing sufficient matura t ion  of the female 
gametophyte.  The 15 °C summer  isotherm in  America corresponds with a lethal  tempera-  
ture of 17°C for the sporophyte (Norton, 1977; van  den  Hoek, 1982). Sphacelaria arctica 
has also a southern boundary  set, in  Europe, by the ma x i mum temperature  in winter  
a l lowing reproduct ion (the 4 °C win te r  isotherm); and, in  America,  by a lethal  summer  
tempera ture  (the 16 °C August  isotherm). These boundar ies  allow S. arctica to inhabi t  the 
Baltic Sea with winter  temperatures  lower than 4 ° and summer  temperatures  lower than  
16 °C in  the greatest  part. Apparen t ly  S. arctica can tolerate sal ini t ies as low as 5 %0 (van 
den  Hoek, 1982). 

NEW EVIDENCE FROM LIFE HISTORY STUDIES IN SUPPORT OF THE BASIC 
GEOGRAPHIC DISTRIBUTION GROUPS 

When  one tries to extract phytogeographical ly  re levant  information from studies on 
life histories, one should realize that the species may be confronted with at least the 
fol lowing boundar ies  corresponding with various types of l imi t ing  temperature  condi-  
t ions which should all be  checked w h e n  perus ing  the results of the above studies. In 
essence, the s ignif icance of these boundar ies  has b e e n  previously stressed by Hutchins  
(1947): 

(1) The "nor thern  lethal  boundary"  corresponds with the lowest winter  tempera ture  
which a species can survive for a period of c. 1/2-1 month. (2) The "nor thern growth 
boundary"  corresponds with the lowest summer  tempera ture  which, in  a period of 
several  months, allows sufficient growth. (3) The "nor thern reproduct ion boundary"  
corresponds with the lowest summer  temperature  which in  a per iod of several  months 
allows sufficient reproduction. Often "sufficient growth" ends with reproductive matura-  
t ion but  in  m a n y  cases the formation of reproductive structures is governed by other 
temperatures  than  those governing  growth. (4) The "southern lethal  boundary"  corres- 
ponds with the highest  summer  tempera ture  which a species can survive dur ing a period 
of 1/2-1 month. (5) The "southern growth boundary"  corresponds with the highest  winter  
tempera ture  which, in  a period of several  months, allows sufficient growth. (6) The 
"southern reproduct ion boundary"  corresponds with the highest  winter  temperature  
which, in  a per iod of several months,  allows sufficient reproduction.  

For species with an  a l ternat ion of generat ions  the six boundar ies  described above 
should be de te rmined  in  pr inciple  for both generations.  However,  in species with an  
isomorphic a l te rnat ion  both genera t ions  have mostly, bu t  not always, s imilar  tempera-  
ture responses. Photoperiodic responses may modify the temperature  responses and  
should consequent ly  always be t aken  into account. 

It is, moreove r ,  necessary to make  an  est imate of the difference be tween  the 
exper imenta l  temperature  limits and  the corresponding m e a n  monthly  temperatures  of 
the sea surface in  order to be able to " translate" an exper imenta l  temperature  l imit to a 
bounda ry  approaching  a surface isotherm. These estimates can be made  in  the following 
way. 

A "southern lethal  summer  tempera ture"  is considered to correspond with the 
max imum Augus t  temperature  of the uppermost  surface water, which is taken, in its 
turn, to correspond approximately with a three cent igrades lower mean  August  tempera-  



160 C. van  den  Hoek  

ture (cf. Earle, 1969). It should  be  rea l ized ,  however ,  that  this  d i f ference  can be  g rea te r  in 
p ro tec ted  lagoons.  

A "southern  growth  and /o r  reproduc t ion  win te r  t e mpe ra tu r e "  cor responds  wi th  the 
mean  max imum F e b r u a r y  t empera tu re  (for the  correct  t empe ra tu r e  has  to be  p rov ided  
each  year); which  is t aken ,  in its turn, to cor respond wi th  a two cen t ig rades  lower  m e a n  
F e b r u a r y  t empe ra tu r e  for t empera tu res  above  10 °C, and  wi th  a one cen t ig rade  lower  
m e a n  Feb rua ry  t e m p e r a t u r e  be low 10 °C. 

A "nor thern  l e tha l  win te r  t empera tu re"  is cons ide red  to cor respond  wi th  the 
m i n i m u m  Februa ry  t empera tu re  of the  surface layer .  This  cor responds  wi th  a one 
cen t ig rade  h igher  m e a n  Feb rua ry  t empera tu re  (two cen t ig rades  for t empera tu re s  above  
10 oc). 

A "nor thern  growth  and /o r  reproduc t ion  t empera tu re"  is cons ide red  to cor respond 
wi th  a m e a n  m i n i m u m  Augus t  t empera tu re  of surface water ,  and  this wi th  a two 
cen t ig rades  h ighe r  m e a n  Augus t  t empera ture .  

The p resen t  s tudy  presen ts  ev idence  for the  va l id i ty  of the  fo l lowing phy togeo-  
g raph ic  d is t r ibut ion  groups:  the  amphia t l an t i c  t rop ica l - to -warm t e m p e r a t e  group with  a 
nor theas te rn  ex tens ion  (group 1, Fig. 1); the  amphia t l an t i c  t rop ica l - to - t empera te  group 
(group 3, Fig. 2); the  amphia t l an t i c  t empera t e  group of the Cladophora rupestris type  
(group 4, Fig. 3) and  a type  wi th  features  of the  Cl. rupestris as we l l  as the  Cl. albida type  
(Fig. 3) (groups 4 and  5); the  N.E. Amer i can  t empe ra t e  group (group 8, Fig. 4); the 
J a p a n e s e  equ iva len t  of the  Amer ican  t empera t e  group (group 8); and  the  Arct ic  group 
(group 10, Fig. 4). 

Tab le  1 lists the  spec ies  and cor responding  d is t r ibu t ion  groups  for which  the 
ev idence  is r e v i e w e d  in the  p resen t  paper .  

Dis t r ibut ion da ta  from the fo l lowing pub l ica t ions  were  u sed  for the  construct ion of 
the  dis t r ibut ion maps;  Abbot t  & Ho l l enbe rg  (1976); A d e y  (1973); A d e y  et  al. (1976); 
Ardr~ (1970, 1971); Baardse th  (1941); Boudouresque  & Perret  (1977); Brauner  (1975); 
Breeman  (1979); C h a m b e r l a i n  (1965); C h a p m a n  (1969); Ch iang  (1972, 1973); Ch iha ra  & 
Yoshizaki  (1970); Chr i s t ensen  & Thomsen  (1974); Dawes  (1974); Dawson  (1946); Day 
(1969); De May et al. (1977); De S~ve et al. (1979); Dianne l id i s  et al. (1977); Dixon & 
Irvine (1977); Ede l s t e in  (1964); Ede ls te in  et al. (1969, 1970); Ede l s t e in  & McLach lan  
(1966, 1968); Edwards  (1970a, 1979); Earle  (1969); F e l d m a n n  (1942, 1954); Fe ldmann-  
Mazoye r  (1940); Funahash i  (1966, 1967, 1974); Funk  (1955); Furnar i  et  al. (1977); Furnar i  
& Scammacca  (1973); Giaccone  (1969, 1978); Giaccone  & Longo (1976); H a m e l  (1930); 
H a m e l  (1931-39); Har i ton id i s  & Tsekos  (1974); Den Har tog  (1959); H a w k e s  et al. (1978); 
Hirose  & Kaj imura  (1973); van  den  Hoek  & Donze (1967); H u m m  (1979); J a a s u n d  (1965); 
John  et al. (1977); Jonsson  (1912); Juet t  et al. (1976); Kapraun  (1977); Knaggs  (1967); 
Konno (1973); Kornmann  & Sahl ing  (1977); Ki ihnemann  (1972); Lawson (1966); Lawson 
et  al. (1975); Lawson & John  (1977); Lee (1980); Lee & Kim (1977); Lee & Lee (1976); 
L indaue r  et al. (1961); Lipkin  (1972); Levring (1960, 1974); M a k i e n k o  (1975); Math ieson  
(1979); Moura  Bapt is ta  (1977); M u n d a  (1977, 1978, 1980); N a k a n i w a  (1975); Newton  
(1931); N i z a m u d d i n  et  al. (1979); O g a w a  & Mach ida  (1976); Ol ive i ra  Fi lho (1977); Orris 
& Taylor  (1973); Pankow (1971); PapenfuB (1964); Pede r sen  (1976); Pe rez -Ci re ra  (1975); 
P ie lou  (unpubl i shed  list of d is t r ibut ion records a long  Amer i can  coasts); Price et al. 
(1978); Rhodes (1970); Rueness  (1977); Sante l ices  (1980); Scage l  (1957); S~apova & 
Voz~inskaja  (1960); Schmid t  (1931); Schne ide r  (1976); Schne ide r  et al. (1979); Sear les  & 
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Schne ide r  (1978); Sears  (1971); Se tchel l  & Ga rdne r  (1919-20, 1925); South  (1976}; South 
& Hooper  (1980); S t ephenson  & S tephenson  (1972); T a n a k a  & Itono (1972); Taylor  (1945, 
1957, 1960); Tok ida  (1954); Tsekos  & Har i ton id is  (1977); Tsuda  & Wray  (1977); Velas-  
quez et al. (1975); Ve lasquez  & Lewmanomont  (1975); Voz~inskaja  (1964, 1965); Wilce  
(1959); Womers l ey  (1965, 1967); Womers l ey  & Bai ley  (1970); Z a n e v e l d  (1972, 1976); 
Z immermann  & Livingston (1976); Zinova  (1953, 1955, 1967). 

T h e  a m p h i a t l a n t i c  t r o p i c a l - t o - w a r m  t e m p e r a t e  g r o u p  w i t h  
a n o r t h e a s t e r n  e x t e n s i o n  

Dictyota dlchotoma 

Life history 

Dictyota dichotoma has an  i somorphic  a l te rna t ion  b e t w e e n  a t e t rasporophyte  gener -  
a t ion and  a d ioecious  g a m e t o p h y t e  gene ra t ion  with  oogamy.  Dlctyota dichotoma grows 
rapidly ,  and  severa l  genera t ions  may  follow each  other  in the  course of one year.  
Sporophytes  and  game tophy t e s  are p resen t  at the same t ime and  not  connec ted  in a 
seasona l  sequence .  The  produc t ion  of eggs  is c l a ime d  to have  a luna r  per iod ic i ty  
(Miiller, 1962~ Vie lhaben ,  1963}. The inf luence  of t empe ra tu r e  on reproduc t ion  has  not 
b e e n  inves t iga ted .  

Nea r  its nor thern  b o u n d a r y  in N.E. Amer i ca  (in N. Carol ina)  19. dichotoma disap-  
pea r s  from Janua ry  th rough  March.  It appea r s  to survive the  win te r  in the  form of smal l  
d e c u m b e n t  ge rml ings  which  resume growth  by  the  format ion of erect  b l a d e s  after 
t ransfer  to h ighe r  t empe ra tu r e s  (Richardson, 1979). These  gerrnl ings  r e m a i n  "dorman t"  
unde r  "win te r  condi t ions"  (12 °C) in culture,  and  r e sume  growth  (by format ion  of b lades)  
after t ransfer  to 24 °C in  culture.  

At  Beaufort  (N. Carol ina)  inshore  popula t ions  of D. dichotoma must  be  ab l e  to 
survive in te rmi t ten t ly  win te r  t empera tu res  as low as 3 °C (Brauner, 1975). In  Vi rg in ia  
this lowest  t empe ra tu r e  m a y  even  be  2 °C (Humm, 1979). This sugges ts  a l e tha l  win te r  
t empe ra tu r e  nea r  2 °C. In short  term exper iments  (12 h exposures)  Dictyota dichotoma 
from Roscoff (Brittany, W. France} survived 3 °C, but  not  --2 °C (Biebl, 1959). However ,  
in the same type  of expe r imen t s  conduc ted  wi th  ma te r i a l  from Puerto Rico, D. dichotoma 
survived  5 °C, but  not  3 °C (Biebl, 1962}. This ind ica tes  that  D. dlchotoma embraces  a 
n u m b e r  of t empe ra tu r e  ecotypes.  There  are  comparab l e  d i f ferences  in the  h ighes t  
t empera tu re s  to lera ted:  p lan ts  from Roscoff surv ived  27 °C, but  not  30 °C; and  p lants  
from Puerto Rico surv ived  32 °C, but  not 35 °C. 

At  12 °C Dictyota ge rml ings  d id  not  g row (Richardson,  1979}. A p p a r e n t l y  the  
m i n i m u m  t empera tu r e  a l lowing  growth  mus t  be  h ighe r  than  12 °C. 

G e o g r a p h i c  d is t r ibut ion  in  the  North At lan t ic  O c e a n  

The  nor thern  b o u n d a r y  of 19. dichotoma in N.E. A m e r i c a  app rox ima te s  the  2 °C 
Feb rua ry  isotherm, wh ich  l imi t  can be  exp l a ined  as a "nor thern  l e tha l  boundary" ,  
approx ima te ly  co r re spond ing  wi th  a m in imum F e b r u a r y  t empe ra tu r e  of 1 °C. 

The nor thern  b o u n d a r y  in  Europe approx imates  the  13 °C summer  isotherm, wh ich  
l imit  can be  exp l a ined  as a "nor thern  growth and  reproduc t ion  bounda ry" .  This would  
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Fig. 5. D i s t r i bu t ion  of Dictyota dichotoma in  t h e  Nor th  At l an t i c  O c e a n  (©). 2 °W = 2 °C w i n t e r  
{February} i so the rm,  13 °S = 13 °C s u m m e r  (August} i s o t h e r m  
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Fig. 6. D i s t r i bu t ion  of Dictyota dichotoma in  t h e  Pacif ic  O c e a n  (left pa r t  in  d i ag ram)  a n d  At l an t i c  
O c e a n  (r ight  pa r t  in  d i a g r a m )  (©). In addi t ion ,  t h e  d i s t r ibu t ions  a re  g i v e n  of s eve ra l  en t i t i e s  w h i c h  
a re  diff icul t  to d i f fe ren t ia te  f rom the  form r a n g e  of D. dichotoma. Dictyota flabellata (Coll.) S. & G. 
(®)~ D. b inghamiae  J. Ag.  (O)~ D. major  Taylor (t))~ D. cervicornis Kfitz. a n d  D. divaricata Lamour .  (il)~ 
D. liturata J. Ag.  (~1). T h e  s o u t h e r n  a n d  n o r t h e r n  b o u n d a r i e s  are,  at t he  s a m e  t ime,  b o u n d a r i e s  of the  

g e n u s  Dictyota 
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correspond with a m i n i m u m  temperature  of 12 °C (the m e a n  m i n i m u m  Augus t  tempera-  
ture) a l lowing growth and  reproduction, According to the above exper iments  this 
tempera ture  should be higher  than  12 °C (Fig. 5). 

Geographic  dis t r ibut ion in  the Pacific and  Atlantic  Oceans  

In Fig. 6, records of several  other Dictyota species have b e e n  indicated.  These 
species are difficult to differentiate from the form range  of Dictyota dichotoma. Appa-  
rently, investigators of W. Amer ican  mater ial  t ended  to at tr ibute their mater ia l  to species 
descr ibed for N.W. America.  

The distr ibution of this complex of entit ies (in the majori ty of cases ident i f ied as D. 
dichotoma}, can be exp la ined  by the same boundar ies  as those of D. dichotoma in the 
N. Atlant ic  Ocean. 

On the east sides of both oceans "northern growth and  reproduct ion boundar ies"  
(-- the 13 °C summer  isotherm) limit D. dichotoma to the north, and  on the west sides 
"nor thern  lethal boundar ies"  ( - - the  2 °C winter  isotherm) l imit  D. dichotoma to the 
north. However, near  J apan  the nor thernmost  records correspond with a lower tempera-  
ture (--1 °C). 

In the southern hemisphere  the southern boundary  follows ent i re ly  a "southern 
growth and  reproduction boundary"  (~ the 13 °C summer  isotherm). The "southern  
lethal  boundary"  (the 2 °C winter  isotherm) is far more to the south than  the actual 
southern boundary.  

Dictyota dichotoma has the same type of dis t r ibut ion in  the Atlant ic  and Pacific 
Oceans  as Centroceras clavulatum (van den  Hoek, 1982). 

Polysiphonia ferulacea 

Life history 

P. ferulacea has an  isomorphic a l ternat ion be t w e e n  gametophyt ic  and  tetra- 
sporophytic phases (Polysiphonia type}. 

Isolates from Wrightsvil le  Beach, North Carolina,  grew well  at 15, 20 and  25 °C and  
poorly or not at all at 10 °C and  30 °C. Tet rasporangia  were formed at 15, 20, 25 and  
30 °C; mature  gonimocarps  at 20 and  25 °C (Kapraun, 1978a). In na ture  (at Wrightsvil le  
Beach), gonimocarps were found at temperatures  from 18°-28 °C (Kapraun, 1980). 

Geographic  distr ibution in  the North Atlantic Ocean  

The nor thern  bounda ry  of Polyslphonia ferulacea in  N.E. America  approximates  the 
10 °C February  isotherm {Fig. 7). This can be expla ined  as a "nor thern  lethal  boundary" ,  
corresponding with a le thal  temperature  of 8 °C. Poor growth occurred at 10 °C in  the 
above experiments;  lower temperatures  were not tested. In short term exper iments  (12 h 
exposure} P. ferulacea from Puerto Rico survived 3 °C but  not 1 °C; short term experi- 
ments  are apparent ly  less re levant  in  the present  context than long term exper iments  
(Biebl, 1962). 

The nor thern  boundary  in  Europe approximates  the 20 °C summer  isotherm. This 
can be expla ined  as a "nor thern  reproduct ion boundary" ,  corresponding with a 
m i n i m u m  temperature  of 18 °C a l lowing formation of mature  gonimocarps.  This distribu- 
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tion pat tern  of Polysiphonia ferulacea in  the North Atlant ic  Ocean  is very similar  to that 
of Centroceras clavulatum (van den  Hoek, 1982). 

No records of P. ferulacea are k n o w n  from the Medi te r ranean  and  N.W. Africa, 
a l though the species could be expected there. One  possible  reason is the part ly confused 
taxonomy of Polysiphonia which is i n  need  of revis ion for large areas. 

Fig. 7. Distribution of Polysiphonia ferulacea in the North Atlantic Ocean 

The absence  a long the nor thern  coast of the Gulf  of Mexico can be expla ined  by 
winter  temperatures  be ing  in termit tent ly  as low as 4 °C in  inshore water. 

T h e  a m p h i a t l a n t i c  t r o p i c a l - t o - t e m p e r a t e  g r o u p  

Polysiphonia denudata 

Life history 

P. denudata has an  isomorphic a l ternat ion be t w e e n  gametophyt ic  and  tetra- 
sporophytic phases  (Polysiphonia type). 

Isolates from Wrightsvil le  Beach, North Carolina,  grew well  at 15, 20 and  25 °C, and  
slowly at 10 °C and  3 0 ° C .  Tet rasporangia  were formed at 15, 20, 25 and  30°C; 
anther id ia  were formed at 10-30 °C, carpogonia  at 15-30 °C (Kapraun, 1978). Mature 
gonimocarps were obta ined  in  cultures at 20-23 °C. In nature,  at Wrightsvil le Beach, 
gonimocarps occurred at temperatures  from 11-28 °C. 

Isolates  from Port Aransas, Texas, had sl ightly different temperature  responses 
(Edwards, 1970b). The isolates grew well  at 19, 23, 26.5, and  30 °C, poorly at 14.5 °C, 
and  not  at all  at 10.5 °C. Mature  gonimocarps  were formed at 23 °C and  26.5 °C; 
te t rasporangia  at 19, 23, 26.5, and  30 °C. These isolates are bet ter  adapted  to the h igher  
max imum temperatures  at Port Aransas  than at Wrightsvil le Beach. Apparent ly  
P. denudata com~)rises various tempera ture  ecotypes. 
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Geographic  distr ibution in  the North Atlant ic  Ocean  

The nor thern  boundary  of P. denudata approximates the 16 °C August  isotherm on 
both sides of the Ocean  (Fig. 8). This l imit  can be exp la ined  as a "nor thern  reproduct ion 
boundary" ,  corresponding with a m i n i m u m  tempera ture  of 15 °C necessary for the 
product ion of one of the reproductive stages, in this case probably  the product ion of 
tetraspores by the tetrasporophyte. This on the assumpt ion that the nor thern  populat ions  
have the same tempera ture  requirements  as the Wrightsvil le Beach isolates. 

Fig. 8. Distribution of Polysiphonia denudata in the North Atlantic Ocean 

At its nor thern  point  of occurrence in  N.E. America P, denudata must  be  capable  of 
surviving ice cover and  temperatures  as low as --2 °C in  winter.  In the protected and  
shallow embayment s  where  P, denudata occurs summer  temperatures  may rise above 
20 °C and  thus cause opt imal  growth and reproduction. 

Apparent ly  the tempera ture  requi rements  of P, denudata correspond to the wide 
a n n u a l  temperature  fluctuations (more than  20 °C on one point) a long the N.E. Amer ican  
coasts. 

Polysiphonia denudata is qui te  charac[eristic for the " tropical- to- temperate  distr ibu- 
t ion group" in  be ing  restricted, at its nor thern boundary,  to shallow protected embay-  
ments.  Other examples  are Cladophora vagabunda, C1. liniformls, Chondrla dasyphylla, 
C. tenuissima, Spyridia filamentosa. 

The species of the American  tropical- to-temperate dis t r ibut ion group (group 7, 
Fig. 4) br idge a comparably  wide temperature  span and  are also mostly restricted to 
shallow protected embayments .  Examples are Gracilaria tikvahiae, Grinnellia 
americana, Solieria tenera, Lomentaria bafleyana (van den  Hoek, 1982). 

T h e  a m p h i a t l a n t i c  t e m p e r a t e  g r o u p  w i t h  a s o u t h e r n  b o u n d a r y  n e a r  
a w i n t e r  i s o t h e r m  

The species of the Cladophora rupestris type are characterized by  hav ing  summer  
isotherms, corresponding with lethal  summer  temperatures,  as southern boundar ies  
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(Fig. 3). Rhodochorton purpureum is an  example  which  wil l  be  d iscussed  more fully 
below.  Ulvaria obscura p r o b a b l y  also be longs  to this d i s t r ibu t ion  group. 

A close examina t i on  of the  d is t r ibu t ion  and  the  t e m p e r a t u r e  requ i rements  of a 
n u m b e r  of spec ies  in  this  d is t r ibut ion  group has  r e v e a l e d  that  the  major i ty  of spec ies  
have  a composi te  southern  boundary .  A l o n g  E. At lan t ic  shores  these  bounda r i e s  fol low 
win te r  i so therms (corresponding with  m a x i m u m  winte r  t empera tu res  a l lowing  repro-  
duction) and  a long  Amer i can  shores summer  i so therms (corresponding with  le tha l  
summer  tempera tures) .  Nemalion helminthoides, Chondrus crispus, Desmarestia viridis, 
D. aculeata, Monostroma grevillei and  p r o b a b l y  also Acrosiphonia arcta are  examples  
wi th  such compos i te  southern  bounda r i e s  in the  North  At lant ic  Ocean.  

Rhodochorton purpureum 

Life history 

Rhodochorton purpureum is a smal l  f i lamentous  rhodophy te  which,  forms dense  
ve lve ty  turfs on s h a d e d  rocks in the  eul i t tora l  and  in the subl i t tora l  zones. In the pecu l i a r  
life his tory of this  spec ies  the  ca rpogon ia  on dwarf  f emale  ga me tophy t e s  are  fer t i l ized by  
spe rma t i a  p r o d u c e d  by  dwarf  ma le  gametophy tes .  The fer t i l ized  ca rpogon ia  deve lop  
into smal l  gon imoblas t s  which  deve lop  d i rec t ly  into t e t rasporophytes  wh ich  in the  end  
overgrow comple t e ly  the  dwarf  f ema le  g a m e t o p h y t e  to wh ich  they  grow at tached.  The  
game tophy t e s  a re  most ly  dioecious,  bu t  there  are also monoec ious  strains (West, 1969, 
1970; S tegenga ,  1978; Ohta  & Kurogi,  1979). 

The  format ion of t e t r a sporang ia  is in f luenced  by  pho tope r iod  as only unde r  short  
day l eng th  condi t ions  are t e t r a sporang ia  formed. A l ight  b r e a k  dur ing  the long dark  
pe r iod  has  no effect, so that  the  response  cannot  be  cons ide red  a true pho toper iod ic  
response  (in the  sense  of Vince-Prue ,  1975). As in  Scytosiphon lomentaria (Ltining, 
1981a) there  are  different  l a t i t ud ina l  d a y l e n g t h - t e m p e r a t u r e  eco types  (West, 1972; 
S tegenga ,  1978; H o e k s e m a  & Breeman,  in  prep.).  In N.W. Amer ica ,  two nor thern  s trains  
had  t e t r a spo rang ia  formed in cul ture  at  day leng ths  of 12 hours  or less and  t empera tu re s  
of 5 ° and  10 °C (not at 15 ° and  20 °C) (Fig. 9a, b). 

One  southern  strain in N.W. Amer i ca  (Fig. 9c) h a d  its t e t r a sporang ia  formed at 
day leng ths  of 10 hours or less, and  at t empera tu re s  of 10 ° and  15 °C (not at 5 ° and  20 °C). 

One  s t ra in  from Chi le  (Fig. 9d) had  its t e t r a sporang ia  formed at 5, 10, and  15 °C, and  
not at  20 °C. On ly  at  15 °C, d id  d a y l e n g t h s  of 10 hours  or less c lea r ly  promote  format ion  
of t e t r a spo rang i a  (not at 5 °C and  10 °C). A p p a r e n t l y  the  r e sponse  to day leng th  restr ict-  
ing  t e t rasporu la t ion  to the  win te r  months ,  only opera tes  unde r  the  p reva l en t  t empe ra tu r e  
condi t ions  a long  the Ch i l ean  coasts. 

Two strains from the Ne the r l ands  (Fig. 9e, f) formed t e t r a sporang ia  at day leng ths  of 
less than  12 hours,  and  at t empera tu re s  of 4, 8, 12 and  16 °C (not at 18 °C), These  s trains  
have  b e e n  i so la ted  from wate r  wi th  m e a n  annua l  t empe ra tu r e  f luctuat ion of c. 3°-19 °C. 
The ma tu ra t ion  of the  game tophy te s  a p p e a r e d  not  to be  in f luenced  by  photoper iod .  

The  a v e r a g e  month ly  t empe ra tu r e s  at  the  poin ts  w h e r e  the  five s trains  were  
col lected,  p r o b a b l y  never  had  va lues  b lock ing  t e t r a sporogenes i s  so that, there,  photo-  
pe r iod  is the  p r ima ry  factor res t r ic t ing  t e t rasporogenes i s  to the  win te r  half  year.  How- 
ever, a l l  s t rains  can  be  expec ted  to b e c o m e  in te rmi t ten t ly  sub jec ted  to ex t reme summer  
t empera tu re s  tha t  are  severa l  cen t ig rades  h ighe r  than  the  m e a n  month ly  Augus t  t emper -  
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Fig. 9. Rhodochorton purpureum. Conditions (temperature, daylength) influencing tetra- 
sporogenesis in the course of the year. (a, b, c) Three N.W. American strains and (d) a S.W. American 
strain (based on West, 1972); (e) material from the S. Netherlands (based on Stegenga, 1978); (f) 

material from the N. Netherlands (Hoeksema & Breeman, 1982, in prep.) 

ature, and in that case te t rasporogenesis  can be expec ted  to be b locked  by too high 

tempera tures  in autumn. Vege ta t ive  growth appeared  to be clearly s lower  under  short 
day than under  long day conditions. No vege ta t ive  growth was observed  in W. Amer ican  

strains at 20 °C (West, 1969), whereas  a Dutch strain g rew wel l  at t empera tures  from 8 ° 

through 20 °C, but  hard ly  above  20 °C. At 24 °C and 25 °C the Dutch strains showed  

abnormal  growth; and at 26 °C one strain was repea ted ly  observed  to die wi th in  two 

weeks  (Hoeksema & Breeman,  1982, in prep.). 

Phytogeographic  boundar ies  in the North Atlant ic  Ocean  

The "'southern reproduct ion  boundary"  of Rhodochor ton  p u r p u r e u m  must  be  situ- 
ated near  a point  where ,  dur ing a per iod of 1 to 2 months  in each winter,  t empera tu re  

drops be low c. 17 °C in order to a l low tetrasporogenesis .  This on the assumpt ion  that  the 

southernmost  strains in Europe have  the same tempera ture  r equ i rements  as the invest i -  

ga ted  Dutch strains. This  wou ld  correspond with  a m e a n  m a x i m u m  February  t empera -  

ture of 17 °C of the uppe r  layer  of inshore water,  and roughly  wi th  a m e a n  February  
t empera tu re  of 15 °C. The  15 °C win ter  isotherm, however ,  is more  to the south than the 

actual  southern boundary  in the North Atlantic. 
The  "southern le tha l  boundary"  of R. p u r p u r e u m  must  be  s i tuated near  a point  

where ,  dur ing a per iod  of c. 2 weeks  t empera tu re  of inshore surface water  exceeds  24 °C 

dur ing an excess ive ly  warm summer.  This would  correspond with  a m a x i m u m  Augus t  

t empera ture  of 24 °C and a mean  Augus t  t empera ture  of 21 °C. The  actual  southern  
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Fig. 10. Distribution of Rhodochor ton  p u r p u r e u m  in the North Atlantic Ocean. 20 °S = 20 °C 
summer isotherm; 15 °W ---- 15 °C winter isotherm. Records from the Mediterranean are uncertain 

8 d N -  

6 0 ° N "  i . . o ~ . . -  o: 

4 0 ° N "  ~ - - 2 ~ ' : . .  . 

, . ! ! 
• 6 0  ° N 

2o °N-f' 
° W  

2 0  ° S 2 0 ° S  

 o°s- 1 i "  ' .  :: 
6 0  ° s -  ' " . " • - -  " " . . . 

°s \ ~  

i .  : " 15°w . . . - ' 4 0 ° S  

• " " * " " C 

. " -. . . .60Os 

. . . .  • • . ' ' . ' o "  - 

8d s ~ 8 o 0  s 

Fig. 11. Distribution of Rhodochor ton p u r p u r e u m  in the Pacific Ocean (left part of diagram) and 
Atlantic Ocean (right part of diagram) 
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boundary  is near  the 20 °C August  isotherm (Fig. 10). The rare records of R. p u r p u r e u m  

from the Medi te r ranean  should be checked to exclude confusion with other species. 
The intert idal  shade populat ions are exposed at low tide, to still h igher  temperatures  

than  25 °C at the southern geographic boundary.  
In the north, R. p u r p u r e u m  extends into the Arctic Region, where  it must  cope w i ~  

extremely low tempera tures  dur ing  the Arctic winter.  For instance,  at Spi tsbergen the 
m e a n  month ly  tempera ture  of the seawater  is -- 1.1 °C in  February  and  1.3 °C in August;  
and  the m e a n  month ly  air temperature  is --16.1 °C {with a m i n i m u m  of --42 °C) in  
J anua ry  and  5.6 °C {with a max imum of 13 °C) in  July  {Biebl, 1962}. In summer,  the 
species must  be  able  to grow and  reproduce at water  tempera tures  b e t w e e n  0 and  5 °C, 
and  this at comparat ively long, short photoperiods. Only  if R. p u r p u r e u m  has daylength-  
tempera ture  ecotypes adapted  to Arctic daylength  and  tempera ture  conditions,  such as 
Scy t o s i phon  lomen tar ia  has, is it imag inab le  that this species can flourish in  Arctic 
regions.  The inf luence  of Arctic condit ions on R. p u r p u r e u m ' s  life history has not  yet  
b e e n  exper imenta l ly  invest igated.  

Dis t r ibut ion in  the Pacific and  Atlantic  Oceans  

The avai lable  dis t r ibut ion data (Fig. 11) suggest  that R. p u r p u r e u m  in the North and  
South Atlantic Ocean  and  the North Pacific Ocean  is l imited towards the equator  by 
20 °C summer  isotherms {August isotherm in  the nor thern  hemisphere;  February  
isotherm in  the southern hemisphere).  However,  in  the South Pacific Ocean  the species 
seems to be b o u n d e d  towards the equator  by the 15 °C winter  isotherm along the 
Amer ican  coast, and  by the 20 °C summer  isotherm along the New Zea land  and  
Aust ra l ian  coasts. The species occurs in  Antarctica, a l though it is possibly restricted to 
parts project ing from the main land .  This global dis t r ibut ion p a t t e m  suggests that R. 
p u r p u r e u m  has the same genotypic range  of temperature  and  daylength  adapta t ion  in 
the nor thern  and the southern hemispheres.  

N e m a l i o n  h e l m i n t h o i d e s  

Life history 

The slippery, worm-l ike  gametophytes  of N e m a l i o n  appear  in  summer  on wave- 
exposed rocks in  most of its distr ibution area. The life history comprises, in  addition, a 
strongly heteromorphic  tetrasporophyte which is composed of i r regularly b ranched  
fi laments.  The mul t iaxia l  gametophyte arises from a similar  f i lamentous stage. The 
species apparent ly  h iberna tes  in the form of these f i lamentous stages {Fries, 1967, 1969; 
Martin, 1967; Umezaki ,  1967"), which can be  termed tetrasporophytic and  gametophyt ic  
microthal l i  (van den  Hoek et al., 1972). Both tetrasporophytic and  gametophyt ic  mic- 
rothall i  appear  to reproduce vegeta t ively  by monospores unde r  a wide  range  of condi-  
tions. 

In two recent  studies (Chen et al., 1978; Masuda  & Umezaki ,  1977) the tempera ture  
and  daylength  condit ions in f luenc ing  the life history have b e e n  studied;  the results of 
both  studies are in  agreement ,  and  their  results will  be  summar ized  here. 

Tetrasporogenesis  is i nduced  by  short day condit ions (photoperiods ~< 12 hrs} and  

* N. vermiculare Suringar is here considered to belong to the form range of/'4, helminthoides. 
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re l a t ive ly  h igh  t empera tu re s  (i> 10 °C; ~< 18 °C); t e t r a sporang ia  are  formed in 1 to 2 
weeks .  Te t r a spo rang ia  are not  formed u n d e r  5 and 22 °C short  day  condit ions.  

Macro tha l l i  are  in i t i a ted  from gametophy t i c  micro tha l l i  only  unde r  long day  condi-  
t ions (photoper iods  > 12 hrs) and  at  t empera tu re s  b e t w e e n  about  12 and  22 °C. Mac-  
rothaIl i  need  about  4 months to mature  and  to form carpospores .  

In axenic  cultures,  micro tha l l i  show posit ive,  though  s low growth a t  12 °C, and  
m a x i m u m  growth  at 20 °C. Tempera tu r e s  b e t w e e n  26 a n d  27 °C are  le thal  (Fries, 1966). 

NEMAUON HELMINTHOIDES 

(~) Halifax (45° N) 
induction at:, lO 15 ° C 

~10°C; -< 18°C ~ ] ] ~ I E ~ ~  tetrasporangia 
<_ 12 hrs photoperlod 

>12°C; <22°C ~ initiation 
macrothalli 

>12hrs photoperiod J F MA MJ J A  SO ND 

temperature blocking 
tetrasporogenesis or 
initiation of macrotballi 

daylength blocking 
tetrasporogenesis or 
initiation of macrothalli 

tetrasporangia/ 
m macrothalli formed 

lethal temperature > 26°C (~)W, Sahara ( 25°N) 

17 ° 24 ° C 
~ tetrasporangia 

initiation 
macrothalli 

J F M A  M J J A  SO ND 

Fig. 12. Nernalion helminthoides. Model of the seasonal reproductive cycle in Halifax, Nova Scotia 
(near northern boundary) and in the W. Sahara (southern boundary), by applying culture results to 

the conditions in both regions 

W h e n  one  app l i e s  the  above  cul ture  da ta  to the  seasona l  condi t ions  at  Halifax,  Nova  
Scotia  (45 °N), a mode l  of the  seasona l  s equence  of the  phases  is ob ta ined  as  p ic tu red  in  
Fig. 12a. The  occurrence  of t e t r a spo rang i a  in na ture  is unknown,  bu t  the  ga me tophy t e s  
a p p e a r  i n d e e d  in  midsummer ,  t O d i s a p p e a r  g r adua l l y  in au tumn (South & Hooper,  1980). 
Where  spr ing  t empera tu re s  are  h ighe r  the  game tophy te  appea r s  earl ier .  

At  the  southernmost  poin t  of its geog raph i c  area,  in the  wes te rn  Sahara  (25 °N) the  
g a m e t o p h y t e  can be  expec ted  to a p p e a r  in spr ing  (Fig. 12b). 

Geograph ic  b o u n d a r i e s  in  the North At lant ic  Ocean  

The  "southern  growth  and  reproduc t ion  bounda ry"  of the  game tophy te  can be  
expec t ed  nea r  a po in t  where,  in the  pe r iod  Apr i l  through Augus t  (when day leng ths  are  
12 hours  or longer)  t empera tu re  drops  b e l o w  22 °C for abou t  2-3  months.  This  wou ld  
app rox ima te ly  cor respond wi th  a June  t empera tu re  of 21 °C; and  this wi th  an  Augus t  
t e m p e r a t u r e  of c. 23 °C. As the  spec ies  can  survive in  the  form of microthal l i ,  these  
condi t ions  can be  ave rage  condi t ions.  Thus, the  "southern  growth  and  reproduc t ion  
b o u n d a r y "  of the  game tophy te  can  b e  expec t ed  nea r  the  23 °C summer  isotherm.  In 
genera l ,  "southern  growth  and  reproduc t ion  bounda r i e s "  app rox ima te  win te r  isotherms,  
because  they  r ep re sen t  the  h ighes t  poss ib l e  t empera tu re  a l lowing  growth  and  reproduc-  
tion of nor thern  species.  In N. helminthoides,  however ,  the  "southern  growth and  
reproduc t ion  b o u n d a r y "  of the  g a m e t o p h y t e  is d e t e r m i n e d  by  a summer  tempera ture ,  as 
short  pho toper iods  (~  12 hrs) b lock  growth  in win te r  and  restr ict  it  to the summer.  
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The  "southern lethal  boundary"  can be expected near  a point  where  the tempera-  
ture rises above 27 °C. This would  approximately correspond with a m a x i m u m  August  
tempera ture  of surface water  of 27 °C, and  this with a m e a n  August  t empera ture  of about  
24 °C. Thus, the "southern lethal  boundary"  can be expected near  the 24 °C summer  
isotherm, and  to coincide approximately with the "'southern growth and  reproduct ion 
boundary"  of the gametophyte.  Part icularly in  the Medi ter ranean,  the actual  southern 
boundary  is near  the 25 °C summer  isotherm (Fig. 13). 

Fig. 13. Nemal ion  helminthoides.  Distribution in the North Atlantic Ocean 

The "southern reproduct ion boundary"  for the formation of tetraspores by the 
tetrasporophyte and  consequent ly  of the formation of gametophytes,  can be expected 
near  a point  where, in  the period September  through half March, tempera ture  is 18 °C or 
lower for about  2 weeks  in  each year. This would correspond with a mean  February  
tempera ture  of c. 16 °C. This corresponds indeed  with the southern  boundary .  

The "northern reproduct ion boundary"  for the formation of tetraspores and  conse- 
quent ly  of gametophytes  can be expected nea r  a point  where,  in  the per iod September  
through half March, tempera ture  is each year  above 10 °C for about  two weeks.  This 
corresponds approximately  with a mean  September  tempera ture  and  August  tempera-  
ture of 11 °C. 

The "northern growth and reproduct ion boundary"  of the gametophyte  can be 
expected near  a point  where  in the period April through August  (with photoperiods 
> 12 hours) temperature  is above 12 °C for at least two months in  an  average summer  (for 
the species can survive cold summers  as self-reproducing microthallus). This would 
approximately correspond with a m e a n  August  temperature  of 12 °C. The actual  north- 
ern boundary  follows i n d e e d  closely the 12 °C summer  isotherm. 

The "nor thern le thal  boundary"  of N. h e l m i n t h o i d e s  has not  b e e n  exper imenta l ly  
tested, bu t  microthall i  grow slowly at 5 °C, and  must  be  able to survive frost dur ing  tow 
tide at its northern boundary .  This would posit ion the "nor thern  lethal  boundary"  north 
of the 0 °C winter  isotherm. Possibly therefore the 5 °C summer  isotherm is the "nor thern  
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growth  boundary"  of the microthall i .  The capaci ty  of the microthal l i  for i n d e p e n d e n t  

vege t a t i ve  reproduct ion  by monospores  makes  it l ike ly  that  N e m a f i o n  occurs to the north 

of the 12 °C summer  isotherm in the form of hi therto un recogn ized  microthall i ,  much  in 

the way  as the te t rasporophytes  of B o n n e m a i s o n i a  hami fera  has a much more northern 

extens ion  than the gametophyte .  

Geograph ic  distr ibut ion in the Atlant ic  and Pacific Oceans  

In the nor thern hemisphere  N e m a l i o n  h e l m i n t h o i d e s  is bounded  on both sides of the 
Pacific and Atlant ic  Oceans  by approximate ly  the 12 °C summer  isotherm in the north 

and the 25 °C summer  isotherm and the 16 °C win ter  isotherm in the south (Fig. 14). 
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Fig. 14. Nemalion helminthoides. Distribution in the Pacific Ocean (left part of diagram) and 
Atlantic Ocean (right part of diagram) 

In the southern hemisphere  the species  occurs on the wes te rn  sides of both oceans  
and here  their  distr ibution accords wi th  that in the nor thern  hemisphere .  I did not find 

records for the eastern Pacific and Atlant ic  coasts, nor for subantarct ic islands, in the 

southern hemisphere .  This is espec ia l ly  unexpec ted  for the Ch i l ean  coasts, as these are 

direct ly  connected,  via Fnegia ,  wi th  the coast of Argent ina.  In a personal  communica-  
tion, Dr. B. Sante l ices  has conf i rmed the  absence  of records for Chi lean  coasts. 
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The point  should be  stressed that only one type of env i ronmenta l  regulat ion,  val id 
for Japanese  and  Nova Scotia material,  can expla in  the dis t r ibut ion of N. helminthoides. 
Other widely distributed, amphiequator ia l  species, such as Sc~osiphon lomentaria and  
Rhodochorton purpureum, have different la t i tudinal  t empera tu re -day leng th  ecotypes. 

Chondrus crispus 

Life history 

Chondrus crispus has an  a l ternat ion be tween  isomorphic tetrasporophytes and  
gametophytes.  Both phases consist of basal  crusts from which fan-l ike erect fronds arise. 
The basal  crusts do not have i ndependen t  means  of reproduction.  

In cultures, carpospores and  tetraspores germina ted  at temperatures  from 
5 °C-20 °C, but  not h igher  than  20 °C (Chen & McLachlan, 1972). 

Growth was slow at 5 °C and  25 °C, and  maximal  at 15 °C and  20 °C (Bird et al., 1978; 
Simpson & Shacklock, 1979). At 30 °C plants  died wi th in  ten  days (Simpson & Shacklock, 
1979). 

Cultures grown from spores at 15 °C and  a 16 hours photoperiod n e e d e d  about  8-10 
months to at tain a l eng th  of 5-8 cm and  to become mature. Gametophytes  matured  only 
unde r  long day condit ions (16 h photoperiod, not 12 h) and  15 °C. Tetrasporogenesis  took 
place unde r  long day and  short day conditions, and  temperatures  of 15 °C, 13 °C, and  
5 °C, but  seemed to be promoted by transfer to short day condit ions (10 and  8 h 
photoperiods). Mature plants  cont inued  the formation of reproductive cells for several 
months. After that, male  plants  and  tetrasporophytes resumed growth; gametophytes  
were reduced to the basa l  crust which could give off ne w  erect fronds. Basal crusts are in 
genera l  important  for the ma in t enance  of populat ions  in  na ture  ( C h e n &  McLachlan,  
1972). 

In accordance with these culture results, gametophytes  and  sporophytes can be 
found throughout  the year  in  subt idal  populat ions on the coast of New Hampshire .  Mid- 
littoral populat ions show a summer  in terrupt ion in  the product ion of reproduct ive cells, 
probably  as a result  of adverse intert idal  condit ions (later matura t ion  as a result  of ice 
scouring, desiccation, h igher  temperatures).  Adverse high temperatures  were also found 
in  the above culture results (no reproduct ion at 20 °C). Tetraspore product ion is also 
reduced in summer  in  subt idal  populations,  and is maximal  in  autumn.  These field 
observations suggest  that tetrasporogenesis  is promoted by, but  not restricted to, short 
daily photoperiods. In short: the reproduction of Chondrus crispus does not present  a 
distinct seasonali ty (Tveter-Gal lagher  et al., 1980). 

Geographic  boundar ies  in  the North Atlant ic  Ocean  

The culture results indicate  that the erect fronds must  have a m i n i m u m  length  of 
about  5 cm before they can mature.  This suggests that temperatures  must  have, dur ing  a 
period of several months,  a value a l lowing sufficient vegetat ive growth. 

The "southern growth boundary"  can consequent ly  be expected near  a point  where  
tempera ture  drops in  winter  be low 25 °C for several months. Even then  thall i  should 
probably  grow for several  seasons to reach maturity. This would  approximately corres- 
pond  with a mean  tempera ture  of 22-23 °C in  February ( incidental  warmer  winters  could 
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be survived as crusts). The 22-23 °C win te r  isotherm in  the Atlant ic  is far more to the 
south than  the actual  southern phytogeographic  bounda ry  {Fig. 15). 

Another  possible southern  bounda ry  might  be  set by  the inabi l i ty  of spores to 
germinate  at temperatures  above 20 °C. This suggests a "southern  germina t ion  bound-  
ary" roughly  on the 20 °C winter  isotherm, as occasional h igher  winter  temperatures  
could be survived as basal  crusts. Again,  the 20 °C winter  isotherm is far more to the 
south than  the actual  southern boundary .  

Fig. 15. Distribution of Chondrus crispus in the North Atlantic Ocean 

A southern reproduct ion boundary  can be expected at a point  where  temperature  
drops, in  winter,  be low about  17 °C for several  months  (as reproductive cells are formed 
at 15 °C, and  not at 20 °C). This would  correspond with a 17 °C m e a n  February tempera-  
ture, as occasional  warmer  winters  can be survived. This explains  indeed  the occurrence 
of C. crlspus in  Maur i tan ia  (W. Africa} where  especial ly winter  upwe l l ing  provides cool 
surface water  of 16 °C. It also explains  the absence  of C. crispus in  the Canar ies  and  
Madei ra  (where winter  temperatures  are about  18 °C) and  its presence  on the Azores. 

The "southern lethal  boundary"  can be expected where  dur ing  one week, tempera-  
~rre of the surface water  exceeds c. 27 °C in  an  excessively warm summer.  This corre- 
sponds approximately  with a m e a n  Augus t  tempera ture  of 24 °C. This would  suggest  a 
" sou them lethal  boundary"  near  the 24 °C summer  isotherm, which is near  the actual  
southern l imit  of Chondrus crlspus in America on the coast of Delaware (Zaneveld, 1972) 
and  in  Africa on the coast of Maur i tan ia  (Lawson & John, 1977}. However,  the species is 
not recorded for the coasts be tween  southern Portugal  and  Mauri tania .  In southern 
Portugal  the species is rare and  the plants  r ema in  small. Here the m e a n  August  
tempera ture  of the surface water  is 20 °C, and  the ma x i mum tempera ture  23 °C. Compa- 
rable condit ions exist on the C6te Basque (S.W. France} where  the species is rare and  
in termit tent ly  present.  Winter  tempera tures  are here certainly low enough  for reproduc- 
tion. In southern Portugal low littoral and  upper  sublit toral  popula t ions  run a much 
greater  risk of be ing  exposed to h igh  air temperatures  than  in  nor thern Portugal. In 
S. Portugal  the n u m b e r  of days per  month  with a tempera ture  of 25 °C or more is 26 or 
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less per  month (with max ima  in July  and August);  in N. Portugal  (where Chondrus 
abounds) only 6 days or less (Ardr6, 1971). 

One  would  expec t  C. crispus in the N. Medi t e r ranean  wi th in  the 24 °C summer  

isotherm. Probably life is too hazardous  here  on the l imits  of its ex i s tence  and wi thout  the 
possibi l i ty of be ing  rees tab l i shed  from more northern populat ions.  

The "nor thern growth and reproduct ion boundary"  can be  expec ted  near  a point  

where  tempera tures  rise in summer  several  months above  5 °C. Even  then  the thall i  

should probably  have  perenn ia l  growth before becoming  mature.  Excess ively  cold 

summers  are probably  surv ived  as basal  crusts. This wou ld  approximate ly  correspond 
with  a m e a n  August  t empera tu re  of 7 °C. The actual  nor thern  boundary  is i ndeed  near  to 

the 7 °C summer  isotherm. In Iceland, the species is restr icted to the southern and 

southwestern  coasts (J6nsson, 1912; Munda,  1977, 1978, 1980). 

No exper imenta l  data  are ava i lab le  to infer the "nor thern  le thal  boundary" ,  but  
Chondrus crispus must  be able  to survive,  in the Gulf of St. Lawrence,  tempera tures  

be low 0 °C. Basal crusts in the inter t idal  zone can probably  survive exposures  to severe  
frost. 

Geograph ic  boundar ies  in the North Atlantic  and North Pacific Oceans  

Chondrus crispus is also known to occur a long the nor thwes tern  coasts of the Pacific 
Ocean,  where  it also seems to be  bounded  by the 7 °C summer  isotherm to the north and 

the 24 °C summer  isotherm to the south (Fig. 16). It is miss ing a long  the nor theas tern  
coasts of the Pacific Ocean  which  it seems to be potent ia l ly  capab le  of inhabi t ing.  This 

distr ibution pat tern  resembles  very much that  of Dumontia contorta and Cladophora 
rupestris (van den Hoek,  1979, 1982). 
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Fig. 16. Distribution of Chondrus crispus in the North Atlantic and North Pacific Oceans. The 
distribution data from the Bering Sea and Unalaska (Aleutian Islands) (Dawson, 1946) need 

confirmation 

An explanat ion  for this distr ibution pat tern  is that  Chondrus crispus has succeeded  
in spread ing  from the Atlantic  Ocean,  through the Canad ian  Arctic and the Bering 

Straits into the Pacific O c e a n  dur ing a wa rmer  p le i s tocene  in te rg lac ia l  per iod  than  the 

present  one. This wou ld  have  requi red  summer  tempera tures  of 7 °C in Canad i an  Arctic 
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Waters. At present  summer  surface temperatures  range  from 2.2 °C in the western  part  to 
6.4 °C in  Baffin Bay (Lee, 1973), whi le  at some points summer  temperature  may be as 
high as 9 °C (Lee, 1980). 

The southward currents (East Kamchatka  Current,  Oyashio Current) a long the Asian  
shores have possibly promoted C. crispus" further dispersal  to Japan;  the northward 
current a long the Alaskan  shores hav ing  preven ted  its dispersal  a long Amer ican  shores. 

The genus  Chondrus is represen ted  in  Japan  by  seven  h ighly  var iable  species. 
Possibly C. crispus, upon  its arrival in  Japan,  has g iven rise to in tense  speciation. 
Alternatively,  Chondrus crispus may have or iginated in  J a pa n  and  dispersed through 
the Bering Straits and  the Canad i an  Arctic to the Atlant ic  Ocean. The direction of the 
currents in  the North Pacific Ocean  does not support  this hypothesis;  whereas  the 
genera l  southeasterly direction of the currents through the Canad i an  Arctic Archipelago 
does support  this hypothesis. 

However,  it seems un l ike ly  that a benth ic  algal  species could not disperse a long an 
un in te r rup ted  coastl ine wi th in  its tempera ture  boundaries ,  even  against  the prevalent  
direction of the currents. Another  explanat ion  is that true Chondrus crispus does not 
occur a long Japanese  and  adjacent  coasts; this is the case according to J. McLachlan 
(pets. comm.). 

Desmarestia aculeata 

Life history 

Desmarestiales resemble Laminariales in having a markedly heteromol-phic life 
history, in which macroscopic sporophytes alternate with microscopic dioecious 
gametophytes with oogamy. 

The perennial sporophytes become fertile in autumn, and show active growth in the 
early summer. The gametophytes produce gametes which give rise to new sporophytes 
which appear  in  spring (Chapman & Burrows, 1970, 1971; Kornmann,  1962c). 

Female  gametophytes  of D. aculedta became fertile at 5 °C and 10 °C, but  not at 
15 °C and  20 °C; those of D. viridis at 5 °C, less than 10 % at 10 °C, and not at 15 °C and  
20 °C (Liining, 1981a). Photoperiod did not inf luence fertility of the gametophytes.  The 
factors in f luenc ing  sporulat ion of the sporophyte were not invest igated.  Sporophytes of 
D. aculeata grew at temperatures  from 0 °C through 20 °C, but  not at 25 °C. The opt imum 
tempera ture  for growth was 10 °C (Fortes & Lfining, 1980). 

Geographic  dis t r ibut ion in  the North Atlantic Ocean  

The southern  limits of D. aculeata and  D. viridis along European  shores can be 
expla ined  as "southern reproduct ion boundar ies"  a long the 12 °C and 10 °C winter  
isotherms, respectively. These correspond with ma x i mum winter  temperatures  of 14 °C 
in  D. aculeata, and  12 °C in  D. viridis, al lowing fertility of the female gametophytes  at 
the. s o u t h e r n  boundaries .  This is supported .by the .ab.ove cited exper imental  data 
(Liining, 1981a). The sou them boundar ies  in  America are l ikely to be "southern lethal  
boundar ies"  and  to follow consequent ly  summer  isotherms (Pig. 17). 

The southern boundar ies  of both D. aculeata and  D. viridis in  N.E. America are nea r  
the 20 °C summer  isotherm, which would  correspond with a lethal  temperature  of 
approximately 23 °C. This accords wi th  the observat ion that growth of D. aculeata 
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Fig. 17. Distribution of Desmarestia aculeata in the North Atlantic Ocean 

Fig. 18. Distribution of Desmarestia viridis in the North Atlantic Ocean 

sporophytes ceases at a t empera tu re  b e t w e e n  20 °C and 25 °C. For D. v i r id i s  similar  
observat ions on growth of the sporophyte are not avai lable .  

However ,  the southern  l imit  of t9. a c u l e a t a  in J a p a n  (in Sacha l ien  and Hokkaido)  is 

near  the 17 °C summer  isotherm, and this suggests  somewha t  different t empera tu re  

requ i rements  of the J a p a n e s e  populat ion of D. acu lea ta .  T h e  winter  t empera tu re  here  is 
c. 0 °C, far be low the m a x i m u m  winter  t empera ture  a l lowing  fertil i ty of female  

gametophytes  in Europe.  In N.W. Amer ica  the southernmost  point  of distr ibut ion of D. 

a c u l e a t a  corresponds approximate ly  wi th  the 10 °C February  isotherm, and this does not 
differ much from the European  southern limit. The m e a n  August  t empera tures  are here  
c. 14 °C. 

The  southern l imi t  of 1). v i r id i s  in J a p a n  (on the E. and W. coasts of Honshu) is 

s i tuated near  the 10 °C win ter  isotherm and, at the same time, near  the 25 °C summer  
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isotherm. In N.W. America  the southern  l imit  is near  the 11 °C winter  isotherm (summer 
temperatures  here  are on an average 15 °C) (Pig. 18). Possibly the southern l imit  of D. 
ylrldls in  N.E. America also approaches the 25 °C August  isotherm, but  the lack of 
sui table  substrata be tween  its actual  southernmost  station (New Jersey} and  the poten-  
tial southernmost  point  (in Delaware), is possibly responsible  for its absence in  this 
southernmost  port ion of its potent ia l  r ange  in  N.E. America. Another  possibil i ty is that 
Japanese  and  N.E. Amer ican  popula t ions  have somewhat  different upper  lethal  temper-  
atures. 

Distr ibution in  the southern hemisphere  

Whereas  Desmarestia viridis has b e e n  recorded from the temperate  bel t  of the 
southern hemisphere ,  D. aculeata has not  b e e n  recorded there. The records of D. virldls 
suggest  that it is restricted to the North by the 8 °C winter  isotherm, which includes  the 
subantarct ic  is lands and  southernmost  South America, but  excludes Australia, New 
Zea land  and South Africa. PapenfuI~ {1964) thinks that these records need  confirmation. 
The Antarctic species D. wl1111 Reinsch has formerly b e e n  confused with D. viridis. 

Monostroma grevillei 

Life history 

Monostroma grevillei has a heteromorphic  life history, in  which b lade- l ike  dio- 
ecious gametophytes  a l ternate  with un ice l lu la r  "'Codiolum-like'" sporophytes (Korn- 
mann,  1962a; Jbnsson,  1968; for a review, see Tatewaki,  1972). The b lade- l ike  
gametophyte  is a spr ing annual .  The species survives the rest of the year in  the form of 
the un ice l lu la r  sporophyte which in this respect resembles  hypnozygotes  of numerous  
freshwater Chlorophyceae.  

The sporophyte becomes fertile (produces quadri f lagel la te  meiospores) unde r  short 
day condit ions (8/16 h light/dark) and  at 5 °C, 10 °C, and  15 °C for 10 % of the plants;  bu t  
not at 1 °C and  20 °C. The sporophytes remain  sterile unde r  long day condit ions (16/8 h 
l ight/dark) and  at all  temperatures  tested. A l ight  b reak  g iven in  the long dark period 
reverses the photoperiodic response,  this ind ica t ing  a "'true photoperiodic response" 
(Lfining, 1981a, b). 

induction at: 

5,10 (15) °C, 
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F ig .  19. Model of the seasonal sequence of events in the life history of h4onostroma grevillel on 
Helgoland (based on Lfining, 1981a, b). The model is approximative, as the critical daylength has 
not been established, and the number of temperature values tested is too limited. A critical 
daylength has been assumed of 13 h {the critical daylength of Scytosiphon lomentarla on Helgo- 

land, see Lfining, 1981a, b) 
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The  d e v e l o p m e n t  of the  b l a d e - l i k e  fronds of the  g a m e t o p h y t e  from a basa l  crustose 
p h a s e  t akes  p l ace  at  5 °C and  10 °C, bu t  not  at 15 °C and  20 °C (Lfining, 1981a}. 

The  p r e s u m e d  sequence  of events  in the  l ife his tory of hi. grevillei on H e l g o l a n d  is 
g iven  in the  mode l  of Fig. 19. 

Dis t r ibut ion  in the  North  At lant ic  O c e a n  

The  southern  l imi ts  of Monostroma grevillei a long  E u r o p e a n  (and N.W. American} 
shores,  can  b e  e x p l a i n e d  as a "southern  reproduc t ion  b o u n d a r y "  a long  the  12 °C 
F e b r u a r y  isotherm (Fig. 20). This is suppor ted  by  Li ining 's  e x p e r i m e n t a l  da ta  ind ica t ing  
a m a x i m u m  t empera tu r e  of 15 °C a l lowing  fert i l i ty of the  sporophyte  {this cor responds  
wi th  a m e a n  m a x i m u m  t empera tu r e  of inshore  wa te r  of abou t  15 °C a n d  a m e a n  Feb rua ry  
t e m p e r a t u r e  of 13 °C). 

Fig. 20. Distribution of Monostroma grevlllei ((!)) and Acrosiphonia "'arcta '" ((3) in the North Atlantic 
Ocean 

The  southern  l imits  in N.E. Amer ica  (and in Japan} are  l i ke ly  to be  "southern  le tha l  
bounda r i e s "  app rox ima te ly  a long  the 20 °C summer  isotherm, which  w o u l d  cor respond  
wi th  a le tha l  t empe ra tu r e  of about  23 °C. This should  be  the l e tha l  t e m p e r a t u r e  of the  
sporophyte ,  which  is the  "ove r - summer ing"  phase .  Lethal  t empera tu re s  have  not  b e e n  
expe r imen ta l l y  t e s ted  so far. 

The  nor thern l imi t  of M. grevillei in the  North  At lant ic  Ocean  can b e  e x p l a i n e d  as a 
"nor thern  reproduc t ion  bounda ry"  a long  the  3 °C Augus t  isotherm. This  is suppor t ed  by  
Lfining 's  (1981b) observa t ion  that  sporophytes  need  a m i n i m u m  t empera tu r e  somewhere  
b e t w e e n  1 °C and  5 °C to b e c o m e  fertile.  This  m i n i m u m  t empera tu r e  should  be  r ea l i zed  
in  the  pe r iod  wi th  suff ic ient ly  short  daylengths ,  in  ea r ly  au tumn  (cf. Fig. 15). 

Dis t r ibut ion in the  southern  h e m i s p h e r e  

hi. grevillei has b e e n  recorded  from the southern  h e m i s p h e r e  (Fuegia  and  Ker- 
g u e l e n  Islands} {Papenfug, 1964). However ,  the taxonomic  status of these  records  is 
uncer ta in ,  and  the Monostroma-like Chlo rophyceae  in  the  southern  h e m i s p h e r e  are  in  
n e e d  of revision.  
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Acrosiphonia "'arcta" 

Life history 

Acrosiphonia arcta has a heteromorphic life history comparable to that of M. 
grevil lei ,  in  which monoecious isogamous gametophytes  al ternate with unicel lu lar  
"Codio lum"- l ike  sporophytes. The gametophytes  are tufts of b ranched  uniser iate  fila- 
ments  composed of mul t inuc lea te  cells (J6nsson, 1962, as A. spinescens).  The taxonomy 
of this genus  is present ly  confused and  needs revision for a large area (cf. Kommann,  
1962b; Kornmann  & Sahling, 1977). It is likely, however, that records of A. arcta and A. 
sp inescens  (or Spongomorpha arcta and  S. spinescens) in  the N. Atlantic refer to the 
same species. It is not clear whether  the popula t ion  of A. arcta on Helgoland,  which lacks 
a "Codiolum phase" but  is morphol igical ly  similar to A. arcta populat ions with a 
sporophytic phase, deserves the status of a separate species (Kornmann, 1962b; Korn- 
m a n n  & Sahling,  1977). 

Geographic  distr ibution 

The southern  dis tr ibut ion of A. arcta in  the North Atlantic is identical  to that of 
Monostroma grevi l le i  (Fig. 20). This suggests the same causes of this distribution pat tern 
as in  M. grevi l lei ,  part icular ly so because  both species have similar life histories. 
Exper imenta l  evidence  in support  of this hypothesis is not available.  

A. arcta is also recorded from the N.W. Pacific Ocean where  it is bounded  to the 
south approximately  by the 20 °C summer  isotherm (as in  the N.W. Atlantic Ocean). S. 
arcta is also recorded from the N.E. Pacific Ocean (as Spongomorpha arcta and S. 
spinescens ,  cf. Scagel, 1966), where  it can hardly be differentiated from Spongomorlaha 
coalita (Rupr.) Coll. This latter species has its southern boundary  at about the 12 °C 
winter  isotherm. 

Acrosiphonia arcta has also b e e n  recorded from the southern hemisphere (as 
Spongomorpha arcta and  S. spinescens) ,  where it occurs south of the 12 °C winter  
isotherm. However,  the taxonomic status on the species level of these southern records is 
uncer ta in  (PapenfuB, 1964). 

T h e  a m p h i a t l a n t i c  t e m p e r a t e  g r o u p  w i t h  a s o u t h e r n  b o u n d a r y  
n e a r  a w i n t e r  i s o t h e r m  

The species of the Cladophora albida type are characterized by having winter  
isotherms as their  southern boundar ies :  these correspond with "southern growth and/or 
reproduct ion boundar ies"  (Fig. 3). 

Punctaria latifolia seems to be, on the basis of its distribution, another example of 
this dis t r ibut ion group. Two other examples,  Scytosiphon lomentaria and Petalonia 
fascia, have b e e n  treated e lsewhere  (van den Hock, 1982). 

Punctaria latifolia 

Life history 

The life history of Punctaria latifolia comprises a prostrate f i lamentous phase with 
apical growth (the microthal lus phase) from which erect lanceolate  blades arise with 



182 C. van den  Hoek 

intercalary growth (the macrothal lus  phase). Both microthallus phase and  macrothal lus  
phase reproduce only by plur i locular  zoidangia  in  one strain from the Nether lands  
(Rietema & van  den  Hoek, 1981). All plurizoids grow into ne w  microthall i ;  macrothall i  
can only be  formed as shoots from microthalli.  

In other strains pluri-  als wel l  as uni locular  zoidangia  are formed whose zoids also 
directly grow into new  microthalli .  There are no clear indicat ions of a sexual cycle 
(Dangeard, 1963, 1966; Clayton & Ducker, 1970). 

The ini t ia t ion of macrothal l i  in  the above strain from the Nether lands  was markedly  
in f luenced  by tempera ture  (Rietema & van  den  Hoek, 1981: as Desmotrlchum 
undulatum). Higher  temperatures  (20 °, 25 °, 30 °C) favoured the rapid deve lopment  of 
ephemerous,  p redominan t ly  uniser ia te  macrothall i  which dis in tegra ted  soon (within 1-2 
weeks) by in tens ive  sporulation.  16 °C was the highest  tempera ture  a l lowing  the forma- 
tion of lanceolate  macrothal l i  which, however, reached their m a x i m u m  size wi th in  2-4  
weeks, w h e n  in tens ive  sporulat ion put  an  end  to vegetat ive growth. At still lower 
temperatures  (4 °, 8 °, 12°C) the final size of the macrothall i  was much  larger, despite 
slower growth. This was caused by a much later onset of zoidogenesis  at lower 
temperatures  (at 12 °C after 3-4 weeks, at 8 °C after 4 -8  weeks, and  at 4 °C after 8-13 
weeks). Under  short day condit ions the onset  of zoidogenesis  was advanced,  part icularly 
so at lower temperatures.  Therefore the largest  b lades  were formed at lower tempera-  
tures and  long day condit ions,  that is, in late spring. 

At 30 °C growth was  abnormal  and  characterized by dis in tegrat ion by precocious 
and a b u n d a n t  zoidogenesis  of microthalli  and  abortive macrothalli .  At 35 °C microthall i  
died. 

In culture, widely  vary ing  macrothall i  were obta ined  embrac ing  the characters of 
Desmotrlchum balticum Kfitz., D. scopulorum Reinke, D. undulatum (J. Ag.) Reinke, and 
Punctaria latifolia Grev. (Rietema & van  den  Hoek, 1981). 

Punctaria crouanii (Thur.) Born. and  P. crispata (Kiitz.) Batt. p robably  also be long  to 
the range  of P. latifolia. 

Geographic  distr ibution in  the North Atlant ic  Ocean  

The southern l imit  a long the N.E. Atlantic shores at the 14 °C winter  isotherm 
(Pig. 21) can be expla ined  as a "southern growth boundary" ,  corresponding with the 
highest  winter  tempera ture  (16 °C) a l lowing the formation of macrothal l i  from mic- 
rothalli. This is in  accordance with the above exper imenta l  results. 

The southern l imit  a long the N.W. Atlant ic  shores (at Beaufort, N. Carolina) near  the 
27 °C summer  isotherm can be  expla ined  as a "southern lethal  boundary" ,  correspond- 
ing with a lethal  t empera ture  of c. 30 °C. This accords with the above exper imenta l  
results, which ind ica ted  abnormal  growth at 30 °C and a lethal  tempera ture  l imit 
be tween  30 °C and  35 °C. This explanat ion  of the southern limit of P. latifolia differs from 
that g iven  in Rietema & van  den  Hoek (1981), where  the 15 °C win te r  isotherm ("the 
southern growth boundary")  is considered to l imit P. latifolia to the south both in  Europe 
and  N.E. America. However,  in  that case the southernmost  point  of P. latifolia could be 
expected much more to the south in  N.E. America than  the actual,  southernmost  l imit  at 
Beaufort, N. Carolina. 

Apparent ly,  the southern  l imit  of P. latifolia does not differ from most other southern 
limits so far invest igated in the North Atlantic Ocean. It is also of a composite nature,  and 
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consists a long the E. Atlantic coast of a "southern growth boundary"  (a winter  isotherm), 
and  a long the W. Atlantic coast of a "southern lethal  boundary"  (a summer  isotherm). 

Apparen t ly  there is no fundamen ta l  difference be t w e e n  the C1. rupestr is- type and  
C1. albida-type of the amphia t lan t ic  distr ibution group. Clearly distr ibution data alone 
may lead to incorrect conclusions as to the causes of dis t r ibut ion patterns. 

Fig. 21. Distribution of Punctaria latifolia in the N. Atlantic Ocean 

So far only Scytos iphon lomentaria and  Petalonia fascia seem to have southern 
boundar ies  a long win te r  isotherms (of 17 °C) at both sides of the ocean and correspond- 
ing with the max imum winter  temperatures  a l lowing ini t ia t ion of macrothalli .  However, 
even  in  these two species a lethal  tempera ture  of c, 33 °C probably  prevents  their 
es tab l i shment  in  most of the N, Gulf of Mexico. 

The nor thern  limit of 1). latifolia (near the 4 °C winter  isotherm) can probably  be 
expla ined  as a "nor thern  reproduct ion boundary" .  At 4 °C in  culture slow growth of 
macrothall i  and  fertility occurred; lower temperatures  were not invest igated.  

Distr ibution in  the Atlant ic  and  Pacific Oceans 

The dis t r ibut ion pat tern  of P. latifolia in  the North Pacific Ocean  accords with that in  
the N. Atlant ic  Ocean  with regard to the l imi t ing isotherms (Fig, 22). The comparat ively 
few records from the southern hemisphere  are conta ined  be t w e e n  the 14 °C winter  
isotherm to the north and  the 4 °C summer  isotherm to the south. 

T h e  N.E.  A m e r i c a n  t e m p e r a t e  g r o u p  

The few species in  this dis t r ibut ion group are endemic  to N.E. Amer ican  coasts, 
where  they are adapted  to the wide a n n u a l  temperature  fluctuations. Chondrla bai ley-  
ana is one possible example,  but  this species is difficult to differentiate from C. 
tenulsslma. Another  possible example  is PoIysiphonia harvey1. However, the genus  
Polyslphonia is in  need  of a taxonomic revis ion for large areas. 
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Fig. 22. Dis t r ibu t ion  of Punctaria latifolia in  t h e  A t l an t i c  a n d  Pacif ic  O c e a n s  

Polysiphonia harveyi 

Life history 

Polysiphonia harveyi has an isomorphic alternation between gametophytic and 

tetrasporophytic phases (Polysiphonia-type). 
Isolates from Wrightsville Beach, North Carolina, grew well at 10, 15, 20, and 25 °C, 

and poorly at 30 °C. Antheridia and carpogonia were formed at 10-25 °C, mature 
gonimocarps at 20 °C; in nature gonimocarps were found at 11-23 °C (the formation of 
tetrasporangia was not investigated) (Kapraun, 1980). 

Geographic distribution along N.E. American shores 

The northern boundary of P. harveyiis near the 12 °C August isotherm (Pig. 23). This 
limit can be explained as a "northern reproduction boundary", corresponding with a 
minimum summer temperature of 11 °C necessary for the formation of mature 

gonimocarps. 
The southern boundary of P. harveyi is near the 19 °C winter isotherm. This can be 

explained as a "southern reproduction boundary", approximately corresponding with a 
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Fig. 23. Distribution of Polisiphonia harveyi in the North Atlantic Ocean 

max imum summer  tempera ture  of 21 °C al lowing formation of mature  gonimocarps (in 
nature,  the highest  temperature  at which mature  gonimocarps were found, was 23 °C). 

At the nor thern  boundary,  P. harveyi is a summer  a n n u a l  in protected, shallow 
embayments ;  at the southern boundary  it is a winter  annual .  At the nor them boundary  it 
must  be  able to survive winter  temperatures  as low as - 2  °C; at the southern boundary  
summer  temperatures  as high as 33 °C. P. harveyiis  apparent ly  wel l  adapted to the wide  
temperature  f luctuations characteristic for N.E. American  temperate  coasts. 

Bonnemaisonia hamifera 

Bonnemaisonia hamifera is an  invader  from the Japanese  temperate  dis t r ibut ion 
group. This dis t r ibut ion group contains  the numerous  species endemic  to Japanese  and  
adjacent  coasts (approximately b e t w e e n  30 °N and  45 °N). This group is equiva len t  to the 
N.E. Amer ican  temperate  group which contains only  very few endemic  species. 

Life history 

Bonnemaisonia hamifera has a heteromorphic  a l te rnat ion  be t w e e n  a pe renn ia l  
f i lamentous tetrasporophyte (microthallus-phase) and  an a n n u a l  dioecious erect 
gametophyte  (macrothallus-phase) of a complex architecture. The tetrasporophyte is 
also k n o w n  as the Trai l l ie l la-phase (Pig. 24). 

In cul tures from Helgoland,  te t rasporangia  were formed by the tetrasporophyte after 
exposure for about  one month  to a photoperiod of 11 hours or less per day and  a 
tempera ture  be tween  12 ° and  19 °C (Lfining, 1981a, b; see also Chihara,  1961; Chen  et 
al., 1969). A l ight  b reak  dur ing  the long dark period b locked tetrasporogenesis  thus 
ind ica t ing  a true photoperiodic response.  The  combina t ion  of relat ively h igh tempera-  
tures and  short daylengths  induc ing  tetrasporogenesis  is real ized for only a short period 
(October) on Helgoland,  and  for a longer  period (November/December)  at Tsuyazaki,  
J apan  (Liining, 1981a, b; see Fig. 24). 

Gametophytes  develop from the tetraspores in  a u t u m n  and  grow into maturi ty  in  the 
course of spring. The inf luence  of photoperiod and  tempera ture  on the growth and  
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Pig. 24. Bonnemaisonia hamifera. Conditions (temperature, daylength) influencing tetra- 
sporogenesis of tetrasporophytes. Models in which experimental results obtained in cultures of 
material from Helgoland are applied to field conditions at Halifax (a) (cf. Edelstein et al ,  1969a, b); 
Tsuyazaki, Japan (b) (cf. Chihara, 1961); Helgoland, Europe (c); and Canaries (d). Tetr. = 

tetrasporophytes; Gain, = gametophytes; dec. = decay; y = young gametophytes 

matura t ion  of the gametophyte  has not b e e n  exper imenta l ly  invest igated.  However,  
growth of the gametophytes  was clearly inh ib i ted  at temperatures  h igher  than  20 °C 
(Koch, 1950), and  they died after one week  of exposure to 25 °C (they survived 23 °C; 
Ltining, 1981b). In short term experiments  (12 h exposure) gametophytes  survived 17 °C, 
but  not 27 °C (Biebl, 1959). Tetrasporophytes died after one week  at 28 °C (they survived 
25 °C; Lfining, 1981b) and  at --2.9 °C wi th in  two hours w h e n  ice was formed, but  not 
w h e n  ice was not formed (Koch, 1950). This indicates  that the Tra i l l ie l la-phase  can 
survive subtidal  win te r  temperatures  as low as --2 °C. This is also val id  for the 
gametophyte  (Koch, 1950}. In short term exper iments  (12 h exposure} gametophytes  
survived --2 °C, bu t  not  --8 °C (with ice formation} (Biebl, 1959). 

Phytogeographic boundar ies  in  the North Atlant ic  Ocean  

The "southern reproduct ion boundary"  of the tetrasporophyte of B o n n e m a l s o n i a  

h a m i f e r a  can be expected near  an E-W line where, dur ing  a period of about  one month, 
tempera ture  drops be low 19 °C in  an  average winter  in  order to al low tetrasporogenesis  
and  consequent ly  the in i t ia t ion  of gametophytes.  This would  approximate ly  correspond 
with a monthly  m e a n  February  temperature  of 19 °C in  the sublittoral.  The "southern 
reproduct ion boundry"  of the tetrasporophyte can therefore be expected nea r  the 19 °C 
winter  isotherm. 

The "southern growth boundary"  of the tetrasporophyte has not  b e e n  exper imen-  
tally tested, but  the "southern lethal  boundary"  can be expected at a point  where 
temperature  never  exceeds 28 °C for one week, which corresponds with a max imum 
Augus t  temperature  of about  28 °C and  with a mean  August  tempera ture  of c. 25 °C. Thus 
the "southern lethal  boundary"  of the Trai l l ie l la-phase can be expected to approximate 
the 25 °C summer  isotherm, which is not far from the actual  southern boundary  (Fig. 25). 

The "southern growth and  reproduction boundary"  of the gametophyte  has not been  
exper imenta l ly  tested, but  the seasonal  deve lopment  of the gametophyte  at Shimoda, 
Japan,  suggests that  tempera ture  should drop be low c. 15 °C for about  four months  in  
winter  to allow sufficient growth and  reproduction; this approximaly corresponds with 
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Pig. 25, Distribution of Bonnemaisonia hamifera in the North Atlantic Ocean. Hatched: distribution 
area of the gametophyte (~). Stippled: distribution area of the tetrasporophyte with (®) and without 
(0} tetraspores. 19 °W = 19 °C winter isotherm. 25 °S = 25 °C summer isotherm. 13 °Oct.:13 °C 

October isotherm. 10 °S = 10 °C summer isotherm 

the 13 °C win ter  isotherm (Chihara, 1961, 1962). At 15 °C, normal  gametophytes  are 

ob ta ined  in cul ture (Chen et al., 1969). At 20 °C growth of gametophytes  is inhib i ted  

(Koch, 1950). 
The  "southern  le thal  boundary"  of the gametophy te  can be  expec ted  at a point  

whe re  t empera tu re  exceeds  23 °C for severa l  weeks  in summer;  actual ly  this is not 

re levan t  as the gametophy te  is a spring annua l  wh ich  has t e rmina ted  its l i fe-span before 

summer.  
The  "nor thern  reproduct ive  boundary"  of the te t rasporophyte  can be expec ted  near  

a point  where ,  for about  one month, t empera ture  is above  12 °C in the per iod  with the 

short daylengths  (~< 11 hrs) induc ing  tetrasporogenesis .  This month  is apparent ly  

October  (Fig. 24c) and it means  that  the nor thern reproduct ive  boundary  of the tetra- 

sporophyte  approximates  the 13 °C October  isotherm, which  corresponds with  about  the 

15 °C summer  isotherm in Europe and about  the 16 °C summer  isotherm in N . E .  
America.  This nor thern reproduct ive  boundary  of the te t rasporophyte  is at the same t ime 

the nor thern boundary  of ini t ia t ion of the gametophytes  (which can only start from 

tetraspores). The  actual  northern boundary  of the gametophy te  approximates  indeed  the 

13 °C October  isotherm (Fig. 25). 
The "nor thern  growth boundary"  of the te t rasporophyte  was not invest igated,  but 

distr ibution data  sugges t  that t empera tu res  in summer  must  be  above  8 °C for 1-2 
months  to a l low sufficient growth of the Trai l l ie l la-phase,  which  has its nor thern 

boundary  near  the 10 °C summer  isotherm. Trai l l ie l la  can main ta in  itself and disperse by 

means  of vege t a t i ve  mul t ip l ica t ion by fragmentat ion.  
The  "nor thern  lethal  boundm-y" of the te t rasporophyte  can be expec ted  at -- 2 °C. Its 

occurrence in waters  around Labrador indicates  that  it can indeed  survive tempera tures  

of - 2 °C. Mature  gametophyt ic  plants  were  present  in February  on the Atlantic  coast of 

Nova Scotia in water  wi th  a t empera tu re  of 2 °C (Chert et al., 1969); this indicates  that  the 



188 C. van den  Hoek 

gametophyte  must  be  able to grow and  reproduce at considerably  lower temperatures  
than the tetrasporophyte. 

The various above- t rea ted  boundar ies  have b e e n  in tegra ted  in  Fig. 25 which shows 
that B. h a m l f e r a  gametophytes  occupy only a narrow la t i tudina l  be l t  both  in  N.E.  
America and  along European  shores. This bel t  is l imited to the North by the "nor thern 
reproductive boundary"  of the tetrasporophyte, which  is nea r  the 13 °C October 
isotherm; and to the south by  the "southern growth and  reproduct ion boundary"  of the 
gametophyte  (the 13 °C winter  isotherm) in  Europe, and  the "southern lethal  boundary"  
of the tetrasporophyte in  America (the 25 °C summer  isotherm). 

Fig. 25 also shows that the tetrasporophyte - the Trai l l ie l la-phase  - has a much 
wider  la t i tudinal  span than  the gametophyte,  and  is l imi ted to the north by the "nor thern 

growth boundary"  (c. 10 °C summer  isotherm} and  to the south by  the "southern lethal  
boundary"  (the 25 °C summer  isotherm}. Apparen t ly  the vegeta t ive  reproduct ion by  the 
tetrasporophyte is much  more important  than  the sexual  cycle. 

At its nor thern boundary ,  the gametophyte  can be expected to be present  some 
years, and  to be absent  in  other years, as Octobers colder than  13 °C will  block 
tetrasporogenesis.  This is actual ly the case, in  Europe (Helgoland) as wel l  as in  N.E. 
America (Halifax} (Ltining, 1981b; Chen  et al., 1969). Comparable  year- to-year  fluctua- 
tions can be expected a long the southern dis tr ibut ion boundary.  The close proximity of 
these ins table  boundar ies  a long  European  coasts is probably  the reason that  gametophy-  
tes are comparat ively rare, and  that female gametophytes  often fail to become fertilized 
(Hamel, 1930) probably  because  male  and  female gametophytes  are too scattered. 

Distr ibution in Japan  

B o n n e m a l s o n l a  h a m i f e r a  is thought  to have b e e n  accidenta l ly  in t roduced into the 
North Atlantic Ocean  from Japan  at the end  of the previous century  (McLachlan et al., 
1969; Lfining, 1981b}. The vehicle  for this int roduct ion is unknown .  The species has 
probably  also b e e n  in t roduced to Pacific Amer ican  coasts. 

The distr ibution of B o n n e m a i s o n l a  h a m l f e r a  in  J a pa n  is g iven  in  Fig. 26. Apparent ly  
the southern dis tr ibut ion boundar ies  of the tetrasporophyte and  gametophyte  phase are 
more or less congruent .  The 27 °C summer  isotherm is the "southern lethal  boundary"  of 
the tetrasporophyte. The 13 °C winter  isotherm is the "southern growth and  reproduct ion 
boundary"  of the gametophyte.  

14°0C% " " . '  . - ~  14o0c].10°S 

Fig. 26. Distribution of Bonnemaisonia hamifera in Japan, Stippled: distribution area of the 
tetrasporophyte (®). Hatched: distribution area of the gametophyte (O). 10 °S = 10 °C summer 
isotherm. 14 °Oct. = I4 °C October isotherm. 13 °W = 13 °C winter isotherm. 27 °S = 27 °C summer 

isotherm. 19 °W = 19 °C winter isotherm 
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The 19 °C winter  isotherm is the "southern reproductive boundary"  of the tetra- 
sporophyte; this does not funct ion as a real boundary,  as it is s i tuated to the south of the 
"southern le thal  boundary" .  

To the north the 14 °C October isotherm corresponds with the "nor them reproduc- 
tive boundary"  of the tetrasporophyte in  Japan.  Purely vegetat ive tetrasporophytes can 
be expected up to the 10 °C summer  isotherm in  the Kuri l l ian Isles (45 °N). No distribu- 
t ion data are avai lable  to corroborate this. To the south, gametophytes  and tetra- 
sporophytes can be expected to occur a long Chinese  coast (to about  25 °N); dis t r ibut ion 
data for the Chinese  coasts could not be  obtained.  

The much better  congruence  of the dis tr ibut ional  boundar ies  of B. hamifera in J apan  
than in  Europe, supports the op in ion  that this species is a nat ive of Japan  where  it is 
adapted  to the preva i l ing  tempera ture  conditions. Tempera ture  condit ions along Euro- 
pean  coasts have enab led  the tetrasporophyte to disperse, in  the course of the past 
decades, through a much wider  la t i tudinal  span than  it inhabi t s  in Japan,  whereas  
complet ion of the sexual  cycle is more difficult than  in  Japan  because  condit ions 
induc ing  tetrasporogenesis  - main ly  the sharp au tumna l  tempera ture  drop coinciding 
with short daylengths  - are less easi ly realized. The vigorous vegetat ive mult ipl icat ion 
of the tetrasporophyte is a necessary prerequis i te  for its successful dispersal  in Europe. 

It is in teres t ing  that many  other species which are considered to be characteristic for 
the Japan  Sea shores of Japan,  such as Coccophora langsdorfii, Grafeloupia divaricata, 
and  Sargassum confusum have comparable  dis t r ibut ion pat terns along the coasts of 
J apan  (Chihara & Yoshizaki, 1970; cf. Punahashi ,  1974). 

Distr ibution a long Pacific North Amer ican  shores 

Bonnemaisonia hamifera is in  Pacific North America {Pig. 27) an inf requent  species 
which is restricted to a narrow la t i tudinal  bel t  b e t w e e n  Point Concept ion  (34030 ') and  
Punta San Qu in t in  (c. 30 °N). In this belt,  temperatures  in  the short day period (October 
through February) may have values  induc ing  the formation of tetrasporangia,  namely  
13°-19 °C, with a n n u a l  f luctuations (mean monthly  values) of c. 12-15 °C at 34°30 ', and  

40 ° N 

8o ° 

6d 

20°N 

0 

Fig. 27. Distribution of Bonnemaisonia hamifera in the NoAh Pacific and North Atlantic Oceans. 
(For explanation of symbols, see text to Pig. 25) 
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17-20 ° at 30 °. This southern  boundary  of the gametophyte  apparen t ly  has the character of 
"the southern reproductive boundary"  of the tetrasporophyte, as gametophytes  can only 
grow from tetraspores. It approximates  the 19 °C winter  isotherm. The nor thern  boundary  
of the gametophyte  corresponds in the same way with the "nor thern  reproductive 
boundary"  of the tetrasporophyte (14 °C October isotherm). North of Point  Concept ion  
the temperatures  are too low throughout  the year for te trasporogenesis  (less than 
7-12 °C, cf. West, 1972). The annua l  f luctuations may be quite i r regular  due to changes  
in  upwel l ing  and  circulation. In other words: there is not a dist inct  au tumna l  drop in  
temperature  which times, together  with short photoperiod, the onset  of tetraspo- 
rogenesis,  such as it does in  Japan.  Temperatures  can be expected to be occasionally too 
high or too low for tetrasporogenesis,  thus causing an  i r regular  presence  of the 
gametophytes  in the winter  half year. Moreover, temperatures  should remain  below 
15 °C in  the winter  half year in  order to allow growth and  matura t ion  of the gametophyte.  

The tetrasporophyte has a much wider  la t i tudinal  distribution, a l though it has not 
b e e n  found throughout  its potent ia l  range  (especially towards the north). 

Apparent ly  B. hamifera is as poorly adapted to tempera ture  condit ions in  N.W. 
America as it is in Europe. 

T h e  w a r m  t e m p e r a t e  M e d i t e r r a n e a n - A t l a n t i c  d i s t r i b u t i o n  g r o u p  

This distr ibution group contains the species endemic  to European  temperate  shores 
(Fig. 4; see "Introduction").  The distr ibution of Acrosymphyton purpuriferum suggests 
that this species be longs  to this distr ibution group (Fig. 29). The fol lowing discussion, 
however,  will present  a rguments  to attribute A. purpuriferum rather to distr ibution 
group 1, the amphia t lan t ic  t ropical- to-temperate dis t r ibut ion group with a nor theastern  
extension (Fig. 1). 

Acrosymphyton purpuriferum 

Life history 

A. purpuriferum has a heteromorphic  a l ternat ion be tween  a pe renn ia l  crustose 
tetrasporophyte (microthallus) and  an  annua l  erect monoecious  gametophyte  (Cortel- 
Breeman & van  den  Hoek, 1970). In cultures from Banyuls  (S. France) te t rasporangia  
were formed after exposure, for at least one week, to a photoperiod of 13 hrs or less and  a 

ACROSYMPHYTON PURPURIFERUM 
mediterranean, 
Banyuls (at 20m depth) 

initiation at: temp. °C temperatupe blocking 11 18.5 18.5 18 (at 20m) ~ tetrasporogenesis 
11-17°C ~ ] ] ] ~ E [ ] ] ] ~ E [ ] ] ] ] [ ~  tetr. 
-< 13 hrs ~ "i~ ~ , ~ daylength blocking 

tetraspomgene,~is photoperiod 
maturation gametophyte E ~ l ~ l d e ~  gain. 
at > 17°C J F MA M JJ A SO ND ~ t e t r a s  orang" . gameJ~a(ngla ~ormed 

Fig. 28. Acrosymphyton puqguriferum. Conditions (temperature, daylength) influencing tetra- 
sporogenesis and gametogenesis. Model in which experimental results obtained from cultures of 
material from Banyuls are applied to field conditions at Banyuls (at 20 m depth). Based on Breeman 

(1979). Tetr. = tetrasporophyte; Gam. = gametophyte; dec. = decay 
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tempera ture  be tween  11°-17 °C. The combined  inf luence  of temperature  and  short 
photoperiods restricts the formation of te t rasporangia  to the period November  through 
February  at a depth of 20 m at Banyuls  (Fig. 28). Young gametophytes  appear  in spring, 
and mature  in  the course of spr ing and  summer.  They matured  at temperatures  above 
17 °C (and up to 27 °C) without a photoperiodic inf luence  (Breeman, 1979, with further 
references). Vegetat ive growth of the gametophytes  took place over the entire tempera-  
ture range  exper imenta l ly  tested (12 °C-28 °C). The pe renn ia l  tetrasporophytes are 
probably  capable  of vegetat ive mul t ip l ica t ion  by means  of vegetat ive fragments. Veg- 
etative growth of tetrasporophytes took place over the ent i re  temperature  range  experi- 
menta l ly  tested (8 °C-20 °C). Lethal temperatures  were not invest igated.  

The u n i q u e  type of photoperiodic response in  Acrosymphyton is present ly  further 
be ing  inves t iga ted  (Cortel-Breeman & ten  Hoopen, 1978; ten  Hoopen & Breeman, in  
prep.). 

Phytogeographic boundar ies  

The "southern  reproduct ion boundary"  of the microthal lus-phase of Acrosymphyton 
purpuriferum can be expected near  a point  where, dur ing  a period of at least two weeks, 
tempera ture  drops be low 17 °C in  most winters  in order to al low tetrasporogenesis  and  
consequent ly  the ini t ia t ion of gametophytes:  this on the assumpt ion that Atlant ic  
popula t ions  have the same tempera ture  and  daylength  requi rements  as strains from 
Banyuls. This would  approximately  correspond with a month ly  m e a n  temperature  of 
17 °C at the depth (15-30 m) where  Acrosymphyton grows. If, in  some years, temperature  
does not  drop be low 17 °C it can survive as the pe renn ia l  crust with its own vegetat ive 
mult ipl icat ion.  This boundary  can therefore be expected to approximate the 17 °C winter  
isotherm, which it does (Fig. 29) according to avai lable  dis t r ibut ion data. 

Fig. 29. Distribution of Acrosymphyton purpuHferum (©) and A. caribaeum (¢) in the North Atlantic 
Ocean. Hatched area: potential distribution area of fertile A. purpuriferum gametophytes. Stippled 
area: potential distribution area of tetrasporophytes. 5 °W = 5 °C winter isotherm} 10 °Oct. = 10 °C 
October isotherm; 17 °S = 17 °C summer isotherm; 17 °W = 17 °C winter isotherm. Distribution 

data from Breeman (1979) 
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Theoretically,  the "southern  growth boundary"  of the microthal lus-phase  can be 
expected farther to the south as vegeta t ive  growth is possible at up to at least 20 °C. 

The "northern reproduct ion boundary"  of the microthal lus-phase can be expected 
nea r  a point  where, dur ing  at least two weeks  in  the per iod Sep tember  through March 
(when photoperiods are <~ 13 hrs/day), temperature  remains  above 10 °C thus a l lowing 
tetrasporogenesis.  This point  would  approximate the 10 °C October isotherm which 
roughly corresponds with the 13 °C summer  isotherm in  Europe and  about  the 16 °C 
summer  isotherm in  America. Again,  purely  vegetat ive growth and  mul t ip l ica t ion of 
microthall i  is possible at still lower summer  temperatures  (down to at least 8 °C). 

The "'southern growth and  reproduct ion boundary"  of the gametophyt ic  phase 
cannot  be  inferred from culture results, as the whole tempera ture  range  permi t t ing  
growth and  reproduct ion was not invest igated.  However,  if the highest  tempera ture  
(28 °C) permit t ing vegeta t ive  growth and  matura t ion  of the gametophyte  were nea r  the 
limit, this would posi t ion the "'southern growth and  reproduct ion boundary"  of the 
macrothal lus-phase near  a 30 °C winter  temperature.  This suggests  that  the game- 
tophyte of A. purpuriferum might  flourish throughout  the tropical belt, par t icular ly so in 
deeper  water  (15-30 m) a long oceanic coasts. Apparent ly  it is restricted to warm 
temperate  waters by the b locking of tetrasporogenesis  at tempera tures  above 17 °C. 

The "nor thern growth and  reproduction boundary"  of the gametophyte  can be 
expected near  a point  where,  dur ing  a period of at least one month,  tempera ture  arises 
above 17 ° in summer,  that is near  the 17 °C summer  isotherm. If, in  some summers,  
tempera ture  remains  too low, the species can survive as microthallus.  

The lethal  boundar ies  of both phases  have not b e e n  exper imenta l ly  tested. Espe- 
cially the lethal boundar ies  of the pe renn ia l  tetrasporophyte are important  as absolute 
dis t r ibut ion boundar ies .  The "nor thern  lethal  boundary"  of the microthal lus  must  be 
near  a winter  tempera ture  be low 8 °C, the lowest tempera ture  a l lowing growth and  
vegetat ive mult ipl icat ion.  Assuming  that this boundary  is near  the 5 °C win te r  isotherm, 
this would  allow occurrence of the microthallus a long the coasts of the British Isles and 
on offshore reefs of the Carolinas,  and  not in  N.E. America and  on inshore coasts of the 
Carolinas. Crustose rhodophytes resembl ing  the tetrasporophyte of Acrosymphyton and  
k n o w n  as Hymenoclonium serpens are indeed  k n o w n  from the British Isles (Cortel- 
Breeman, 1975) but  have probably  part ly b e e n  confused with Hymenoclonium-like 
tetrasporophytes of Bonnemaisonla asparagoides. 

The highest  exper imenta l  tempera ture  to which the tetrasporophyte has b e e n  
subjected is 20 °C, at which good growth is possible (but not tetrasporogenesis).  If the 
tetrasporophyte could grow at the same high temperatures  as the gametophyte  (28 °C), it 
could be expected to grow in  the tropical belt  where  it could ma in t a in  itself by 
vegetat ive mult ipl icat ion.  

In the hatched area  of Fig. 29 A. purpuriferum is able  to complete  its life history; this 
area is clasped be tween  the 17 °C winter  isotherm (the southern boundary  of tetra- 
sporogenesis  and consequent ly  the ini t ia t ion of gametophytes)  .and the 17 °C summer  
isotherm (the nor thern  boundary  for maturat ion of the gametophyte).  The avai lable  
dis t r ibut ion data are compat ible  with this area. However,  A. purpuHferum is a compara- 
t ively rare species which  has possibly b e e n  overlooked in  other parts of its geographic 
range.  

Tetrasporophytes can theoretical ly be expected far to the north of the 17 °C summer  
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i so therm (Fig. 29, s t ipp led  area). The  occurrence  of Hymenoclonium serpens in Bri t tany 
and  the  Brit ish Isles is compa t ib l e  wi th  this expec ta t ion  (but confusion wi th  te t ra-  
sporophytes  of o ther  rhodophy tes  is possible) .  

Te t rasporophy tes  can also be  expec ted  to the  south of the  17 °C win te r  i so therm 
(Fig. 24, s t i pp led  area). 

Actual ly ,  to the  south of the  17 °C win te r  i so therm the C a r i b b e a n  spec ies  Acrosym- 
phyton caribaeum occurs (Taylor, 1952, 1960) (Fig. 29). This spec ies  differs from A. 
pu~uriferum only  in minor  de ta i l s  of the  ca rpogon ia l  and  aux i l i a ry  ce l lbranches ,  wh ich  
de ta i l s  s eem to b e  covered  by  the  r anges  of these  charac te rs  in A. purpuriferum. This 
sugges t s  that  A. caribaeum and  A. purpuriferum are  conspecif ic .  Te t rasporogenes i s  in  
the  C a r i b b e a n  popu la t ions  can b e  expec t ed  to be  in i t i a t ed  at h ighe r  t empera tu re s  than  
in the  Banyuls  popula t ions .  This  w o u l d  be  b y  no m e a n s  unusual ,  as c ompa ra b l e  
t empe ra tu r e  eco types  are now k n o w n  for var ious  other  a lga l  spec ies  (Scytosiphon 
]omentaria, Dumontia contorta, Rhodochorton purpureum). 

If this  is correct, A. purpuriferum be longs  to the  amph ia t l an t i c  t rop ica l - to - t empera te  
d is t r ibut ion  group wi th  a nor theas te rn  extens ion  (CI. coelothrix type). 

T h e  A r c t i c  d i s t r i b u t i o n  g r o u p  

Clathromorphum circumscriptum 

The crustose cora l l ine  C. circumscriptum t r ea ted  as an  e x a m p l e  comprises  isomor- 
phic  t e t rasporophy te  and  g a m e t o p h y t e  genera t ions  in its life history; but  reproduc t ion  
takes  p l ace  most ly  by  means  of a sexua l  b i spores  wh ich  are  formed in b i spo rang ia l  
conceptacula .  

The  in f luence  of combina t ions  of t empera tu re ,  l ight  intensi ty,  and  day l eng th  on the 
format ion of b i s p o r a n g i a  has  b e e n  expe r imen ta l l y  i nves t i ga t ed  by  A d e y  (1973). 
Al though  it is difficult  to d i s en t ang l e  in his  expe r imen t s  the  inf luence  of the  th ree  
different  factors, his results  sugges t  that  pho toper iods  of more  than  12 h r s /day  and  
t empera tu re s  h i g h e r  than  5 °C b lock  b i sporogenes i s  (the format ion of abor t ive  concep-  
tacu la  is less str ict ly blocked) .  Perhaps  re la t ive ly  h igh  da i ly  l ight  doses,  ra ther  than  
photoper iod ,  b lock  b i sporogenes i s .  W h e n  these  e xpe r ime n t a l  da t a  are a p p l i e d  to f ie ld 
condi t ions  (a few m deep  water)  in Eas tern  Maine ,  b i sporogenes i s  seems to be  res t r ic ted 
there  to the  pe r iod  D e c e m b e r - M a r c h  (Fig. 30), wh ich  roughly  agrees  wi th  f ie ld data.  

CLATHROMORPHUM CIRCUMSCRIPTUM 

E. Maine (45°N) 
induction at: 

1 ° 12 ° C 

< 5°C 
<12 hrs 

photoperiod J F MA  M J J  A SO ND 

FFFF[] temperature blocking 
bisporogenesis 
daylength blocking 
•isporogenesis 

] ~  bisporangia formed 

Pig. 30. Clathromorphum circumscriptum. Model of the seasonal reproductive cycle in E. Maine, by 
applying culture results to conditions in E. Maine (Adey, 1970, 1973) 

Other  expe r imen t s  (Adey, 1970) ind ica te  that  C. circumscriptum shows good growth 
at t empera tu re s  b e t w e e n  0 °C and  17 °C (700 lx, 14 h l ight /day) ,  but  at 20 °C growth  
stops. 
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A positive photosynthet ic  effort is possible be t w e e n  0 ° and  20 °C. The compensa t ion  
point  varies from c. 30 lx at 0 °C to 500 lx at 20 °C. Apparen t ly  in  cold Arctic water  a 
posit ive photosynthet ic  effort is possible at very low light  intensi t ies;  this accords with 
the deep occurrence of this species in the Arctic (this is shown by  m a n y  other benth ic  
a lgae in the Arctic). 

Phytogeographic boundar ies  in  the North Atlant ic  

The "southern reproduct ion boundary"  of Clathromorphum circumscriptum can be 
expected near  a point  where, dur ing  about  1-2 months  in  most winters,  tempera ture  
drops below 5 °C. This corresponds approximately with a m e a n  February  tempera ture  of 
4 °C. The actual southern  boundary  is si tuated near  the 3 °C win te r  isotherm (Fig. 31). 

Fig. 31. Clathromorphum circumscriptum. Distribution in the North Atlantic Ocean (based on Adey, 
1973) 

The "southern growth boundary"  can be expected near  a point  where,  dur ing  a 
per iod of 1-2 months  in  each winter,  tempera ture  drops be low 17 °C. This would 
correspond with a m e a n  max imum February  tempera ture  of c. 16 °C, and  a m e a n  
February  tempera ture  of around 14 °C. Apparent ly  the species remains  far to the north of 
this boundary.  

The "southern le thal  boundary"  has not b e e n  exper imenta l ly  tested, bu t  it can be 
expected at a tempera ture  somewhat  above 20 °C. This would  correspond with about  the 
20 °C summer  isotherm, which is near  the southernmost  point  of occurrence in  N.E. 
America  of this species. 

Phytogeographic boundary  in  the North Atlant ic  and  North Pacific 

Also in the North Pacific the southern boundary  is the "southern reproductive 
bQundary" which closely follows the,3 °C winter  isotherm (see also Adey et al., 1976). In 
N.E. America, but  still more so in  Japan,  the "southern reproduct ion boundary"  and  the 
"southern lethal  boundary"  almost coincide. In Japan,  the "southern lethal  boundary"  is, 
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Fig. 32. Clathromorphum circumscriptum. Distribution in the North Atlantic and the North Pacific 
Oceans. Based on Adey, 1973, and on Adey et al. 1976; Hawkes et al., 1978; Lee, 1980 (O?: probably 
included in C. compacturn); Voz~inskaja, 1964 (O?: probably included in Phyrnatolithon com- 

pacturn] 

in the Japan  Sea, even  si tuated somewhat  to the north of the "southern reproduct ion 
boundary"  and  probably  functions there as the real phytogeographic  boundary  {Fig. 32). 

DISCUSSION 

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

The present  paper  reviews exper imenta l  evidence  in  support  of seven out of t en  
geographic dis t r ibut ion groups of ben th ic  mar ine  algae previously dis t inguished in  the 
North Atlant ic  Ocean  on the basis  of dis t r ibut ion data only. This evidence is also in  
agreement  with exper imenta l  data reviewed in  another  recent  paper  (van den  Hoek, 
1982). 

Three dis t r ibut ion groups consist of s tenothermous species with a difference of 
18-22 °C b e t w e e n  m i n i m u m  and  m a x i m u m  lethal  temperatures  (expressed as highest  
and lowest m e a n  monthly  values), and  of 5-12 °C be t w e e n  m i n i m u m  and ma x i mum 
temperatures  (mean monthly  values) a l lowing growth and/or  reproduction. These 
groups are the "tropical Western Atlant ic  group" (group 6) (for which no exper imenta l  
ev idence  is available);  the "warm temperate  Medi te r ranean-At lan t ic  group" (group 9); 
and  the "Arctic group" (group 10). These  three groups consist of species endemic  to the 
corresponding regions.  Especial ly the first two groups are extremely rich in  species, as 
are corresponding dis t r ibut ion groups from the Pacific Ocean,  name ly  the "tropical 
Western Pacific group",  and  the "warm-tempera te  Cal i fornian group". 

The numerous  species conta ined  in  group 9 (the warm- tempera te  Medi te r ranean-  
Atlantic group) and  the " 'warm-temperate Cal i fornian group" inhab i t  the eastern coasts 
of the Atlant ic  and  North Pacific Oceans  which are characterized by small  a n n u a l  
temperature  f luctuat ions (with a difference of 2-6  °C to 6-10 °C be tween  m e a n  February  
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and  Augus t  t empera tures ,  and  up to 16 °C difference b e t w e e n  ex t reme  values}. These  
spec ies  are p robab ly  unfit  for life on the wes te rn  coasts of both  oceans  where  annua l  
t empera tu re  f luctuat ions  occur of c. 20 °C or more.  

The la rge  numbers  of spec ies  endemic  to the  t empe ra t e  coasts of the  southern  
hemisphe re  p r o b a b l y  have  the same t empera tu re  r equ i r emen t s  as group 9, as these  
coasts a re  also cha rac t e r i zed  by  smal l  annua l  t empera tu re  f luctuat ions (c. 5 °C b e t w e e n  
h ighes t  and  lowest  m e a n  month ly  values,  and  10 °C b e t w e e n  ex t r eme  values}. 

It is l i ke ly  tha t  the  spec ies  endemic  to Antarc t ica  have  t e m p e r a t u r e  responses  
compa rab l e  to those of the  s tenothermous  Arct ic  species .  

The  r e m a i n i n g  seven  d is t r ibut ion  groups  (1, 2, 3, 4, 5, 7, 8) consist  of compara t ive ly  
eury the rmous  spec ies  wi th  the  capac i ty  to b r i d g e  a d i f ference  of more  than  20 °C 
b e t w e e n  the m i n i m u m  and  m a x i m u m  le tha l  t empera tu res  (expressed  as m e a n  month ly  
values;  the  ex t reme d i f ference  is up  to 35 °C). Al though  these  eu ry the rmous  spec ies  are 
po ten t i a l ly  capab le  of hav ing  wide  geog raph ic  ranges  those of d is t r ibut ion  group 8, the 
"Nor th  East  A m e r i c a n  t empe ra t e  group"  and  the cor respond ing  " J a p a n e s e  t empe ra t e  
group"  are  res t r ic ted  to N.E. Amer i can  coasts and  J a p a n e s e  (and adjacent} coasts, 
respect ively ,  Only  very  few species  are  k n o w n  to be long  to this  group in N.E. Amer ica .  
Polysiphonia harvey1 (this work} is an example ,  w he re a s  J a p a n e s e  coasts are  p robab ly  
i nhab i t ed  by  h u n d r e d s  of endemic  spec ies  b e l o n g i n g  to this d i s t r ibu t ion  group. It is 
l ike ly  that  the adverse  na ture  of the  vast  s ed imen t  coasts  in E. Amer i ca  b e t w e e n  30 °N 
and  45 °N is r e spons ib le  for this s t r ik ing  difference.  These  coasts  are  also l ike ly  to have  
ac ted  as bar r ie rs  to l a t i t ud ina l  d i sp lacemen t s  of the  ben th ic  macroa lga l  flora dur ing  the 
glacia t ions ,  thus  caus ing  the i r  impover i shmen t  (van d e n  Hoek,  1975, 1982}. 

Despi te  the i r  capac i ty  to b r i dge  w ide  t empera tu re  spans  and  the i r  po ten t i a l  capac i ty  
to inhab i t  many  o ther  t e m p e r a t e  coasts, the  numerous  e n d e m i c  J a p a n e s e  spec ies  are  
res t r ic ted  to J a p a n e s e  and  ad j acen t  coasts. This po in ts  to a l ack  of capac i ty  for long 
d is tance  d ispersa l  in  these  a lgae .  Severa l  J a p a n e s e  endemics  wh ich  have  b e e n  acc iden-  
ta l ly  in t roduced  e l s ewhere  a p p e a r  to have  sp read  i n d e e d  over  wide  l a t i t ud ina l  spans.  
Examples  are Sargassum muticum (van den  Hoek,  1982) and Bonnemaisonia hamifera 
(this work). The t e m p e r a t u r e - d a y l e n g t h  regula t ion  of this  la t te r  spec ies  is appa ren t ly  
a d a p t e d  to condi t ions  in Japan;  e l s ewhere  (in N.W. Amer ica ,  N.E. A me r i c a  and  Europe) 
the life history m a k e s  the  impress ion  of hav ing  b e e n  d is rupted;  and  the species,  to 
ma in ta in  itself p r e d o m i n a n t l y  in the form of the te t rasporophyte ,  uses  the  capac i ty  of this 
p h a s e  for vege ta t ive  mul t ip l ica t ion.  

Sargassum muticum, on the other  hand,  has  a normal  reproduc t ion  on the coasts  of 
N.W. Amer i ca  and  Europe,  where  it has been  in t roduced  (see van  den  Hoek,  1982, for 
fur ther  references).  

The  spec ies  of d i s t r ibu t ion  groups  1, 2, 3, 4, 5 and  7 can b r i d g e  w ide  t empera tu re  
spans  {more than  20 °C di f ference  b e t w e e n  h ighes t  and  lowes t  m e a n  month ly  values)  
and  have  wide  g e o g r a p h i c  distr ibut ions.  Many of them have  amphia t lan t ic ,  
amphipac i f i c  and  pa r t  of t h e m  even  amph iequa to r i a l  d is t r ibut ions .  A n  in te res t ing  
ques t ion  is whe the r  these  spec ies  are  o r ig ina l ly  e nde mic  to the  N.W. Pacific or N.W. 
Atlant ic ,  and  have  succeeded  to d i sperse  to other  coasts subsequent ly .  One wou ld  
consequen t ly  expec t  these  spec ies  to have  effective means  of long d is tance  dispersal ,  
and  this in  contrast  to spec ies  of d is t r ibut ion group 8. 
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P h y t o g e o g r a p h i c  b o u n d a r i e s  

The ten  dis t r ibut ion groups discussed in  this paper  were pr imari ly  d is t inguished on 
the basis  of dis t r ibut ion data (Figs 1-4). For each amphia t lan t ic  species it seemed 
possible to approximate the nor thern  boundary  with either a summer  isotherm (corre- 
spond ing  with a "northern growth and  reproduct ion boundary")  or with a winter  
isotherm (corresponding with a "nor thern  lethal  boundary") .  In a similar way, it seemed 
possible to approximate the southern boundary  with ei ther  a winter  isotherm (corres- 
pond ing  with a "southern growth and  reproduct ion boundary")  or a summer  isotherm 
(corresponding with a "southern lethal  boundary") .  

Actually,  a large proportion of invest igated boundar ies ,  par t icular ly of southern 
boundar ies  appeared  to be of a composite nature  (Table 2), and  corresponded with 
tempera tures  l imi t ing  reproduct ion (sometimes growth) a long N.E. Atlantic shores and  
with lethal  temperatures  a long N.W. Atlantic shores. 

Most nor thern  boundaries ,  however,  are growth and/or  reproduct ion boundar ies  on 
both sides of the N. Atlantic Ocean. 

The large majori ty of invest igated boundar ies  on the N.E. Atlant ic  shores are growth 
and  reproduct ion boundaries ,  and  only comparat ively few are lethal  boundaries .  This is 
apparent ly  related to the small  a n n u a l  temperature  f luctuations a long the N.E. Atlant ic  
coasts. However,  distr ibution group 9 (the warm-tempera te  Medi te r ranean-At lan t ic  
group) contains  possibly many  species with a "nor thern  lethal  boundary"  of 0 ° to 5 °C, 
restr ict ing it to Europe (as in  Saccorhiza polyschides, cf. van  den  Hoek, 1982). This 
remains  to be investigated.  

Apparent ly ,  distr ibution data alone may give useful  suggest ions about  the nature  of 
phytogeographic  boundaries ,  bu t  they may quite easily lead to incorrect conclusions. 
Exper imental  checks are necessary, as boundar ies  are often of a composite nature. 

Consequent ly ,  the avai lable  ev idence  does not support  the dist inct ion be tween  an  
amphia t lan t ic  temperate  group "with a southern boundary  near  a summer  isotherm" 
(group 4) and  an  amphia t lan t ic  temperate  group "with a southern boundary  near  a 
winter  isotherm" (group 5). 

The phytogeographic  boundar ies  of a species are de te rmined  by the temperature  
responses of the boundary  populat ions.  Ideally, therefore, these temperature  responses 
should be checked for boundary  popula t ions  and several  popula t ions  in  the in te rven ing  
part  of the geographic  range. For none  of the species considered in the present  
discussion are such complete sets of data avai lable.  For comparat ively few species 
(Dumontia contorta, Scytosiphon lomentaria, Rhodochorton purpureum) were tempera-  
tu re -day leng th  respones invest igated of populat ions  from various points  of these species '  
geographic  areas. These three species appeared  to have various tempera ture-daylength  
ecotypes. The southern boundar ies  could be expla ined  by the tempera ture  responses of 
inves t iga ted  populat ions  which were nearest  to these boundaries .  Possibly the lethal 
temperatures  are less subject  to ecotypic var iat ion than  temperatures  l imit ing growth or 
reproduction.  For instance,  Dumontia contorta populat ions  from the Isle of Man, the 
Greve l ingen  (S.W. Netherlands) and  Roscoff differed in  temperatures  a l lowing ini t ia t ion 
of macrothal l i  from microthalli ,  but  not  in  the lethal  tempera ture  (26 °C) of the mic- 
rothalli  (Rietema, 1982, in prep.; van  den  Hoek, 1982). However,  the upper  lethal  
tempera ture  of ful l -grown Laminaria saccharina sporophytes was c. 17 °C for sporophy- 
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tes from the  Isle of Man,  and  more  than  17 °C for sporophytes  from H e l g o l a n d  (Liining, 
1975}. Tropical  Dictyota dlchotoma from Puerto Rico seems  to have  a h igher  le tha l  
t empera tu re  than  a t e m p e r a t e  popu la t ion  from Roscoff, Bri t tany (Biebl, 1959, 1962; this 
work).  

For most spec ies  g iven  in  Tab le  1, however ,  the t e m p e r a t u r e  responses  of ma te r i a l  
from only  one s ta t ion are  known.  None the less  it was poss ib le  to use  these  to exp la in  
these  spec ies '  g e o g r a p h i c  dis t r ibut ion,  and  this sugges t s  that  poss ib le  eco types  do not  
differ  much  in the i r  t empe ra tu r e  responses .  However ,  a popu la t i on  of Sphacelarla 
rlgldula was  i nves t i ga t ed  not  far from the nor thern  b o u n d a r y  of this  spec ies '  vas t  
t rop ica l - to - t empera te  area,  and  this popu la t ion  m a y  consequen t ly  have  t empe ra tu r e  
responses  typ ica l  for a b o u n d a r y  popula t ion .  The  s ame  is t rue  for the  inves t iga t ed  
popu la t ions  of Gracilaria foliifera, Polysiphonia ferulacea, and  Centroceras clavulatum 
(van den  Hoek,  1982; this  study). 

Most  spec ies  wi th  w ide  dis t r ibut ions  in the North  At lan t ic  and  the North  Pacific 
Oceans,  and  some also in  the  southern hemisphere ,  a re  b o u n d e d  th roughout  the i r  
geog raph i c  ranges  b y  app rox ima te ly  the  same t empera tu re  boundar ies .  Examples  are 
Dictyota dichotoma (Fig. 6); Rhodochorton purpureum (Fig. 11); Nemalion helmin- 
thoides (Fig. 14); Punctaria latifolia (Fig. 22); Clathromorphum circumscriptum (Fig. 27); 
and  Centroceras clavulatum, Sphacelaria rigidula, Laminaria saccharina, Scytosiphon 
Iomentaria, Petalonia fascia, Macrocystis pyrifera (van den  Hoek,  1982). This sugges ts  
that  these  spec ies  have  the  same  genotyp ic  r ange  of t empe ra tu r e  and  day l eng th  adap ta -  
t ion throughout  the i r  vast, and  in some cases  even  disjunct ,  g e o g r a p h i c  areas.  Notab le  
excep t ions  are  Dumontia contorta (van den  Hoek,  1982, Fig. 16) and  Chondrus crispus 
(Fig. 16) which  occur  in  both  the  North  Pacific and  the  North  At lan t ic  Oceans ,  bu t  are  
res t r i c ted  to the  N.W. Pacif ic  coasts. One  poss ib le  exp lana t ion  is that  these  N.W. Pacific 
popu la t ions  are  b o u n d e d  b y  much  lower  t empera tures ,  l imi t ing  reproduct ion ,  t han  the 
N. At lan t ic  popula t ions .  Ano the r  exp lana t ion  is that  the  records  of these  spec ies  from the 
N.W. Pacific are b a s e d  u p o n  misident i f icat ions .  This is a ppa re n t l y  the  case  for Chondrus 
crispus, accord ing  to J. McLach lan  (pers. comm.). 

T a x o n o m i c  p r o b l e m s  

One  needs  for the  de l inea t ion  of geog raph ic  areas,  of course,  t axonomica l ly  r e l i ab l e  
records.  Species  b e l o n g i n g  to cri t ical  groups  which  are  in n e e d  of t axonomic  revis ion  are 
appa ren t l y  less su i tab le  for the  p resen t  type  of discussions.  For instance,  Callithamnlon 
byssoldes Arnott  & Harv. in Hook. seems  to be long  to the  a mph ia t l a n t i c  t ropical- to-  
t e m p e r a t e  d i s t r ibu t ion  g roup  on the bas is  of d is t r ibut ion  data,  and  to b e  b o u n d e d  to the  
Nor th  b y  the 15 °C s u m m e r  i so therm (which can  be  e x p l a i n e d  as  a "nor thern  growth  and  
reproduc t ion  boundary"}  {Edwards, 1971; Kapraun,  1978b). However ,  the  gon imob la s t  
d e p i c t e d  by  Edwards  (1969} is uncharac ter i s t ic  of C. byssoides (Rueness  & Rueness ,  
1980} so that  it  is l i ke ly  tha t  Amer i can  and  European  samples  iden t i f i ed  as  C. byssoldes 
be long  to more  than  one species .  C o m p a r a b l e  uncer ta in t ies  exis t  w i th  r e g a r d  to Poly- 
siphonia, Ceramium, Enteromorpha, Ulva, etc. The e x a m p l e s  b e l o n g i n g  to Polyslphonia 
and  t r ea ted  in the p re sen t  p a p e r  are thought  to be  suff icient ly charac ter i s t ic  to p rec lude  
much  confusion. 

The  taxonomy of the  genus  Lamlnarla (cf. Table .  2) is p re sen t ly  in  a state of flux. In 
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Table  2. Na ture  of the nor the rn  and  s o u t h e m  geograph ic  b o u n d a r i e s  of mar ine  benth ic  a lgae  in the  
Nor th  Atlantic Ocean.  *Borrowed from van  den  Hoek  (1982)~ o ther  spec ies  t reated in this work.  

* *Estimates ent i re ly  b a s e d  on  dis t r ibut ion da ta  (culture da ta  lacking) 

Nor the rn  bounda r i e s  

Distribution 
group No. 

W. side N. Atlantic E. side N. Atlantic 

lethal reproduc- lethal reproduc- 
boundary tion/growth boundary tion/growth 

(winter boundary (winter boundary 
isotherm) (summer isotherm) (summer 

isotherm) isotherm) 

Dictyota  d i cho toma  1 
Gracilaria fol i i fera * 1 
Po lys iphon ia  f e ru lacea  1 
Cen t roceras  d a w a l a t u m  1 
H y p n e a  m u s c i f o r m i $  2 
SphaceIar ia  r ig idu la  (furcigera)* 3 
Po lys iphon ia  d e n u d a t a  3 
C a l l i t h a m n i o n  h o o k e r i  4 
N e m a l i o n  h e l m i n t h o i d e s  4 
D u m o n t i a  contorta * 4 
C h o n d r u s  c r i spus  4 
M o n o s t r o m a  grev i l l e i  4 
Punctar ia  lat i fol ia 5 
S c y t o s i p h o n  lomen tar ia  5 
Peta lonia  fascia  5 
Gracilaria t i kvahiae*  7 
Po ly s iphon ia  h a r v e f l  8 
Saccorh i za  polysctn 'des* 9 
Laminar ia  h y p e r b o r e a  * 9 
A c r o s y m p h y t o n  p u r p u r i f e r u m  9 

2°C 
8°C 

IO°C 
12°C 

19 °C* * 
12 °C 
16 °C 
10°C 
12 °C 
5°C 
7°C 
3 °C 
4oc** 
0 o c  ** 
0oc** 

15 °C 
12°C 

8°C 

4°C 
2oc  * • 

13oc ** 

20 °C 
20°C 
19oc ** 
12 °C 
16°C 
10 °C 
1 2  ° C  
5 o c  ** 

7 °C 
3oc  
4 o c  ** 
OoC ** 

0 ° C *  * 

or5oC ** 
17 °C 

Southern b o u n d a r i e s  

Distribution 
group No. 

W. s ide N. Atlant ic  E, s ide N. Atlantic 

lethal reproduc- lethal reproduc- 
boundary tion/growth boundary tion/growth 
(summer boundary (summer boundary 
isotherm) (winter isotherm} (winter 

isotherm) isotherm} 

R h o d o c h o r t o n  p u r p u r e u r a  4 
C a l l i t h a m n i o n  h o o k e r i  4 
N e m a l i o n  h e l m i n t h o i d e s  4 
D u m o n t i a  contorta * 4 
C h o n d r u s  c r i spus  4 
Laminar ia  sacchar ina  * 4 --> 
L. digitata* 4 --~ 
D e s m a r e s t i a  aculea ta  4 --~ 
D. v ir id is  4 --, 
M o n o s t r o m a  grev i l l e i  4 
Punctar ia  lat i fol ia 5 
S e y t o s i p h o n  l o m e n t a r i a  * 5 
Pe ta lon ia  fascia* 5 
Po lys iphon ia  h a r v e y i  8 
Saccorh i za  po l y sch ides*  9 
Laminar ia  hyperborea*  9 
A c r o s y m p h y t o n  p u r p u r i f e r u m  9 
C l a t h r o m o r p h u m  circumscripOam 10 
Saccorh i za  d e r m a t o d e a  * 10 
Sphace lar ia  arctica * 10 

10 
10 
10 
10 

20 °C 
24 °C 
25 °C 
21 °C 
24 °C 
19 °C 
19°C 
20oc  ** 

25 °C* * 
20oc  * * 

27 °C 

15°C 
160C ** 

17°C 
17 °C* * 
19°C 

3°C 

20 °C 
24 °C 

19~C 

19 °C 

16 °C 
12 °C 
17 °C 

10 °C 
12 °C 
10°C 
12 °C 
14 °C 
17 °C 
17oc ** 

15 °C 

17 °C 
3 °C 
4 °C 
4 °C 
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the North Atlantic, L. hyperborea  and  L. ochroleuca are qui te  distinct. In the S. Atlant ic  
Ocean  (S. Africa, Tr is tan  da Cunha) this latter species is difficult to differentiate from L. 
pall ida and  the digitate species L. brasil iensis Joly & Oliveira Filho (1967) from deep 
water  (70-95 m) near  Rio de Janeiro, Brazil. L. digitata and  L. saccharina are present ly  
conceived as polymorphic  species in  the N. Atlantic, and  their relat ion to N. Pacific 
entit ies needs  revis ion (for a review, see Kain, 1979). L. saccharina from the N. Pacific 
seems to be somewhat  different from N. Atlantic L. saccharina (Kain, 1979). Its relat ion to 
the s imple L. abyssal is  Joly & Oliveira Filho (1967) from deep water  in  Brazil needs  
clarification. 

S p e c i e s  a n d  g e n e r a  w i t h  a m p h i e q u a t o r i a l  d i s t r i b u t i o n s  

Particularly the eurythermous temperate  dis t r ibut ion groups conta in  species with a 
world wide  amphiequator ia l  distribution. Examples are Rhodochorton purpureum 
(Fig. 11), Nemaf ion  he lm in tho ides  (Fig. 14), and  Ulvaria obscura (Fig. 33) in  the amphi-  

Fig, 33, Ulvaria obscura. Distribution in the North Atlantic Ocean. The bounding isotherms are 
entirely inferred from distribution data and are consequently provisional. The 20 °C summer 
isotherm (20 °S) is thought to be the southem lethal boundary. U. obscura consequently belongs to 
the amphiatlantic distribution group of the C1. rupestris type (group 4). The 15 °C winter isotherm 
(15 °W) represents the southern reproduction boundary, which does not function as actual boundary 

at lantic temperate  dis t r ibut ion group of the C1. rupestris  type (group 4) (Table 3). The 
b o u n d i n g  isotherms of U. obscura are ent irely based on dis t r ibut ion data and  should 
consequent ly  be considered as provisional.  Scytosiphon lomentaria,  Petalonia fascia and  
Punctaria latifolia (Fig. 22} are examples  in  the amphia t lan t ic  tempera te  dis t r ibut ion 
group of the CI. albida type (group 5). Macrocyst is  pyrifera, Laminaria ochroleuca/  
pallida, and  Desmares t ia  Iigutata (Figs 34, 35) are comparat ively s tenothermous and  
funct ion as examples  in  the warm-tempera te  distr ibution groups (group 9). In the N. 
Atlant ic  Ocean, D. l igulata's  temperature  requi rements  probably  make  this species unfi t  
for life on the W. Atlant ic  shores; in  the N. Pacific, however,  these tempera ture  
requi rements  allow D. l igulata to inhabi t  just  a narrow la t i tudinal  zone a long Japanese  
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and  adjacent  shores. As the b o u n d i n g  isotherms of D. ligulata are ent i rely based on 
dis t r ibut ion data, they should be considered as provisional.  

These amphiequa tor ia l  dis tr ibut ions can be exp la ined  by assuming  exchange  of the 
species concerned be tween  the hemispheres  dur ing  glacial  tempera ture  drops. The 
tropical east coasts of the Atlant ic  Ocean  and  Pacific Ocean are the most l ikely points of 
such an  exchange,  as the tropical bel ts  are here and  were dur ing  the glaciat ions much 
narrower  than  a long the west coasts of these oceans. Moreover, the present  near-equator  
coasts on the east sides of both oceans are characterized by upwel l ing .  This upwe l l ing  
causes in  equatorial  W. Africa local tempera ture  drops to about  20 °C in  August,  whi le  
max imum temperatures  in  March may be 28 °C (mean month ly  temperatures} {Lawson, 
1966; John  et al., 1977; Corcoran & Mahnken ,  1969). 

Fig. 34. Desmarestia ligulata. Distribution in the North Atlantic Ocean. The bounding isotherms are 
entirely inferred from distribution data and are consequently provisional. The 2 °C winter isotherm 
(2 °W) is the northern lethal boundary, the 20 °C summer isotherm (20 °S) the southern lethal 
boundary. The 15 °C winter isotherm (15 °W) represents the southern reproduction boundary, which 
does not function as an actual boundary. D. ligulata apparently belongs to the "warm temperate 
Mediterranean-Atlantic distribution group" and is unable to grow in N.E. America, where it is not 

able to bridge the wide annual temperature fluctuations 

As we know the equatorwards tempera ture  requi rements  of these amphiequator ia l  
species, we can est imate the glacial  tempera ture  drop necessary to create a passage  for 
temperate  species across the equator. This  passage was probably  a narrow inshore zone 
of in tense  upwe l l i ng  related to the intensif ied circulation of the ocean gyres dur ing  the 
glaciat ions (McIntyre et al., 1976). Table  3 summarizes the tempera ture  requi rements  of 
the above men t ioned  amphiequator ia l  species at their present  equatorwards boundaries ,  
the present  corresponding equator ia l  temperatures  of the surface water  in  the Pacific and  
Atlantic Oceans,  and  the est imated glacial  tempera ture  drops necessary for creat ing the 
passage at the surface. In the East Pacific Ocean  the m i n i m u m  equatorial  surface 
tempera ture  should have dropped c. 10-13 °C and  in  the East Atlant ic  Ocean c. 8-11 °C, 
to al low reproduct ion of the species {or formation of macrothall i  from microthall i  in  
Scytosiphon lomentaria, Petalonia fascia and  Punctaria latifolia). The max imum equato- 
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Pig. 35. Desmarestia ligulata. Distribution in the Atlantic and Pacific Oceans. In the N. Pacific 
Ocean, temperature requirements of D. ligulata allow this species to occupy just a very narrow 

latitudinal belt along Japanese and adjacent shores 

rial temperatures  should have dropped c. 0 to 10 °C (depending on species) to allow 
survival  (all temperatures  as mean  monthly  values}. 

Such glacial  t empera ture  drops of c. 10 °C of the surface water  a long eas tern  
equatorial  coasts of the Atlant ic  and  Pacific Oceans, and the much earl ier  p l iocene 
closing of the is thmus of Panama,  could also expla in  the widely dis junct  dis t r ibut ion of 
m a n y  strictly tropical species, such as Cladophora catenata (= C. fuliginosa), Neomeris 
dumetosa, Valonia aegagropfla, Dictyosphaeria cavernosa, Caulerpa mexicana, Udotea 
flabellum and  Halirneda simulans. These species are restricted to the wes tern  sides of 
the tropical Atlant ic  and  Pacific Oceans  possibly as a result  of ext inct ion by  low glacial  
temperatures  (down to 15 °C, m e a n  monthly  value} a long the eastern coasts of the 
tropical Atlantic and  Pacific Oceans (van den  Hoek, 1982). 

However,  these hypothet ical  pa leotemperatures  are considerably-lower than  those 
in  a recent  reconstruct ion of paleotemperatures  of the oceans dur ing  the last glaciat ion 
(18,000 y b.p.; McIntyre et al., 1976; Brakes, 1979). In this reconstruction, low glacial  
temperatures  are assumed  to have ex tended  much farther towards the equator  than  at 
present  a long the eas tern  coasts of the Pacific and  Atlantic Oceans, and  this in  conjunc-  
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tion with increased upwe l l i ng  and advection of cool water, but  the temperatures  of the 
equatorial  surface waters  are assumed to have had values  comparable  to the present  
ones. These pa leotempera tures  were inferred main ly  from assemblages  of microfossils 
(foraminifera, coccoliths, radiolaria) en tombed  in  247 sed iment  cores t aken  from the 
world 's  seabed. 

In a recent  review (Sarnthein et al., 1981) the glacial  pa leotempera tures  of the 
equatorial  surface waters  a long the African W. coast (18,000 b.p.) are assumed to have 
differed from present  temperatures  only by 1-2 °C in  February  bu t  by 2-8  °C in  August.  
A lower ing of 2 °C in  February  and  of 8 °C in  August  (as compared with present  
temperature  conditions) would  have al lowed passage of the shal low water  species 
Scytosiphon 1omentaria, Petalonia fascia, Punctaria latifolia and  (nearly) of Nemalion 
helminthoides; but  not of Macrocystis pyrifera, Laminaria ochroleuca, Rhodochorton 
purpureum, Desmarestia ligulata and  Ulvaria obscura (cf. Table  2). 

The passage, across the equator, of these latter five shade tolerant  species can be 
expla ined  by assuming  that they used the still lower tempera tures  of deep euphotic  
layers in highly t ransparant  waters in the glacial  equatorial  regions. Tempera tures  in  the 
lower reaches of deep euphotic  layers may be considerably  lower than  these of the 
surface water. For instance,  along Brazilian coasts (21-23 °S) Laminaria abyssalis 
(related to L. saccharina) and  L. braziliensis {related to L. ochroleuca/pallida) are 
restricted to deep water  (70-95 m) where temperature  fluctuates be t w e e n  16-20 °C; the 
surface temperatures  vary here be tween  20 and 25 °C (mean month ly  values) (Joly & 
Oliveira Filho, 1967; Kain, 1979; Oliveira Filho, 1976). 

At present,  the waters  a long the equatorial  African W. coast are h ighly  turbid; the 
lower l imit  of the benth ic  algae at Ghana  has been  recorded at 30 m (John et al., 1977). If 
the euphotic  zone were  c. 100 m deep instead, the preva i l ing  tempera ture  condit ions at 
that depth (15-17 °C, cf. Postel, 1966) would allow reproduct ion and  survival  of most 
species listed in  Table  2. Possibly, 18,000 years before present,  the equatorial  waters 
a long W. Africa were more t ransparent  than  they are now, as the arid bel t  had shifted to 
the south and the freshwater discharge of the rivers, s u c h  as the Niger  was low 
(Sarnthein et al., 1981). Moreover, the c. 100 m lower glacial  sea level  p robably  brought  
submerged  offshore seamounds  wi th in  the reach of this deep euphotic  layer, which 
could thus function as s tepping stones for the passage of temperate  ben th ic  algae across 
the equator. 

From the point  of v iew of low transparency,  the E. Pacific shores seem to offer a 
bet ter  pa thway than  E. Atlant ic  shores as there are no great rivers and  un in te r rup ted  flat 
sed iment  shores. Actual ly our knowledge  of the deep water  floras of E. Atlant ic  and  E. 
Pacific equatorial  shores (continental  shores as well  as i s land shores} is very limited; 
these floras should be explored for possible temperate  elements.  In this respect the 
occurrence, in the deep water  flora of the Galapagos Islands, of endemic  species of the 
temperate  algal  genera  Elsenia (B. galapagensis] and  Desmarestla (D. tropica) is rele- 
vant  {Taylor, 1945). The genus  Elsenla (Phaeophyceae, Laminariales)  is dis tr ibuted 
a long N.W. and  N.E. Pacific shores and its nearest  known  point  of occurrence is southern 
Baja California (where the narrowly related Eisenia arborea occurs in  upwe l l i ng  areas}. 
The genus  Desmarestia is widely  distr ibuted in  the temperate  zones of both hemis-  
pheres. 

Here the en igmat ic  records of Desmarestla aculeata and  D. ligulata dredged  from 
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d e e p  wa te r  (50-70 m) off Puerto Rico should  be  m e n t i o n e d  (Diaz-Piferrer,  1969). Accord-  
ing  to the  da t a  in  the  p resen t  pape r ,  D. aculeata and  D. llgulata n e e d  12 °C or less and  
15 °C or less,  respec t ive ly ,  for the i r  reproduct ion,  and  both  20 °C or less  for survival  (as 
m e a n  month ly  t empera tures ;  Tab le  3). It is ha rd ly  l i ke ly  that  such low t empera tu re s  
occur  nea r  Puerto  Rico at  50-70  m depth .  It is, however ,  e qua l l y  un l ike ly  that  these  
spec imens  have  dr i f ted to Puerto Rico (18 °N) from the i r  nea res t  poin t  of occurrence  
(40 °N in N.E. Amer i ca  for D. aculeata, and  35 °N in N.W. Afr ica  for D. ligulata). 

The  combina t ion  of 2 -8  °C l o w e r e d  g lac ia l  surface t empera tu re s  and  an  increase  in 
th ickness  of the  euphot ic  l aye r  cannot  exp la in  the absence  of s tenothermous  t ropical  
a lga l  spec ies  a long  the East  At lan t ic  shores by  extinct ion,  as these  spec ies  can  appa -  
rent ly  r ep roduce  and  survive in  surface waters  which  are  2 -8  °C cooler  than  they  are  at 
p resen t  a long  equa to r ia l  Afr ican coasts. Possibly  in te rmi t ten t  short  ca tas t rophic  cold 
spel ls  l ower ing  the surface t e m p e r a t u r e  to 10-15 °C in the  course of the  numerous  
g lac ia t ions  and  which  cannot  be  t r aced  in the microfossi l  record  were  respons ib le  for a 
g r adua l  ex t inc t ion  of s tenothermous  t ropica l  species.  

An  a l te rna t ive  exp lana t ion  for the  amph iequa to r i a l  d is t r ibut ion  of the  above  tem- 
pe ra t e  spec ies  (Table 3) is that  these  spec ies  once had  wa rm wa te r  ecotypes  c a pa b l e  of 
cross ing the  equa tor  us ing  only s l igh t ly  lower  t empera tu re s  than  the p resen t  t empera -  
tures. This is u n l i k e l y  in v iew of the  wor ld  wide  s imi lar  t empe ra tu r e  r equ i remen t s  of 
these  spec ies  at the i r  p resen t  boundar ies .  Moreover,  this  could  not  exp la in  the  dis junct  
d is t r ibut ion  of str ict ly t ropical  species .  

Table  3 also lists seven spec ies  b e l o n g i n g  to gene ra  wi th  an amph iequa to r i a l  
dis t r ibut ion.  Pour of these  spec ies  (Desmarestia aculeata, D. viridis, Monostroma grevil- 
lei, Acrosiphonia arcta) have  also b e e n  recorded  from cool t empe ra t e  waters  in the 
southern  hemisphe re ,  but  they  have  p r o b a b l y  b e e n  confused wi th  other  spec ies  in these  
g e n e r a  (PapenfuB, 1964). Por p a s s a g e  of the  equator ,  these  four spec ies  would  have  
r equ i r ed  a t e m p e r a t u r e  drop of c. 15 °C in order  to a l low reproduc t ion  (c. 10 °C in the 
lowest  par t  of a d e e p  euphot ic  l aye r  and  c. 5 °C more  than  the  spec ies  wi th  amph iequa to -  
r ia l  dis t r ibut ion) .  The  t empe ra tu r e  drop requ i red  to a l low surviva l  of m a x i m u m  tempera -  
tures  w o u l d  have  b e e n  3 -8  °C nea r  the  surface, and  up  to 3 °C in the  lowest  par t  of a d e e p  
euphot ic  l aye r  wh ich  is wi th in  the  r ange  of the  n ine  a mph ie qua to r i a l  species.  This  
sugges t s  tha t  ances tor  spec ies  in  Desmarestia, Monostroma and  Acrosiphonia hav ing  
about  the  s ame  t empe ra tu r e  r equ i r emen t s  as  the  p resen t  n ine  amph iequa to r i a l  species ,  
we re  e x c h a n g e d  b e t w e e n  both  h e m i s p h e r e s  dur ing  ear ly  t e m p e r a t u r e  drops,  and  that  
the  i so la ted  popu la t ions  in the  t e m p e r a t e  zones  of both  h e m i s p h e r e s  d e v e l o p e d  lower  
l imi t ing  t empe ra tu r e s  a l lowing  reproduct ion ,  but  not  or ha rd ly  lower  le tha l  t empera -  
tures. 

The  t e m p e r a t u r e  r equ i r emen t s  of Laminaria saccharina and L. hFperborea are  
wi th in  the  ranges  of the n ine  amph iequa to r i a l  species ,  and  consequen t ly  exchange  
could  be  expec ted .  Actual ly ,  the  occur rence  of Laminaria spec ies  in the  South At lan t ic  
Ocean  is in favour  of this hypothes is .  The taxonomic  re la t ionsh ip  b e t w e e n  the d ig i ta te  
spec ies  L. pallida (S. Africa, Tr is tan  da  Cunha),  L. schinzii (S. Africa) and  L. braziliensis 
(a Brazi l ian  deep  wa te r  species)  on the  one hand,  and  the N. At lant ic  L. hyperborea and  
L. ochroleuca on the other  h a n d  needs  further inves t igat ion,  as does  the  re la t ionship  
b e t w e e n  L. saccharina and the s imple  Brazi l ian deep  wa te r  spec ies  L. abyssalis (Kain, 
1979; Jo ly  & Ol ive i ra  Filho, 1967). These  spec ies  p robab ly  represen t  i so la ted  re l ic tual  
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popula t ions  of g lacia l  immigrants  from the North Atlant ic  which  use local cool water  

condit ions [upwel l ing  in S. Africa~ cool [16-20 °C, cf. Ol ive i ra  Filho, 1976] deep  wate r  in 

Brazil  [21-23 °S] comparab le  to the cool deep  water  harbour ing  L. ochroleuca in the 
Medi terranean) .  

The  numerous  c l imat ic  pulsat ions  accompanying  the  gradual ly  s t e e p e n in g  tempera-  

ture gradient  b e t w e e n  equator  and poles in the course of the ter t iary and the p le i s tocene  

[Frakes, 1979) are p robab ly  an important  agent  of r epea ted  exchange  of cool water  
species  across the equa tor  dur ing cooler per iods and the subsequen t  isolat ion of popula-  

tions dur ing warmer  periods.  Compara t ive ly  recent  exchanges  are p robab ly  ref lected by 

amphiequa to r ia l  species,  and  compara t ive ly  old exchanges  by amph iequa to r i a l  genera.  
The  closure of the is thmus of Panama  in p l iocene  and the subsequen t  g lac ia t ions  caus ing  

the contract ion of the t ropical  bel t  probably  resul ted in the wide ly  dis junct  distr ibution 

of apparent ly  very old tropical  species  wh ich  are now restr ic ted to the wes te rn  sides of 

the tropical  Pacific and Atlant ic  Oceans,  and which  were  ex t ingu i shed  a long  the eastern 
sides of these oceans. 

These  cl imatic pulsat ions  necess i ta ted  the r epea ted  la t i tudinal  d i sp lacements  of the 

ben th ic  a lgal  floras, causing,  on the one hand,  the ext inct ion of species  l ack ing  escape  
routes a long  un in te r rup ted  rocky coast l ines or series of s tepping  stones (islands, rocky 

outcrops on sed imen t  coasts), and thus creat ing at the same t ime n e w  room for r e n e w e d  
speciat ion.  Also the glacia l  sea - leve l  changes  causing a l te rna t ing  closure and open ing  

of sea straits (such as the Ber ing Straits) may have  contr ibuted to isolat ion and subse- 

quen t  ext inct ion or speciat ion,  Lateral  seas such as the Medi te r ranean ,  the Gulf of 
Mexico and the Gulf of California,  may have  contr ibuted to specia t ion by the r epea ted  

isolat ion of populat ions  dur ing cl imatic changes.  

It is an attractive hypothesis  that  J apanese  and ad jacen t  shores are the ma in  centre 
of specia t ion of eury thermous  t empera te  species  wi th  wide  distributions,  wh ich  suc- 

c e e d e d  in dispers ing to N.E. Pacific shores, and towards the At lant ic  O c e a n  through the 

Canad ian  Arctic, dur ing  re la t ive ly  warm interglacia l  periods~ and f inal ly towards the 

southern hemisphere  across the equator  dur ing glacial  t empera tu re  drops. 
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