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ABSTRACT: The degree of similarity be tween  red algal generic floras in each pair of 22 climati- 
cally defined biogeographic regions was establ ished on a world-wide scale by Jaccard's  similarity 
index and by an hierarchical clustering with an agglomerative centroid method. Two clusterings 
were carried out, the first one on the basis of all 637 genera, and the second one on the basis of 
genera not occurring in the tropics and non-endemic  to any one of the 22 regioms (145 genera). This 
latter clustering served to detect  better the relationships among non-tropical floras. The results 
indicate the following division of the earth 's  rhodophytan seaweed  floras: [1) A rich tropical-warm 
temperate "Tethyan" group including the rich tropical Indo W Pacific and W Atlantic floras, and the 
rich warm temperate NW Pacific and NE Atlantic floras; (2} the depaupera te  extensions of the 
above group (the tropical E Pacific and E Atlantic floras, and the warm temperate  NW and SW 
Atlantic floras); (3) a cold temperate  and a warm temperate  N Pacific group; (4] an Arctic-cold 
temperate N Atlantic group and a NE Atlantic warm temperate  flora; (5) an Antarctic-cold temper-  
ate southern hemisphere  group including the cold temperate  SE Pacific, SW Atlantic, SE Atlantic 
floras, and the Antarctic flora; (6) the two highly individual, but slightly related warm temperate  SE 
Atlantic flora (S. Africa) and SW Pacific flora (Southern Australia and Northern New Zealand); 
(7) the depauperate  warm temperate  SE Pacific flora. Although the northern and southern hemis- 
phere temperate and polar floras are quite unrelated (on the basis of genera  lacking in the tropics), 
they share nonetheless a number  of cool water  genera  which apparently have succeeded in passing 
the adverse tropical belt. The rich tropical-warm temperate  group is thought to consist of vicariant 
portions of a formerly continuous Tethyan flora. The N Pacific and N Atlantic temperate  floras are 
thought to have developed independent ly  since the Oligocene (~ 40.106 y) deterioration of the 
climate and to have partially mixed their cool water  genera  only after the Pliocene inundation 
(2.106 y) of the Bering Land Bridge. The warm-tempera te  floras of S Africa and southern Australia 
probably owe their richness and individuality to a very long isolation (already at the start of the 
Cenozoicum) and a continued residence in warm temperate  conditions with small seasonal 
fluctuations. 

I N T R O D U C T I O N  

It is a w e l l - k n o w n  fact  t h a t  t h e  coa s t s  i n  d i f f e r e n t  c l i m a t i c  z o n e s ,  a n d  t h o s e  s i t u a t e d  

in  c l ima t i ca l l y  s imi l a r  z o n e s  b u t  in  d i f f e r e n t  o c e a n s  or h e m i s p h e r e s ,  a r e  i n h a b i t e d  b y  

d i s s i m i l a r  s e a w e e d  f loras.  A n  i m p r e s s i v e  o v e r v i e w  ove r  t h e  w o r l d ' s  s e a w e e d  f loras  a n d  

• Paper presented at the Seaweed Biogeography Workshop of the International Working Group on 
Seaweed Biogeography, held  from 3-7 April 1984, at the Depar tment  of Marine Biology, University 
of Groningen (The Netherlands).  Convenor: C. van den  Hoek. 
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vegeta t ions  will  be  g iven  in  Lfining's  forthcoming book on mar ine  botany (Lfining, 
1985). Nonethe less  these floras share smal ler  or larger numbe r s  of seaweed  species and 
genera,  and  are consequen t ly  more or less similar. 

In the course of the last t en  years several  s tudies were devoted to an  analysis  of the 
different degrees  of similarity, or relatedness,  among  seaweed floras inhab i t ing  more or 
less restricted port ions of the world 's  seacoasts, and  to efforts to relate the result ing 
pat terns  to present  and  past  env i ronmen ta l  conditions.  

Examples  of such studies cover ing larger areas are my own inves t igat ion on the 
seaweed  b iogeography  of the nor thern  Atlant ic  Ocean  (van den  Hoek, 1975), and  those 
of Lawson (1978) and  Santel ices  (1980) on the floras of the tropical to subtropical  Atlantic 
Ocean,  and  the tempera te  coast of Pacific South America,  respectively. 

To my knowledge ,  comparable  analyses  of seaweed  floras on a world-wide scale 
have not yet  b e e n  under t aken .  The present  study is a first a t tempt at such an analysis, 
which  is l imi ted to the dis t r ibut ions of rhodophytan  genera  (637 genera  in  total). Genera  
were chosen (and not species) for two reasons: firstly because  generic  distr ibution 
pat terns  were thought  to possibly reflect events  and  condit ions in  the geologic past 
bet ter  than  species distr ibutions,  and  secondly because  more taxonomic tangles  and 
uncer ta in t ies  were expected on the species than  on the genus  level. Furthermore, if 
wor ld-wide  t rends do exist on the gener ic  level,  they can be also expected on the species 
level  (not necessar i ly  the other way round). 

Some of the quest ions  which can be asked ale: Can  tropical, warm temperate,  cold 
temperate ,  antarct ic  and  arctic floras real ly  be d i s t inguished  from one another  on the 
basis  of gener ic  distributions,  and  do such floras differ be tween  Pacific and Atlantic 
Oceans? If pat terns  do emerge,  can these be in terpre ted  on the basis of present  and  past 
condi t ions  and  configurat ions of the oceans? And  can these pat terns be interpreted on 
the basis  of ei ther  dispersal  or v icar iance or both? 

MATERIAL AND METHODS 

For the purpose  of this study the world 's  coasts were d iv ided  into 22 regions, namely  
the Arctic Region, four cold tempera te  nor thern  hemisphere  regions, four warm temper- 
ate no r them hemisphere  regions, four tropical regions, four warm temperate  southern 
hemisphere  regions, four coid tempera te  southern  hemisphere  regions, and  the Antarctic 
Region (see Fig. 1 and  Table  1). These regions were def ined by their temperature  
regimes  (Table 2) and  are comparable  to those d i s t inguished  by Michanek  (1979), 
Lfining (1985), and  Briggs (1974). In the North Atlant ic  Ocean  the in ter regional  latitudi- 
na l  boundar ies  coincide with floristic discontinuit ies ,  where  many  "southern" species 
more or less sudden ly  d isappear  (van den  Hoek, 1975) polewards  and  are only replaced 
by few "nor thern"  species. As such discont inui t ies  reflect tempera ture  discontinui t ies  or 
substrate  d iscont inui t ies  a long un in t e r rup ted  coastlines, the la t i tudina l  boundar ies  used 
here n e e d  not coincide with floristic discontinuit ies .  For instance,  a long the NW Ameri- 
can coast the most p ronounced  floristic d iscont inui ty  is s i tuated at Point Concept ion at 
c. 35°N, coincid ing with a tempera ture  d iscont inui ty  (Scagel, 1963; Murray 8, Littler, 
1981), whereas  the bounda ry  be tween  the cold temperate  and  warm temperate NE 
Pacific Regions is s i tuated at 40 ° N (Cape Mendocino)  in  the present  study. In Japan, the 
bounda ry  b e t w e e n  the cold tempera te  and  warm temperate  NW Pacific Regions appa- 
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Tab le  1. P h y t o g e o g r a p h i c  r e g i o n s  (cf. Fig. 1 a n d  T a b l e  2). WS 2 i n c l u d e s  J u a n  F e r n a n d e z  IsL a n d  
G a l a p a g o s  Isl.; WS 3 i n c l u d e s  S. Afr ica ,  T r i s t a n  d a  C u n h a  a n d  G o u g h  Is land;  CS 1 i n c l u d e s  s o u t h e r n  
N e w  Z e a l a n d ,  S t e w a r t  Isl., C h a t h a m  Isl., B o u n t y  Isl., A n t i p o d e s  Ist., A u c k l a n d  Isl., C a m p b e l l  Isl., 
M a c q u a r i e  Isl.; CS  3 i n c l u d e s  L i n d s a y  Isl., B o u v e t  Isl., M a r i o n  Isl., P r ince  E d w a r d  IsL, Croze t  I s l ,  
K e r g u e l e n  Isl., M c D o n a l d  Isl., H e a r d  Isl.~ CS 4 i n c l u d e s  s o u t h e r n  SE A m e r i c a ,  F a l k l a n d  Isl., S. 

Georg ia ,  S. S h e t l a n d  Isl., S. O r k n e y s  

R e g i o n  A p p r o x i m a t e  l a t i t u d i n a l  e x t e n t  

AR = Arct ic  R e g i o n  
C N  1 = Cold  t e m p e r a t e  N W  Pacif ic  R e g i o n  55°N-40°N (Japan} a n d  35°N (Korea) 
C N  2 = Cold  t e m p e r a t e  NE Paci f ic  R e g i o n  6 5°N-40°N  
C N  3 = Cold  t e m p e r a t e  NE At l an t i c  R e g i o n  70°N-55°N 
C N  4 = Cold  t e m p e r a t e  N W  At l an t i c  R e g i o n  5 2°N-40°N  
W N  1 = W a r m  t e m p e r a t e  N W  Pacif ic  R e g i o n  40°N-30°N (25°N in  m a i n l a n d  Ch ina )  
W N  2 = W a r m  t e m p e r a t e  NE Pacif ic  R e g i o n  4 0°N-25°N  
W N  3 = W a r m  t e m p e r a t e  NE At lan t i c  R e g i o n  55°N-20°N 
W N  4 = W a r m  t e m p e r a t e  N W  At l an t i c  R e g i o n  4 0 °N-30°N  
T~ = Tropica l  I n d o - W  Pacif ic  R e g i o n  30 ° (25°)N-30°S 
T 2 = Tropica l  E Pacif ic  R e g i o n  25°N-5°S (0 ° on  G a l a p a g o s  Isl.) 
T 3 = Tropica l  E At l an t i c  R e g i o n  20°N-10°S 
T 4 = Tropica l  W At l an t i c  R e g i o n  30°N-25°S 
WS 1 = W a r m  t e m p e r a t e  SW Pacif ic  R e g i o n  30°S--45°S 
WS 2 = W a r m  t e m p e r a t e  SE Pacif ic  R e g i o n  5°S--45°S 
WS 3 = W a r m  t e m p e r a t e  SE At lan t i c  R e g i o n  10°S-45°S 
WS 4 = W a r m  t e m p e r a t e  SW At l an t i c  R e g i o n  25°S---40°S 
CS 1 = Cold  t e m p e r a t e  SW Pacif ic  R e g i o n  45°S-55°S 
CS 2 = Cold  t e m p e r a t e  SE Pacif ic  R e g i o n  45°S--60°S 
CS 3 = Cold  t e m p e r a t e  SE At l an t i c  R e g i o n  45°S-50°S 
CS 4 = Co ld  t e m p e r a t e  S W  A t l a n t i c  R e g i o n  40°S-60°S 
A N  = Anta rc t i c  R e g i o n  

T a b l e  2. I n t e r r e g i o n a l  l a t i t u d i n a l  b o u n d a r i e s  a n d  t h e  i s o t h e r m s  w i th  w h i c h  t h e y  a p p r o x i m a t e l y  
coincide .  A w i n t e r  i s o t h e r m  is  a F e b r u a r y  i s o t h e r m  o n  t h e  n o r t h e r n  h e m i s p h e r e  a n d  a n  A u g u s t  
i s o t h e r m  on  the  s o u t h e r n  h e m i s p h e r e .  A s u m m e r  i s o t h e r m  is a n  A u g u s t  i s o t h e r m  on  t h e  n o r t h e r n  

h e m i s p h e r e  a n d  a F e b r u a r y  i s o t h e r m  o n  t h e  s o u t h e r n  h e m i s p h e r e  

La t i t ud ina l  b o u n d a r i e s  Boundary on,  or h a l f w a y  b e t w e e n  

b e t w e e n  r e g i o n s  w i n t e r  i s o t h e r m  s u m m e r  i s o t h e r m  

AR and CNI_ 4 0 °C 8 °C 
CNI. 4 and WNI_ 4 I0 °C 15 °C 
WNI_ 4 and TI~ 20 °C 25 °C 
TI_ 4 a n d  WSI_ 4 20 °C 25 °C 
CSI_ 4 a n d  WSI_ ~ I 0 ° C  15°C 
A N  a n d  CS 1-4 0 °C 8 °C 

r e n t l y  c o i n c i d e s  w i t h  a d i s t i n c t  f i o r i s t i c  d i s c o n t i n u i t y  ( F u n a h a s h i ,  1973) .  A l o n g  t h e  c o a s t s  

of  S W  A m e r i c a  t h e  b o u n d a r y  b e t w e e n  t h e  C o l d  t e m p e r a t e  SF. P a c i f i c  R e g i o n  a n d  t h e  

W a r m  t e m p e r a t e  S E  P a c i f i c  R e g i o n ,  a s  w e l l  a s  t h a t  b e t w e e n  t h e  W a r m  t e m p e r a t e  S E  

P a c i f i c  R e g i o n  a n d  t h e  T r o p i c a l  E P a c i f i c  R e g i o n  d o  c o i n c i d e  w i t h  f l o r i s t i c  d i s c o n t i n u i t i e s  
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Fig. 1. The world's 22 phytogeographic seaweed regions. For abbreviations, see Table 1. (For the 
positions of interregional boundaries, see Table 2) 

which are ma in ly  character ized here by decreases  in  species numbe r s  towards the 
equator  (Santelices, 1980). Along the coast of SE America,  the boundary  be tween  the 
Cold tempera te  SW Atlant ic  Region and  the Warm tempera te  SW Atlant ic  Region also 
coincides with an equatorwards  decrease in  species number s  (Kfihnemann, 1972). For 
most regions  the de ta i led  analyses  necessary to establ ish floristic discont inui t ies  are not 
avai lable .  

The degree  of s imilari ty in  red algal  gener ic  floras b e t w e e n  each pair  of the 22 
b iogeographic  regions was es tabl i shed by Jaccard 's  s imilari ty index. Only  the presence 
or absence  of the 637 rhodophytan  gene ra  inc luded  in  this s tudy were noted  for each 
region. A hierarchical  c luster ing of the rhodophytan  gener ic  floras was carried out with 
a n  agglomera t ive  centroid method  (see van  d e n  Hoek, 1975, for appl ica t ion of these 
methods to algal  biogeography).  The results are presen ted  in  a dendrogram (Fig. 2). At a 
later  stage, a c lus ter ing was carr ied out on the basis  of genera  lack ing  in  the tropics 'and 
of n o n - e n d e m i c  genera ,  in  an  effort to get a bet ter  ins ight  into the relat ionships be tween 
non- t ropica l  floras (145 genera).  The results are g iven  in  the dendrogram of Fig. 3. 

The rela t ionships  be tween  non- t ropical  floras was further inves t iga ted  by arranging 
the dis t r ibut ions of 118 of the above 145 non- t ropical  and  n o n - e n d e m i c  genera  along 
series of regions which may serve at present,  or may have served in the past, as dispersal 
routes for cool water  gene ra  ("almost" endemic  genera  restricted to pairs of adjacent 
cold- and  warm tempera te  regions were  also excluded,  e.g. those restricted to the cold 
and  the warm tempera te  NE Pacific regions). Unin te r rup ted  coastl ines or series of 
i s lands  were  t aken  to be, or to have been,  the most l ikely dispersal  routes. The two wide 
tropical belts  of the Tropical  W Pacific and  W Atlant ic  regions are thought  to have 
always b e e n  serious barriers to the dispersal  of cool water  genera ,  as wel l  as continents 
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Fig. 2. Dendrogram depicting similarities of rhodophytan generic floras of the world 's  22 phy- 
togeographic seaweed regions. For abbreviations denoting regions, see Table 1. Left vertical axis: 
percentage similarity. Right vertical axis: number  of genera x 100 {dots); percentage endemism 
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Fig. 3. Dendrogram depicting similarities of rhodophytan generic floras of the world's 18 non- 
tropical phytogeographic seaweed regions, based on genera  not occurring in the tropics and non- 
endemic to one region. Parasitic genera are also excluded. For abbreviations denoting regions, see 

Table 1. Left vertical axis: percentage similarity. Right vertical axis: number  of genera  {dots) 

a n d  w i d e  o c e a n  s t r e t ches .  T h e  f o l l o w i n g  s e r i e s  of coa s t a l  s t r e t c h e s  w e r e  i n c l u d e d  in  th is  

a p p r o a c h  (cf. Fig. 1): 1) N W  Pac i f ic  - NE Pac i f ic  - ( t rop ica l  E Pacific} - SE Pac i f i c  + SW 

A t l a n t i c  - SE A t l a n t i c  - SW Pac i f ic  (Tab le  3); in  th i s  s e r i e s  t h e  W e s t  W i n d  Drif t  in  t h e  

s o u t h e r n  h e m i s p h e r e ,  or t h e  G o n d w a n a  l a n d  c o n n e c t i o n ,  w e r e  i n c l u d e d  as  p o s s i b l e  

d i s p e r s a l  rou tes ;  2) N W  A t l a n t i c  - N E  A t l a n t i c  - ( t rop ica l  E At lant ic}  - SH A t l a n t i c  - SW 

Pacif ic  (Table  4}; 3) N W  Paci f ic  - ( t rop ica l  W Pacific} - SW Paci f ic  - SE A t l a n t i c  - SW 

A t l a n t i c  (Table  5). 

Th i s  l a t t e r  s e r i e s  w a s  i n c l u d e d  to a c c o m m o d a t e  s e v e r a l  g e n e r a  w i t h  a w i d e l y  

d i s j u n c t  J a p a n e s e  - s o u t h e r n  A u s t r a l i a n  / n o r t h e r n  N e w  Z e a l a n d  d i s t r i b u t i o n ,  a n d  w h i c h  

are  no t  c o n n e c t e d  by  NE a n d  SE Pac i f i c  o c c u r r e n c e s .  
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Several  genera  with u n u s u a l  d is junct ions  and  which could not be arranged in 
Tables  1-3 are separa te ly  t abu la ted  (Table 6). 

For each of the 22 regions  the n u m b e r s  of tropical, t ropical-warm temperate,  warm 
temperate-arct ic /antarct ic ,  warm tempera te  - cold temperate,  warm temperate,  cold 
tempera te  - arctic/antarctic,  antarctic, tropical-cold temperate ,  and  tropical-arctic/ 
antarct ic  gene ra  were de te rmined  (Fig. 4). 

The dis t r ibut ions of the 637 gene ra  over the 22 regions were  de te rmined  us ing the 
fol lowing publ icat ions:  Abbot t  (1979), Abbot t  & Doty (1960), Abbot t  & Hol lenberg  (1976), 
Abbot t  & Yoshizaki (1981), Acl~to (1973), Adey  & MacIntyre (1973), Ardr6 (1970), 
Baardseth (1941), Ballisteros & Mar t inengo  (1982), Bergesen (1934, 1942, 1943, 1944, 
1945, 1949, 1950, 1951, 1952, 1953, 1954, 1957), Boudouresque  & Perret (1977), Chamber-  
la in  (1965), C h a p m a n  (1969a+b,  1979), C h a p m a n  & Dromgoole (1970), Chapman  & 
Parkinson (1974), Chihara  (1975), Chr i s tensen  & Thomsen  (1974), Coppejans  (1983), 
Dawson (1946), Dawson et al. (1964), Dixon & Irvine (1977), Earle (1969), Edelstein 
(1964), Fan  (1961), F e l d m a n n  (1939, 1946, 1954), F e l d m a n n  & Ma gne  (1964), Funahashi  
(1973), F u n k  (1955), Gayra l  (1958), Giaccone (1969), Giaccone  & Longo (1976), Gordon 
(1972), Hacket t  (1975), Hawkes  et al. (1978), van  den  Hoek (1978, 1982a, 1982b), van  den 
Hoek & Donze (1967), Irvine (1982, 1983), Islam (1976), Itono (1977), J aasund  (1976, 
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Fig. 4. Numbers of genera with different distribution types composing the rhodophytan generic 
floras of the world's 22 phytogeographic seaweed regions. For abbreviations denoting seaweed 
regions (horizontal axis), see Table 1. Left vertical axis: number of genera. WT = warm temperate; 
WT-ANAR = warm temperate to arctic/antarctic; TR-WT -- tropical to warm temperate~ WT-CT = 
warm temperate to cold temperate; CT-ANAR = cold temperate to arctic/antarctic; TR = tropical; 

AN = antarctic; TR-CT = tropical to cold temperate~ TR-ANAR = tropical to arctic/antarctic 
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Table  3. Non- t rop i ca l  ( =  cool water) ,  n o n - e n d e m i c  g e n e r a  a l o n g  coas ts  of the  NE A t l a n t i c  (NEA), 
the Arct ic  O c e a n  (AR), The  NW Paci f ic  (NWP), the  NE Paci f ic  (NEP), the  E Paci f ic  t rop ics  (TR), the  
SE Pacif ic  (SEP), the  SE A t l a n t i c  (SEA), the  SW Paci f ic  (SWP), A n t a r c t i c  coas ts  (ANT). c = cold  

t e m p e r a t e ,  w = w a r m  t e m p e r a t e  

Taxa NEA AR NWP NEP TR SEP ° SEA SWP ANT 

D u r n o n t i a  c + + + 

w + + 
N e o d i l s e a  c + + + 

w + 
M i k a m i e l l a  c + + 

w 
T o l a ' d a d e n d r o n  c + + 

W 

F i r n b m f o l i u m  c + + + + 
w 

D e v a l a e r e a  c + + + + 
W 

P a n t o n e u r a  c + + + + 
w 

O d o n t h a l i a  c + + + + 
w + + 

T u r n e r e l l a  c + + + + 
w + + 

Cla  th rornorph  urn c + + + + 

w + + 
H a l o s a c c i o n  c + + + + 

w + + 
Pt i lo ta  c + + + + 

w + q- 

N e m a l i o n  c + + + 
w + + + 

M e r n b r a n o p t e r a  c + + + + 
w + + 

Palrnar ia  c + + + + 
w + + + 

R h o d o m e l a  c + + + + 

w + + + 
G l o i o s i p h o n i a  c + + + 

w + + + 
D i l s e a  c + + 

w + + 
G l o i o p e l f i s  c + + 

w + + 
C a l l i a r t h r o n  c + + 

w + + 
S e r r a t i c a r d i a  c + + 

w + + 
C o n s t a n t i n e a  c + + 

w + 
N e o p t i l o t a  c + 

w + + 
F a r l o w i a  c + 

w + + 
N i e n b u r g i a  c + + 

w + 
P o l y n e u r a  c + 

w + + + 
B o r m e r n a i s o n i a  c + 

w + + + 
A e o d e s  c + 

w + + + 
H a r a l d i o p h y l l u r n  c 

w + + + 
S t e n o g r a r n m e  c 

w + + + 

+ wide N-S disjunction 

+ queer N-S disjunction 
+ N-S link through 
+ Atlantic? (Table 4) 

N-S link through 
+ Atlantic? (Table 4) 

N-S link through 
+ Atlantic? (Table 4) 
+ N-S link through 

+ + Atlantic? (Table 4) 
amphioceanic E-W 
disjunction 

+ N-S link through 
+ Atlantic? (Table 4) 
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Table 3 (cont inued)  

Taxa  N E A  AiR N W P  NEP TR SEP* S E A  SWP A N T  

R h o d o p t i l u m  c 
w 

S o r e l l a  c 
w 

B i n g h a m i a  c 
w 

P i k e a  c 
w 

N e o p o l y p o r o l i ~ o n  c 
w 

Y a m a d a e a  c 
w 

C o e l o s e i r a  c 
w 

B o s s i e l l a  c 
w 

S c a g e l i a  c 
w 

L e p t o c l a d i a  c 
w 

S c i a d o p h y c u s  c 
w 

A n i s o c l a d e l l a  c 
w 

C h o n d r u s  c 

w 
Phycodrys c 

w 
Delesseria c 

w 
R h o d o c h o r t o n  c 

w 
L e p t o p h ~ u m  c 

w 
R h o d o g l o s s u m  c 

w 
I n d a e a  c 

w 
B r a n c h i o g l o s s u m  c 

w 
l ~ o n i t i s  c 

w 
E r y t h r o g l o s s u m  c 

w 
P o r p h y r o p s i s  c 

w 
H y m e n e n a  c 

w 
S c h i m m e l m a n n i a  c 

w 
P l a t ~ h a m r d o n  c 

w 
T a y l o m e l l a  c 

w 
B o t r y o g l o s s u , ' n  c 

w 
Pugetia c 

~v 

Acan thococcus c 
w 

A d s t o t h a m n i o n  c 
w 

P s e u d o p h y c o d r y s  c 
w 

+ 
-}- 

+ + 
+ 
+ 
+ 

÷ -}- 

÷ 
+ + 

? 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

+ 

+ 

-{- 

+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 
Jr 
+ 

÷ 

÷ 

+ 
+ 
+ 
+ + 
÷ 
÷ + + + 
+ 
-k ÷ + + 
÷ + + 
+ + + + 
+ + + 
+ + + ÷ 
? ? + 
+ ÷ ÷ + 
+ ÷ + 
+ ÷ ÷ + 
+ + ÷ 

+ + 
+ 

+ + 
+ 

+ + 

+ + 
+ ÷ ÷ 
+ + + 

+ + 

-}- + 
-{- 

+ 4_ 
+ + 

+ + 
+ 

+ + + 
+ + 

+ 

+ 
+. 

also in warm SW Atlantic 

also N - S  l ink t h rough  
At lant ic  (Table 4) 
also N - S  l ink t h rough  
At lan t ic  (Table 4) 

also in w a r m  NW Atlant ic  

also N-S link through 
Atlantic (Table 4) 

also in warm SW Atlantic 

' Tr i s tan  da  C u n h a  
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Table 3 (continued) 

Taxa N E A  AR N W P  NEP TR SEP" SEA SWP A N T  

Pseudolaingia c + + 

w + 
Cladodonta c + + 

w q-° 
Polyporolithon c + + + 

w 
Ballia c + + + 

w + + + 
Chaetangium c + + + 

w + + + 
Pla tyc l i rda  c + + 

w + + 
Lophurella c + + + 

w +" + 
Pseudolithophyllum c + + + + 

w + + + 
Pachyrnenia c + 

w + + + 
Epyrnen ia  c + + + 

w + + 
Mychodea c + + 

w + + 

Curdiea c + + + + 
w + 

Perithamnion c + + + + 
w + 

Carradoria c 
w + + 

H e m i n e u r a  c 
w + + 

P s e u d o a n e m o n i a  c 
w + + 

Aphanocladia c + + 
w + 

Leptosarca c + + 
w + 

CladhFmenia c + + 
w + 

Hyrnenocladia c + 

w + + 

K u e t z i n g i a  c 
w + + 

E p i s p o r i u m  c 
w + + 

D i c l y m e n i a  c 
w + + 

G l a p h y r y m e n i a  c 
w + + 

E r y t h r y m e n i a  c 
w + + 

E r y t h r o c l o n i u m  c 
w + + 

M e t a m a s t o p h o r a  c 
w + + 

Dicure l l a  c 
w + + 

Pt i lophora  c 
w + + 

T h a m n o p h y l l i s  c 
w + + 

S p o n g o d o n i u m  c + 
w + 

• i n c l u d i n g  cool  S W  A t l a n t i c  

• T r i s t an  da  C u n h a  

+ 

• Tr i s t an  da Cunha 

also in warm SW Atlantic 

also in warm SW Atlantic 
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Table  4. Non- t ropica l  ( =  cool water),  n o n - e n d e m i c  g e n e r a  a long  coasts  of the NE Pacific (NEP), the 
N W  Pacific (NWP), the  Arctic (AR), the  N W  Atlant ic  (NVVA), the  NE Atlantic (NEA), the E Atlantic 
tropics (TR), the SE Atlant ic  (SEA), the SW Atlantic (SWA), the SW Pacific (SWP), Antarctic coasts 

(ANT). c = cold tempera te ,  w = w a r m  t empera t e  

Taxa NEP NWP AR NWA NEA TR SEA SWA SWP ANT 

N e o d i l s e a  c + + + 
w + 

O d o n t h a l i a  c + + + + + 
w + + 

C l a t h r o m o r p h u m  c + + + + + 
w + + 

P t i lo ta  c + + + + + 
w + + 

H a l o s a c c i o n  c + + + + 
w + + 

T u m e r e l l a  c + + + + + 
w + + 

l ~ ' m b n f o l i u r n  c + + + + + 
w 

D e v a l a e r e a  c + + + + + 
w 

Pantoneura c + + + + + + 
w 

PaImana c + + + + + 
w + + + 

Rhodomela c + + + + + 
w + + + 

Dumontia c + + + + 
w + + 

Membranoptera c + + + + + 
w + + 

Polyides c + + + 
w + 

Gloiosiphonia c + + + + 
w + + + 

C y s t o c l o n i u m  c + + + 
w + 

D i l s e a  c + + 
w + + 

Plumana c + + 
w + 

Furcellaria c + + 
w + 

Compsothamnion c + 
w + + 

Rhodochorton c + + + + + + + 
w + + + + 

Phyoodrys c + + + + + + + 
w + + + 

Leptophytum c + + + + + + + 
w + + 

P h y l l o p h o r a  c + + + + 
w + 

Delesseria c + + + + + 
w + + + + 

Nemal ion  c + + + + 
w + + + + + 

Chondrus c + + + + + 
w + + 

Porphyropsis c + + 
w + + + + 

B o n n e m a i s o n i a  c + 
w + + + 

Aeodes c + 
w + + + + 

wide N-S disjunction 

+ + also N-S link through 
+ Pacific (Table 3) 
+ + N-S link rather through 

Pacific [Table 3} 
+ + 
+ 
+ + wide N-S disjunction 

+ + also N-S link through 
+ Pacific [Table 3} 
+ 
+ 

+ N-S link rather through 
Pacific (Table 3) 
N-S link rather through 
Pacific [Table 3) 
wide N-S disjunction 
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Table 4 (continued) 
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Taxa NEP NWP AR NVCA NEA TR SEA SWA SWP ANT 

Apoglossum c + 
w + + 

Schirnrnelmannia c 
w + + + + 

Pollmeura c + 
w + + + + 

Alsidiurn c 
w + + 

Streblocladia c 
w + + 

Erythroglossum c + 
w + + + 

S tenogramme  c 
w + + + 

+ 
+ 
+ 

also N-S link through 
Pacific (Table 3) 

widely disjunct 

Table 5. Non-tropical (= cool water), non-endemic genera along coasts of the NW Pacific (NWP), 
the W Pacific tropics (TR), the SW Pacific (SWP), the SE Atlantic (SEA), the SW Atlantic (SWA), 

Antarctic coasts (ANT). c = cold temperate, w = warm temperate 

Taxa NWP TR SWP SEA SWA ANT 

T y l o t u s  c 

w + + + 

T r e m a  t o c a r p u s  c -b 

w + ÷ + 

S c h i z o s e r i s  c q- -k -k 

w + + + 

P t i l on ia  c + + + 

w + + 

D e l i s e a  c + + 

w + + + 

D a s y d o n i u m  c + 

w + + + 

M a r i o n e l l a  c + 

w + + + 

R h o d o p e l t i s  c 

w + + 

C i r r u l i c a r p u s  c + 

w + + 

+ also in NWA (warm) 
and SEP (warm) 

+ 

+ + 

+ + 

1977), Johansen  (1981), Joly (1967), J6nsson (1912), Kapraun  (1980), Kraft (1981), Kraft & 
Woelker l ing  (1981), Kf ihnemann (1972), Kylin (1956), Lawson & John  (1977, 1982), Lee 
(1980), Levring (1960, 1974), Lurid (1951, 1959), Mak ienko  (1975), Mefiez & Math ieson  
(1981), M u n d a  (1972, 1979), N izamudd in  et al. (1979), Nizarnuddin  & Gessner  (1970), 
Norris (1957), Oliveira Filho (1977), Paperffuss (1964, 1968), Parke & Dixon (1976), 
Parsons (1975), Pedersen  (1976), Perestenko (1980), Perez-Cirera  (1975), Pharn-Ho~ng 
H6 (1969), Pielou (1978), Rueness  (1977), Santel ices  (1980), Santel ices  & Abbot t  (1978), 
Scagel (1953, 1957), Schneider  et al. (1979), Schnet ter  & Meyer  (1982), Searles (1968), 
Searles & Schneider  (1978), Segawa {1965), Shepherd  & Womers ley  (1981), Simons 
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Table 6. Non-tropical ( = cool water), non-endemic genera with irregular disjunct distributions. {For 
explanation of abbreviations, see texts to Tables 3-5) 

Taxa AR NWP NEP NWA NEA TR SWP SEP SWA SEA AN 

C r u o n a  c + + + 

w + + 

P s e u d o s c i n a i a  c 

w + + 

P e t r o g l o s s u r n  c 

w + + 

H o l m e s i a  c 

w + + 

D e r m o c o r y n u s  c 

w + + 

B r o n g n i a r t e t l a  c + + 

w + + 

C 

w + + + 

H a r a l d i o p h y l l u m  

(1976), South (1976), South & Hooper (1980), Spar l ing  (1957), Svendsen  (1959), Taylor 
(1945, 1957, 1960, 1971), Tokida (1954), Tsuda & Wray (1977), Velasquez et al. (1975), 
Voz~.inskaja (1964, 1965), Wagner  (1954), Weber -van  Bosse (1928), Wilce (1959), Woel- 
ker l ing  (1980), Wollas ton (1979), Womers ley  (1965, 1981), Womersley & Abbott  (1968), 
Womers ley  & Bailey (1970), Womers ley  & Norris (1971), W y n n e  (1983), Zaneve ld  (1966), 
Zinova  (1955). 

RESULTS 

In the dendrogram (Fig. 2) depic t ing  the overall  similari t ies of the rhodophytan 
gener ic  floras of the 22 regions the six fol lowing clusters can be d is t inguished on the 
40-45 % similar i ty- level :  
(1) an Arctic-cold tempera te  N Atlantic  cluster (AR, CN 4 and  CN 3, Fig. 1); 
(2) a cold tempera te  N Pacific cluster (CN 1 and  CN2, Fig. 1); 
(3) an  Antarct ic-cold tempera te  southern  hemisphere  cluster (CS 2, CS 4, CS 3, AN, Fig. 1); 
(4) a wa rm tempera te  E Pacific cluster, i nc lud ing  nor thern  and  southern  hemisphere  E 

Pacific warm tempera te  floras (WN 2 and  WS2); 
(5) a poor t ropical -warm tempera te  cluster, i nc lud ing  the E Pacific and  E Atlantic 

tropical floras, as well  as the NW Atlantic  and  SW Atlantic  warm temperate  floras 
(T 2, T 3, WN 4, WS4); cluster 5 is l i nked  to cluster 4 on the 40 % level; 

(6) a rich t ropical -warm tempera te  cluster, i nc lud ing  the Indo W Pacific and  W Atlantic 
tropical floras, as wel l  as the NE Atlant ic  and  NW Pacific warm temperate  floras (T 1, 

T4, WN3, WN1). 
The fol lowing three floras s tand apart  and  have a h igh individual i ty :  

(7) the warm tempera te  SW Pacific flora of southern  Austral ia  and  nor thern New 
Zea land  (WS1); 

(8) the warm tempera te  SE Atlant ic  flora of southern  Africa (WS3); 
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(9) the cold t empera te  SW Pacific flora of southern  N e w  Zea land  and ad jacen t  is lands 

(CS1). 
The above  six clusters and three  floras wi th  h igh  ind iv idua l i ty  are ind ica t ed  in Fig. 5 by 

areas with different types of hatching.  

Fig. 5. Map illustrating clusters of regions on the 40-45 % similarity level in Fig. 2. Regions with the 
same type of hatching are in one cluster (compare with Fig. 1 for regions). The Warm temperate SE 
Atlantic Region (WS3), the Warm temperate SW Pacific Region (WS1) and the Cold temperate SW 
Pacific Region (CSt) form a cluster (at about the 30 % level, cf. Fig. 2). Thick lines delimit rich floras 

(> 150 genera), thin lines poor floras (< 110 genera) 

In Fig. 2, two broad "superc lus te rs"  at the 20 to 25 % similar i ty  l eve l  encompass  the 

cold temperate ,  arctic and antarct ic  floras on the one  hand,  and the warm t empera t e  and  
tropical floras on the other  hand.  This second superc lus ter  also inc ludes  the cold 

tempera te  SW Pacific flora. 

For the second c lus ter ing only g e n e r a  l ack ing  in the tropics and not e n d e m i c  to one 
of the regions were  used. In this c lus ter ing the tropical  regions  are of course not 
included.  For pract ical  reasons, parasi t ic  g e n e r a  were  also excluded,  as they are 

i r regular ly  r ep resen ted  in the floristic accounts  consulted.  In this way  145 g e n e r a  

r ema ined  of the total of 637. The  total n u m b e r  of cool wa te r  g e n e r a  ( including non- 

tropical endemics)  amounts  to 307. This d i f ference  indica tes  that  the major i ty  of 
rhodophytan gene ra  do occur in the tropics. The  results of the second clustering,  wh ich  

are g iven  in the dendrogram of Fig. 3, enhance  some of the results of the first clustering,  

especia l ly  by d is t inguish ing  the fo l lowing clusters on the 50-60 % similar i ty  level :  

(1) an Arctic-cold t empera te  N Atlant ic  cluster  (AR, CN 3, CN4, cf. Fig. 1); 
(2) a cold t empera te  N Pacific cluster  (CN 1, and CN2); 

(3) a cold t empera t e  southern  h e m i s p h e r e  cluster  (CS 2, CS 3, CS 4, see Fig. 1) which  is 
l inked  to the Antarct ic  flora at the 35 % similar i ty  level .  
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The removal,  from this clustering,  of gene ra  with broad tropical to warm temperate, 
tropical to cold temperate ,  and  tropical to arct ic/antarct ic  dis tr ibut ions (in short: with 
tropical to cool water  distributions) {see Fig. 4) apparen t ly  stresses the fact that cold 
t empera te  floras of both hemispheres  differ marked ly  from one another  in  their cool 
water  rhodophytan  genera ,  a l though they apparen t ly  share a n u m b e r  of (amphiequato- 
rial) genera .  This removal  of broadly  occurr ing gene ra  even  stresses the distinct indi- 
v idual i ty  of the Arctic-cold temperate  N Atlantic  cluster versus the cold temperate  N 
Pacific cluster. However,  Fig. 6 demonstra tes  that the large majori ty  of the cool-water 

]CNP ] AR ]CN,A ] 

| 

m 
END 14 O O 

Fig. 6. Numbers of non-endemic genera not occurring in the tropics shared by the Cold temperate N 
Pacific regions (CNP), the Arctic Region CAR) and the Cold temperate N Atlantic regions (CNA}. 

END = number of endemic genera 

genera  in  the Arctic and  cold tempera te  N Atlant ic  Regions are shared by the cold 
t empera te  N Pacific Regions (21 of 29 genera).  The difference b e t w e e n  both pairs of 
regions is apparen t ly  caused in  the first place by the large n u m b e r  (39) of temperate 
gene ra  presen t  in  the N Pacific bu t  absen t  in  the Arctic a nd  N Atlantic.  

At about  the 50-60 % similari ty level,  two more clusters can be d is t inguished which 
were  not  p resen t  in  the first c lus ter ing  (compare Fig. 3 with Fig. 2): 
(4) a warm tempera te  N Pacific cluster (WN 1 and  WN 2, Fig. 1), which is l inked  to the 

cold tempera te  N Pacific cluster  at the 36 % similar i ty  level;  
(5) a warm to cold tempera te  SW Pacific cluster (WS 1 and  CS 1, Fig. 1), un i t ing  the 

southern  Aus t ra l i an  and  the New Zea land  floras; this cluster is l inked  to the warm 
tempera te  SE Atlant ic  flora (southern Africa, WS3) at the 33 % similari ty level. 

The above five clusters at the 50-60 % level, and  several  separate floras, are i l lustrated 
in  Fig. 7 by  areas wi th  different types of hatching.  

Genera  with a broad tropical-arctic/antarctic,  t ropical-cold temperate  and  tropical- 
warm tempera te  d is t r ibut ion form the majori ty of rhodophytan  genera  in  the two N 
Pacific warm tempera te  floras (73 % of the warm tempera te  NW Pacific flora and  53 % of 
the warm tempera te  NE Pacific flora, respectively;  cf. Fig. 4). Exclusion of these broadly 
dis t r ibuted genera  results in  c lus ter ing of both floras on the 50 % similari ty level, which 
means  that they have a h igh re la tedness  with regard to their cool-water genera.  

In the N Atlant ic  Ocean  the s i tuat ion is qui te  different: here the warm temperate 
floras on both sides of the ocean (WN 3 and  WN 4, Fig. l) are unre la ted  (Figs 2, 3). Both 
floras do p redominan t ly  consist  of broadly  dis t r ibuted tropical to cool-water genera:  the 
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Fig. 7. Map illustrating clusters of non-tropical regions on the 50-60 % similarity level in Fig. 3, 
which is based on genera not occurring in the tropics and non-endemic to one region. Regions with 
the same type of hatching are in one such cluster (compare with Fig. 1 for regions}. Clusterings on 
lower similarity levels are indicated by connecting arrows. The Warm temperate NW Atlantic 
Region {WN4} and the Warm temperate SW Atlantic Region (WS4} are highly unrelated here to 
anyone of the other regions. Thick lines delimit rich floras (> 150 genera}, thin lines poor floras 

(< 110 genera} 

warm tempera te  NE Atlant ic  flora {WN3} for 66 %, the warm tempera te  NW Atlant ic  flora 

{WN4} even  for 97 %. Exclusion of the above  broadly  dis t r ibuted gene ra  in the second 
cluster ing will  of course strongly enhance  the di f ference b e t w e e n  both floras. The  warm 

tempera te  NW Atlant ic  flora is apparen t ly  a depaupe ra t e  ex tens ion  of the rich t ropical  W 

Atlantic  Flora, whereas  the warm tempera te  NE Atlant ic  flora has a strong ind iv idua l i ty  
wi th  regard  to its cool-water  genera .  Fig. 8 fur ther  i l lustrates  this d i f ference b e t w e e n  the 
warm tempera te  floras of the N Pacific and  N Atlantic.  In the N Pacific the  warm 

tempera te  floras on the wes te rn  and eas te rn  s ides  of the  ocean  are  h igh ly  re la ted  (with 

regard  to cool -water  genera}, as they share  39 genera ,  of which  22 are d is junct  as they 
are l ack ing  in one or both cold t empera t e  regions.  In the N Atlantic,  on the o ther  hand,  

the warm tempera te  floras on the wes te rn  and eas tern  sides of the ocean  are h igh ly  

unrelated,  as they share only 2 g e n e r a  {one of wh ich  has a dis junct  distribution}. 

In both the N Pacific and the N Atlant ic  Ocean  the warm t empera t e  and cold 
tempera te  floras are mutual ly  re la ted  at about  the 35 % leve l  (except  for the warm 

tempera te  NW Atlant ic  flora} {Figs 3, 7}, w h e n  they are c lus tered  on the basis of genera  
lacking in the tropics and of n o n - e n d e m i c  genera .  This c lus ter ing also reveals  an 

individual i ty  of the N Pacific t empera te  flora versus  that of the Arct ic-N Atlant ic  

tempera te  flora. 
Above,  the h igh  proport ion has b e e n  men t ioned  of more or less broadly  dis t r ibuted 

tropical to cool water  gene ra  in the warm t empera t e  floras of the nor thern  hemisphere :  
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Fig. 8, left: Numbers of non-endemic genera not occurring in the tropics shared by the Warm 
temperate NW Pacific region (WNWP), the Cold temperate NW Pacific region (CNWP), the Cold 
temperate NE Pacific region (CNEP), and the Warm temperate NE Pacific region (WNEP). END = 
numbers of endemic genera. Fig. 8, right: Numbers of non-endemic genera not occurring in the 
tropics shared by the Warm temperate NW Atlantic region (WNWA), the Cold temperate NW 
Atlantic region (CNWA), the Cold temperate NE Atlantic region (CNEA), and the Warm temperate 

NE Atlantic region (WNEA) 

73 % of the warm tempera te  NW Pacific flora (of 216 gene ra  in  total); 53 % of the warm 
tempera te  ~ Pacific flora (of 202 genera  in  total); 97 % of the warm temperate  I~V 
Atlant ic  flora (of 85 genera  in total); and  66 % of the warm temperate  NE Atlantic flora 
(of 208 genera  in  total). These tropical to cool water  genera  play an  important  role in 
de t e rmin ing  the similari t ies  among  these floras and  the tropical floras, as es tabl ished in 
the first overall  c lus ter ing (Figs 2, 5). Two "rich" (c. 210 genera)  nor thern  hemisphere  
warm tempera te  floras (NW Pacific, NE Atlantic) with h igh proportions of tropical to cool 
water  gene ra  form the previously  men t ioned  "rich t ropical -warm temperate  cluster" 
together  wi th  the Indo W Pacific and  the W Atlant ic  tropical floras (WN 3, WN 1, T 1, T4; cf. 
Figs 1 a n d  5). As exclusion of these tropical to cool water  genera  results in  a clustering 
(Fig. 3) which  stresses the separa teness  of the tempera te  N Pacific and  N Atlantic floras, 
their  presence  must  be  responsib le  for the const i tu t ion of this "rich tropical-warm 
tempera te  cluster".  This lat ter  cluster does not encompass  the rich (c. 200 genera) warm 
tempera te  NE Pacific flora (WN2). The proport ion of tropical to cool water  genera  in this 
latter flora (53 %), however,  is dist inct ly lower than  in  the warm temperate  NW Pacific 
flora (73 %) and  the warm tempera te  NE Atlant ic  flora (66 %). Also the absolute number  
of cool water  gene ra  (=  not  occurr ing in  the tropics) is dist inctly h igher  in  the warm 
tempera te  b/E Pacific flora t han  in  the warm tempera te  NE Atlant ic  and  NW Pacific 
floras (Fig. 4). In other words: the warm tempera te  NE Pacific flora has a more temperate 
character  than  both other rich nor thern  hemisphere  warm temperate  floras. 

Two tropical floras, the tropical  E Pacific flora and  the tropical E Atlant ic  flora, form 
the previously  men t ioned  "poor t ropical -warm tempera te  cluster", together  with the 
warm tempera te  NW Atlant ic  and  SW Atlantic  warm temperate  floras (Figs 2, 5). These 
four floras are character ized by low number s  of genera  (c. 75-95, cf. Fig. 4) which almost 
all have  wide  tropical to cool water  distr ibutions.  These  floras apparen t ly  differ from the 
two rich tropical floras by  the absence  of numerous  genera,  ma in ly  tropical and tropical 
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to warm temperate  ones. Both the warm tempera te  NW a nd  SW Atlant ic  flora (WN 4 a nd  
WS~, Fig. 1} occupy marg ina l  posi t ions in  the second  c lus ter ing  (Fig. 3} as these two 
floras consist almost  ent i re ly  of tropical to cool water  genera ,  which  are not  i nc luded  in  
this second clustering.  This indica tes  that both these floras are depaupera te  extens ions  
of the rich tropical W Atlant ic  flora. 

In the second c lus ter ing the cold tempera te  SW Pacific flora (CS1; southern  New 
Zea land  and  adjacent  islands} and  the warm tempera te  SW Pacific flora (WS 1, southern  
Australia and  nor thern  New Zealand} are qui te  nar rowly  re la ted (55 %, Figs 3, 7), a nd  
this is in  contrast to the first c lus ter ing  {Figs 2, 5} where  they are much  more dis tant ly  
related. Obviously  the exclusion, in  the second clustering,  of the n u m e r o u s  tropical to 
cool water  genera  and  warm tempera te  endemic  genera  has great ly reduced  the 
difference be tween  both floras. The r ema in ing  numbe r s  of warm temperate-arc t ic /  
antarctic genera  and  warm tempera te-cold  tempera te  gene ra  are approximate ly  equa l  
(c. 45) in both floras (compare WS 1 and  CS 1 in  Fig. 4), and  only these are compared  in  the 
second clustering. As in  the first clustering,  the neares t  re la ted flora (on the 33 % level} 
is the warm temperate  SE Atlant ic  flora (WS a, southern  Africa}. Both cluster ings stress 
the separate but  in terre la ted posit ions of the tempera te  floras of southern  Africa, 
southern Austral ia  and  New Zealand.  The warm tempera te  flora of southern  Austral ia  
and nor thern  New Zea land  (the warm tempera te  SW Pacific flora, WS1) has cer ta inly the 
highest  ind iv idual i ty  of all 22 ben th ic  seaweed  floras here d is t inguished,  with its h igh 
numbers  of rhodophytan  genera  {328} and  of endemic  rhodophytan  gene ra  005)  
(Figs 2, 4). 

The warm temperate  SE Pacific flora s tands qui te  apart  in  the second cluster ing 
(Figs 3, 7), where  it is dis tant ly  l inked,  only on about  the 22 % level, with the cluster of 
the cold temperate,  southern  hemisphere  floras (CS 2, CS a, CS4) and  Antarct ica (AN) 
(Fig. 3). The 43 % similarity, in  the first c lus ter ing  {Fig. 2), with the warm tempera te  NE 
Pacific flora is apparent ly  ma in ly  caused  by the wide ly  dis t r ibuted tropical-cool water  
genera.  

The relat ionships  among  the southern  hemisphere  tempera te  floras are further 
i l lustrated by Fig. 9; 46 of the 82 n o n - e n d e m i c  cool water  genera  are widely  dis t r ibuted 
over cold tempera te  as wel l  as warm tempera te  regions  in  the southern  hemisphere ,  5 
are restricted to cold tempera te  regions (2 also occur in  Antarctica}, and  32 to the warm 
temperate  regions. Of these, 16 are restricted to both  the warm tempera te  SE Atlant ic  
Region iS Africa} and  the warm tempera te  SW Pacific Region (southern Austra l ia  a nd  
nor thern  New Zealand).  These  latter two regions  also share 16 cool water  gene ra  wi th  
wide  distr ibutions.  The above 32 cool water  gene ra  shared by the floras of southern  
Africa and  southern  Austral ia  p lus  New Zea l and  are ma in ly  respons ib le  for a cer ta in  
measure  of re la tedness  be tween  both floras, whereas  their  h igh  n u m b e r s  of endemic  
genera  (especially of the warm tempera te  SW Pacific flora) set them apar t  from other 
southern hemisphere  temperate  floras. 

Fig. 9 shows that, in  contrast to especial ly  the warm tempera te  SW Pacific flora, the 
warm temperate  SE Pacific flora does not have a p ronounced  individual i ty ,  a l though it 
stands quite apart  in  the second cluster ing (Fig. 3)~ 21 of the 35 cool water  genera  are 
shared with other southern hemisphere  tempera te  regions,  and  of these 18 have a wide 
cold and warm temperate  distr ibution.  There  are only  4 endemic  genera ,  and  4 genera  
which are only shared with the warm temperate  NW Pacific Region. In short, the warm 
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t empera t e  SE Pacific flora of rhodophytan  g e n e r a  can  be charac te r ized  as a depaupera te  

southern  h e m i s p h e r e  w a r m  t empera t e  flora. 
A cons iderab le  n u m b e r  (47) of cool water  rhodophytan  gene ra  (i.e., gene ra  absent  

from the tropics) occur on both the nor thern  and the southern hemisphere .  Of these, 24 
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Fig. 9. Numbers of non-endemic genera not occurring in the tropics shared by the Antarctic Region, 
the cold temperate and warm temperate regions of the southern hemispere. AN = Antarctic; 
SWA = SW Atlantic; SEA = SE Atlantic; SWP = SW Pacific; SEP = SE Pacific. END = number of 

endemic genera. Bar = 10 genera 

s e e m  to " j u m p "  the tropics a long  E Pacific coasts, 11 a long  E Atlant ic  coasts (of these, 3 
also " j u m p "  the E Pacific tropics), whereas  9 s e e m  to " j u m p "  the wide  tropics a long W 

Pacific coasts (Fig. 10, wh ich  summar izes  Tables  3, 4 and  5). Still  another  6 amphie-  
quator ia l  gene ra  have  i r regular  distr ibut ions (Table 6); 71 cool water  non-endemic  
gene ra  are restr ic ted to e i ther  the nor thern  hemi sphe re  (37), or the southern  hemisphere  

(34). The  total number  of cool wa te r  gene ra  ( including e n d e m ic  genera ,  and "near-  

e n d e m i c "  g e n e r a  res t r ic ted to ad jacen t  cool- and warm tempera te  regions} which  are 
res t r ic ted to e i ther  the nor thern  hemi sphe re  or the southern  hemisphere ,  amounts  to 307. 

Of these,  131 are res t r ic ted to the nor thern  h e m i s p h e r e  and 176 to the southern 
hem i sp he r e  (of this lat ter  group 105 are e n d e m i c  genera  of the warm tempera te  SW 

Pacific region}. 
Thus only a compara t ive ly  smal l  proport ion (15 %) of all cool water  rhodophytan 

g e n e r a  (=  not occurr ing  in the tropics) has an  amphiequa to r i a l  distribution. However ,  
qu i te  a la rge  propor t ion (40 %) of more  or less w i d e l y  dis t r ibuted (non-endemic)  cool 

wa te r  gene ra  occur on both sides of the equator .  
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Fig. 10, left: Numbers of non-endemic genera not occurring in the tropics shared by the NW Pacific 
(NWP), NE Pacific (NEP), SE Pacific (SEP), SE Atlantic (SEA) and SW Pacific (SWP). END = 
numbers of endemic genera. Fig. 10, right: Numbers of non-endemic genera not occurring in the 
tropics shared by the NW Atlantic (NWA), NE Atlantic (NEA), the SE Atlantic (SEA) and the SW 

Pacific (SWP) 

12 of the 21 genera ,  shared  by the NW Pacific and the SW Pacific regions,  occur all 

a long the " route"  NW Pacific - NE Pacific - SE Pacific + SW Atlant ic  - SE Atlant ic  - SW 

Pacific {Fig. 10). This sugges ts  that  these g e n e r a  may  have  crossed the E Pacific tropics. 

However ,  the r ema in ing  9 g e n e r a  shared by the NW Pacific and the SW Pacific regions  

do not occur a long  this indi rec t  " route"  and seem to have  direct ly  crossed the wide  Indo- 

W Pacific tropical  belt.  

DISCUSSION 

Apparen t ly  rhodophytan  g e n e r a  are not d is t r ibuted across the wor ld ' s  oceans  in a 
haphazard  way, but according to cer ta in  patterns.  Fig. 5, wh ich  i l lustrates the results  of 

the first overa l l  clustering,  stresses the re la tedness  of the rich tropical  Indo W Pacific 

flora, the rich tropical  W Atlant ic  flora, and the r ich w a r m  tempera te  NW Pacific and NE 
Atlantic  floras. These  four floras form the "'rich t rop ica l -warm t empera t e  c luster"  on the 

40-50 % similari ty level  (Fig. 2). Within  this cluster, the two rich tropical  floras have  a 

similari ty of c. 55 %. This cluster  is h igh ly  disjunct,  as it is t raversed,  in N-S direction,  by 

the Afr ican-Asian landmass  and by the Atlant ic  Ocean.  It can possibly be  in te rpre ted  as 
be ing  composed  of vicar iant  port ions of an or ig inal ly  cont inuous  tropical  to w a r m  

tempera te  Te thyan  flora of rhodophytan  genera .  This in terpre ta t ion  per ta ins  of course 

only to the genera  shared by the four floras. The  def in i t ive  closure of the Tethys by 

re la t ive  uplift  in the Midd le  East separa ted  the Indo W Pacific and Atlant ic  floras at 
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abou t  the  m i d d l e  Miocene  (~  18.106 y; Ha l lam,  1981). Towards  the  e n d  of the  Miocene 
the  r e m n a n t  of the  Te thys  Ocean ,  the  M e d i t e r r a n e a n  b e c a m e  also s e p a r a t e d  from the 
At lan t ic  and  subsequen t l y  more  or less  e v a p o r a t e d  (Mess in ian  sa l in i ty  crisis, ~ 5.106 y). 
After  that  it  was  re f i l l ed  wi th  At lan t ic  s eawa te r  and  biota.  Separa t ion  of the  E and W 
At lan t ic  por t ions  of the  Te thys  s t a r t ed  a l r e a d y  in  the  la te  Cre taceous  (~  80.106 y) with 
the  o p e n i n g  of the  S At lan t ic  a long  its w h o l e  length .  However ,  in  the  nor th  un in te r rup ted  
coas t l ines  and  s t epp ing  s tone a r ch ipe l agos  have  connec t ed  the  W and  E At lant ic  up  into 
the  Eocene  (~  40.106y) w h e n  the G r e e n l a n d - S c o t l a n d  Ridge  across the  ope n ing  N 
At lan t ic  s e p a r a t e d  the  At lant ic  O c e a n  from the Arct ic  Ocean .  At  that  t ime the c l imate  in 
the  w h o l e  N At lan t ic  O c e a n  was  t rop ica l  to w a r m  t e m p e r a t e  so tha t  e x c h a n g e  of t ropical  
to wa rm t e m p e r a t e  g e n e r a  b e t w e e n  the  W and  E At lan t ic  a long  this ocean ' s  nor thern 
coasts  was  poss ib le  (Frakes,  1979). 

This  s i tua t ion  m a y  have  ex i s t ed  aga in ,  af ter  a cooler  per iod ,  in the la te  Ol igocene  
(--30.106 y), and  once  a g a i n  (after ano the r  pe r iod  of cooling) in the  ea r ly  Miocene  
(-- 20.106 y) (Frakes,  1979) w h e n  the  G r e e n l a n d - S c o t l a n d  Ridge  had  g r a d u a l l y  subs ided  
to a ser ies  of i s lands  across the  nor thern  N At lan t ic  (Thiede & Eldholm,  1983). 

In  Eocene  W Europe,  as  a resul t  of the  h igh  sea  levels ,  was  an  in t r ica te  a rch ipe lago  
wi th  eve r  c h a n g i n g  conf igura t ions  in  the  course  of geo log ic  t ime;  this  poss ib ly  p romoted  
rich quas i - sympa t r i c  spec i a t ion  (cf. Pielou,  1977, 19Y8) of the  wa rm t empera t e  and 
t ropica l  s e a w e e d  floras. 

The  ques t ion  now ar i ses  w h e t h e r  r ecen t  t r ansocean ic  d i spe r sa l  of s e a w e e d  spec ies  
b e t w e e n  C a r i b b e a n  and  warm t e m p e r a t e  Europe  and  W Africa  cannot  be t t e r  exp la in  the 
s imi la r i ty  b e t w e e n  the  f loras of the i r  r h o d o p h y t a n  genera .  However ,  the  s trong re la ted-  
ness  (55 % level)  b e t w e e n  the h igh ly  d is junct  r ich t ropica l  floras of the  W Atlant ic  and  
Indo W Pacif ic  Oceans  favours  v i ca r i ance  as an  exp lana t ion ,  wi thout  exc lud ing  the 
poss ib i l i ty  of add i t i ona l  t r ansocean ic  d i spe rsa l  in the  Atlant ic .  Even Strictly t ropical  
s p e c i e s  m a y  show this h igh ly  d is junct  and  poss ib ly  v ica r ian t  d i s t r ibu t ion  (van den  
Hoek,  1982a). 

A second  t r op i ca l -wa rm t e m p e r a t e  c lus ter  is the  "poor  t rop ica l -warm t empera t e  
c lus ter" ,  c o m p o s e d  of the  E Pacif ic  and  E At lan t ic  t rop ica l  floras, as we l l  as the  NW 
At lan t ic  and  SW At lan t ic  w a r m  t e m p e r a t e  floras (Fig. 5, f inely s t ipp led  areas;  see  also 
Fig. 2). These  four f loras have  compara t i ve ly  low number s  of r hodophy tan  g e n e r a  (about  
half  the  n u m b e r  p r e sen t  in  the  f loras of the  p rev ious  cluster),  and  a lmost  no e nde mic  
g e n e r a  (Fig. 2; Fig.  4). Fig. 4 shows tha t  t hey  are  p r e d o m i n a n t l y  composed  of wide ly  
d i s t r ibu ted  t rop ica l  to a rc t ic /an tarc t ic  and  t ropica l  to cold  t e m p e r a t e  genera ,  and  of fair 
n um be r s  of t ropica l  to warm t e m p e r a t e  g e n e r a  which  are,  however ,  much  lower  than 
those  in the  f loras of the  p rev ious  cluster.  O the r  d i s t r ibu t iona l  ca tegor ies  a re  ha rd ly  
r ep resen ted .  A p p a r e n t l y  this  "poor  t r op i ca l -wa rm t e m p e r a t e  c lus ter"  differs from the 
"r ich t r op i ca l -wa rm t e m p e r a t e  c lus ter"  by  the  abse nc e  of numerous  genera ,  ma in ly  
t r op i ca l -wa rm t e m p e r a t e  ones.  Var ious  causes  may  be  i nvoke d  for the d e p a u p e r a t e  
condi t ion  of these  four floras. The  w a r m  t e m p e r a t e  N W  At lan t ic  flora occurs  a long  the 
vast  s e d i m e n t  coasts  of the  SE USA which  are  i nhosp i t a b l e  to ben th ic  a lgae .  Inshore 
wa te r s  have  h igh  seasona l  t e m p e r a t u r e  f luctuat ions.  Sca t t e red  offshore reefs which  are 
b a t h e d  by  t rop ica l  Gulf  S t ream wa te r  wi th  more  even  t e mpe ra tu r e s  a re  i n h a b i t e d  by  an 
i m p o v e r i s h e d  C a r i b b e a n  f lora (Searles,  1984; Sea r l e s  & Schneider ,  1980; van  den  Hoek,  
19Y5). The  wa rm t e m p e r a t e  SW At lan t ic  flora is s e p a r a t e d  from the  C a r i b b e a n  flora as 
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wel l  as  the  cold  t e m p e r a t e  SW At lan t i c  flora b y  vas t  s e d i m e n t  coasts.  Cont rac t ions  of the  
t ropical  be l t  dur ing  the  Pleistocene g lac ia t ions  m a y  have  enforced  mig ra t ions  of this  
flora which  could  not  " e s c a p e "  wi thou t  losses  t owards  the  C a r i b b e a n  over  the  ba r r i e r  
formed by  the  s e d i m e n t  coasts  w h i c h  a lso  h i n d e r e d  r emig ra t i on  dur ing  the  in te rg lac ia l s .  
Such P le i s tocene  f lo ra -migra t ions  m a y  have  a lso  a d d e d  to the  i m p o v e r i s h m e n t  of the  
warm t e m p e r a t e  N W  At lan t ic  flora. Fig.  3, wh ich  c lus ters  the  f loras on the  bas i s  of cool  
wate r  g e n e r a  (i.e., g e n e r a  absen t  from the  tropics),  s t resses  the  po in t  tha t  bo th  the  N W  
and  SW warm t e m p e r a t e  At lan t ic  f loras ha rd ly  conta in  s t r ic t ly  cool  wa te r  g e n e r a  and  are  
consequen t ly  both  d e p a u p e r a t e  ex tens ions  of the  r ich t rop ica l  W At lan t i c  flora. C o m p a r -  
ab le  reasons  may  be,  and  have  been ,  i n v o k e d  (van den  Hoek,  1975, 1982a) for the  
d e p a u p e r a t e  na tu re  of the t rop ica l  E At lan t ic  flora: that  is, the  occur rence  of long  
sed imen t  coasts  wi th  re la t ive ly  few rocky  outcrops  in combina t ion  wi th  Pleistocene 
t empe ra tu r e  f luctuat ions  and  concomi tan t  f lora migra t ions .  However ,  the  impover i sh -  
men t  of the  E At lant ic  por t ion of the  former Tethys  f lora m a y  have  s ta r ted  du r ing  the 
s teep  cool ing t rend  in la te  Miocene  (~ 10-5.106 y; cf. Thune l l  & Belyea,  1982). Compa r -  
ab le  reasons  m a y  be  i nvoked  for the  d e p a u p e r a t e  na tu re  of the  wes t e rnmos t  por t ion  of 
the former Tethys-f lora ,  the  t ropica l  E Pacific flora w h i c h  b e c a m e  def in i t e ly  i so la ted  
from the rich t ropica l  W At lan t ic  flora by  the P1iocene upl i f t  of the  Cen t ra l  A m e r i c a n  
is thmus (2.106 y). In genera l ,  it  is l i ke ly  that  the  t rop ica l  eas t  s ides  of the  Pacif ic  and  
At lant ic  Oceans  have  b e e n  sub jec t  to much  more  uns t ab l e  c l imat ic  condi t ions  du r ing  the 
geologic  pas t  than  the wes t  s ides  w h e r e  the  t rop ica l  be l t s  are  much  b r o a d e r  and  
condi t ions more  even  as a consequence of the  gene ra l  oceanic  c i rcula t ion  pat terns .  

Fig. 4 shows that  apa r t  from the  d e p a u p e r a t e  t ropica l  and  w a r m  t e m p e r a t e  floras, the  
t ropical  and  wa rm t e m p e r a t e  f loras conta in  more  than  twice  the  n u m b e r  of r h o d o p h y t a n  
gene ra  p resen t  in the  cold  t e m p e r a t e  floras, which,  in  the i r  tum,  are  rough ly  twice  as r ich 
as the Arct ic  and  Antarc t ic  floras. These  d i f fe rences  in  gene r i c  r ichness  can  be  inter-  
p r e t ed  as re f lec t ing  the  much  g rea t e r  a g e  of the  t rop ica l  and  wa rm t e m p e r a t e  f loras than  
that  of the  cold  tempera te ,  arct ic  and  an tarc t ic  floras. In ea r ly  Ter t i a ry  (Pa leocene  a n d  
Eocene,  -- 65-40.106 y), the  c l ima te  va r i ed  from t rop ica l  a t  the  equa to r  to w a r m  t emper -  
ate at  the  poles.  Two prec ip i tous  t e m p e r a t e  drops  occurred,  one  in the  ea r ly  O l i g o c e n e  
(~ 35.106 y), the  o ther  in  the  m i d d l e  MLiocene (~  10.106 y). The  first is g e n e r a l l y  associ-  
a ted  wi th  the  o p e n i n g  of Drake ' s  Pas sage  (be tween  F u e g i a  and  the  Antarc t ic  Peninsula)  
and  the in i t ia t ion  of the  Ci rcum Anta rc t i c  Cur ren t  i so la t ing  Anta rc t i ca  from hea t  inf lux 
from the  tropics.  After  that  the  g r a d u a l l y  i nc r ea s ing  g l ac i a t ion  of Anta rc t i ca  cou ld  have  
h e l p e d  to s t e e p e n  the  l a t i t ud ina l  t e m p e r a t u r e  g r a d i e n t  (Frakes,  1979). In  the  ea r ly  
Ol igocene  also, cold  wa te r  could  have  s ta r ted  to f low from the  Arct ic  O c e a n  into the  N 
At lant ic  O c e a n  over  the  subs id ing  G r e e n l a n d - S c o t l a n d  Ridge  (McKenna,  1983). 

These  Cenozoic  t empe ra tu r e  drops  m a y  have  p romoted  the evo lu t ion  of co ld  temp-  
era te  f loras from warm t e m p e r a t e  floras. Fig. 4 sugges t s  tha t  th is  was  pa r t ly  r e a l i z e d  by  
the or ig in  of new spec ies  wi th in  ex is t ing  g e n e r a  and  pa r t ly  by  the  or ig in  of n e w  cold 
wate r  genera .  Unfor tunate ly  few red  a l g a e  fossil ize.  The  ca lca reous  red  a lgae ,  however ,  
have  left a b u n d a n t  fossils which  are  a t t r ibu ted  to 17 fossil  g e n e r a  and  15 ex tan t  gene ra  
which  are  also r epor ted  as fossils (Johansen,  1981). Of these  la t te r  15 genera ,  the  ea r l i es t  
fossils are  Lithoporella, Lithothamnion and  Sporolithon from the la te  Jurass ic  
(140.106 y); the  ear l ies t  fossils of Lithophyllum, Arnphiroa, Arthrocardia, Jania, and 
Pneophyllum (cf. Chamber l a in ,  1983) from the Cre taceous  (130-65.106 y); the  ea r l i es t  
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fossils of Mesophyllum from the Pa leocene  (~ 55.106 y); of Corallina and  Tenarea from 
the Eocene (-- 45.106 y); of Melobesia from the Ol igocene  (~ 35.106 y); and  of Calliarth- 
ton, Neogoniolithon and  Porolithon from the Miocene  ( -  20.10 ~ y). 14 of these 15 genera 
now have wide  tropical to cool water  distr ibutions.  Only  Calliarthron has a warm to cotd 
tempera te  d is t r ibut ion in  the N Pacific. Porolithon and  Neogoniolithon on the other 
hand,  have a tropical to warm temperate  distr ibution.  These latter two main ly  tropical 
genera  are thought  to have evolved rather  recent ly  in  associat ion with highly  increased 
fish grazing in  coral reefs (Steneck, 1983). 12 of the above 14 genera  of the Coral l inaceae 
with wide  presen t  t ropical- to- temperate  dis t r ibut ions are i ndeed  very old (Jurassic to 
Eocene). Two other recent  calcified rhodophytan  genera  with tropical to cool water 
distr ibutions,  Ethelia and  Peyssonellia are known  as fossils from the lower Cretaceous 
(130.106y) and  the Paleocene (60.106y), respect ively (Tappan, 1980). These fossil 
records therefore support  the idea that at least a large proport ion of the extant rhodophy- 
tan  gene ra  with t ropical- to- temperate  dis t r ibut ions existed a l ready in  the Eocene 
(55-50.106 y) w h e n  the cl imate var ied from tropical at the equator  to warm temperate  at 
the poles (with surface water  tempera tures  of c. 15-20 °C at the poles, and  20-30 °C at the 
equator) (Frakes, 1979; p. 193). According to this reasoning,  the genera  with strict 
tempera te  and  tempera te  to arctic/antarctic dis t r ibut ions are of more recent  date, and 
evolved in response to the s tep-wise s t eepen ing  la t i tudinal  tempera ture  gradient.  In 
accordance with this v iewpoin t  is the ext remely  low n u m b e r  of cold temperate  to arctic/ 
antarctic genera,  which probably  evolved after the steep middle  Miocene temperature 
drop (-- 10.106 y) which  deve loped  dur ing  the Pl iocene (2.106 y) into tempera ture  condi- 
t ions comparable  to the present  ones. 

Fig. 7 i l lustrates the relat ionships,  on the 50-60 % level  of similarity, among  the 
non- t ropical  floras on the basis  of rhodophytan  genera  which do not occur in  the tropics, 
that is on the basis  of genera  of p resumab ly  relat ively "recent"  origin (younger than 
Eocene: 40.10 ~ y). In order to stress r esemblances  endemic  genera  have also been  
omitted. In Fig. 7 the rich warm tempera te  floras of the NE Atlant ic  and the NW Pacific, 
after be ing  freed from the overr iding inf luence  of the tropical to cool water genera,  show 
dist inct ly other pa t t ems  of re la tedness  than  in  the first c luster ing (Fig. 5). In the N 
Pacific, the warm temperate  NW and  NE Pacific floras are apparen t ly  closely related on 
the basis  of their  cool water  rhodophytan  gene ra  and  s tand apart, at the same time, from 
all other warm tempera te  floras. The neares t  re la ted flora is the cold- temperate  N Pacific 
flora (at the 36 % similar i ty  level). Apparen t ly  a Te thyan  connect ion  be t w e e n  the Pacific 
and  Atlant ic  Oceans  is sugges ted  p redominan t ly  on the basis  of genera  occurr ing in  the 
tropics, and  not on the basis  of genera  exc luded  from the tropics. 

The h igh  similari ty (50 % ) b e t w e e n  the warm temperate  NW and  NE Pacific floras of 
rhodophytan  gene ra  reflects the h igh n u m b e r  of 39 cool water  gene ra  which they share. 
Of these, 22 are h ighly  dis junct  and  are lack ing  a long cold temperate  nor thern Pacific 
shores (Fig. 8). This  h igh ly  d is junct  group of warm tempera te  genera  can possibly be 
exp la ined  as be ing  composed of two vicar iant  NW and  NE Pacific portions of a once 
cont inuous  warm tempera te  flora a long the nor thern  coasts of the N Pacific Ocean, which 
was separa ted  from the Arctic Ocean  by the Bering Land Bridge dur ing  most of the 
Tertiary. This s i tuat ion may have existed dur ing  a relat ively warm period in the early 
Miocene  (~ 25-15.106 y), and  also in  ear l ier  warm periods in  the Ol igocene and  Eocene 
(Frakes, 1979). 
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An al ternat ive  exp lana t ion  for the above d is junct ion  would  be  recent  dispersal  of 
warm temperate  species from Japan  across the Pacific Ocean,  by  the Kuro Shio Current .  

In the N Atlantic  Ocean  the s i tuat ion differs comple te ly  from that in  the N Pacific 
Ocean. The two N Atlant ic  warm tempera te  floras are not at all related. Both floras share 
only one highly  dis junct  warm tempera te  genus  {Fig. 8). Nonetheless ,  un in t e r rup t ed  
coastlines and  an is land chain  in  the north {the subs id ing  Green land-Sco t l and  Ridge) 
could be invoked  to expla in  exchange  of warm tempera te  gene ra  b e t w e e n  NW a nd  NE 
Atlantic coasts dur ing  warm early Miocene  and  possibly still ear l ier  warm periods. If a 
rich warm temperate  NW Atlantic  flora has ever existed, its d i sappearance  could be 
expla ined by the present  and  Pleistocene na ture  of the SE USA coasts, where  long 
sediment  shores are inhospi table  to benth ic  algal  growth and  where  scattered offshore 
reefs are inhab i t ed  by an  impover ished extens ion of the rich NW Atlant ic  tropical flora. 
Flora migrat ions enforced by  the Pleis tocene glacia t ions  could have e n h a n c e d  this 
impover i shment  (see also above}. 

Both in  the overall  c luster ing (Figs 2, 5) and  the c lus ter ing based  on the cool water  
genera  {Figs 3, 7), the rich warm temperate  SE Atlant ic  and  SW Pacific floras take 
distinctly ind iv idua l  posit ions a l though they are mutua l ly  re la ted  on about  the 35 % 
level in both clusterings.  One  may wonder  why these two warm temperate  floras do not  
be long to the warm tempera te  "Te thyan  cluster" (the tropical W Atlant ic  and  Indo-W 
Pacific, and  the warm tempera te  NE At lant ic  and  NW Pacific floras}, with which  they are 
contiguous. The difference is reflected by their  h igher  proport ions of gene ra  not o c c u r -  

r ing in the tropics, that is, cool water  genera  (the warm temperate  SE Atlant ic  with 40 % 
and  the warm temperate  SW Pacific with 55 % versus the warm tempera te  NE Atlant ic  
with 34 % and the warm tempera te  NW Pacific with 27 %; cf. Fig. 4). This more 
p ronounced  "temperate"  character of the warm tempera te  SE At lant ic  and  SW Pacific 
floras possibly reflects their very long isolat ion (~ early Cretaceous,  100.106 y) a nd  their  
very long residence in  warm tempera te  conditions,  as they moved  from a posi t ion at 
about  50 ° S lat i tude in  Eocene towards 30 ° S la t i tude at present  and  stayed, in  this way, 
in about  the same climatic zone dur ing  the Coenozoic s t eepen ing  of the la t i tudina l  
tempera ture  gradient.  Especial ly for the warm tempera te  SW Pacific flora this is an  
attractive explanat ion.  This flora, which  is cont iguous with the rich tropical Indo-W 
Pacific flora, contains  about  the same absolute  n u m b e r  of tropical-cool water  gene ra  as 
warm temperate  NW Pacific and  NE Atlant ic  floras, bu t  dist inct ly more cool water  
genera  most of which  are endemic  as wel l  to this region  (Fig. 4). 

The rich warm temperate  NE Pacific flora has also a re la t ively high proport ion of 
cool water  gene ra  (46 %) and  consequent ly  a p ronounced  tempera te  character. This is 
possibly re la ted  to the fact that it is, and  has b e e n  for a very long t ime {since early 
Oligocene?} cont iguous with the poor E Pacific tropical flora (Fig. 4, compare  WN 2 with 
T2). 

The poor warm temperate  SE Pacific flora takes qui te  an  isolated position, especial ly  
in the c luster ing based on cool water  genera  and  n o n - e n d e m i c  genera  {Figs 3, 7). It is 
main ly  composed of genera  with a wide  southern  hemisphere  cold- and  warm tempera te  
dis t r ibut ion {Fig. 9) and  differs from the rich warm tempera te  SE Atlantic  and  SW Pacific 
floras ma in ly  by the a b s e n c e  of numerous  genera .  On the species level  this flora 
(phaeophytes and  chlorophytes included} is also comparat ively  poor. It contains  a 
considerable  proport ion of cool water  southern  hemisphere  ("subantarc t ic ' )  species, 
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apa r t  from a fair  p ropor t ion  (32 %) of e n d e m i c  spec ies  (which contrasts  wi th  the low 
p ropor t ion  - 4 % - of e n d e m i c  r h o d o p h y t a n  genera )  (Santel ices ,  1980). 

Towards  the  north,  the  spec ies  n u m b e r  g r a d u a l l y  dec rea se s  in the  wa rm tempera te  
SE Pacif ic  Reg ion  (Santel ices ,  1980). This  ag ree s  wi th  my  observa t ion  that  the  ad jacent  
t ropica l  East  Pacif ic  flora is d i s t inc t ly  poore r  in r h o d o p h y t a n  g e n e r a  (Fig. 4) because  of 
the  no r thward  d i s a p p e a r a n c e  of the  cool  w a t e r  genera .  One  reason  for this  re la t ive  
pover ty  in compar i son  to the  w a r m  t e m p e r a t e  SW Pacific and  SE At lant ic  floras may  be  
that  the  cool no r thward  Peru Curren t  wh ich  ex tends  the  w a r m  t empera t e  SE Pacific 
Reg ion  as  far nor th  as  4 ° S la t i tude ,  m a y  be  ape r iod i c a l l y  r e p l a c e d  by  w a r m  tropical  
surface wa te r  ("el  Nifio") as  far as  30 ° S la t i tude .  This  p h e n o m e n o n  which  has  a 
ca tas t roph ic  effect on fish and  in te r t ida l  life (S tephenson  & Stephenson ,  1972; Smith, 
1983) m a y  have  occur red  over  long  geo log ic  per iods ,  as  it  is a s soc ia ted  wi th  the  gene ra l  
ocean ic  c i rcu la t ion  pa t t e rn  and  its smal l  devia t ions .  

The  c lus te r ing  pa t t e rns  (Figs 5, 7) of the  four w a r m  t e m p e r a t e  southern  he mi sphe re  
floras do not  suppor t  the  concept  of a former ly  cont inuous  w a r m  t empera t e  O o n d w a n a  
flora. These  four f loras differ  g rea t ly  from one  another ,  and  the two most  r e l a t ed  floras 
(on the  35 % level)  a re  those  of sou thern  Aus t r a l i a  and  South Afr ica  the  la t te r  of which  
was  the  first a r ea  to s e p a r a t e  from the  An ta rc t i c -Aus t r a l i an  b lock  (a l ready  in the  midd le  
Cretaceous ,  ~ 100.106 y). However ,  the  d i s t r ibu t ion  of the  16 rhodophy tan  gene ra  shared  
b y  and  res t r i c ted  to the  w a r m  t e m p e r a t e  SE At lan t ic  a n d  SW Pacific reg ions  (Fig. 9) may  
be  e x p l a i n e d  b y  e i the r  d i spe r sa l  (by the  Wes t  W i n d  Drift) or by  v icar iance .  

The  w ide  d is t r ibut ion ,  in the  sou thern  oceans,  of the  major i ty  of non -endemic  cool 
wa te r  g e n e r a  over  the  w a r m  t e m p e r a t e  a n d  cold  t e m p e r a t e  reg ions  (with the  exclus ion  of 
the  w a r m  t e m p e r a t e  SW At lan t ic  Reg ion  wh ich  can  be  be t t e r  conce ived  of as  a d e p a u p e -  
ra te  ex tens ion  of the  t ropica l  W At lan t ic  Region) ra ther  sugges t s  d i spersa l  as its cause,  
pa r t i cu la r ly  as these  g e n e r a  also occur  on w i d e l y  sca t te red  subanta rc t ic  i s lands  which  
are  pa r t ly  on con t inen ta l  chunks,  a n d  pa r t ly  of la te r  vo lcan ic  origin.  Therefore,  these  
reg ions  mus t  have  b e e n  co lon ized  by  a l g a e  a r r iv ing  from e l sewhere .  However ,  it is qui te  
conce ivab le  that  cold  to wa rm t e m p e r a t e  g e n e r a  evo lved  a long  the coasts  of Antarc t ica  
af ter  the  O l i g o c e n e  o p e n i n g  of the  Drake  Passage  (35.106 y) and  the ensu ing  cold  period.  
Wi th  i nc rea s ing  sever i ty  of the  po la r  c l imate ,  these  cold  to wa rm t e m p e r a t e  gene ra  could 
re t rea t  to sou thern  A m e r i c a  and  the  suban ta rc t i c  is lands ,  and  l eave  the  Antarc t ic  coasts 
to the  fur ther  d e v e l o p m e n t  of the  poor  Antarc t ic  flora (Fig. 4). This la t ter  scenar io  accords 
wi th  the  h igh  s imi la r i ty  b e t w e e n  the  co ld  t e m p e r a t e  SE Pacific, SW At lant ic  and  SE 
At lan t ic  floras and  the i r  r e l a t e d n e s s  wi th  the  Anta rc t i c  f lora (Figs 5, 7). 

The  h igh  i nd iv idua l i t y  of the  two rich w a r m  t e m p e r a t e  floras in  the  southern 
h e m i s p h e r e  (i.e. the  SE At lan t ic  and  the  SW Pacific floras) as  c o m p a r e d  wi th  the much 
g r ea t e r  r e la tedness ,  to o ther  floras,  of the  th ree  r ich wa rm t e m p e r a t e  f loras of the 
nor the rn  hemisphe re ,  poin ts  to the  long i so la t ion  (since at  leas t  Cre taceous ,  -- I00.106 y) 
of these  sou thern  floras and  the ef fec t iveness  of the  w ide  oceans  as bar r ie rs  to dispersal .  
In the  nor the rn  hemisphe re ,  on  the  o ther  hand ,  t ropica l  to w a r m  t e m p e r a t e  g e n e r a  could 
be  e x c h a n g e d  b e t w e e n  the  At lan t ic  and  Pacif ic  Oceans  a long  the  coasts  of the  Tethys 
O c e a n  up  to the  c losure  of the  Te thys  in  the  Miocene  (~  18.106 y), and  a long  the nor thern 
coasts  of these  oceans  as la te  as the  ea r ly  Miocene  (20.I06 y). 

E x c h a n g e  of cool t e m p e r a t e  g e n e r a  b e t w e e n  the  N Pacif ic  O c e a n  and  the  N At lant ic  
Ocean ,  th rough  the  Arc t ic  Ocean,  could  have  s ta r ted  after the  la te  P l iocene  (3-2.106 y) 
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inunda t ion  of the Bering Land Bridge. This is ev idenced  by the passage  of m a n y  N 
Pacific e lements  into the N Atlantic,  via the Arctic (McKenna,  1983). There  are two 
distinct clusters: The Arctic-cold tempera te  N Atlant ic  cluster and  the cold tempera te  N 
Pacific cluster (Figs 2, 3, 5, 7). The difference is ma in ly  caused  by  the much greater  
number  of strictly N Pacific cool water  gene ra  rather  than  of strictly N Atlant ic  cool water  
genera  (Fig. 6). Also on the species level  ( inc luding phaeophy tan  a nd  chlorophytan 
species as well) the cold tempera te  N Pacific floras are much  r icher than  the cold 
temperate  N Atlantic  floras (van den  Hoek, 1975). The cold tempera te  N Pacific a l so  
harbours the great majori ty of cool water  genera  presen t  in the cold tempera te  N Atlant ic  
and  the Arctic. This greater  r ichness of the cold tempera te  N Pacific can possibly be 
at t r ibuted to the less severne Pleis tocene cl imatic  f luctuat ions and  the concomitant  more 
l imited flora migrat ions  and  ext inct ions in  the Pacific than  in the Atlant ic  Ocean. Dur ing  
the Pleistocene glaciat ions the Bering Land Bridge r eemerged  because  of the lower ing 
(-- 130 m) of the sea level so that the Pacific became  separa ted  aga in  from the Arctic 
Ocean;  whereas  the Atlantic Ocean  r ema ined  in  wide  open  contact with the Arctic 
Ocean and  exper ienced  in consequence  cons iderably  more severe climatic deteriora- 
tions (McIntyre, 1976). This possibly caused more extinct ions in the N Atlantic  than  in 
the N Pacific (van den  Hoek, 1975). 

Of all floras inc luded  in this study, the cold tempera te  NE and  NW Atlant ic  floras 
and the Arctic flora are the most narrowly rela ted (Figs 2, 3, 8). Possibly this group 
originated as one flora in the early Ol igocene  Arctic Ocean  which was h ighly  isolated by 
the Bering Land Bridge and  the Sco t l and-Green land  Land Bridge. Later this flora could 
have penet ra ted  into the N Atlant ic  Ocean  over the subs id ing  Green land-Sco t l and  
Ridge. The cold temperate  NW and  NE Atlant ic  floras r ema ined  connec ted  up  into the 
Miocene (10.106 y) (McKenna, 1983) or even  perhaps  the Pl iocene (3.106 y) (Thiede & 
Eldholm, 1983) by nor thern  Atlant ic  coast l ines and  a series of s tepping  stones formed by 
the chain  of is lands on the subs id ing  Green land-Sco t l and  Ridge. Dur ing  the glacia t ions  
the N Atlant ic  cold temperate  floras were forced to cons iderable  southward displace-  
ments  i.e. in  Europe approximate ly  to the coasts of Spa in  and  NW Africa, in America  to 
the Carol ina  coasts. Were the Carol ina  coasts du r ing  the glaciat ions with their  much  
lower sealevels  (~ 130 m) as inhospi tab le  to seaweeds  as they are now? In that  case the 
southward re t reat ing cold tempera te  NE Amer ican  flora was doomed to (near) ext inct ion 
so that the NW Atlant ic  coast had to be repopula ted  dur ing  the in terglacia ls  from the NE 
Atlantic, European  coasts. This is somewhat  difficult to imagine ,  as this would  imply  
t ransoceanic  dispersal agains t  the SW-to-NE direct ion of the currents  (Gulfstream a nd  
North Atlant ic  Drift). Therefore, the h igh r e semblance  b e t w e e n  the cold tempera te  NE 
and  NW Atlant ic  floras can possibly be best  exp la ined  by conceiv ing  them as vicar iant  
portions of a once - i.e. in Miocene  and  Pl iocene - cont inuous  flora. Their  geological ly 
rather recent  separat ion and  isolat ion (Pliocene, ~ 2.106 y) could exp la in  their  h igh 
degree of resemblance.  

The above account implies  that  from the tropical Te thyan  seaweed  flora different 
temperate  and  cold water floras evolved into the cooling nor thern  hemisphere  and  the 
cooling southern hemisphere.  Nonetheless ,  both hemispheres  share a n u m b e r  (47; 15 %) 
of the total n u m b e r  of cool water  rhodophytan  genera  (30?), that is, of genera  not 
occurring in the tropics. Apparen t ly  the tropical bel t  is a formidable barr ier  agains t  
dispersal of cool water  seaweeds,  but  nonethe less  a n u m b e r  have succeeded in  pass ing 
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th i s  f i l te r  s i n c e  t h e  e v o l u t i o n  of t h e  n o r t h e r n  a n d  s o u t h e r n  h e m i s p h e r e  cool  w a t e r  f loras 

w h i c h  p r o b a b l y  s t a r t e d  at  t h e  e n d  of E o c e n e  (-- 40.I06 y). Fig.  i 0  s u g g e s t s  t h a t  t he  leas t  

d i f f icu l t  t r o p i c a l  b a r r i e r  to p a s s  h a s  b e e n  t h e  E Pac i f ic  T r o p i c a l  R e g i o n  w h e r e  24 g e n e r a  

" j u m p e d "  t h e  t rop ics .  Th i s  c a n  b e  u n d e r s t o o d  as  h e r e  t h e  t r o p i c a l  b e l t  is re la t ive ly  

n a r r o w  (cf. Fig.  l) a n d  p r o b a b l y  u n d e r w e n t  i n t e r m i t t a n t  la te  C e n o z o i c  l o w e r i n g s  of 

t e m p e r a t u r e .  For  a c o m p a r a b l e  r e a s o n  t h e  " j u m p i n g "  of t h e  E A t l a n t i c  t rop ics  by  I I  

g e n e r a  c a n  b e  u n d e r s t o o d  (Fig. I0). H o w e v e r ,  9 g e n e r a  w i t h  w i d e l y  d i s j u n c t  d i s t r ibu-  

t i ons  i n  t h e  w a r m  t e m p e r a t e  N W  a n d  S W  Pac i f ic  r e g i o n s  s e e m  to h a v e  d i r e c t l y  " j u m p e d "  

t h e  w i d e  t r o p i c a l  I n d o - W  Pac i f i c  b e l t  (Fig. 10), a n d  for th is  h a r d l y  a r e a s o n a b l e  e x p l a n a -  

t i o n  c a n  b e  g i v e n .  A r e  t h e y  p e r h a p s  t r o p i c a l - t o - w a r m  t e m p e r a t e  g e n e r a  w h o s e  t rop ica l  

p o p u l a t i o n s  h a v e  n o t  y e t  b e e n  d i s c o v e r e d ,  for  i n s t a n c e  b e c a u s e  t h e y  o c c u r  in  ra re ly  

i n v e s t i g a t e d  d e e p  w a t e r  h a b i t a t s ?  Or  a r e  t h e y  c o m p o s e d  of v i c a r i a n t  s p e c i e s  w h i c h  w e r e  

f o r m e r l y  l i n k e d  b y  n o w  e x t i n c t  t r op i ca l  s p e c i e s ?  A d i r e c t  d i s p e r s a l  o v e r  t h e  I n d o - W  

Pacif ic ,  h o w e v e r ,  w o u l d  s e e m  h i g h l y  i m p r o b a b l e .  
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