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ABSTRACT: The relationship be tween  distributional boundaries and temperature responses of 
some Northeast American and West European endemic and amphiatlantic rhodophytes was experi- 
mentally determined under varying regimes of temperature, light, and daylength.  Potentially 
critical temperatures, derived from open ocean surface summer and winter isotherms, were inferred 
from distributional data for each of these algae. On the basis of the distributional data the algae fall 
within the limits of three phytogeographic groups: (1) the Northeast American tropical-to-temper- 
ate group; (2) the warm-temperate  Medi ter ranean Atlantic group; and (3) the amphiatlantic 
tropical-to-warm temperate group. Experimental  evidence suggests that the species belonging to 
the northeast American tropical-to-temperate group (Grinnellia americana, Lomentaria baHeyana, 
and Agardhiella subulata} have their northern boundaries determined by a minimum summer 
temperature high enough for sufficient growth and/or reproduction. The possible restriction of 2 
species (G. americana and L. baileyana) to the tropical margins may be caused by summer lethal 
temperatures (between 30 and 35 °C) or because the gradual disintegration of the upright thalli at 
high temperatures (> 30 °C) promotes an ephemeral  existence of these algae towards their southern 
boundaries. Each of the species have a rapid growth and reproductive potential  be tween  15-30 °C 
with a broad optimum between 20-30 °C. The lower limit of survival of each species was at least 
0 °C (tested in short days only). Growth and reproduction data imply that the restrictive distribution 
of these algae to the Americas may be due to the fact that for adequate growth and/or reproduction 
water temperatures must exceed 20 °C. At temperatures  _--< 15 °C reproduction and growth are 
timited, and the amphiatlantic distribution through Iceland would not be permitted. On the basis of 
experimental  evidence, the species belonging to the warm-temperate  Medi ter ranean Atlantic 
group (Halurus equisetifolius}, Callophyllis laciniata, and Hypoglossum woodwardii}, have their 
northern boundaries  determined by winter  lethal temperatures.  Growth of H. equisetifolius pro- 
ceeded from 10-25 °C, that of C. laciniata and H. woodwardii from 5-25 °C, in each case with a 
narrow range for optimal growth at ca. 15 °C. Tetrasporelings of H. woodwardii showed limited 
survival at 0 °C for up to 4 d. For all members  of the group tetrasporangia occurred from 10-20 °C. 
The southern boundary of/-/, equisetifoliusand C. laciniata is a summer lethal temperature whereas  
that of H. woodwardii possibly is a winter growth and reproduction limit. Since each member  of this 
group has a rather narrow growth and survival potential  at temperatures < 5 °C and > 20 °C, their 
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occurrence in northeast America is unlikely. The (irregular) distribution of Solleria tenera (amphi- 
atlantic tropical-to-warm temperate) cannot be entirely explained by the experimental data (poss- 
ibly as a result of taxonomic uncertainties). 

INTRODUCTION 

The  g e o g r a p h i c  d i s t r ibu t ions  of ben th i c  m a r i n e  a l g a e  have  b e e n  most  often corre- 
l a t ed  wi th  t e m p e r a t u r e  r eg imes  of the  surface wa te r s  (Setchell ,  1915, 1920; van den 
Hoek,  1975, 1982a, b). Edwards  and  Kapraun  have  demons t r a t ed  th rough  combina t ion  of 
p h e n o l o g i c i a l  observa t ions  (Edwards  & Kapraun,  1973; Kapraun  & Zechman,  1982) and 
responses  to env i ronmen ta l  p a r a m e t e r s  in l abora to ry  cul ture  (Edwards,  1969, 1970, 1979; 
Yarish & Edwards ,  1982; Kapraun,  1977a, b, 1978, 1979) that  conclus ions  can be  drawn 
abou t  b i o g e o g r a p h i c  aff ini t ies  of cer ta in  taxa,  and  poss ib ly  of an ent i re  flora (Kapraun, 
1980). Therefore,  the  bes t  ev idence  for i l lus t ra t ing  b i o g e o g r a p h i c  re la t ionsh ips  is the 
de s ign  of hypo theses  which  can  be  e x p e r i m e n t a l l y  tested.  

Van den  Hoek  (1982b) has  po in t ed  out  that  in many  spec ies  where  life history 
s tudies  have  b e e n  repor ted ,  l e tha l  t e m p e r a t u r e s  are  ra re ly  inves t iga ted .  Severa l  s tudies  
which  have  repor ted  on the survival  l imits  of ben th ic  mar ine  a l g a e  have  fa i led  to use any 
cons is ten t  exposu re  t ime,  i.e. Biebl  (1958, 1962) u sed  12 h, Lfining (1984) used  7 d and 
Bolton (1983) u t i l i zed  21 d. Exposure  t imes  as long as 42 d and  60 d are  repor ted  by 
McLach lan  & Bird (1984) and  C a m b r i d g e  et  al. (1984), respec t ive ly .  These  longer  per iods  
of exposu re  for t e m p e r a t u r e  to le rance  expe r imen t s  m a y  g ive  c leare r  es t imat ions  of a 
ma tu re  p lan t ' s  surv iva l  po ten t i a l  du r ing  long  adve r se  per iods .  Even  the  ques t ion  of the 
d i f fe rences  in the  t e m p e r a t u r e  to l e rance  of j uven i l e  plants ,  or the  app rop r i a t e  combina-  
t ions of factors for r eproduc t ion  of the  ma tu re  plants ,  has  not  b e e n  a d e q u a t e l y  addres sed  
for 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  (Dring, 1982). 

The  p resen t  s tudy  was  d e s i g n e d  to answer  severa l  phy toge og ra ph i c  quest ions.  Do 
spec ies  wi th  i somorphic  a l t e rna t ion  of gene ra t ions  have  s imi la r  t empera tu re  responses  
in each  phase?  Do juven i l e  p lan t s  have  s imi la r  t e m p e r a t u r e  to le rances  to mature  ones? Is 
it poss ib le  by  knowing  win te r  and  summer  m e a n  surface wate r  isotherms coinc id ing  
wi th  g e o g r a p h i c  b o u n d a r i e s  to infer  the l imi t ing  t empe ra tu r e  for growth  and /o r  survival  
of a species?  Final ly ,  do ben th ic  mar ine  red  a lgae  in van  den  Hoek ' s  phy togeograph ic  
g roup ings  (1982a, b) have  s imi la r  g rowth  or survival  s t ra tegies?  

P h y t o g e o g r a p h i c  h y p o t h e s e s  of  t e m p e r a t u r e  b o u n d a r i e s  for  b e n t h i c  m a r i n e  r e d  
a l g a e  b a s e d  o n  o c e a n  i s o t h e r m s  

On the bas i s  of d i s t r ibu t ion  da t a  the  i nves t i ga t ed  a l g a e  fal l  wi th in  the  l imits  of the 
fo l lowing  p h y t o g e o g r a p h i c  groups  (van den  Hoek ,  1982a, b): 

The  Nor theas t  A m e r i c a n  t r op i ca l - t o - t empe ra t e  g roup  (Grinnellia americana, 
Lomentaria baileyana, Agardhiella subulata); the  amph ia t l an t i c  t rop ica l - to -warm tem- 
p e r a t e  g roup  (Solieria tenera) and  the 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  At lant ic  group 
(Halurus equisetifolius, Callophyllis laciniata, Hypoglossum woodwardii). For each 
spec ies  hypo theses  wi l l  be  p r e s e n t e d  as to the  ocean  iso therms at the nor thern  (pole- 
ward)  and  southern  (equatorward)  bounda r i e s  (or at the equator)  which  might  del imit  
the  g e o g r a p h i c  d is t r ibut ion.  
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The Northeast  American tropical-to-temperate group 

Grinnellia americana 

On the basis of distr ibut ion data  (Fig. 1) one wou ld  expec t  the nor thern  boundary  to 

be ei ther  a growth and/or  reproduct ion  one at the 17 °C Augus t  (summer) isotherm, or a 

lethal  one at the 0 °C February  (winter) isotherm. The former  corresponds with  a 
m in imu m tempera tu re  of at least  15 °C n e e d e d  for growth  and reproduc t ion  in s u m m e r  

(van den Hoek,  1982a, b). The  latter corresponds with  a m i n i m u m  tempera tu re  of 
- 1.8 °C (minimum tempera tu re  of unfrozen seawater)  for survival  in win te r  (van den  

Hoek, 1982a, b). The  southern  boundary  may  be  e i ther  on the 26 °C Augus t  (summer) 

isotherm (which corresponds to a southern  le thal  boundary  t empera tu re  of at least  29 °C 
according to van  den  H o e k  (1982a, b), or on the 25 °C February  (winter) i so therm (which 
corresponds to a southern  growth and/or  reproduct ion  boundary  of at most  27 °C). If the 
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Fig. 1. The distr ibut ion of Grinnellia americana. Map shows the geographic distr ibut ion and gives 
the ocean isotherms for February (F) und August (A). Bar diagram compares hypothet ical ly  derived 
temperature ranges for growth and survival from ocean isotherms for winter and summer at 
northern and southern boundaries, respectively, with experimentally determined limits. Experi- 
mental points at 5 °C intervals as indicated on temperature axis. The symbols in bar diagrams are 
defined as: ( - - )  survival in the interval; ( - - - )  death occurs in the interval; (') lethal temperature 
reached; ( ~ )  good growth in the interval, and (O) reproduction. Ocean isotherms derived from 
Sverdrup et al. (1942). Distribution data on (3. americana from the following sources: Brauner 
(1975), Chapman (1971), Coleman & Mathieson (1974), Dawes (1974), Earle (1968), Humm (1979), 
Orris & Taylor (1973), Rhodes (1970), Schneider et al. (1979), Searles & Schneider (1978), Sears & 

Wilce (1975), Taylor (1957, 1960), Yarish & Edwards (unpubl. obs.) 
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two records from the north coast of V e n e z u e l a  are excluded,  the distr ibution data suggest  
that  the species  e i ther  cannot  survive t empera tu res  h igher  than  30 °C (which are 

surpassed  in lagoons  w h e r e  the species  grows) or needs  lowered  tempera tures  (e.g. 

< 22 °C, cor responding  with  the 20 °C February  isotherm) once a year  to comple te  its life 
history. 

Lomentaria baileyana 

On the basis of dis t r ibut ion data  (Fig. 2) one  would  expect  the nor thern boundary to 
be e i ther  a 15 °C Augus t  i so therm (corresponding wi th  a m i n i m u m  tempera ture  of 13 °C 

for growth  and reproduct ion)  or a --1 °C February  isotherm (corresponding with  a 
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Fig. 2. The d is t r ibut ion of LomentaFJa baileyana. M a p  shows the geographic  d is t r ibut ion and gives 
the ocean isotherms at the nor thern and southern boundar ies,  Note hypothe t ica l l y  der ived and 
experimentally determined temperature ranges for growth, reproduction and survival. For rest of 
legend see Fig. 1. Distribution data on L. baHeyana from the following sources: Brauner (1975), 
Chapman (1971), Coleman & Mathieson (1974), Dawes (1974}, ]Earle (1968), Edelstein et al. (1967}, 
]Edwards & Kapraun (1973), Humm (1964, 1979), Kapraun & Zechman (1982), Mathieson (1979), 
Mathieson & Dawes (1975), Orris & Taylor (1973), Schneider et al. (1979), Searles & Schneider 

(1978), Sears & Wilce (1975), Seoane-Camba (1960), Taylor (1957, 1960) 

m i n i m u m  winter  le tha l  t empera tu re  of -- 1.8 °C). The  southern  boundary  may be either 

on the 27 °C Augus t  i so therm (which corresponds to a southern lethal  boundary  tempera-  
ture of at least  30 °C) or the 26 °C February  isotherm (which corresponds to a southern 
growth and  reproduct ion  boundary  of at most  28 °C). If the record from Barbados is 
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excluded,  the distr ibution data  sugges t  that the species  cannot  survive  t empera tu res  

h igher  than 30 °C (which are surpassed in lagoons  w h e r e  the species  grows), or needs  
lowered tempera tures  (e.g. 22 ec, cor responding  with  the 20 °C February  isotherm) once 

a year to comple te  its life 'history. 

Agardhiella subulata 

The distr ibut ion data  (Fig. 3) a long  the East  Amer i can  coast sugges t  the nor thern  
boundary  to be  e i ther  a growth and/or  reproduct ion  one  at the 15 °C Augus t  i so therm 

(corresponding with  a m i n i m u m  summer  t empera tu re  of 13 °C for growth  and reproduc-  
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Fig. 3. The distribution of Agardhiella subulata. Map shows the geographic distribution and gives 
the ocean isotherms at the northern and southern boundaries. Note hypothetically derived and 
experimentally determined temperature ranges for growth, reproduction and survival. For rest of 
legend see Fig. 1. Distribution data on A. subulata from the following sources: Coleman & 
Mathieson (1974), Edwards & Kapraun (1973), Gabrielson & Hommersand (1982a), Humm (1979), 
Mathieson & Fuller (1969), Rhodes (1970), Schneider et al. (1979), Searles & Schneider (1978), Sears 

& Wilce (1975), South & Cardinal (1970), Taylor {1957, 1960), Zaneveld (1972) 

tion) or a - 1 °C February isotherm ( c o r r e s p o n d i n g w i t h  a m i n i m u m  lethal  t empera tu re  

of - 1.8 °C). The abil i ty of A. subulata to pene t r a t e  into the tropics indicates  it wil l  g row 
and reproduce  at t empera tures  as h igh  as 28 °C and survive at t empera tu res  in excess of 
31 °C. 
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The amphiat lant ic  tropical-to-temperate group 

Holieria tenera 

The dis t r ibut ion data  (Fig. 4) sugges t  the nor thern  boundary  to be  e i ther  the 10 °C 

February  isotherm (corresponding wi th  a m i n i m u m  lethal  t empera tu re  of 8 °C) or the 
15 °C Augus t  i so therm in Europe cor responding  with  m i n i m u m  summer  tempera tures  of 

13 °C for growth and/or  reproduction).  The  abi l i ty of S. tenera to pene t ra te  the tropics 
indica tes  it wil l  g row and  reproduce  at t empera tu res  as h igh  as 28 °C and survive at 

t empera tu res  in excess  of 31 °C. 
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Pig. 4. The distribution of Solieria tenera. Map shows the geographic distribution and gives the 
ocean isotherms at the northern and southern boundaries. Note hypothetically derived and experi- 
mentally determined temperature ranges for growth and survival. For rest of legend see Fig. 1. 
Distribution data on S. tenera from the following sources: Bodard & Mollion (1974), Cordeiro- 
Marino (1978), Dawes (1974), Edwards & Kapraun (1973), Farnham (1980), Feldmann (1951), 
Gabrielson & Hommersand (1982b), Hamm & Humm (1976), Juett et al. (1976), Lawson & John 

(1977, 1982), Oliveira Filho (1977), Searles & Schneider (1978) 

The warm temperate  Mediterranean At lant ic  group 

Halurus equiseti folius 

The  dis t r ibut ion data  (Pig. 5) sugges t  that  the nor thern  boundary  is a lethal  one at 

the 7 °C February  isotherm (which corresponds with  a 6 °C m i n i m u m  water  tempera-  
ture). If it were  at 13 °C Augus t  isotherm (a growth  and /or  reproduct ion  limit) then H. 
equiset i fol ius would  be  expec t ed  in the North Sea south to the 13 °C August  isotherm. In 
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Fig. 5. The distribution of Hahzrus equisetifo]ius. Map shows the geographic distribution and gives 
the ocean isotherms at the northern and southern boundaries. Note hypothetically derived and 
experimentally determined temperature ranges for growth, reproduction and survival. For rest of 
legend see Fig. 1. Distribution data on H. equiseti fo] ius from the fo l lowing sources: Ardr~ (1970, 
1971), Dangeexd (1949), Donze (1968), Feldmann (1954), Gayral (1958), Giaccone & Longo (1976), 
Guiry (1978), den Hartog (1959), van den Hoek (1982a), van den Hoek & Donze (1966, 1967), Lawson 
& John (1977), Meunier (1965), Newton (1931), Norton (1970), Norton & Powel] (1979), Parke & 
Dixon (1976), Perez-Cirera (1975a), Prud'homme van Reine (unpubl. obs.), Rijksherbarium, Leiden; 

Russell (1968), Seoane-Camba (1965) 

that case it could also be expected in  Northeast  America.  The southern  boundary  is 
either a 16 °C February  isotherm (corresponding with a m a x i m u m  tempera ture  of 18 °C 
permit t ing growth and/or  reproduction) or a 22 °C August  isotherm {corresponding) with 
a 25 °C summer  lethal temperature}. If the latter case is the real boundary ,  one would  
expect H. equ i se t i fo l lus  on the Canaries,  Madei ra  and  the Azores. In the Medi te r ranean ,  
it is restricted to 0-2  m or greater  depths  in  the Straits of Messina,  ind ica t ing  a bounda ry  
of summer  lethal  temperatures  at 25 °C. 

Cal lophy l l i s  laciniata 

The distr ibution data (Fig. 6) suggest  that  the nor thern  boundary  is a lethal  one at 
the 4 °C February isotherm (which corresponds wi th  a 3 °C m i n i m u m  winter  tempera-  
ture). At its nor thern  boundary  in Bohuslfin, southwest  Sweden,  it grows at depths  of 
15-20 m. The surface water  may cool here  to tempera tures  lower than  2 °C. If it were  a 
11 °C August  isotherm (a growth and/or  reproduct ion limit) then  C. laciniata  would  be 
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Fig. 6. The distribution of CalIophyllis laciniata. Map shows the geographic distribution and gives 
the ocean isotherms at the northern and southern boundaries. Note hypothetically derived and 
experimentally determined temperature ranges for growth, reproduction and stfrvival. For rest of 
legend see Fig. 1. Distribution data on C. laciniata from the following sources: Ardr~ (1970, 1971), 
Cinelli et al. (1979), Conde (1984), Cormaci 8, Furnari (1979), Cullinane & Whelan (1983), Dangeard 
(1949), Donze (1968), Egan (1983), Feldmann (1943, 1954), Gayral (1958), Giaccone (1978), Giaccone 
& Longo (1976), Guiry (1978), van den Hoek (1982a), van den Hoek & Donze (1966, 1967), Irvine, D. 
(1982), Irvine, L. (1983), Kain (1982), Levring (1974}, Maggs et al. (1983), Norton (1976), Norton & 
Powell (1979), Parke & Dixon, (1976), Perez-Cirera (1975a, 1975b), Rueness (1977), Russell 

(1961-1962), Russell (1968), Tittley et at. (1976) 

expec ted  on the Danish coasts and on Helgo land ,  whe re  summer  tempera tures  arise 
above  11 °C. In that  case it would  also be  expec ted  in Nor theas t  America .  The  southern 

boundary  is e i ther  a 15 °C February  i so therm {corresponding with  a m a x i m u m  tempera-  

ture  of 17 °C permi t t ing  growth and /or  reproduction} or a 21 °C Augus t  isotherm {corres- 
po nd in g  with  a 24 °C s u m m e r  lethal  temperature}.  This le thal  t empera ture  seems to 

restrict Callophy111s to a few areas in the Medi te r ranean ,  whe re  it grows at greater  
depths  {15--60 m). 

Hypoglossum woodward11 

The dis t r ibut ion data  (Fig. 7) sugges t  that  the n o r t h e m  boundary  is a le thal  one at 

the 6 °C February  isotherm {which corresponds  to a 5 °C m i n i m u m  winter  temperature}. 
If it were  a 12 °C Augus t  growth and reproduct ion  limit, one would  expect  it throughout 
the North Sea  south to the 12 °C Augus t  i so therm and possibly in Northeast  America.  The 
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Fig. 7. The distr ibution of Hypoglossurn woodwardii. Map shows the geographical distr ibut ion and 
gives the ocean isotherms at the northern and southern boundaries. Note hypothet ical ly  der ived 
and exper imental ly  determined temperature ranges for growth, reproduction and survival. For rest 
of legend see Fig. 1. Distribution of H. woodwardi i  from the following sourves: Ardr~ (1970), 
Ballisteros i Sagarra & Martinengo (1982), Bodard & Mollion (1974), Boudouresque & Perret (1977), 
Cinelli et al. (1979), Conde (1984), Cormaci & Purnari (1979), Cullinane & Whelan (1983), Donze 
(1968), Edelstein (1964), Edwards (1975), Edwards et al, (1975), Egan (1983), Feldmann (1931, 1937, 
1939, 1941, 1942, 1943, 1954), Gayral (1958), Gerloff & Geissler (1974), Giaccone (1969, 1972, 1978), 
Giaccone & Longo (1976), Gil-Rodriguez & Afonso-Carrillo (1980), Guiry (1978), den Hartog (1959), 
van den Hoek (1982a), van den Hoek & Donze (1966, 1967), Kain (1960), Lawson & John (1977), 
Levring (1974), Maggs et al. (1983), Mefiez & Mathieson (1981), Meunier (1956), Navarro & Uriarte 
(1945), Nizamuddin et aL (1979), Norton (1976), Norton & Powell (1979), Parke & Dixon (1976), 
Perez-Cirera (1975a), Russell (1968), Schmidt (1931), Seoane-Camba (1960, 1965), Tittley et al. 

(1976), Zinova (1967) 

sou them boundary  is e i ther  a 19 °C February  isotherm (corresponding with  a m a x i m u m  

tempera ture  of 21 °C permi t t ing  growth  and /or  reproduct ion)  or a 27 °C Augus t  i so therm 

(corresponding with  a 30 °C s u m m e r  le thal  temperature) .  

MATERIAL AND M E T H O D S  

Carpospores  of each of six red a lga l  species  (S. t e n e r a  excluded)  were  isolated into 
unia lga l  culture. Severa l  isolates (~  15) of each  species  were  es tabl ished,  however ,  

cul ture exper iments  emp loyed  only one  represen ta t ive  isolate.  A vege ta t ive ly  isolated 
strain of S. t e n e r a  was ob ta ined  from the Univers i ty  of Texas,  Cul ture  Col lect ion (Austin, 
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Table I. The isolates of benthic marine red algae utilized in this study: their habitats, locations and 
dates of isolation 

Species Isolate Place and date Habitat 
of collection 

Grinnellia americana GA-13 
(C. Ag.) Harv. 

tomentaria baileyana LUS-13 
(Harv.) Farlow 

Agardhiella subulata AS-17 
(C. Ag.) Kraft et Wynne 

Solieria tenera ST- 1" 
(J. Ag.) Wynne et Taylor 

Halurus equisetifolius H-2 
(Lightfoot) Ktitz. 

Callophyllis taciniata Ca-2 
(Hudson) Ktitz. 

Hypoglossurn woodwardii Hyp-2 
Kiitz. 

" UTHX LB 2208 

Waterford, CT, USA, 
July 7, 1983 

Waterford, CT, USA 
July 29, 1983 

Waterford, CT, USA, 
July 7, 1983 

Port Isabel, Browns- 
ville, Tx, USA 

Roscoff, France, 
October 6, 1983 

Roscoff, France, 
October 4, 1983 

Roscoff, France, 
October 5, 1983 

On jetty, upper 
sublittoral zone 

On jetty, lower 
eulittoral zone 

On jetty, upper 
sublittoral zone 

On jetty, 
sublittoral zone 

On rocks, lower 
eulittoral zone 

Epiphytic on Larninaria 
hyperborea, upper 
subtittoral zone 

Epiphytic on Laminaria 
hyperborea, upper 
sublittoral zone 

Texas,  U.S.A). The i r  habitats,  locat ions and dates  of isolat ion are l is ted in Tab le  1. Uni- 
a lgal  cul tures  were  ma in t a ined  in an en r i ched  seawate r  m e d i u m  at 33 Too (Provasoli, 

1968). The  mater ia l  used  in all  exper iments  wi th  the excep t ion  of S. tenera originated 
from te t rasporophyt ic  plants  that  had  b e e n  grown from isolated carpospores in culture. 

G. americana, L. baileyana, A. subulata and  S. tenera were  p ropaga ted  by f ragmentat ion 
and ma in t a ined  in s tock-cut lures  at 20 °C ' long day'  condi t ions (16:8, L:D), 'photon flux 
densi ty '  ca 20 ~E m -2 s -I (--- ca 1000 Ix). C. laciniata, H. equiseti folius and H. woodwardii 
were  also p ropaga t ed  by f ragmenta t ion  and ma in t a ined  in s tock-cul tures  at 15 °C ' long 

day '  conditions,  photon  flux densi ty  ca 20 ~E m -2 s -1. 
A series of contro l led  env i ronmen t  incubators  (Fridina) were  employed  (each had a 

__+ 1 °C t empera tu re  variation).  Up to 41 combinat ions  of l ight  intensity, t empera ture  and 

day l eng th  w e r e  ava i l ab le  for expe r imen ta t ion  (see for ins tance  Fig. 9). The a lgae  were  
cul tured in 300 ml e r l enmeye r  flasks conta in ing  250 ml of the enr iched  seawater  
medium.  The cul ture  m e d i u m  was  r e n e w e d  at least  eve ry  other  w e e k  (or sooner) to 

min imize  changes  in salinity, pH, or dep le t ion  of nutrients.  
In the first series of exper iments ,  the growth and reproduct ive  responses  of the 

gametophy t i c  and /or  te t rasporophyt ic  phases  of each  of the a lgae  were  s tudied (Table 2). 
About  fifty carpospores  or te traspores of each  a lga  were  used  as the inoculum, after some 

growth  had  t aken  place,  the  6 or 7 larges t  plants  in each  dish were  re ta ined  to continue 
the exper iment .  The  inocula  for c loned cul tures  consis ted of 10 apical  cuttings, 5 mm in 
l eng th  and, after some growth  and cel l  repai r  had  t aken  place,  the 6 or 7 largest  plants in 
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Table 2. Reproductive phases studied in the cultural experiments 
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Species Gametophytic Tetrasporophytic 
phase phase 

Grinnellia americana + 
Lomentaria baileyana + 
Agardhiella subulata n.t. 

Solieria tenera + 4:- -t- + 
HMurus equisetifolius n.t. 
Callophyllis laciniata n.t. 
Hypoglossum woodwardii + 

+ from tetraspores 
+ + from apical cuttings of cloned culture 

+ + + from carpospores directly isolated from field 
+ + + + from non-reproductive cloned culture 

n.t. not tested 

+ +  
+ +  
+ +  

n.t. 
+ + +  
+ + +  
+ + +  

each flask were  re ta ined  to cont inue the exper iments .  Growth of the a lgae  was  recorded  

photographica l ly  after 6-8  weeks.  All  a lgae  had  an incubat ion  t ime of at least  four 

months to maximize  the possibi l i ty  to observe  reproduct ion.  
Long term survival  was  dec ided  if the p lan t  mater ia l  could  survive  the  ex t r eme  

tempera ture  for at least  six weeks .  The  effects of thermal  shock were  tes ted by pre-  

incubat ing  the expe r imen ta l  mater ia l  for at least  four days at the lowest  or h ighes t  non- 

lethal  tempera tures  before subjec t ing  it aga in  to the ini t ia l ly  le thal  ex t reme tempera -  
tures. Plants which  did not grow or appea red  dead  were  re - incuba ted  at opt imal  
tempera tures  (15 or 20 °C) for at least  four w e e k s  to test the i r  viabil i ty.  

A second series of exper iments  was  de s igned  to quant i fy  the growth of 4 day-old  

tetrasporel ings of G, americana, L. bai leyana and H. woodwardi i  in the control led 
env i ronment  incubators.  Covers l ips  were  p l aced  on the bot tom of cul ture  vessels  prior to 

the inoculat ion of the spores to faci l i tate the subsequen t  microscopic  examina t ion  of the 

sporel ings (Edwards, 1979). Growth responses  of each  a lga  were  d e t e rm in e d  from the 
mean  cell  number  (G. americana and H. woodwardil)  or the l eng th  of the main  axis (L. 
baileyana) of the 15 largest  sporel ings  in a sample  of 25 sporel ings.  The  cell  numbers  

represent  the number  of cells  in the axial  cel l  row and the longes t  rhizoid because  the 

sporel ings b e c a m e  pluriseriate .  Conf idence  l imits were  de r ived  for each  of these  exper i -  

ments. 
In the incubators,  four 20 W Philips TL 34 f luorescent  tubes p rov ided  light. Photon 

flux densi ty  was measu red  with  a LICor LI 185 quan t ame te r  and expressed  in micro 
Einstein m -2 s -1 PAR (1 ~E m -2 s -1 PAR = 1 Mol quan ta  m -2 s -1 in the w a v e b a n d  400 to 700 

nm). 
Species distr ibution maps  were  compi led  from all sources l is ted in van  den  H o e k  

(1982a) as wel l  as from those l is ted in Figs i -7 .  O p e n  ocean  isotherms were  der ived  from 

Sverdrup et al. (1942). 
Regular  monthly  col lect ions and pheno log ica l  observat ions  were  made  over  an 

ex tended  per iod of seven  years only for the three  Nor theas t  Amer ican  species,  G. 
americana, L. bai leyana and A. subulata. Monthly  col lect ions were  made  in the vicini ty  
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of M i l l s t o n e  Po in t ,  W a t e r f o r d  (41 ° 18 '  N, 72 ° 10 '  W), a n d  C o v e  I s l a n d  B e a c h ,  S t a m f o r d  

(41 ° 0 6 '  N, 73 ° 28 '  W), b o t h  o n  t h e  c o a s t  of L o n g  I s l a n d  S o u n d  i n  C o n n e c t i c u t ,  U.S.A. 

L i m i t e d  c o l l e c t i o n  d a t a  of H. e q u i s e t i f o l i u $ ,  C. lac in ia ta ,  a n d  H. w o o d w a r d i i  w e r e  b a s e d  

o n  P e l d m a n n  (1954) a n d  o u r  o w n  s c a t t e r e d  f lo r i s t i c  n o t e s  of t h e  p a s t  t h r e e  y e a r s  at  

Roscoff ,  P r a n c e  ( 4 8 ° 4 3  ' N,  03 ° 58 '  W), n o t  o n  a n y  e x t e n d e d  s e r i e s  of p h e n o l o g i c a l  

o b s e r v a t i o n s .  S i n c e  n o  c o l l e c t i o n  d a t a  w e r e  a v a i l a b l e  for  S. t e n e r a  ( w h i c h  w a s  c o l l e c t e d  

a t  Por t  I s a b e l ,  B r o w n s v i l l e ,  T e x a s ,  U.S.A.),  d a t a  f rom a s i t e  j u s t  n o r t h  of Por t  A r a n s a s ,  

T e x a s  (28 ° N 97 ° W) w e r e  a d a p t e d  f r o m  E d w a r d s  & K a p r a u n  {1973) as  A g a r d h i e l l a  tenera.  

R E S U L T S  

T h e  r e s u l t s  a r e  p r e s e n t e d  u n d e r  3 c a t e g o r i e s ,  n a m e l y :  s e a s o n a l  d i s t r i b u t i o n  a n d  f ie ld  

o b s e r v a t i o n s ,  l i fe  h i s t o r y  s t u d i e s ,  a n d  e x p e r i m e n t s  w i t h  e n v i r o n m e n t a l  factors .  

S e a s o n a l  d i s t r i b u t i o n  a n d  f i e l d  o b s e r v a t i o n s  

T h e  s e a s o n a l  o c c u r r e n c e  of t h e  s p e c i e s  i n  t h e  N o r t h e a s t  A m e r i c a n  t rop i ca l - t o -  

t e m p e r a t e  g r o u p  (G. a m e r i c a n a ,  L. b a i l e y a n a ,  a n d  A.  s u b u l a t a )  i n  C o n n e c t i c u t ,  U.S.A. is 

s u m m a r i z e d  i n  T a b l e  3. A v e r a g e  w e e k l y  s u r f a c e  w a t e r  t e m p e r a t u r e s  (Fig. 8) a t  N o r w a l k  

H a r b o r ,  N o r w a l k ,  C o n n e c t i c u t  (41 ° 8 '  N, 73 ° 22 '  W) w e r e  c a l c u l a t e d  for t h e  p e r i o d  of 

J a n u a r y ,  1974 to S e p t e m b e r  1983 {cour te sy  of Dr.  M. K e s s e r  a n d  J.  Foe r t ch ,  N o r t h e a s t  

U t i l i t i e s  S e r v i c e  C o m p a n y ) .  T h e  t e m p e r a t u r e  v a r i e d  f r o m  a l o w  of - 1.8 °C i n  F e b r u a r y ,  

1979 to  a h i g h  of 24 °C i n  A u g u s t ,  1980. 

F i e l d  s t u d i e s  r e v e a l e d  t h a t  (7,. a m e r i c a n a  b e g a n  g r o w t h  i n  l a t e  M a y  - e a r l y  J u n e ,  

Table 3 Monthly observations on the phenology of Grinnellia americana, Lomentaria baileyana, 
and Agardhiella subulata in Connecticut from April, 1979 to September, 1983", and Solieria 

tenera" ° in Texas from July to December, 1969" ' 

Species Month 
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Grinnellia X, T - -  - -  - -  X, P X X X, P X, T X, T, X, T, X, F 
americana F, M F 

Lornentaria X,T, - -  . . . .  X,T, X,T X,T X X,F - -  
baileyana F F 

Agardhiella - -  X X X X,T, X,F X,T X,T, X,T, X,T, X,F X,F 
subulata F F, M F, M F, M 

Solieria X,F X X - -  X,T X,T, X,T, X,T, X,F, T,F T,F X,F 
tenera F F, M P M 

• In part from unpublished obs. by Dr. M. Kesser & J. Foertch, Northeast Utilities Service Company 
" *  Edwards & Kapraun (1973) 
T, Tetrasporangium 
X, Vegetative 
M, Male 
F, Female 
and/or Carposporophyte 
- -  Apparently absent 
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Fig. 8. The average weekly water temperature from January, 1979 to September, 1983 in Norwalk 
Harbor, Norwalk, CT (41008 ' N, 73 ° 22' W). Data supplied by Dr. M. Kesser and J. Foertch, 
Northeast Utilities Service Company. The ~ gives the open ocean isotherms in winter and summer 
for this latitude and longitude (Sverdrup et al., 1942}. Legends: - - -  1979; - -  1980; ... 1981; - -  

1982; and - - 1983 

reached  max imal  growth  in the upper  subli t toral  zone  in la te  Augus t  and  e v e n  pers i s ted  

in the study area  th rough Janua ry  as minu te  plants. Spec imens  were  in f requen t ly  
col lected in winter  and were  only a few cent imeters  in length.  Tet rasporophyt ic  phases  

were  col lected in Sep tember  through November .  Vege ta t ive  mater ia l  brought  back  into 

the laboratory in January ,  even tua l ly  p roduced  te t rasporangia .  Fema le  and /or  carpo- 

sporophytic mater ia l  were  col lec ted  in May, Augus t  and October  - ear ly  December .  
Anther id ia l  plants  were  only found on one occasion in ear ly  October.  

L. baileyana began  growth in late Ju ly  and pers is ted  in the r eg ion  in a b u n d a n c e  
unti l  September .  Plants were  col lec ted  occas ional ly  in October  and N o v e m b e r  and  those 

found in the winter  had  an ex t remely  wel l  d e v e l o p e d  discoid basal  system with  an 
upr ight  axis < 2 cm. Tetrasporophyt ic  plants  domina ted  col lect ions  and  were  usual ly  

found in late Ju ly -Augus t .  In some years  te t rasporophyt ic  mater ia l  was co l lec ted  in 
Sep tember  and on one occasion in January .  Carposporophyt ic  mater ia l  was found in late  

July  and unfer t i l i sed gonimoblas ts  were  found in N o v e m b e r  and January.  Anther id ia l  
plants were  neve r  found dur ing the study per iod.  

A. subulata could be col lec ted  th roughout  most  of the year  (Table 3), if es tab l i shed  
populat ions were  sampled.  Plants in the win te r  and late summer  were  usual ly  < 2 cm in 

length with an ex t remely  wel l  d e v e l o p e d  basal  system. Growth  b e g a n  in late May  and 
cont inued into October.  Tet rasporophyt ic  and carposporophyt ic  phases  w e r e  found 

throughout  the growing  season. Anther id ia l  plants  were  usual ly  co l lec ted  in A u g u s t - O c -  
tober. 

The pheno logy  of S. tenera, the  sole represen ta t ive  of the amphia t l an t ic  t ropical- to-  

warm tempera te  group with  a nor theas tern  extension,  has  b e e n  adopted  from Edwards  & 



286 C. Yarish, A. M. Breeman  & C. van  den Hoek  

Kapraun (1973; as A.  tenera) and is g iven  in Table  3. Plants were  found throughout  the 

year  at Port Aransas,  Texas,  U.S.A. except  in April.  Accord ing  to Edwards & Kapraun 
(1973) S. tenera  (as A.  tenera) was seasonal ly  dominan t  in the summer -au tumn  period on 

the Port Aransas  jet ty w h e n  the  m e a n  month ly  t empera tu re  var ied  from 25-30 °C 

(June-October ) .  Accord ing  to Edwards  & Kapraun (1973) the annua l  tempera ture  varia- 
t ion at Port Aransas,  Texas  b e t w e e n  the m e a n  February  and the m e a n  August  tempera-  

ture was 12.7-30 °C. 

The  seasonal  occurrence  of the species  in the warm tempera te  Medi te r ranean  
Atlant ic  group (I4. equise t i fo l ius ,  C. lac in ia ta  and H. woodward i i ]  from Roscoff, Prance is 

summar ized  in Tab le  4. The  data in Table  4 are based  upon Pe ldmann  (1954) and our 

Table 4 Seasonal observations on the phenology of Halurus equisetifolius, Callophyllis laciniata, 
and Hypoglossum woodwardii in Roscoff, France" 

Species Spring Summer Pall Winter 

Halurus equisetifolius X* " X X, T, F, M X 
Callophyllis laciniata X, F T X, T, F F 
Hypoglossum woodwardii X, T, F, M T, F X, T, F T, F 

* In part, after Feldmann (1954) 
*" T, Tetrasporangium; X, Vegetative; M, Male; F, Female and/or carposporophyte. 

own  scat tered floristic notes  of the past  three  years. There  are no ex tended  series of 
pheno log ica l  observat ions  ava i lab le  from the study site. The annual  tempera ture  varia- 

t ion b e t w e e n  the m e a n  February  and the m e a n  Augus t  t empera tu re  over  a 10 year  period 

was 8-15.6 °C (Le laboratoire  de I'I.S.T.P.M. de Roscoff, 1976}. Each Of the taxa was 
pe renn ia l  at Roscoff. Col lec t ion  data  indicate  that the tetrasporophytic  and carpo- 
sporophyt ic  phases  of H. equ i se t i l o l lu s  occur in the fall. The  tetrasporophytic  phase  of C. 

lac in ia ta  was found in the summer  through the fall, whereas  the carposporophytic  phase 

was found in winter ,  spr ing and fall. The  te t rasporophyt ic  and carposporophytic  phases 
of H. woodward11 occurred throughout  the year  in the study area. 

Life history studies 

The members of the northeast American tropical-to-temperate group fG. americana, L. 
baileyana and A. subulata) demonstrated a modified isomorphic alternation of genera- 
tions. The tetrasporophytic phase of G. americana successfully produced the gametophy- 
tic phase. The only modification of this was that all tetrasporophytic isolates produced 
stalked cystocarpic structures at temperatures < 20 °C. The tetrasporophytic phase of L. 
baileyana produced tetraspores, all of which grew into non-reproductive vegetative 
plants under all experimental conditions. The putative gametophytes fragmented at 
20-30 °C, 40 ~E m -2 s -I, 16:8 L:D, thereby indicating a potential means of asexual 
reproduction. Only A. subulata successfully demonstrated an isomorphic alternation of 
generations. 

The only member of the amphiatlantic tropical-to-warm temperate group investi- 
gated was an isolate of S. tenera. It remained vegetative throughout the study. This 
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isolate  had  or ig ina l ly  b e e n  de r i ved  from a non - r ep roduc t i ve  p l an t  b y  cut t ings  of the  
apical  t ip (B. Bacu, pers.  comm.). 

The member s  of the  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  At lan t ic  g roup  inc lude :  H. 
equisetifolius, C. laciniata and  H. woodwardii .  Each of the t e t rasporophy t ic  phase s  
der ived  from ca rpospore l ings  b e c a m e  rep roduc t ive  and  the i r  life h is tor ies  are  stil l  u n d e r  
invest igat ion.  

E x p e r i m e n t s  w i t h  e n v i r o n m e n t a l  f a c t o r s  

The Northeast  Amer l can  tropical-to-temperate group 

Grinnellia americana 

Growth and /o r  survival  of the t e t r a sporophy t i c  and  g a m e t o p h y t i c  phase s  of G. 
americana p r o c e e d e d  over  a b road  range  of l ight  in tens i t i es  and  t e mpe ra tu r e s  from 10 to 
40 ~tE m -2 s -1 and 0-30  °C (Fig. 9). Good  growth  occur red  b e t w e e n  15-30 °C. The  
te t rasporophyt ic  and  game tophy t i c  phase s  each  surv ived  at 35 °C up to 14 d, wi th  p l an t s  
g rowing  at 40 ~tE m -2 s -1 surv iv ing  2 d l onge r  than  ones  g r o w i n g  at  20 ~E m -2 s -t. The  
gametophy t i c  phase  at  5 -10  °C surv ived  a b roade r  r a n g e  of l ight  condi t ions  than  the  
te t rasporophyt ic  phase .  In each  case,  p lan t s  at  5 °C, 8:16, L:D, surv ived  l onge r  than  the  
p lants  at 5 °C, 16:8, L:D, t h e r e b y  ind ica t ing  ch i l l ing  da ma ge .  Plants  of each  phase  
con t inued  to survive 0 °C for pe r iods  of over  four months  u n d e r  8:16, L:D. 

Spe rma tang i a  and  carpogonia ,  and  ca rposporophy t ic  d e v e l o p m e n t  of G. americana 
occurred in 10-40 ~tE m -2 s -1 and  at 15-30 °C (Fig. 9). P lants  unde r  16:8, L:D m a t u r e d  
faster (36 d} than  ones  u n d e r  8:16, L:D (36-47 d). P lants  g row ing  at  h ighe r  t e m p e r a t u r e s  
(20-30 °C; 16:8, L:D) ma tu r ed  faster  than  ones  g rowin g  at  15 °C (16:8, L:D), i.e. 36 versus  
50 d respect ive ly .  The  t e t rasporophy t ic  p h a s e  r e p r o d u c e d  u n d e r  a more  res t r ic ted  set of 
t empera tu re  condi t ions  than  the g a m e t o p h y t i c  phase ,  from 20-30 °C. Plants  g row ing  at  
30 °C and at 40~tE m -2 s-l; 16:8, L:D m a t u r e d  faster  t han  ones  g rowing  at 20 °CI 24 versus  
33 d respect ively .  At h ighe r  t empe ra tu r e s  (_--> 25-30 °C) ma tu ra t ion  was  faster  and  was  
fol lowed by  the d i s in tegra t ion  of the  upr igh t  thal lus .  Plants  g rowing  at 20 °C at  40 ~tE m -2 
s-l; 16:8, L:D ma tu red  in 33 d whe rea s  ones  at 10 ~tE m -2 s -1, 16:8, L:D took 53 d to mature .  
Plants g rown unde r  16:8, L:D ma tu red  faster  t han  p lan t s  g rown  u n d e r  8:1--6, L:D at  
cor responding  l ight  and  t e m p e r a t u r e  condi t ions  (i.e. at  25 °C, 40 ~E m -2 s -1, p lan t s  
ma tu red  in 33 d u n d e r  16:8, L:D c o m p a r e d  to p l an t s  wh ich  took 90 d u n d e r  8:16, L:D). At  
15 °C s t a lked  pro jec t ions  which  even tua l l y  d e v e l o p e d  into cys tocarps  were  p roduced .  
The p lan ts  at 15 °C (8:16, L:D) p r o d u c e d  cys tocarp ic  s t ructures  wh ich  r e l e a s e d  spores  
only after 120 d. Plants  which  p r o d u c e d  these  pro jec t ions  u n d e r  16:8, L:D fa i led  to 
mature  wi th in  the  expe r imen t a l  period.  This unusua l  life cycle  modi f ica t ion  is cur rent ly  
under  further inves t iga t ion .  

The  growth  of ca rpospore l ings  of G. americana was m a x i m a l  at  40 ~E m -2 s -1 and  at  
25 °C. However ,  the  spore l ings  g r ew  over  a w ide  r a n g e  of l ight ,  t e m p e r a t u r e  a n d  
day leng th  r eg imes  (Fig. 10). Spore l ings  con t inued  to surv ive  t e mpe ra tu r e s  as low as 
0 °C. Spore l ings  at 5 °C, 8:16, L:D surv ived  and  h a d  some growth  as c o m p a r e d  to ones  at  
5 °C, 16:8, L:D, al l  of which  d i ed  which  ind ica tes  ch i l l ing  damage .  Al l  spore l ings  fa i led  
to survive at 35 °C. 
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Fig. 10. The growth of G. americana expressed as the mean cell number of 15 tetrasporelings (with 
confidence limits) to varying light, temperature and photoperiodic regimes after 4d. The solid 
horizontal line in the lower portion of the graph represents the mean number of cells of the 
inoculum. The symbols are as follows: (O----O) 40 pE m -2 s-l; (c c) 20 ~tE m -2 s-l; ( n - - - n }  10 ~E 

m -2 s-l; and (n. t.) no tested 

Lomentaria baileyana 

G r o w t h  a n d / o r  su rv iva l  of the  t e t r a s p o r o p h y t i c  a n d  g a m e t o p h y t i c  p h a s e s  of L. 

baileyana p r o c e e d e d  ove r  a b road  r a n g e  of l i gh t  i n t e n s i t i e s  a n d  t e m p e r a t u r e s  f rom 10-40  
~tE m -2 s -1 a n d  0 - 3 0  °C (Fig. 11). G o o d  g r o w t h  o c c u r r e d  b e t w e e n  15-30  °C. T h e  te t ra -  

spo rophy t i c  a n d  g a m e t o p h y t i c  p h a s e s  e a c h  s u r v i v e d  35 °C less  t h a n  12 days.  T h e  te t ra -  
spo rophy t i c  p h a s e  s u r v i v e d  l o n g e r  at 5 °, 16:8, L:D, a n d  at a l l  l i gh t  i n t e n s i t i e s  t e s t e d  as 

c o m p a r e d  to t he  g a m e t o p h y t i c  phase .  At  30 °, 8:16, L:D, t he  g a m e t o p h y t i c  p h a s e  h a d  a 
h i g h e r  su rv iva l  po t en t i a l  at  10 a n d  20 ~tE m -2 s -1 t h a n  the  t e t r a s p o r o p h y t i c  p h a s e .  P lan t s  

of e a c h  p h a s e  c o n t i n u e d  to su rv ive  0 ° for p e r i o d s  of up  to 60 d. At  h i g h e r  t e m p e r a t u r e s  
m a t u r a t i o n  was  fas ter  a n d  was  f o l l o w e d  by  the  d i s i n t e g r a t i o n  of t he  u p r i g h t  tha l lus .  At  

t e m p e r a t u r e s  _--< 15 °C the re  w a s  d e v e l o p m e n t  of a d i sco id  b a s a l  sys tem.  T h e  te t ra -  

spo rophy t i c  p h a s e  d i s p l a y e d  a g r e a t e r  g r o w t h  y i e l d  t h a n  the  g a m e t o p h y t e .  
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Spermatangia  and  carpogonia  failed to occur unde r  all the exper imenta l  regimes.  
Plants r emained  vegeta t ive  throughout  the study period. Tempera tu re  shock a nd  nu-  
trient deple t ion of the cul ture med ia  did not s t imulate  any  reproduct ive structures. At 
40 wE m -2 s -1 and  at 20-30 °C (for 16:8, L:D grown plants) p lants  f ragmented  (Fig. 11). 
This indicates  that vegeta t ive  f ragmenta t ion  of the gametophyt ic  phase  may be an 
important  means  of asexual  reproduction.  The tetrasporophytic phase  produced tetra- 
sporangia in 10-40 wE m -2 s -1 and  at 20-30 °C (Fig. 4). Plants unde r  16:8, L:D matured  
faster (14 d) than  ones unde r  8:16, L:D (60 d). Plants  growing at 40 wEm -2 s -1 unde r  16:8, 
L:D matured  faster (14 d) than  ones growing at 10 wE m -2 s -1 (26 d) at 20-30 °C. 

The growth of tetrasporel ings of L. baileyana was maximal  at 40 wE m -2 s -1 and  at 
25 °C. However,  the sporel ings  grew over a wide  range  of light, t empera ture  and  
daylength  regimes (Fig. 12). As tempera ture  increased,  the growth of the te t rasporel ings 
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Fig. 12, The growth of L. baileyana expressed as the mean length of the main axis of 15 
tetrasporelings (with confidence limits) to varying light, temperature, and photoperiodic regimes 
after 4d. The solid horizontal line in the lower portion of the graph represents the mean length of the 

main axis of the inocolum. For rest of legend see Fig. 10 

increased dramat ica l ly  in 16:8, L:D as compared  to cor responding  tempera tures  and  
light in tensi t ies  at 8:1-'6, L:D. Sporel ings con t inued  to survive tempera tures  as low as 
0 °C. Sporel ings grown under  16:8, L:D grew better  than  ones unde r  8:1---6, L:D. All 
sporelings failed to survive at 35 °C. 

Agardhiella subulata 

Growth and/or  survival  of the tetrasporophytic phase of A. subulata proceeded over 
a broad range  of l ight  in tensi t ies  and  tempera tures  from 10--40wE m -2 s -1 and  0-30 °C 
(Fig. 13). Good growth occurred b e t w e e n  15-30 °C. The tetrasporophytic phase  survived 
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Pig. 13. The growth response of the tetrasporophytic phase of A. subulata to varying light, 
temperature and photoperiodic regimes after 28d. ]Experiment was continued for 120d. Symbols as 

in Fig. 9. Scale: 1 mm = 4.5 mm 

temperatures of 35 °C up to 14 days at 40 ~E m -2 s -1. The tetrasporophytic phase  survived 
temperatures of 0 °C up to 90 d with little or no growth through 10 °C. At 10 °C, plants 
grown under 16:8, L:D b e g a n  to b leach  out after 28 d, whereas  ones grown under 8:1---6, 
L:D did not, thereby indicat ing  ch i l l ing  damage.  Plants grown at 15 °C (16:8, L:D) 
attained a much  larger s ize  class after 56 days than ones  grown at 20-30  °C. As 
temperature decreased during good growth condit ions,  i.e. from 30-15  °C, the s ize  of the 
basal  holdfast increased.  

The tetrasporophytic phase  produced tetrasporangia in 10-40 l~!~ m -2 s -1 and at 
15-30 °C (Pig. 13). Plants grown at 20-30  °C matured faster (28 d) than ones growing at 
15 °C {90 d). There was  no difference in the rate of maturation of plants grown under 
16:8, L:D versus 8:16, L:D for corresponding temperatures and l ight  intensit ies .  

A m p h i a t l a n t i c  t ropical - to-warm t empera te  group 

Solieria tenera 

Growth and/or survival  of S. tenera proceeded over a broad range of l ight intensities 
and temperatures from 10-40  ~E m -2 s -1 and 0 -35  °C (Pig. 14). Good growth occurred 
b e t w e e n  15-30  °C. At 25 °C and 40 ~E m - 2  s - 1  plants  under long day conditions were 
h igh ly  branched and grew less than corresponding ones  at short day conditions. Long 
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Fig. 14. The growth response of S. tenera to varying light, temperature and photoperiodic regimes 
after 71d. Experiment was continued for 120d. Symbols as in Pig. 9. Scale: 1 mm = 6 nun 

day plants  survived temperatures  of 35 °C for up to 42 d. Bleaching of the apices occurred 
after 14 d, however, plants con t inued  to survive usual ly  by dying back to their basal  
region. If these plants  were re turned  to good growth conditions,  even  after 42 d, they 
resumed normal  growth. Chi l l ing  damage  was noted  at 5 °C, 16:8, L:D. The plants  also 
survived temperatures  as low as 0°C, 8:1-6, L:D (up to 42 d), provided they were 
previously accl imated for 2 weeks at tempera tures  of l0  ° and  5 °C respectively.  Plants 
eventual ly  died at this reduced tempera ture  and  did not resume growth after be ing  
transferred back to good growth tempera tures  (> 42 d). 

The warm temperate Medi terranean At lan t ic  group 

Halurus equiseti folius 

Growth and/or  survival  of the tetrasporophytic phase of H. equiseti fol ius proceeded 
over a narrow range of temperatures  from 10-25 °C at 20 ~E m -2 s -1 (Pig. 15). Adequa te  
growth occurred be tween  10-20 °C. The tetrasporophytic phase survived temperatures  
of 25 °C up to 90 d. Plants  grown at 30 °C survived less than  20 d. Chi l l ing  damage  of 
plants  was evident  at 10 °C, 16:8, L:D. 

The tetrasporophytic phase produced te t rasporangia  {Pig. 15) at 10 °C (8:1---6, L:D) 
and at 15-20 °C (16:8, L:D). The plants  which were grown at 15 °C matured  after 78 d and  
the others after 93 d. 
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Fig. 15. The growth response of the tetrasporophytic phase of H, equisetifolius to varying tempera- 
ture and photoperiodic regimes at 20 ~E m -2 s -1 after 1 l td .  Experiment was continued for 122d. 

Symbols as in Pig. 9. Scale: 1 mm -- 4.3 mm 

Callophyll is  laciniata 

G r o w t h  a n d / o r  s u r v i v a l  of the  t e t r a s p o r o p h y t i c  p h a s e  of C. laciniata p r o c e e d e d  ove r  
a t e m p e r a t u r e  r a n g e  of 5-25 °C (Fig. 16). G o o d  g r o w t h  o c c u r r e d  b e t w e e n  10-20  °C w i t h  

15 °C b e i n g  t h e  o p t i m u m .  T h e  t e t r a s p o r o p h y t i c  p h a s e  s u r v i v e d  t e m p e r a t u r e s  of 30 °C 
less  t h a n  20 d i r r e g a r d l e s s  of t he  d a y l e n g t h .  Al l  p l an t s  f a i l e d  to su rv ive  0 °C for any  

a p p r e c i a b l e  l e n g t h  of t i m e  (< 14 d). P lan t s  s u r v i v e d  l o n g e r  at a d a y l e n g t h  of 8:16, L:D 
t h a n  16:8, L:D at 5 °C. C h i l l i n g  d a m a g e  w a s  o b s e r v e d  in  t h e s e  l o n g  day  plants .  The  
i n h i b i t o r y  e f fec t  at 40 ~tE m -2 s -1 a n d  the  h i g h  t e m p e r a t u r e  of 25 °C w a s  m o r e  p r o n o u n c e d  

for l o n g  d a y  p l an t s  ve r sus  shor t  day  p lants ,  to p r o d u c e  an  u n e x p e c t e d  in te rac t ion .  
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Pig. 16. The growth response of the tetrasporophytic phase of C. laciniata to varying light, 
temperature and photoperiodic regimes after 11Yd. Experiment was continued for 136d. Symbols as 

in Pig. 9. Scale: i mm -- 4,2 mm 
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Hypoglossum woodwardii  

Growth and/or  survival  of the tetrasporophytic phase  of H. woodwardii  proceeded 
over a range  of 5-25 °C (Fig. 17). Good growth occurred b e t w e e n  10-20 °C. The tetra- 
sporophytic phase  failed to survive tempera tures  of 30 °C for any  apprec iab le  l eng th  of 
time (<: 24 d). The plants  growing at 5 °C, unde r  a day leng th  of 16:8, L:D, failed to 
survive any  longer  than 20 d and  chi l l ing damage  was observed. 

t e m p e r a t u r e  (°C) 

0 5 10 15 20 25 30 

loag day 

16=~ 

short day 

S r s 

n.t. n,t. n.t, 

HYFOGLOSSUM WOOENCARDII -2n 

The tetrasporophytic phase  produced  te t rasporangia  at 10-20 °C (Fig. 17). At 5 °C, 
tetrasporangia were f inal ly formed after 92 d. In contrast, p lants  growing at 15-20 °C 
produced tetrasporangia after only 41 d. Plants at 5 °C failed to re lease their  tetraspores 
even after 122 d. 

The growth of tetrasporel ings of H. woodwardii  was maximal  at 20 °C and  at 40 ~tE 
m -2 s -1. However,  the sporel ings grew over a r ange  of light, t empera ture  and  day leng th  
regimes (Fig. 18). Sporelings survived tempera tures  as low as 0 °C and  were dead at 
30 °C. The inhibi tory effects at 40 ~E m -2 s -1 and  at the h igh tempera ture  of 25 °C was 
more p ronounced  for long day plants  than  for short day plants  to produce an unexpec ted  
interaction. 

DISCUSSION 

On the basis of exper imenta l  data (Fig. 19, Table  5) and  field observat ions (Figs 1-3) 
the nor thern bounda ry  of the invest igated species of the Northeast  Amer ican  tropical-to- 
temperate  group is a summer  growth and/or  reproduct ion one. The nor thern  boundary  of 
G. americana is at the 17 ° August  isotherm and  that of L. bafleyana a nd  A. subulata is at 
the 15 ° August  isotherm. The latter species, L. baHeyana and  A. subulata extend to the 
southern Gulf of St. Lawrence and, at least north of Cape Cod, they are restricted to 
protected shal low embaymen t s  which warm up in  summer  to h igh  temperatures ,  thereby 
promoting growth and  reproduction. As reported by McLachlan & Bird (1984) for 
Gracilaria tikvahiae, the per iod with h igh  tempera tures  is only long e n o u g h  to a t ta in  
reproductive maturi ty  once, sugges t ing  that at least two years are requi red  to complete 
the life histories in nature.  Perhaps the m a i n t e n a n c e  of L. baileyana a nd  A. subulata at 
their nor thern l imit  is also by vegetat ive propagat ion  as in  G. t ikvahiae (Bird et al., 1977). 

Fig. 17. The growth response of the tetrasporophytic phase of H. woodwardiito varying temperature 
and photoperiodic regimes at 20 ~E m -2 s -1 after 117d. Experiment was continued for 122d. Symbols 

as in Fig, 9. Scale: 1 m m =  6.7 mm 
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Fig. 18. The growth of H. woodwardii expressed as the mean cell number of 15 tetrasporelings (with 
confidence limits) to varying light, temperature and photoperiodic regimes after 4d. The solid 
horizontal l ine in the lower portion of the graph represents the mean cell number of the inocolum. 

For the rest of the legend see Pig. 10 
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Fig. 19. Temperature limits for growth, reproduction and survival of selected benthic marine red 
algae grouped according to distribition group. The symbols in the bar diagram are defined as { - - )  
survival in the interval; ( - - - )  death occurs in the interval; ( ' )  lethal temperature reached; ( ~ )  good 

growth in the interval; and (e) reproduction (see text as to the nature of the reproduction) 

It t a k e s  at l ea s t  t h r e e  m o n t h s  at  15 °C for A. subulata t e t r a s p o r o p h y t e s  to r e a c h  maturity.  
For  L. baileyana, t e m p e r a t u r e s  m u s t  be  at l ea s t  20 °C to p r o d u c e  fer t i le  te t rasporophytes .  

P lan t s  g r o w i n g  u p  to 4 m o n t h s  f a i l e d  to b e c o m e  fe r t i l e  at  15 °C. At  t e m p e r a t u r e s  ----< 15 °C 
b o t h  a l g a e  p r o d u c e  e x t e n s i v e  d i sco id  b a s a l  sys tems .  E a c h  of t he  m e m b e r s  of the  group 

s u r v i v e d  t e m p e r a t u r e s  as  l o w  as  0 °C. E v i d e n c e  of c h i l l i n g  d a m a g e  (Latchet ,  1981) under  

l o n g  d a y  c o n d i t i o n s  w a s  o b s e r v e d  at  5 °C a n d  40 ~E m -2 s -1. S i m i l a r  resu l t s  h a v e  b e e n  
r e p o r t e d  by  C a m b r i d g e  e t  al. (1984) for Cladophora spec ie s .  
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Table 5, Proposed phytogeographic boundaries in the Northern Hemisphere of setected benthic 
marine red algae in relation to ocean isotherms as determined experimentally 

Phytogeographic Species Poleward Equatorward 
group (lower temperature) (upper temperature) 

boundary boundary 

Northeast Grinneltia americana 17 August, summer Tropical margins 
American growth/reproduction 

tropical-to- Lomentaria baileyana 15 August, summer Tropical margins 
temperate growth/reproduction 

Agardhiella subulata 15 August, summer Tropics 
growth/reproduction 

Amphiatlantic Solieria tenera 15 August, summer Tropics 
tropical-to- growth/reproduction 
temperate in Europe 

?? in Northeast America 

Warm-temperate Halurus equisetifolius 7 February, 22 August, 
winter lethal summer lethal 

Mediterranaean Callophyllis laciniata 4 February, 21 August, 
Atlantic winter lethal summer lethal 

Hypoglossum 6 February, 19 February, winter 
woodwardii winter lethal growth/reproduction 

The data imply that the restrictive dis t r ibut ion of all  of these a lgae  to Northwest  
America and  the Car ibbean  Sea may be due to the fact that for adequate  growth and/or  
reproduction, water temperatures  must  exceed the a forement ioned  critical values.  At 
temperatures  _--< 15 °C reproduct ion and  growth is l imited, and  the amphia t lan t ic  dis- 
t r ibut ion through Iceland would  not be  permit ted.  

The abil i ty of G. americana, L. baHeyana and  A. subulata to grow and  reproduce at 
temperatures  of 25-30 °C permits  them to inhab i t  tropical waters. In this respect  these 
algae show a similar growth strategy to (3. t ikvahiae (van den  Hoek, 1982 b, McLachlan 
& Bird, 1984). The lack of pub l i shed  reports on (3. americana and  L. baileyana in  the 
Car ibbean  may be more a funct ion of the size class of these plants.  In this study, at h igher  
temperatures,  matura t ion  was very rapid at 30 °C (40 wE m-2s-1; 16:8, L:D); for G. 
americana 24 d for tetrasporophytes and  34 d for gametophytes  and  only 14 d for L. 
baileyana tetrasporophytes.  After matura t ion  there is a g radua l  d is in tegra t ion  of the 
upright  thalli, thereby m a k i n g  collection of the plants  exceed ing ly  difficult in shal low 
tropical waters. 

Similary, Edwards {1969) reported for Ectocarpu$ siliculosus, and  Rietema & van den  
Hoek (1981) for macrothal l i  of Desmotrichum undulaturn that  h igh  tempera tures  prom- 
ote an ephemera l  existence towards their  southern  boundar ies .  Tempera tures  above 
35 °C which occur locally in  Florida {Earle, 1968) and  e lsewhere  in  the tropics would  be 
lethal  to (3. americana, L. baileyana and  A. subulata in  the lagoonal  habi tats  they are 
accustomed to. At 35 °C, whole thalli  of each of these plants  survive for a l imi ted per iod 

of t ime (~ 12 d) whereas  the 4 day sporel ings of G. americana and  L. baileyana fail to 
survive; however,  such temperatures  do not occur in  open  deep waters  (Sverdrup et al., 
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1942). It is expected, with more in tens ive  invest igat ions  of deep tropical waters, that 
these a lgae  will  be  found. As McLachlan & Bird (1984) suggested,  the outflows of the 
Orinoco and  Amazonas  rivers may const i tute a major  ecological  barr ier  for algal  species 
a long the South Amer ican  coast. Of the Northeast  Amer ican  tropical-to-temperate 
group, only A. subulata has successfully hurd led  these barriers (Gabrielson & Hommer-  
sand, 1982 a). However,  the absence  a long West African coasts cannot  be ascribed to 
these coasts' ecological  unf i tness  for these species, so here other historical reasons may 
exp la in  their  absence.  

Both G. americana and  L. baileyana showed no overall  difference in temperature  
to lerance b e t w e e n  the gametophyte  and  tetrasporophyte generat ions.  This is consistent 
with the observat ions of van  den  Hoek (1982 b) for ben th ic  mar ine  algae with isomorphic 
generat ions .  McLachlan & Bird (1984) presen ted  similar  observat ions for Gracilaria 
species. In contrast, sporel ings  showed a reduced tolerance to high temperatures  (35 °C). 

On  the basis  of exper imenta l  data (Fig. 19; Table  5} and  field observat ions the 
nor thern  bounda ry  of S. tenera, a m e m b e r  of the amphia t lant ic- t ropical - to-warm temper-  
ate group, should be set by a 15 °C August ,  summer  growth and/or  reproduct ion isotherm 
at least in Europe. Contrary to expectations,  the 10 °C February  isotherm which delimits 
the species dis t r ibut ion to the north both in Europe and  America,  does not correspond 
with a lower lethal  temperature .  We may only speculate  what  is the control l ing factor in 
Northeast  America,  South America  and  Africa, since the Port Isabel, Texas isolate was 
able  to tolerate tempera tures  down to 0 °C. This isolate only survived 0 °C when 
gradua l ly  accl imated (at least 14 d) at 10 ° and  5 °C, respectively. The range  of thermal 
tolerance was ex tended  by 5 °C (to 0 °C). The nor thernmost  point  of dis t r ibut ion in North 
Carol ina  is an offshore deepwater  station ba thed  by comparat ively  warm southern water 
in  win te r  with tempera tures  hardly lower than  10 °C. More to the north, hard substrates 
are bathed,  at least in termit tent ly ,  by water  that is too cold (~ 5°). The sudden  thermal 
shock (after exposure to freezing) may prohibi t  rapid formation of any  anti-freeze 
substance  (Lfining, 1985), if it were to occur in  the euli t toral  zone in  North Carol ina and 
northwards.  The l imi ted southern  dis t r ibut ion a long the warm water  African coast and 
South Amer ican  coasts may be funct ions of poorly k n o w n  floras. The wide gaps in S. 
tenera's occurrence in Northwest  Africa and  Europe may be at t r ibuted to recent intro- 
duct ions to these regions or possibly, taxonomic  confusion with a closely re la ted species, 
S. chordalis (Gabrielson & Hommersand ,  1982 b). According to dis t r ibut ion data from 
Port Isabel and  Port A.ransas, Texas, U. S. A., (Baca et al., 1979; Edwards & Kapraun, 
1973) and  the observat ions of this study of very slow growth, we may characterize S. 
tenera as a slow growing pe renn ia l  t ropical- to-warm temperate  species. Stewart (1984) 
also reported in t r ins ical ly  slow growth rates may be characteristic of other tropical 
pe r enn i a l  red algal  genera  such as Gelidium and  Pterocladia. The  Port Isabel isolate was 
also more tolerant  of a h igh tempera ture  of 35 °C, more so than  any  member  of either the 
Northeastern  Amer ican  or warm- tempera te  Medi te r rean  groups. The only other reported 
m e m b e r  of this group, Hypnea  musciforrnis (van den  Hoek, 1982 b), appears to have a 
s imilar  t empera ture  tolerance.  

Dawes et al. (1976) have presen ted  ev idence  that positive net  photosynthetic 
responses  of H. musci formis  are a t ta ined  b e t w e e n  4-40°C,  with maxima  at 25-32°C. 

Biebl (1962) reported that euli t toral  mar ine  a lgae  in  tropical waters had a temperature 
tolerance of - 2  to 35(40) °C with an  exposure t ime of only 12 h. However, such short time 
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exposures may give a wider  tolerance than  an  exposure t ime of up to 6 weeks, as was 
used in  this study which s imulates  condi t ions  in  na ture  more realistically.  

The inabi l i ty  of this study to s t imulate  the deve lopmen t  of any  reproduct ive struc- 
tures under  all the combina t ions  of light, t empera ture  a nd  photoperiod,  and  Farn.ham's 
{1980} lack of success in  growing tetraspore germl ings  in  culture, suggest  that vegeta t ive  
propagat ion  may be an  impor tant  mode of reproduct ion in  S. tenera. Similar  observa-  
tions have b e e n  reported for Polysiphonia subtil issima (Yarish & Edwards,  1982}. 

On the basis  of exper imenta l  data {Fig. 19, Table  5) a nd  field observat ions (Figs 5-7} 
the nor thern boundary  of the inves t iga ted  species of the warm- tempera te  Med i t e r r anean  
Atlantic Group is a winter  lethal  one. The nor thern  boundary  of H. equiset i fol iusis  at the 
7 ° isotherm, that of C. laciniata is at the 4 ° February  isotherm and  that of H. woodward11 is 
at the 6 ° February  isotherm. 

One  note of caut ion must  be made.  The pre l iminary  exper imenta l  data with tetra- 
sporelings i.e. survival  at 0 °C of H. woodward11 does suggest  the possibi l i ty of a broader  
geographical  dis t r ibut ion than what  has b e e n  recorded. If addi t ional  cont inuous  records 
can be found for H. woodward11 in  the North Sea, south of the 12 ° August  isotherm, then  
its boundary  may be a summer  growth and  reproduct ion limit. There is a report of this 
alga in the Black Sea by Zinova (1967} thereby ind ica t ing  survival  to 0 °C, however,  the 
abil i ty of this popula t ion  to survive 0 °C may  be enhanced  by the low sal ine env i ronmen t  
of the Black Sea. Edwards {1979} also showed a positive tempera ture / sa l in i ty  interact ion 
for Ca111thamnion hooker1 {see Druehl, 1981 for a further discussion of sa l in i ty / tempera-  
ture interactions}. 

The southern boundary  of H. equiseti follus should be set by a 22 ° August  summer  
lethal temperature.  Its reported absence  from the Canaries,  Madei ra  and  the Azores 
could not be explained;  however,  recent  communica t ions  with P rud 'homme van  Reine 
(Rijksherbarium, Leiden, The Netherlands} indicate  its presence  on the Canaries ,  
thereby indica t ing  a wider  dis t r ibut ion than  the pub l i shed  l i terature suggests.  The 
absence from Madeira  and  the Azores may only indicate  lack of in tens ive  collect ion 
data. The southern  boundary  of C. laciniata may be set by a 21 °C Augus t  summer  lethal  
temperature.  The southern  bounda ry  of H. woodward11 may be set by a 19°C February  
max imum winter  tempera ture  for growth and/or  reproduction.  The inabi l i ty  of the 
Roscoff isolates tested to wi ths tand  tempera tures  > 25 °C suggests  there may  be  a 
different temperature  race at the southern  boundary ,  where  tempera tures  are ~ 27 °C in  
summer  {i.e. in the eastern Mediterranean}.  However,  the rare occurrence of H. wood- 
ward11 (1 collection of a p lan t  1.5 cm in  l eng th  at a depth  of 27 m on a rocky bottom, 
Edelstein, 1964} may prec lude  this possibili ty.  Another  report of its presence  in  the Black 
Sea (Zinova, 1967} is also enigmatic ,  s ince tempera tures  there vary from 0 to 29 °C. The 
possibili ty exists here too, that there may be a different tempera ture  race in the Black 
Sea, especially since the mar ine  popula t ions  are considered glacial  relics (Liining, 1985}. 

In summary, the use of mean  surface sea water  isotherms may be an inva luab le  tool 
to generate  in teres t ing and  testable  hypotheses  in  un rave l l i ng  the na ture  of geographi-  
cal boundar ies  of benth ic  red algae. The geographical  dis t r ibut ions of the Northeast  
American tropical- to-temperate group (i. e. G. americana, L. baHeyana and  A. subulata} 
correlate with August  summer  growth and  reproduct ion isotherms at their nor thern  
limits of occurrence. On the other hand,  the warm- tempera te  Med i t e r r anean  Atlant ic  
group {i.e.H. equisetifolius, C. laciniata and  H. woodwardh) is characterized by hav ing  
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i ts  n o r t h e r n  b o u n d a r i e s  a t  t h e  F e b r u a r y  w i n t e r  l e t h a l  i s o t h e r m .  In  all  c a s e s  t e s t ed ,  the  

N o r t h e a s t  A m e r i c a n  g r o u p  s u r v i v e d  t e m p e r a t u r e s  as  l o w  as  0 °C w h e r e a s  t he  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  g r o u p  d i d  not .  T h e  N o r t h e a s t  A m e r i c a n  g r o u p  w a s  a lso  more  

t o l e r a n t  to h i g h  t e m p e r a t u r e s  { = 30 °C) t h a n  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  group.  

T h e  f o r m e r  a r e  a b l e  to p e n e t r a t e  t h e  t r op i c s  w h e r e a s  t h e  l a t t e r  c a n  not ,  T h e  s o u t h e r n  

b o u n d a r i e s  of 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  g r o u p  a re  h e t e r o g e n o u s .  H. 

equiseti fol ius a n d  C. laciniata are  l i m i t e d  by  an  A u g u s t  s u m m e r  l e t h a l  i so the rm,  

w h e r e a s  H. woodwardi i  is  l i m i t e d  b y  a F e b r u a r y  w i n t e r  ~Trowth a n d  r e p r o d u c t i o n  l imit .  

T h e  b o u n d a r y  l imi t s  of t h e  so le  r e p r e s e n t a t i v e  of t h e  a m p h i a t l a n t i c  t rop ica l  to t e m p e r a t e  

g r o u p  { i . e . S .  tenera) are v e r y  c o m p l e x .  T h e  p o p u l a t i o n s  in  E u r o p e  a re  l i m i t e d  by  an  

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

A m e r i c a n ,  S o u t h  A m e r i c a n  u n d  A f r i c a n  p o p u l a t i o n s  a re  s p e c u l a t i v e .  In th i s  case ,  t he  use  

of m e a n  s u r f a c e  w a t e r  i s o t h e r m  m a y  b e  l i m i t e d  un t i l  a d d i t i o n a l  p o p u l a t i o n s  are  cult i-  

v a t e d  in  t h e  l a b o r a t o r y  a n d  t a x o n o m i c  u n c e r t a i n t i e s  a re  r e s o l v e d .  T h e  p r e s e n t  day  

d i s j u n c t i o n s  w h i c h  a re  e v i d e n t  in  t h e  p u b l i s h e d  g e o g r a p h i c a l  d i s t r i b u t i o n  of S. tenera 
m a y  b e  m o r e  a f u n c t i o n  of p o s t  p a l e o c l i m a t e s  a n d  cu r r en t s ,  t h a n  p r e s e n t  day  t e m p e r a -  

t u r e s  (c.f. v a n  d e n  H o e k ,  1984). 
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