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ABSTRACT: Tolerance and growth at temperatures  from 0 ° to 36°C were invest igated using 15 
species and strains of Gracilaria Grey. isolated from tropical and temperate coasts of the Atlantic 
and eastern Pacific Oceans. All survived a minimum of 15 °C and, with two exceptions, a maximum 
of 28°C. Only two species tolerated 34°C and none 36°C which was rapidly lethal. Isolates 
intolerant of temperatures less than 15 °C were  generally species known only from tropical waters, 
whereas species isolated from temperate  waters tended to be eurythermal, and most seemed  not to 
be restricted to cooler waters. Maximum growth of warm-water  isolates tended to occur over a broad 
range of warmer temperatures,  20°C and higher, and usually extended to the upper  limits of 
thermal tolerance. Isolates from temperate  waters showed maximum growth at 20 ° or 15 °C, and 
there was no appreciable growth of any of the isolates below 10 °C. These experimental  results are 
in accord with known distributional patterns of Gracilaria. There is a correlation be tween  tempera-  
ture and number of species, with most species reported from warm-water  areas where the mean  
water temperature is 25 °C or more. Where the 3-month mean minimum temperature is less than 
20 °C, there is a rapid decline in number  of species. In the eastern Atlantic, the relationship is less 
obvious as few species have been  reported from the warm-water  region. This is quite likely the 
result of other environmental  factors. 

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

T h e  g e n u s  Gracilaria G r e v i l l e  is o n e  of t h e  l a r g e s t  g e n e r a  of r e d  a l g a e  in  t e r m s  of 

n u m b e r  of s p e c i e s .  It is, m o r e o v e r ,  a v e r y  w i d e l y  d i s t r i b u t e d  g e n u s ,  o c c u r r i n g  in  all  

o c e a n s  e x c e p t  t h e  Arct ic .  Th i s  s i ze  a n d  w i d e  d i s t r i b u t i o n  m a k e  i t  i d e a l l y  s u i t e d  for 

b i o g e o g r a p h i c  ana lys i s .  

T h e  i n f r a g e n e r i c  t a x o n o m y  of Gracilaria is, h o w e v e r ,  chao t i c .  M a n y  of t h e  s p e c i e s  

are  p o o r l y  k n o w n ,  o f t en  l e a d i n g  to i n c o r r e c t  i d e n t i f i c a t i o n  a n d  t h u s  to m i s r e p r e s e n t a t i o n  

of g e o g r a p h i c  d i s t r i bu t i on .  For  e x a m p l e ,  G. verrucosa (Huds.)  P a p e n f .  h a s  b e e n  r e p o r t e d  

the  w o r l d  over ,  in  cold,  t e m p e r a t e ,  a n d  w a r m  w a t e r s ,  w h i c h  b i o g e o g r a p h i c a l l y  is  a n  

u n u s u a l  s i tua t ion .  W e  h a v e  q u e s t i o n e d  s o m e  of  t h e s e  r epor t s ,  a n d  fu r the r ,  h a v e  s u g -  

g e s t e d  tha t  G. verrucosa m a y  b e  c o n f i n e d  to t h e  n o r t h e a s t e r n  A t l a n t i c  (Bird e t  al., 1982). 

* NRCC No. 23817 
•" Paper presented at the Seaweed Biogeography Workshop of the International Working Group 
on Seaweed Biogeography, held from 3-7 April 1984 at the Department  of Marine Biology, 
Rijksuniversiteit Groningen (The Netherlands). Convenor: C. van den Hoek. 
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Whether  or not this is correct, the point  is made  that we cannot  define the geographic 
range  of G. verrucosa, or indeed  of m a n y  other species of Gracilaria, with any degree of 
certainty because  our concepts of these species are faulty or incomplete.  Nevertheless, 
b iogeographic  studies should complement  taxonomic concepts and  can lead to a more 
accurate in terpre ta t ion  of the species. We are restr ict ing our present  considerat ions to 
the cont inents  of North and  South America,  and  the Atlant ic  coasts of Europe and  Africa, 
where  the Gracilaria floras are reasonably  wel l  known;  better, at least to us, than in other 
parts of the world. Even wi th in  this geographic  scope, there are areas for which floristic 
data on algae are re la t ively meagre  or even  lacking.  These are, mainly,  the southern 
C a r i b b e a n  Sea, nor thern  Brasil, southern  South America,  much of the tropical Pacific, 
and  southwestern  Africa. Such gaps in  our knowledge  pose a serious problem should 
these areas lie in  zones of floristic transition. 

It is genera l ly  accepted that t empera ture  is a major, if not the foremost envi ronmen-  
tal factor de te rmin ing  the dis t r ibut ion of mar ine  a lgae  (e.g. Druehl, 1981; van  den Hoek, 
1982). Our  basic  premise  in  this ins tance  is that Oracilaria is pr imari ly  a warm-water  
genus .  This is supported by the greater  n u m b e r  of species reported from the tropics (e.g. 
Taylor, 1960; Dawson, 1961a, b; Lawson & John, 1982) and by a rapid reduct ion in 
species numbers  with increas ing  la t i tude (Bird et al., 1982; Oliveira, 1984). This trend 
seems well  es tabl i shed no twi ths tand ing  the uncer t a in  taxonomiy;  i.e. the many  tropical 
ent i t ies  appear,  on the whole, to be  distinct, reproduct ively  isolated species (cf. Hay & 
Norris, 19847 and  not mere ly  extreme morphological  variants  of one or a few taxa. 

The extensive north-south coastl ines of the Americas and, to a lesser extent, of 
Europe and  west Africa, provide an opportuni ty  for observing the distr ibution of 
Gracilaria along cont inuous  thermal  gradients.  These gradients  are, however, compli- 
cated by major  ecological  barr iers  that  t runcate  potent ia l  d is t r ibut ional  ranges  or create 
discont inui t ies .  These barriers may be unfavourable  condit ions such as fresh water, 
turbidi ty  and  uns tab le  substrate,  or head lands  and  upwel l ing  that abrupt ly  alter temper- 
ature by deflect ing currents.  The Carol ina  Barrens, the turbid coastal waters of tropical 
Africa, and  the outflows of the Amazon,  Orinoco and  Plata rivers are only a few examples 
of s ignif icant  b iogeographica l  barriers. Addit ional ly ,  local habi tats  may differ substan- 
t ial ly from the genera l  hydrographic  features of the area, and  yet their particular 
propert ies  may account  for the presence  or absence  of certain species. 

It has b e e n  emphas ized  that, with respect  to mar ine  algal  b iogeography (e.g., 
Druehl,  1981; Round, 1981), es tabl i shed relat ionships  be tween  dis tr ibut ion and environ- 
menta l  parameters  have  near ly  always b e e n  based  on correlation rather  than  experimen- 
tal evidence.  In the fol lowing text, we present  data  on thermal  tolerance of various 
species of Gracilaria from widely  different sources. These exper imenta l  data are collated 
with previous reports on dis t r ibut ion and  thermal  regimes in the areas under  considera- 
tion, to examine  the assumpt ion  that t empera ture  is the ma in  abiotic factor controlling 
the dis t r ibut ion of this genus.  

MATERIALS AND METHODS 

The species and  strains used for exper imenta l  purposes were from uni -a lga l  cultures 
ava i lab le  in our laboratory (Table 1). Several  strains ob ta ined  from Hawaii  are included 
as representa t ives  from warm-wate r  env i ronmen t s  a l though Hawai i  is, strictly speaking, 
outside our geographic  scope. Apical  segments  of female gametophytes  were used 
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Table 1. Species of Gracilaria used in the temperature experiments, and the temperature range of 
the habitats from which the plants were collected 

Strain and origin Code Tempera- Strain and origin Code Tempera- 
ture ture 
(oc) (oc) 

range range 

G. tikvahiae BAR <: 0-~25 G. debilis (Forsk.) DEB 27-29 
McLachlan Borg. (St. Lucia) 

(Nova Scotia) Gracilaria sp. GT 27-29 
G. tikvahiae GTF 16-30 (St. Lucia) 

(Tampa Bay, FL) G. mammiHaris MAM 16-30 
G. foliifera FOL 5-20 (Mont.) Howe 

(Forsk.) Berg. (Tampa Bay, FL) 

(So. Devon, UK) Gracilaria sp. VI 8-12 
G. bursa-pastoris BPUK 5-20 (Vancouver I.) 

(Gmel.) Silva G. lemaneiforrnis MJ 
(Isle of Wight, UK) (Bory) 

Gracilaria sp. ITA 7-24 Weber-v.-Bosse 
(Adriatic Sea) (Mejillones, Chile) 

Gracilaria sp. CA 12-23 G. lemaneiformis (?) COQ 5-20 
(San Diego, CA) {Coquimbo, Chile) 

G. bursa-pastoris BPHI 24-27 Gracilaria sp. VD 9-20 
(Hawaii) (Maullin, Chile) 

G. coronopifolia J. Ag. COR 24-27 
(Hawaii) 

w h e n e v e r  possible and, for some strains, te t rasporophytes  also were  used  to compare  the 
responses  of the two phases.  Gene ra l  cul ture  procedures  and m e d i u m  have  b e e n  

descr ibed  previously  (N. Bird et al., 1977). Incubat ion  was in wate r  baths  or growth  

chambers ,  and irradiance,  from cool -whi te  f luorescent  lamps, was  p rov ided  at 75 ~tE 
m -2 s -1 on a 12:12 h (L:D) cycle. Exper imenta l  t empera tu res  r a n g e d  from 0 °C to 36 °C, as 
indica ted  in Figure 1. 

T o l e r a n c e  

Apical  segments  about  10 mm long, 15 per  cul ture  vessel ,  were  incuba ted  for 6 

weeks  in cul ture tubes conta in ing 50 ml of m e d i u m  and capped  with  "Kimble"  closures. 

The cul tures  are not aerated,  and the m e d i u m  was c h a n g e d  w e e k l y  at the h igher  
tempera tures  (> 20 °C} and fortnight ly at the lower  tempera tures .  To test  for effects of 

thermal  shock, inocula were  p recond i t ioned  for about  1 w e e k  at the h ighes t  non- le tha l  

t empera ture  before be ing  subjec ted  aga in  to the ini t ia l ly  lethal  ex t remes  of tempera ture .  
Mater ial  that did not grow dur ing the expe r imen ta l  period,  but was visual ly  j u d g e d  to 

have  survived, was incuba ted  at 20 °C for a further  period, and viabi l i ty  was assessed by 
subsequent  growth. Assessment  of to lerance  was based  s imply on growth at the experi-  

menta l  tempera ture  or after remova l  to more favourable  conditions.  
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G r o w t h  

Thirty apices of each isolate, I0 mrn long, were  incuba ted  with aerat ion and  weekly 
change  of m e d i u m  at the exper imenta l  tempera tures  for 3 weeks.  Growth was assessed 
by four categories of m e a n  increase  in  length  (or weight  for G. mammillaris, with 
b ranched  apices): {1) m a x i m u m  increase  for the isolate, (2) increase at least 50 % of 
maximum,  (3 )measurab le  increase,  20-50 % of maximum,  and  (4)no measurable 
increase  or increase < 20 % of maximum,  d is regarded as be ing  possibly artifactual. 

T e m p e r a t u r e  a n d  d i s t r i b u t i o n  r e c o r d s  

Oceanic  tempera tures  used  in  our considerat ions  are genera l  for coastal waters 
(adapted from Gorshkov, 1976, 1979), and  do not  inc lude  local habi ta t  variations. 
Tempera tu re  ranges  for the specific habi ta t  from which the exper imenta l  isolates were 
ob ta ined  (unpubl .  observations) are inc luded  w h e n  ava i lab le  in  Table  1. 

Dis t r ibut ion records of species are der ived from the ava i lab le  literature. For the 
wes tern  Atlantic,  the nomenc la tu re  genera l ly  follows that of Taylor (1960), and starts 
from Dawson (1949) for the Eas tem Pacific. For the eas tern  Atlantic,  the floristic 
l i terature is rather more scattered, bu t  the nomenc la tu re  here does not predate  1958. We 
have upda ted  the nomenc la tu re  according to recent  publicat ions,  and  make  no unpub-  
l ished a m e n d m e n t s  here; however,  in  discussing certain species, we consider the 
convent iona l ly  used  specific epi thet  to be  incorrect or doubtful,  and  have preferred to 
des igna te  the taxon mere ly  as Gracilaria sp. 

RESULTS AND DISCUSSION 

T o l e r a n c e  

The results of all  exper iments  are summar ized  in  Figure 1. There were no noticeable 
differences in  response be tween  gametophytes  and  tetrasporophytes,  and  no further 
dis t inct ion is made  b e t w e e n  these phases. This is consis tent  with other observations on 
thermal  responses of macroa lgae  with isomorphic genera t ions  {van den  Hoek, 1982}. A 
caut ionary  note  is appropr ia te  here: responses  to tempera ture  may be tempered  to some 
degree  by exper imenta l  condit ions,  and  p lants  in  the field may respond differently. The 
exper imenta l  results do serve, however,  to indica te  the approximate  potent ia l  of species, 
and  i l lustrate differences among  them. 

All species tolerated tempera tures  from 15 °C through 24 °C. Species that did not 
survive 10°C were from warm-wate r  areas with a m i n i m u m  ambien t  temperature  of 
more than  15°C and  somet imes as much  as 24°C (Table 1). In addition, species that 
tolerated 30 °C or h igher  were also usual ly  from warm-water  habitats.  However,  a direct 
correlat ion be tween  an  isolate 's  r ange  of to lerance and  local field temperature  is not 
a lways apparent .  Isolate GTF of G. tikvahiae, for example,  tolerated temperatures  much 
lower than  it would  exper ience  in  nature,  its r ange  of tolerance be i ng  ident ical  with that 
of its nor thern  counterpar t  BAR. This suggests  that thermal  tolerance is uniform through- 
out the geographic  range  of a species and  is not a l tered by adapta t ion  to local conditions 
(cf. Bolton & Liining, 1982; Rietema & van  den  Hoek, 1984), and  that temperature 
ecotypes are not present  in this species. 
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Fig. I. Thermal  ranges of tolerance (cross-hatched bars) and growth (solid bars) in isolates of 
Gracilaria. Three categories of growth are indicated, ranging from maximum (broadest bar) to 
measurable (single line, 20-50 % of maximum}. The experimental points are indicated on the 

temperature scale, and the names and sources of isolates are in Table 1 

Only  with G. foliifera (FOL) was p recondi t ion ing  effective in  ex t end ing  the range  of 
tolerance, and  then only at the lower temperatures .  This isolate survived 5 °C w h e n  
precondi t ioned  at 10 °C. The inference is thus that thermal  tolerance in  most species of 
Gracilaria is not in f luenced  by habi ta t  temperature .  Such stabil i ty contrasts with the 
ease with which germl ings  of the b rown a lga  Fucus  L can  be  p recondi t ioned  to 
wi ths tand subzero temperatures  (Bird & McLachlan,  1974), bu t  it has a l ready b e e n  
pointed out (van den  Hoek, 1982) that the short- term exposure employed  in  such studies 
is not comparable  with the long- term condit ions exper ienced  in  na ture  and  used here. 

The two strains of G. tikvahiae, BAR and  GTF, responded  ident ica l ly  despite their  
widely disparate origins, and  had the broadest  r ange  of tolerance,  0 ° to 34 °C. At 36 °C, 
however,  both strains became mor ibund  wi th in  several  days. Of the taxa e x a m i n e d  
experimental ly,  G. t ikvahiae spans the broades t  r ange  of la t i tudes (van d e n  Hoek, 1982), 
and  its eurythermal  properties reflect its wide  distr ibution.  
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G r o w t h  

With the except ion of G. mammillaris (M_AM), the isolates grew well  at 20 °C, and 
m a n y  showed m a x i m u m  growth at this temperature .  Max imum growth with some was 
l imi ted to this tempera ture  whereas  with others it ex tended  to h igher  temperatures.  This 
upward  extens ion  genera l ly  occurred in  warm-wate r  species whose lower limits of 
thermal  to lerance were  > 10 °C (Fig. 1). In the tropical isolates DEB and  COR, maximum 
growth occurred b e t w e e n  20 and  28°C and  in  COR, ex tended  to the upper  limits of 
thermal  tolerance.  With warm-wate r  isolates BPHI, MAM and  GT, max imum growth 
requi red  tempera tures  above 20 °C, a round 24 °C for MAM and 30 °C for BPHI and  GT. 
MAM grew wel l  at 34 °C dur ing  three weeks,  a l though this tempera ture  was ult imately 
lethal.  Of all the isolates examined,  MAM was the only one actual ly to show poor growth 
at 20 °C. 

Isolates from tempera te  waters, CA excepted, d isplayed reasonably  good growth 
below 20 °C and, aga in  with the except ion of CA, all the isolates from the eastern Pacific 
showed m a x i m u m  growth at 15 °C. None  of the isolates from any  area showed appreci- 
able  growth below 10 °C and  about  50 % of the isolates failed to grow at this tempera- 
ture. 

Strains of G. tikvahiae, BAR and  GTF, grew well  over a broad range  of temperature,  
about  16 °. At 34 °C, the upper  limits of tolerance,  growth dec l ined  in  BAR but  cont inued 
to be reasonably  good in  GTF. Both strains grew reasonably  well  at 15 °C, and  poorly or 
not  at all at 10 °C. The seasonal ly  cold habi ta t  from which BAR was isolated did not 
enhance  its potent ia l  for growth at tempera tures  less than  15 °C. 

R e p r o d u c t i o n  

It has not  b e e n  possible  to separate  reproduct ion from growth in  Gracilaria. When 
plants  are growing welt, they become fertile; unde r  condit ions that reduce or prevent  
growth, fertility is suppressed.  Temperature ,  nutr ients ,  and  light, i nc lud ing  photoperiod, 
have had, in  our experience,  no effects on reproduct ion of the isolates beyond  their direct 
in f luence  on growth. We have b e e n  u n a b l e  to p reven t  reproduct ion in  heal thy cultures of 
Gracilaria other than  to block the formation of cystocarps by restricting fertilization of 
the female gametophyte .  For this reason we have preferred to use segregated female 
gametophytes  as exper imenta l  material .  

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

Western Atlantic 

The wes te rn  Atlant ic  has a cont inuous  m a i n l a n d  coast l ine ly ing roughly north-south 
b e t w e e n  la t i tudes 65°N and  52 °s .  A vast area of warm water, with a mean  annual  
t empera ture  a round 25 °C, extends  from Florida southward to southern  Brasil. Except in 
the nor thern  Gulf of Mexico, the m e a n  3-month m i n i m u m  sea tempera ture  in this region 
is at least  20 °C, and  in  most  locations it is several  degrees  higher.  South of Brasil, along 
the Argen t ine  coast, m i n i m u m  sea tempera tures  are cool, but  at least 5 °C in  Tierra del 
Fuego. It is impor tant  to emphas ize  that north of Florida, large a n n u a l  variations in 
tempera ture  occur, exceed ing  20 ° in  some locales, and  m i n i m u m  values of 0°C or less are 
a t ta ined  a round 40 °N. Tempera ture  regimes clearly reflect circulat ion patterns in  the 
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western Atlantic. Cool water  is t ransported nor thward a long the southern  coast of South 
America, and cold water  southward a long the coast of At lant ic  C a n a d a  and  New 
England.  Warm water circulates in  the central  reg ion  of the Atlantic, be t w e e n  the Tropic 
of Capricorn and  the Tropic of Cancer.  

T h e  Grac i lar ia  flora of the wes tern  Atlant ic  is k n o w n  reasonably  well, perhaps  
better than on any  other coast l ine of comparable  length.  We present ly  recognize  about  
30 species, whi le  apprec ia t ing  that taxonomic problems exist. It is unl ikely ,  however,  
that taxonomic changes  wilt great ly modify the genera l  quant i ta t ive  aspects of this 
Graci lar ia  flora. 

The region with the largest  n u m b e r  of Grac i lar ia  species is the warm-wate r  area 
be tween  30 ° N and  30 ° S, from Florida to southern  Brasil (Fig. 2), a nd  i nc l ud i ng  Bermuda.  
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Fig. 2. Number of Gracilaria species in the western Atlantic relative to the mean sea temperature 
(adapted from Gorshkov, 1979) 

There is little seasonal  or spatial  thermal  var iat ion in these waters, and  the dis t r ibut ion 
of Graci lar ia  is, as far as records indicate,  re lat ively uniform in  the Gulf of Mexico and  
the Car ibbean  Sea. Near the middle  of this warm-wate r  region, however,  the outflows of 
the Orinoco and Amazon  rivers consti tute a major  per turbat ion.  An extensive  area is 
affected by this in t rus ion of fresh water, par t icular ly  north of the Amazon,  and  these 
rivers must  be considered s ignif icant  barriers to movemen t  of algal  species a long the 
South Amer ican  coast. 

North and  south of the warm-water  area, the n u m b e r  of species of Grac i la r ia  is 
sharply reduced.  In the nor thern  hemisphere ,  the reduct ion  beg ins  from Cape Canavera l  
northward. Temperature ,  however,  remains  re la t ively h igh (> 20 °C) on offshore reefs of 
North Carolina,  and  some common tropical species persist  there (Schneider,  1976). North 
of Cape Hatteras, where  m i n i m u m  tempera tures  fall be low 15 °C and  may  be lower  than  
0 °C, G. t i k v a h i a e  is the only species to be  found. This species extends  to the southern  
Gulf of St. Lawrence and, at least north of Cape Cod, is restricted to lagoonal  habi ta ts  
where summer  temperatures  exceed normal  coast l ine maxima.  

In the southern hemisphere,  cold-water  upwe l l i ng  in  the vicini ty of Cabo Frio 
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coincides with a s ignif icant  decrease in  the n u m b e r  of species of Gracilaria south of the 
Tropic of Capr icorn (Oliveira, 1984). Only  one, or perhaps  two, species occur in  Uruguay, 
and  south of the Plata River there are no records for Gracilaria apart from an  apparently 
isolated popula t ion  of a s ingle  species in  Chubu t  Province, Argen t ina  (C. Pujals, M. 
Mendoza,  in  verb.; in  herb. BA). This species occurs in  bays where  few other algae are 
present,  and  where  thermal  max ima  are about  17 °C and  m i n i m a  about  6°C (Mayer, 
1981). Al though this species has not  b e e n  recorded from farther south, the southern 
Argen t ine  coast is poorly k n o w n  floristically, and  it is not possible to comment  further on 
probable  distr ibution.  We suggest  that this Argen t ine  species is related to the flora of the 
eas tern  Pacific rather  than  the Atlantic.  We are also aware of records of other Gracilaria 

species from the Fa lk land  Islands (in herb. BM) and  the Palmer Peninsula ,  Antarctica 
(Papenfuss, 1964; in  herb. BA, NRCC); however,  unt i l  we are able to confirm these 
determinat ions ,  and  a l ready the record for the Antarct ic  has b e e n  ques t ioned (R. Moe, in 
litt.), these sites wil l  not be  considered further at this time. 

Experimental ly ,  the warm-water  isolates from central  Florida and  the West Indies 
(DEB, M.AM, GT) tolerated a m i n i m u m  tempera ture  of 15 °C but  did not survive at 10 °C. 
Moreover, these species requi red  at least 20 °C for s ignif icant  growth (24 °C for MAM), 
and  the two West Ind ian  isolates mani fes ted  max imum growth at h igher  temperatures. 
Their  d is t r ibut ion thus would  not be expected to ex tend  beyond  the tropics and, indeed, 
these species seemed to be restricted to this area. However,  the isolate GT is poorly 
characterized, and  it is not possible at present  to comment  on the genera l  distr ibution of 
this taxon. Al though we are not cons ider ing  the geographical  distr ibution of Hawai ian  
species, s imilar  comments  are appl icab le  to the two isolates, COR and  BPHI. 

The remarkab ly  eury thermal  G. t i k v a h i a e  (BAR, GTF) is well  suited to its broad, 
known  la t i tudinal  range  from Atlantic  Canada  to at least Puerto Rico, and  is one of the 
few north Atlant ic  species with such a wide  dis t r ibut ion (van den  Hoek, I982). Its ability 
to grow at tempera tures  of 25-32°C permits  it to inhab i t  tropical waters, albei t  at 
superopt imal  thermal  conditions.  Indeed,  it appears  better  equ ipped  to wi ths tand high 
extremes of tempera ture  than  some of the strictly tropical species tested (e.g. DEB, COR). 
Tempera tures  above 34 °C, which occur locally in Florida (Earle, 1969) and  elsewhere in 
the tropics, would  be lethal  to G. t i k v a h i a e  and  all other isolates examined;  however, 
such tempera tures  do not occur in  open  waters  and  cannot  be  considered as l imit ing the 
dis t r ibut ion of G. t i k v a h i a e  (and others), a l though exc luding  it from specific habitats.  As 
the only exper imenta l ly  examined  species to tolerate temperatures  below 5°C, G. 
t i k v a h i a e  also is able  to wi ths tand  winter  condit ions in  New Eng land  and Maritime 
Canada,  provided that summer  tempera tures  of a round 20°C obta in  long enough  for 
s ignif icant  growth to occur. From Cape Cod to the southern Gulf of St. Lawrence, such 
summer  tempera tures  occur only in  shallow embayments ,  and  G. t i k vah iae  is confined to 
these specific habitats.  Seasonal ly  warm water  is of sufficient durat ion for only one 
reproduct ive phase to a t ta in  maturity,  sugges t ing  that two years are required  to complete 
the life history in  nature.  Ma in t enance  of these popula t ions  may be largely by vegetative 
propaga t ion  (C. J. Bird et al., 1977), a l though it is noteworthy that sexual  compatibil i ty is 
m a i n t a i n e d  among  not only the spat ial ly isolated popula t ions  of eastern Canada,  but 
also b e t w e e n  these (BAR) and  the Florida strain (GTF) with product ion of reproductively 
normal  hybrids.  North of the southern Gulf of St. Lawrence, ei ther shallow embayments  
are absent ,  or seasonal  periods of warm water  are too short to support  G. t ikvahiae .  Thus, 
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the Gulf of St. Lawrence is the nor thern  l imit  of d is t r ibut ion of this species in the 
nor thwestern  Atlantic. We have yet to de te rmine  the southward limits of G. tikvahiae, 
but  suspect its occurrence in the Ca r ibbean  Sea and  perhaps  Brasil (see va n  den  Hoek, 
1982). 

Eastern Pacific 

The cont inuous coastl ine of the wes tern  Americas,  from the Gulf of Alaska to Tierra 
del Fuego, is relat ively uniform except  for the major  iden ta t ion  of the Gulf of California,  
and  dissection into is lands at the h igher  lati tudes.  Coastal  waters  of the eas tern  Pacific 
are largely temperate,  with only a relat ively small  area of warm water  ly ing genera l ly  
north of the equator  to about  25 ° N. Tempera tures  a long this coast, as elsewhere,  reflect 
patterns of oceanic circulat ion and,  in  this case, are complicated by extensive areas of 
upwel l ing  and  aperiodic incurs ions  of warm water  (El Nifio) both north and  south of the 
equator. The latter is the major per turba t ion  on this coast and  has b e e n  responsible  for 
catastrophic disruptions of the biota  (Smith, 1983). There  are no major  rivers to the 
Pacific from either of the Amer ican  cont inents ,  and  the subs t ra tum is genera l ly  favour- 
able for algal  development .  Indeed,  the mar ine  flora from the Gulf  of Alaska  to southern  
Chile is relatively rich in  species or with wel l -deve loped  biomass.  Most of this coast is, 
however, very exposed, and  few if any  species of Gracilaria are able  to develop in  areas 
of extreme exposure. With in  the range  of Gracilaria, from Chilo6 nor thward  to southern  
British Columbia,  where  there are few major  bays or shel tered areas apart  from the Gulf  
of California, the popula t ions  are disjunct.  

The n u m b e r  of species of Gracilaria reported from the eas tern  Pacific is about  the 
same as for the western  Atlantic.  Similarly, the n u m b e r  of species a long the coast is 
directly correlated with the water  tempera ture  {Fig. 3). Here the n u m b e r  is largest  in  the 
Gulf of California, a relat ively restricted la t i tudinal  range.  This cannot  be due solely to 
meagre  floristic records for n e i g h b o u r i n g  areas, as there are comparable  reports on 
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Fig. 3. Number of Gracilaria species in the eastern Pacific relative to the mean sea temperature 
(adapted from Gorshkov, 1976} 
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Cent ra l  America  (e.g. Dawson, 1961b) and  cer tainly the algal  flora of California is welt 
documen ted  (Abbott & Hol lenberg ,  1976). Rather, the area of warm water, with 3-month 
m i n i m u m  tempera ture  of 20 °C or more, is very l imi ted on this coast and  many  species 
are apparen t ly  conf ined to this area. It should be noted,  however,  that a number  of 
eas tern  Pacific species  of Gracilaria as present ly  unders tood have l imited distr ibutions 
or are k n o w n  from one locality only. Not all  species of more temperate  coasts extend into 
the warmer  water  (e.g., G. peruana P i c c . &  Grun.), and  species distr ibutions are 
genera l ly  more localized and  d iscont inuous  than  in  the Atlantic.  

Northward from Baja California,  there is a rapid dec l ine  in  the n u m b e r  of species, to 
two in British Columbia ,  the known  nor thern  limits of Gracilaria in  the eastern Pacific. 
Tempera tures  a long this coast show little a n n u a l  variation,  and  decl ine  gradual ly  toward 
the Gulf of Alaska, where  the m i n i m u m  and  m a x i m u m  values may be about  10°C and 
15 °C, respectively.  South of Baja California,  the deple t ion  of species is more gradual,  
part ly because  other species are added  to the flora to replace those endemic  to the Gulf 
of California (Dawson, 1961a). Addit ional ly ,  these coastal waters remain  relat ively warm 
as far south as Peru. The reduct ion in n u m b e r  of Gracilaria species, however, parallels a 
dec l ine  in  the total n u m b e r  of species in  the flora (Gaines & Lubchenco,  1982). Farther 
south, the pat tern  of dec l in ing  number s  of Gracilaria species is i l l-defined, possibly 
because  of taxonomic "noise"  resul t ing  from few species be ing  know n  in any one area, 
and  there is no apparen t  t rend a long the South Amer ican  coast. There have been  no 
reports of Gracilaria south of Chilo~, and  the genus  is not encoun te red  aga in  in South 
America  unt i l  about  the same lat i tude on the Argen t ine  (Atlantic) coast. 

Along the Ch i l ean  coast, Gracilaria is found sporadical ly in the few bays and other 
habi tats  that afford sufficient shelter, but  develops considerable  biomass wherever  it 
occurs. The species  there are poorly understood,  and  the s i tuat ion has b e e n  complicated 
by t ransp lan t ing  from one area to another  for commercial  purposes. In  the vicinity of 
Chilo~, there may  be two, possibly  three species (Kim, 1970; Westermeier,  1981). Large 
biomasses  of a species r e sembl ing  G. verrucosa, and  current ly  known  by this name, 
develop in  bays  that have some inflow from rivers and  a n n u a l  tempera ture  ranges  of 
9°-20 °C. As the a lga  is harves ted  more or less cont inuously,  s ignif icant  growth must  
occur throughout  most of the year. Max imum growth of isolate VD from this area occurs 
at 15°C. As noted  a l ready and  based  on p re l iminary  examina t ion  of this species, 
cons ider ing  similari t ies  in  morphology and  habitat ,  we speculate  that it is conspecific 
with the Argen t ine  entity. The presen t  t empera ture  reg ime of southern South America 
would  seem to permi t  migra t ion  from one ocean to another,  and  cer tainly there is no Iack 
of sui table  habi ta t  in  the southern  archipelago of Chile;  however,  lack of continuity 
suggests  that popula t ions  in  this region  may also be  relicts. Our knowledge  of the 
wes te rn  Atlant ic  species of Gracilaria and  their  d is t r ibut ion pat terns leads us to consider 
that the Argen t ine  popula t ion  or ig ina ted  from the Pacific rather  than  the reverse. We 
further speculate  that this species may range  north in  the Pacific to Vancouver  Island, 
where  it also is referred to as G. verrucosa, al though incorrectly (Bird et al., 1982). 
Similari t ies in  habi ta t  and  morphology support  this view, a l though the nor thern  isolate 
(VI) is less tolerant  of warmer  temperatures .  Present-day temperatures  in the eastern 
Pacific undoub t ed ly  prec lude  the occurrence or migra t ion  of this species through the 
tropical areas. 

Another  species, G. lemaneiformis,  occurs in  commercial  quant i t ies  in  central Chile 
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(Bahia Herradura),  and  has b e e n  successfully t ransp lan ted  to the north (Bahia Mej i l lones  
del Sur). The a n n u a l  tempera ture  r ange  in  Bahia Herradura  is from about  5 °C to 20 °C. 
Previous exper imenta l  studies (Santelices & Fonck, 1979) have shown growth to occur 
over the range  5 ° to 30°C, with m a x i m u m  growth at 25°C. Our own studies, us ing  
isolates from both Herradura  (COQ) and  Mej i l lones  (M J), suggest  that exposure to 30 °C 
for six weeks is lethal  and  that the op t imum tempera ture  for growth of COQ is from 15 to 
20 °C. To the contrary, growth of MJ is more s imilar  to that  of isolate VD. 

The dis t r ibut ional  r ange  of G. lemanei formis  recent ly  was expanded  great ly  when  
Abbott  (1983) reduced  G. sjoestedtii, descr ibed from central  California, to synonymy 
with this species. Thus, in North America, G. lemanei formis  ranges  from Vancouver  
Island southward to Costa R/ca (Abbott, 1983). In addi t ion  to be i ng  morphological ly  
indis t inguishable ,  the North and  South Amer ican  enti t ies share s imilari t ies  in habi ta t  as 
well. In view of the Costa R/can record and  despi te  the var iable  response of Ch i l ean  
isolates to 30 °C, we suggest  that G. lemanei formis  is capable  of ex t end ing  through the 
eastern Pacific tropics. Thus we consider  this species and  the eas tern  Pacific enti ty G. cf. 
verrucosa both to have extremely broad geographic  ranges.  Nevertheless,  we recognize 
that work on both of these species is required  before defini t ive conclusions on their 
distr ibution can be drawn. 

The isolate Gracilaria sp. (CA}, from Shelter Island, San Diego is no tab le  for a 
narrow thermal  range  of tolerance and  growth {Fig. I). Tempera ture  in  its na tura l  habi ta t  
ranges from 12 °C to 23 °C (Table 1), the m a x i m u m  be i ng  close to the l imits of tolerance 
for this species. Even its l imited tolerance,  however,  would  permit  a very broad geogra- 
phic distr ibution a long the Pacific coast, exc lud ing  only the tropical regions.  As we know 
nothing of the ident i ty  of this species, it is not possible  to comment  further on its possible 
distribution. 

Northward from nor thern  California,  there are only two species of Gracilarla (Wid- 
dowson, 1974; Abbott  & Hol lenberg,  1976), G. lemanei formis  (G. sjoestedtii} and  G. cf. 
verrucosa, which coexist and  range  to southern Vancouver  Island. Both species are 
usual ly  relat ively a b u n d a n t  when  present,  in  bays and  inlets  where  the tempera tures  are 
cool and vary little seasonal ly  (Saunders & Lindsay, 1979). Tempera ture  does not seem to 
be the reason that  these two species d isappear  from the flora nor thward a long the British 
Co lumbian  coast. Rather, there are probably  other abiotic factors, not apparen t  at this 
time, exc luding  these species. In this regard, we cannot  ignore the species of Gracilaria 

on the ne ighbour ing  Pacific coast of the Soviet Un ion  (Makienko,  1979). In morphology, 
size (to 2 m long), and  habitat  where  m a x i m u m  tempera tures  may be only 14 °C to 16 °C, 
these plants  are comparable  to G. cf. verrucosa of the eastern Pacific. Critical study of the 
Soviet species and  comparison with the British Co lum bi a n  ent i ty  are required.  

Pastern At lan t ic  

In cons ider ing  the eastern Atlantic,  we ignore  the major  i rregulari t ies  of the 
Medi te r ranean  and Baltic Seas, and  focus on the genera l ly  north-south or iented coast- 
l ine from Norway to South Africa. In the north, large areas of tempera te  water  ex tend to 
nor thern Norway, where  there is an  a n n u a l  thermal  range  of 5 °C to 15 °C and  much  
substrate avai lable  to algae. Southward,  the tempera ture  increases  gradual ly  to its 
max imum at about  la t i tude 15 °N (Fig. 4). Warm water  is restricted to the central  African 
coast, and  has a not iceable  seasonal  var iat ion in temperature ,  with the m i n i m u m  near  
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Fig. 4. Number of Gracilaria species in the eastern Atlantic (excluding the Mediterranean Sea) 
relative to the mean sea temperature {adapted from Gorshkov, 1979) 

20 °C. Not only is the area of warm water  small,  bu t  much  of it also is turbid. The Niger 
and  Congo (Zaire) Rivers are the major discharges of fresh water into the eastern 
Atlantic,  and  are undoub t ed ly  major  barriers to the dispersal  of mar ine  plants  and 
deve lopment  of extensive floras. Upwel l ing  also occurs a long the tropical African coast, 
so that there may be per iodic  localized cooler water  {Lawson & John, 1982}. Farther 
south, t empera tures  dec l ine  gradual ly  bu t  do not  fall be low 15 °C in  southernmost  Africa. 
These southern  tempera te  waters are cont inuous  with those of southeastern  Africa, with 
no apparen t  barriers to algal  dispersal,  as the land  mass does not extend to the colder, 
h igher  lati tudes.  

The  Gracilaria flora of the eas tern  Atlant ic  is ostensibly depauperate .  This may 
reflect a def ic iency in  floristic records, a l though the European  algal  floras are certainly 
well  known,  and  we are conf ident  that few species of Gracilaria occur in  these regions. 
This is not unexpec ted  as these waters are temperate,  with ma x i mum seasonal  tempera- 
tures of 20 °C occurr ing only south of the Strait of Gibraltar .  The same three species of 
Gracllaria are found along the European  coastl ine and  in  Morocco are jo ined  by three 
more species {although the European  species G. bursaopastoris here seems restricted to 
the Med i t e r r anean  coast}. The species composi t ion then  changes  from Senegal  south- 
ward {Lawson & John, 1982). 

As in other tropical areas, we would  expect a greater  n u m b e r  of species from the 
warm-wate r  reg ion  of Africa. This is not, however,  borne out by the recent  comprehen- 
sive t rea tment  of the a lgal  flora by  Lawson & John  (1982). The subli t toral  flora of most of 
the African coast is poorly known,  though, and  with future invest igat ions  of these 
habitats,  the n u m b e r  of reported species of Gracilaria may increase.  There have been 
few inves t igat ions  a long the south African coast, bu t  we would  not expect a significant 
increase in the n u m b e r  of species because  of the temperate  waters. Our lack of first-hand 
knowledge  prec ludes  any  further comment  here  on the African flora. 
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Gracilaria ranges  north to southern Norway (about 53 ° N), where  the waters r ema in  
above 5 °C throughout  the year  and  reach max imum  summer  tempera tures  of near ly  
15 °C. This is probably  the highest  la t i tude from which a species of Gracilaria is know n  
for certain. Unl ike  Gracilaria in  m a n y  areas of North and  South America,  the eas tern  
Atlantic species do not occur in  s ignif icant  quant i ty  in  any  one locale bu t  are represen ted  
by scattered, occasional plants.  

We have exper imenta l  data  on thermal  responses of two of the three European  
Atlantic species, but  regret tably not for G. verrucosa, the  type species of the genus.  Both 
G. foliifera (FOL) and  G. bursa-pastoris  (BPUK) tolerate 5 °C, and  the nor thern  l imit  of 
both these species is the Engl ish Channel ,  where  win te r  tempera tures  are about  5 °C. 
Gracilaria foliifera, however,  requires  accl imat ion to the colder temperatures,  and  a 
sudden  decrease in tempera ture  could thus be detr imental .  The thermal  propert ies  of 
FOL would appear  to justify the view that popula t ions  of G. folii fera in southern Eng land  
are readily damaged  in  abnormal ly  cold winters,  as occurred in  1978/79 (G. T. Boalch, 
pers. comm.). Growth exper iments  suggest  that G. foli i fera is very seasonal  at the 
nor thern limits of its distr ibution.  At the same time, isolate FOL did not  tolerate 
temperatures  above 28 °C, which  is of interest  as the type locality of this species is the 
Red Sea, notable  for high temperatures.  Thus the conspecificity of the European  and  Red 
Sea populat ions  can be quest ioned,  as the data suggest  that  this species, or the nor thern  
European strain, is not well  adapted  to warm-water  envi ronments .  

Identical  ranges  of thermal  tolerance were shown by G. bursa-pastoris  (BPUK) a nd  
the isolate from the Med i t e r r anean  Sea (ITA). In fact, G. bursa-pastoris may be a major  
species of the Medi te r ranean  Sea, its type locality. This species has b e e n  reported south 
to Morocco, whereas  G. folii fera is recorded from the L iber ian-Cameroon  coast, the area 
of max imum temperature  in the eastern Atlantic.  The exper imenta l  data suggest  that G. 
bursa-pastoris could adapt  wel l  to condit ions over much  of the eastern Atlant ic  coast, 
perhaps better  than  G. folfifera, al though it has not b e e n  recognized  from any of the more 
southern sites a long this coast. 

CONCLUSIONS 

The following s ta tements  per ta in  largely to the coasts of the Americas,  as, for lack of 
information, we can draw few detai led conclusions about  the eas tern  Atlant ic  species at 
this time. 

(1} The number  of species of Gracilaria present  a long  a coast l ine correlates well  
with water temperature,  and the basic assumpt ion  that t empera ture  is directly respon- 
sible for distr ibution of this genus  is supportable .  Tropical  waters harbour  the greatest  
n u m b e r  of species, and  it is correct to say that Gracilarla is a warm-water  genus.  In fact, 
in the regions we have considered, genera l  oceanic tempera tures  are not  too high to 
restrict the dis t r ibut ion of species of Gracllaria except  in  a very few cases. That  is, there 
are genera l ly  no upper  thermal  barriers, a l though these exist in localized habi tats  where  
temperatures  exceed 34 °C. Here we may  note  that few if any species of ben th ic  
seaweeds can tolerate temperatures  above 35 °C w h e n  submersed  {Biebl, 1962, 1972}. In 
the northern hemisphere ,  the area for which we have  the most data, there is a close 
correlation be tween  the n u m b e r  of species of Gracilaria a nd  the total n u m b e r  of algal  
species in the flora (Gaines & Lubchenco, 1982). This supports the genera l  conclusion on 
the importance of tempera ture  to the diversity of the flora. 
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(2) M i n i m u m  tempera tures  are the major  thermal  barr ier  to distribution of 
Gracilaria. Rapid reduct ion  in species  numbers  occurs where  the 3-month minimum 

tempera tu re  fails be low 20 °C (Fig. 5), the m i n i m u m  tempera tu re  requ i red  for significant 
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Fig, 5. Correlation between 3-month minimum temperature and the number of species of Gracilaria. 
Points indicate the number of species reported in specific floras 

growth  in many  species.  Thus, t ropical  species  may  ex tend  into s l ight ly cooler  waters, 

but  very few species  are ac tual ly  restr ic ted to t empera t e  waters.  Further  floristic and 
taxonomic  study may  show such " t e m p e r a t e "  species  to be  more wide ly  dis tr ibuted than 

is present ly  be l i eved .  
(3) There  is a genera l  co inc idence  b e t w e e n  m i n i m u m  tempera tures  tolerated and 

the m i n i m u m  tempera tu re  wi th in  the geograph ic  range  of the species,  and we  have  little 

or no ev idence  for thermal  ecotypes.  Further,  only one of our isolates could be precon- 

d i t ioned to lower  tempera tures ,  and e v e n  then, the range  of to lerance  was ex tended  only 

about  5 ° . Most of the species  that we  have  e x a m i n e d  are capab le  of tolerat ing the mean 
max im um  tempera tu res  p reva i l ing  in the warm-wa te r  regions.  

(4) Growth  usual ly  does not occur at the lower  ex t reme  of the tempera ture- to lerance  
range,  but  f requent ly  cont inues  at a reasonable  rate at or above  the upper  limits of long- 

te rm tolerance.  M a x i m u m  growth  is most often at a narrow range  of temperature.  
Reproduct ion  occurs only w h e n  the plants  are  g rowing  well .  

(5) In w a r m - w a t e r  areas, e spec ia l ly  those with  seasonal  var ia t ion in temperature,  

species  may  be  exis t ing at least  part  of the t ime at superopt imal  temperatures .  For most 

wa rm-wa te r  isolates,  however ,  m a x i m u m  growth  occurred close to the upper  limits of 
tolerance,  as wel l  as at s l ightly lower  temperatures .  

(6) In t empera t e  areas growth  is undoub ted ly  seasonal,  espec ia l ly  where  there are 

thermal  var ia t ions  in the envi ronment .  Many  of these  species  showed  max imum growth 
at 20 °C whi le  g rowing  wel l  at 15 °C. M a x i m u m  growth of four of the isolates from the 
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e a s t e r n  Pac i f i c  o c c u r r e d  a t  15 °C, a n d  n o  i s o l a t e  g r e w  b e l o w  10 °C. W e  h a v e  n o t  s e e n  a 

" c o l d - w a t e r "  s p e c i e s  or  s t r a i n  of Gracilaria.  S p e c i e s  of Gracilaria n e a r  t h e i r  h i g h e r  

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

t e m p e r a t u r e  p l u s  t ime .  V e g e t a t i v e  p r o p a g a t i o n  m a y  b e  a c o m m o n  m o d e  of r e p r o d u c t i o n ,  

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

o t h e r  spec i e s .  T h e r e f o r e ,  w h e n  t h e  g r o w i n g  s e a s o n  is shor t ,  v e g e t a t i v e  p r o p a g a t i o n  c a n  

b e  i m p o r t a n t  in  m a i n t a i n i n g  p o p u l a t i o n s .  M o r e o v e r ,  a p i c a l  t i s s u e  m a y  n o t  r e p r e s e n t  t h e  

a b s o l u t e  l i m i t s  of t h e r m a l  t o l e r a n c e ;  b a s a l  d i scs  of G. fo l i i fera  a r e  m o r e  c o l d - t o l e r a n t  

t h a n  e r e c t  f r o n d s  ( M c L a c h l a n  & E d e l s t e i n ,  1977) and ,  l i k e  o v e r w i n t e r e d  d i s c s  of G. 

t i k vah iae  (C. J. B i rd  e t  al., 1977), a r e  c a p a b l e  of r e g e n e r a t i o n .  

(7) W e  s u g g e s t  t h a t  t h e  Gracilaria f l o ra s  of t h e  w e s t e r n  A t l a n t i c ,  e a s t e r n  Pac i f i c  a n d  

e a s t e r n  A t l a n t i c  a r e  d i s t i nc t ,  w i t h  f e w  if  a n y  s p e c i e s  i n  c o m m o n .  R e c e n t  d o u b t s  c a s t  o n  

t h e  w i d e ,  t r a n s o c e a n i c  d i s t r i b u t i o n  of s o m e  s p e c i e s  of Gracilaria (Bird  e t  al., 1982;  

Ren f r ew ,  1983) s u p p o r t  t h i s  v i e w .  T h e s e  a r e a s  h a v e  b e e n  s e p a r a t e d  s i n c e  t h e  o p e n i n g  of 

t h e  A t l a n t i c  O c e a n  i n  t h e  J u r a s s i c  p e r i o d  a n d  t h e  c l o s i n g  of t h e  I s t h m u s  of P a n a m a  

d u r i n g  t h e  P l i o c e n e  e p o c h  (Pie lou ,  1979). In v i e w  of t h e  k n o w n  d i s t r i b u t i o n  p a t t e r n s  of 

t he  s p e c i e s  a n d  t h e  t h e r m a l  r e s t r i c t i o n s  w e  h a v e  s e e n  e x p e r i m e n t a l l y ,  s p e c i e s  of 
Gracilaria do  no t  b r i d g e  t h e  o c e a n s  or c o n t i n e n t s  v i a  t h e  h i g h e r  l a t i t u d e s .  T h e s e  a r e a s  

h a v e ,  t h e r e f o r e ,  b e e n  s e p a r a t e d  for  s u f f i c i e n t  t i m e  for  a d i s t i n c t  f l o r a  to d e v e l o p  i n  e a c h .  
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