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ABSTRACT: The relationship between distribution boundaries and temperature responses of some 
North Atlantic Cladophora spedes (Chlorophyta) was experimentally examined under various 
regimes of temperature, light and daylength. Experimentally determined critical temperature 
intervals, in which survival, growth or reproduction was limited, were compared with annual 
temperature regimes (monthly means and extremes) at sites inside and outside distribution bound- 
aries. The species tested belonged to two phytogeographic groups: (1) the tropical West Atlantic 
group (C. subrnarina: isolate from Curacao) and (2) the amphiatlantic tropical to warm temperate 
group (C. prolifera: isolate from Corsica; C. coelothrix: isolates from Brittany and Curacao; and C. 
laetevirens: isolates from deep and shallow water in Corsica and from Brittany). In accordance with 
distribution from tropical to warm temperate regions, each of the species grew well between 
20-30 ~ and reproduction and growth were limited at and below 15 ~ The upper survival limit in 
long days was < 35 ~ in all species but high or maximum growth rates occurred at 30 ~ C. 
prolifera, restricted to the tropical margins, had the most limited survival at 35 ~ Experimental 
evidence suggests that C. submarina is restricted to the Caribbean and excluded from the more 
northerly American mainland and Gulf of Mexico coasts by sporadic low winter temperatures in the 
nearshore waters, when cold northerly weather penetrates far south every few years. Experimental 
evidence suggests that C. prolifera, C. coelothrix and C. laetevirens are restricted to their northern 
European boundaries by summer temperatures too low for sufficient growth and/or reproduction. 
Their progressively more northerly located boundaries were accounted for by differences in growth 
rates over the critical 10-15 ~ interval. C. prolifera and C. coelothrix are excluded or restricted in 
distribution on North Sea coasts by lethal winter temperatures, again differences in cold tolerance 
accounting for differences in their distribution patterns. On the American coast, species were 
probably restricted by lethal winter temperatures in the nearshore and, in some cases, by the 
absence of suitable hard substrates in the more equable offshore waters. Isolates from two points 
along the European coast (Brittany, Corsica) of C. laetevirens showed no marked differences in their 
temperature tolerance but the Caribbean and European isolates of C. coelothrix differed markedly in 
their tolerance to low temperatures, the lethal limit of the Caribbean isolate lying more than 5 ~ 
higher (at ca 5 ~ 

INTRODUCTION 

The genus Cladophora consists at least of 42 species and is widely distributed over 
all oceans from the near polar regions to the tropics. Following taxonomic revisions (van 
den Hoek, 1963, 1982 b; van den Hoek & Womersley, 1984; Sakai, 1964), they form a 
group whose systematics and geographic distributions are relatively weU known, 
although some problems with identifications, and thus misrepresentations of the geo- 
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graphic  dis t r ibut ion r ema in  because  of the morphological  plast ici ty of some  species.  In 
part icular ,  consis tent  p a t t e m s  of geograph ic  distr ibution e m e r g e d  on Nor th  Atlant ic  
coasts whe re  extens ive  nor th-south  coastline's enable  distr ibution to be  c o m p a r e d  with  
continous the rmal  gradients .  The coincidence  of a distr ibution b o u n d a r y  wi th  the  same 
seawa te r  i sotherm on both  the  Amer ican  and  European  coasts was  no tab l e  and  con- 
t ras ted  with  the  vast ly  different  la t i tudinal  ranges  of the  species  on each  coast.  This led  to 
the  sugges t ion  tha t  the  b iogeograph ic  distr ibution of the species  was  a d i rec t  resul t  of 
l imit ing winter  or summer  t empera tu res  (van den  Hoek,  1979, 1982 b). 

Direct  ev idence  for the  t empera tu re  control of distr ibution comes from labora tory  
s tudies  on the effects of t empera tu re  on the life history and  the to le rance  of spec ies  to 
h igh  or low tempera tures .  Studies  on other  s eaweeds  have  shown tha t  t empe ra tu r e  
responses  (in combina t ion  with l ight  and  photoper iodic  responses)  d e t e r m i n e d  in the  
labora tory  can expla in  distr ibution pa t te rns  along la t i tudinal  g rad ien ts  (McLachlan & 
Bird, 1984; Yarish et  al., 1984, 1986; and  other  studies r ev iewed  in van  den  Hoek,  1982a, 
c). 

Hutchins  (1947) p roposed  that  t empera tu re  could act as a l imit ing factor at  the  
po leward  and  equa to rward  ends  of the distr ibution range  of a mar ine  organism as 
follows: 

(a) At  the p o l e w a r d  boundary ,  t empera tu res  may  be.too cool in s u m m e r  for a d e q u a t e  
growth  and /o r  reproduct ion,  or too cold in winter  to survive even dur ing  the dormant  
phase ,  or a combina t ion  of both.  

(b) At  the equa to rward  boundary ,  t empera tu res  may  be  too warm in win te r  in short  
days  for a d e q u a t e  growth  and /o r  reproduct ion,  or too hot in summer  to survive even  in 
the  dormant  phase ,  or a combinat ion  of both. 

In this paper ,  the  exis tence  of t empera tu re  limits at the dis t r ibut ion bounda r i e s  is 
examined  for four species  of Cladolahora in the North  Atlantic. One of these  species,  C. 
submarina Crouan  frat. ex Schramm & Maze,  be longs  to van  den  H o e k ' s  (1982 a, b, c) 
"Tropical  wes te rn  At lant ic  dis t r ibut ion group",  whose  species  are  res t r ic ted  to the  
Car ibbean .  The  o ther  three  species,  C. prolifera (Roth.) Kiitz., C. coelothrix K~itz. and  C. 
laetevirens (Dillw.) K~itz. be long  to van  den  Hoek ' s  (1982a, b, c) "Amphia t l an t i c  t ropical-  
to -warm t empera t e  group with  a nor theas te rn  extension".  Species  in this  group do not  
ex tend  much  b e y o n d  the  tropics on Amer ican  coasts but  occur far into the  t e m p e r a t e  zone 
in Europe.  Tempera tu re s  l imit ing growth, sporulat ion and long- term survival  have  b e e n  
exper imenta l ly  de t e rmined  in un ia lga l  cultures.  These  have b e e n  c o m p a r e d  with the  
annua l  t empera tu re  reg imes  inside and  outside the  distr ibution bounda r i e s  on the  
European  and  Amer i can  coasts, to de te rmine  whe the r  adverse  summer  or win te r  tem- 
pera tures  p reven t  the  species  ex t end ing  b e y o n d  their  p resen t  boundar ies .  

METHODS 

Collections of the  four Cladophora species  (Table 1) were  i so la ted  into un ia lga l  
culture and ma in t a ined  in tubes  with 10 ml Provasoli 's  enr iched  seawate r .  
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Species Collection Habitat 

Cladophora submarina Curaqao 

C. prolifera 

C. coelothrix 

C. laetevirens 

Calvi, Corsica 

Curacao 

Roscoff, Brittany 

Calvi, Corsica 
Calvi, Corsica 

Roscoff, Brittany 

Boca Grandi; wavepounded 
littoral pools eroded from lime- 
stone (savahs) 

Sunlit sea wall, 1 m deep 

Spaanse Water, on mud be- 
tween mangrove roots entang- 
led with other algae 
Muddy harbour, low littoral 

Sunlit sea wall, 1 m deep 
Under seagrass leaves, 10 m 
deep 
lle Ledanet, deep, midlittoral 
pool on west shore 

G r o w t h  responses 

Growth responses under constant temperature conditions ranging from 5-35 ~ at 
5 ~ experimental intervals, were measured on 5 rephcates at short (LD 8:16 h) and long 
(LD 16:8 h) day conditions, photon fluence rate 40 ~mol. m -2- s -i, using tip cuttings from a 
single clone for each isolate. For general methods and equipment, see Yarish et al. (i 984). 

Growth at each condition was measured as relative growth rate (RGR). Fragments of 
approximately equal length, cut from actively growing tips, were placed singly in tubes, 
and after a settling period of 3 days, were drawn with a camera lucida and measured for 
length using a Hewlett Packard digitiser (Model 9835A). They were then remeasured 3, 7 
and/or 10 days later. Relative growth rate was calculated as 

RGR = (In 12 - In It) �9 I00 �9 T - I  
= % increment  per day 

where  11 = initial length, 12 = length after T days. 

Upper and lower growth hmits were arbitrarily defined as the 5 ~ exper imental  
interval  in which the RGR fell below 20 % of the maximum. 

L o n g - t e r m  s u r v i v a l  a n d  s p o r u l a t i o n  

Survival potential  at extreme temperatures was determined as follows: three or six 
well grown large plants  or branches  were placed in Erlemeyer flasks with 200 ml of 
Provasoh enriched seawater  and  set at temperatures  close to the lethal limit as deter- 
mined  from growth experiments  (usually 0 or 5 ~ and  30 or 35 ~ Plants were gradually 
brought  to the experimental  temperatures in steps of 5 ~ each lasting a few days. 
Survival was tested at three photon fluence rates of 10, 20 and  40 ~tmol. m -2. s -1 at short 
(8:1--6 h) and/or  long (16:8 h) day conditions over 2, 6 and 12 weeks (see, for example,  Fig. 
2). Plants tested at 0 ~ were placed in a water bath (___ 0.5 ~ in short days. At all other 
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t empera tu res  p lants  were  kep t  in control led envi ronment  incubators  (+  1 ~ in long and  
short days.  Plants at 35 ~ were  tes ted  in long days  only. At  the  end  of e ach  test  interval ,  
the p lants  were  r emoved  and  if they  a p p e a r e d  to be  in good  condition,  then  this was  
recorded  and  they  were  g iven  no further t reatment .  However ,  if they  w e r e  ex tens ive ly  
necrosed  or a p p e a r e d  dead ,  then  their  abil i ty to recover  was  tes ted  by  p l a c ing  them in 
n e w  m e d i u m  and  br ing ing  them to the opt imum growth t empera tu re  via  5 ~ s teps  each  
las t ing a day  or two at  r e d u c e d  photon  f luence rate  (20 ~mol. m - t .  s - l ) .  If no  n e w  growth  
was ev ident  after 6-8  w e e k s  then  the t empera tu re  was def ined  as le thal .  U p p e r  and  
lower  le tha l  limits were  de f ined  as  the  5 ~ exper imenta l  in terval  w h e r e  survival  was  
l imited (less than  12 weeks)  in long and  short  days,  respect ively.  

Format ion  of zooids (zoospores or gametes)  was de t e rmined  i n  l a rge  p lan t s  which  
were  kep t  at the exper imen ta l  t empera tu res  rang ing  from 5-30 ~ at 5 ~ in terva ls  for 3 
months.  

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

Distr ibution da ta  as summar ized  in Figs 5, 9, 13 and 17 have  b e e n  d e r i v e d  from van  
den  Hoek  (1963, 1982b) wi th  addi t ional  l i terature  records for C. coelothrix and  C. proli[- 
era, which are  easi ly  recognized species.  Only a few se lec ted  references  to C. laetevirens 
have  been  added ,  as it  has  often been  confused with o the r  species,  l i t e ra tu re  records  
be ing  genera l ly  unrel iable .  For C. submarine, there are no re l iable  records  at  p r e sen t  in 
other  l i te ra ture  sources. 

Tempera tu re  reg imes  have  been  compi led  from various sources.  Win te r  (February) 
and  summer  (August) i sotherms in the North  Atlantic  Ocean  are  shown in F igure  I, which  
is d rawn to the same scale as the  dis tr ibut ion maps  so as to facil i tate comparisons .  
Isotherms are  from the  U. S. Navy  mar ine  climatic atlas of the world  (1981). Annua l  
t empera tu re  reg imes  (monthly means  and  ranges)  at stations within and  outs ide  dis t r ibu-  
/don boundar i e s  were  b a s e d  on de ta i l ed  local records  w h e n e v e r  these  were  ava i l ab le  (see 
l egend  to Figs 4, 8, 12 and  16 for sources). For o ther  sites, monthly  m e a n s  w e r e  b a s e d  on 
sea  surface i so therms g iven  in Gorshkov  (1978). For open  coasts,  r a n g e s  a r o u n d  the 
means  were  es t imated  from the U. S. Navy  mar ine  climatic at las of the  Nor th  Atlant ic  
Ocean  (1974). This a t las  gives monthly  graphs  of the  cumulat ive  pe r c e n t  f r equency  of 
seawate r  t empera tu re s  for se lec ted  oceanic  sites. The  t empera tu re  in te rva l  encompas -  
s ing 50-90 % of all records  was  used  to es t imate  the r ange  of r egu la r ly  occurr ing  
t empera tu res  above  the mean;  s imilarly the  interval  encompass ing  10-50 % of all  records  
was  used  to es t imate  the  r ange  be low the mean.  

L e n g t h  of  g r o w i n g  s e a s o n  

The  progress ive  dec rease  in length  of the  growing  season at  nor thern  b o u n d a r i e s  on 
the European  coast  was  es t imated  from the per iod  with seawa te r  t e m p e r a t u r e s  equa l  to 
or above  10 ~ (Fig. 18). Two es t imates  of the  length  of the growing  season  were  m a d e  
us ing  firstly, m e a n  month ly  sea  surface t empera tu res  (from Gorshkov,  1978), and  sec- 
ondly, min imum t empera tu re s  [10 % of t empera tu res  r ecorded  were  lower  than  this 
va lue  (from the U. S. Navy  mar ine  climatic atlas of the  North Atlant ic  O c e a n  1974)] for 
sites on the  Atlantic  Irish, Scottish and  Norweg ian  coasts. Est imates  for Roscoff a n d  
He lgo land  were  b a s e d  on local  records  (see l egend  to Fig. 18 for sources). 
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4 0  " 2 0  " 0 " 2 0  4 0  

Fig. 1. Winter (February) and summer (August) isotherms in the North Atlantic Ocean in comparison 
with geographic distribution of four Cladophora species as shown in Figs 5, 9, 13 und 17 
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RESULTS AND DISCUSSION 

In the following section, we consider whether  temperature  responses can  explain the 
distribution of the 4 species on N. Atlantic coasts. Their temperature  responses and  
tolerances in culture are compared with the temperature  regimes within a nd  beyond  the 
nor thern  distribution boundaries.  These species occur through the tropics, so there is no 
southern boundary  in the N. Atlantic but  tolerance to tropical temperature  regimes is also 
considered in the question of distribution. 

Cladophora submarina 

This species' geographic range  is restricted to islands of the Car ibbean,  and  Ber- 
muda  is the northernmost  record (Fig. 5). There are no records for the Amer ican  ma in l and  
or African coasts. Its habitat  also seems to be restricted as it has b e e n  found only in  pools 
in the upper  intertidal on l imestone platforms of exposed tropical coasts (van den  Hoek, 
1982b). The constant  wash of surf means  that the water  is rapidly replaced so despite the 
strong tropical sun, water temperatures  probably do not rise above ambient .  

Northern boundary- America 

An isolate from Curacao was tested for temperatures  lirniting survival (Fig. 2) and  
growth (Pig. 3). In short days, it could survive for 2 but  not 6 weeks at 10 ~ whereas  at 
5 ~ death occurred in less than 2 weeks. At 15 ~ plants could persist indefini tely and  so 
in  Figure 4, the lower lethal hmit has b e e n  shown in the interval 10-15 ~ On  the same 
figure, temperature  curves are shown for Bermuda (the northernmost  record), Key West, 
on the southern tip of Florida (N. B.: nearest  record is from the Bahamas, Pig. 5), and  
Cedar  Keys in the Gulf of Mexico, which hes well beyond the boundary.  

Temperatures  on Bermuda are never  lethal but  at Florida Keys, tempera tures  may 
fall below 15~ dur ing a cold winter  (Earle, 1969; Walker et al., 1982), which is the 
temperature  interval below which survival is limited. However, these cold spells last only 
1-2 weeks, be ing  caused by intrusions of polar air masses chilIing the extensive shallow 
bays and bank  waters of Florida. Por example, Walker et al. (1982) recorded tem- 
peratures  below 15~ lasting about  10 days in Florida Bay (mean 10.6~ with the 
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Fig. 2.Survival of Cladophora submarina isolates from Curaqao. Isolates were tested at 0 ~ in short 
(LD 8:16 h) days, at 5~ and 10~ in short days und long (LD 16:8 h) days and at 35~ in long days, 
at 3 photon fluence rates 10, 20 and 40 ~mol.m-2.s -1. Survival intervals were defined as follows: 
* ; l e s s  than 2 weeks; blank bars = 2 weeks but not 6 weeks; stippled bars = 6 weeks but not 12 

weeks; grey bars = more than 12 weeks; n.t. = not tested 
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Fig. 3. Mean relative growth rates (RGR) and standard deviations (n --- 5) of Cladophora submarina 
from Curaqao measured from 5-35 ~ at 5 ~ intervals. Isolates were grown in long day (o} (LD 16:8 
h} and short day (e) (LD 8:1-6 h) conditions with photon fluence rate of 40 ~xnol.m-2.s -t. At some 
temperatures, growth was also measured at higher (zx = 72 i~mot-m-l.s -1} and lower (a = 
20 ~mol- m -2. s- 1) photon fluence rates. Broken line = 20 % of maximum RGR, defining growth limits 

min imum value recorded be ing  as low as 8.7 ~ At the highest  light level tested C. 
submarina survived for more than 2 weeks at 10 ~ in short but  not in long days (Fig. 2), so 
these winter cold spells in ca 11 h daylengths are probably very close to the lethal limit. 
Further north in the Gulf of Mexico, there would also be a clear lethal  limit because  
temperatures drop well  below 10 ~ during the cold spells, and this would be lethal to C. 
submarina (see, for example Cedar  Keys, Fig. 4). C. submarina's sensitivity to tem- 
peratures above 30~ (Figs 2, 4) means  that in extreme years, max imum summer  
temperatures are also within the range  of limited survival at Florida and  Cedar  Keys. 
Thus, in extreme years, the annua l  temperature  fluctuations could potential ly exceed 
both the upper  and  lower hmit of temperature  tolerance in the Gulf of Mexico. 

Temperature  extremes may also be an important  component  of the apparent ly  
specific habitat requirements  of this species for wave washed intert idal  pools where  
temperatures are main ta ined  very close to ambient  seawater. This contrasts with the calm 
sediment  coasts with lagoons und  estuaries common along much of the Florida coast and 
the Gulf of Mexico, where  temperatures  may reach extreme values. 

Low summer temperatures  do not restrict the species' northward spread a long the 
American coast. At Bermuda and  Florida Keys, summer  temperatures  range  from 25 to 
more than 30 ~ corresponding to the temperatures  with the max imum growth rates in 
long days (Figs 3, 4). This is also the case much further north along the American  coast up 
to about N. Carohna (compare to Fig. 8}. Sporulation occurred be tween  15-30 ~ and  so 
would not be hmit ing to northward extension either. 



336 M. L. C a m b r i d g e ,  A. M. B r e e m a n ,  S. Kraak  & C. v a n  d e n  H o e k  

TEMI~RA~OR E 
RESPONSES 

Pig. 4. Cladophora submarina. Annual temperature regimes as .monthly means and ranges (shaded) 
at sites within and outside the northern boundaries compared to experimentally determined 
temperature tolerances. (A) Within boundaries, B - - B  Bermuda, means after Gorshkov, 1978, 
ranges based on U. S. Navy Marine climatic atlas, 1974; e - - e  S. Plorida, Key West, means and 
ranges based on Earle, 1969~ shaded range shows 28-year mean values of monthly maxima and 
minima; extreme records shown for January and August (vertical lines); 10-day mean (| and lowest 
record (dashed line) during extreme cold spell in January 1981 based on Walker et al., 1982. (B) 
Outside hound~ies ,  e - - e  Cedar Keys, means and ranges based on Earle (1969); shaded range 
shows 18-year mean values of monthly maxima and minima; extreme records shown for January and 
August (vertical lines). Bar diagram shows experimentally determined upper and lower lethal limits 
and growth limiting temperatures at 40 ~unol-m -2. s -1 for an isolate from Curaqao (from Figs 2 and 
3). Upper lethal limit taken from response in long days (LD 16:8 h), lower lethal limit taken from 
response in short days (LD 8:16 h); * = lethal in less than 2 weeks; blank column = survived 2 weeks 
but not 6 weeks; stippled column = survived 6 weeks but not 12 weeks; grey column = survived 
more than 12 weeks; tapering column: growth hmit lies in this interval, in which RGR exceeds 20 % 

of the maximum; �9 = sporulation within 12 weeks 

Potential vs actual distribution 

C. submarina is only  k n o w n  f rom the  C a r i b b e a n  and  B e r m u d a  a n d  has  no t  b e e n  

found  on the  A m e r i c a n  m a i n l a n d  or  t he  e a s t e r n  At lant ic  coasts  (Fig. 5). T h e  spec ies '  

a b s e n c e  f rom the  W. C a r i b b e a n  is a n o t i c e a b l e  gap  in its dis tr ibut ion,  w h i c h  is no t  

a t t r ibu tab le  to l imi t ing  t e m p e r a t u r e s  (Figs 1, 5) bu t  to l imi ted  s a m p l i n g  (van  d e n  Hoek ,  

1982b, m e n t i o n s  4 Cladophora r ecords  in total  f rom W. C a r i b b e a n  shores) .  B e y o n d  the  

Ca r ibbean ,  i ts po ten t i a l  d i s t r ibu t ion  w o u l d  i n c l u d e  the  t ropical  coas ts  of  W. Africa,  
C a n a r y  Is lands  a n d  the  E. M e d i t e r r a n e a n  w h e r e  t e m p e r a t u r e s  lie w i t h i n  t he  t rop ica l  

r a n g e  (Fig. 1). 
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Fig. 5. Distribution of C1adophora submarina in the N. Atlantic (from van  den  Hoek, 1982b). 
Sampling site of cUltured isolate (* 1 Curaqao) and stations for which temperature  regimes are 
shown in Fig. 4 indicated (within boundaries:  * 2 Bermuda, * 3 Florida Keys; outside boundaries:  * 4 

Cedar  Keys) 

C1adophora prolifera 

This species occurs on both sides of the Atlantic in tropical and warm temperate 
zones (Fig. 9). It has been recorded from habitats ranging from shallow waters, either 

sunlit or deeply shaded by overhangs, to deep reefs off the N. Carolina coast and at 

depths from 0-70 m. On European Atlantic coasts, it also grows in the lower littoral, on 

steep north facing rocks (van den Hoek, 1963, 1982b). 

Northern boundary - Europe 

The northernmost records of C. prolifera are from Clare Island on the west coast of 
Ireland and the English Channel (Fig. 9). The Clare Island record is an old collection and 

the sole record from Ireland, the next most northerly records being from the English 
Channel. Here populations have been consistently collected and thus this site might be 

regarded as a better indication of the northern boundary. 
An isolate from Calvi, Corsica, was tested for temperatures limiting survival (]Fig. 6) 

and growth (Fig. 7). In short days, the Corsican isolate could survive for 6 but not 12 

weeks at 5 ~ whereas at 0 ~ death occurred in less than 2 weeks, or between 2-6 weeks 

at lower light intensity. At I0 ~ plants could persist indefinitely. The lower lethal limit is 

- thus shown in the interval 5-10~ in Figure 8. In the same figure, it can be seen that 
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Fig. 6. Survival of Cladophora prolifera isolate from Corsica. Survival intervals defined in Fig. 2 
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Fig. 7. Mean relative growth rates and standard deviations (n = 5} of Cladophora prolifera from 
Corsica. Growth conditions described in Fig. 3 

min imum winter  t empera tu re s  at Roscoff, near  the nor thern  boundary ,  can  fall wi thin this 
interval  of l imited survival  for 4 months  in cold years  and  this m a y  account  for the  species '  
rari ty at Roscoff. M e a n  winter  t empera tu res  are near  10~ and  these  could  be  easi ly 
survived,  and  even  dur ing  a cold winter,  t empera tu res  do not  reach  5 ~ wh ich  t empera -  
ture could be  survived for more  than 6 weeks .  However ,  it  is easy  to see  w h y  C. prolifera 
does not  pene t r a t e  into the North Sea from the t empera tu re  curve of He lgo land ,  shown in 
Figure  8b. Here,  m e a n  win te r  t empera tu res  drop be low 5 ~ for more  than  3 months  and  
this was  le thal  to p lants  in culture. 

Winter  t empera tu re s  on the wes te rn  coasts of I re land and  Scot land are  w a r m e r  than  
North Sea  t empera tu re s  (Fig. 1) and  so do not  consti tute a le thal  boundary .  However ,  
summer  t empera tu re s  are  close to the lower  growth limit. No growth  occur red  in cul tures  
at 10~ and  growth  was  still very slow at 15~ 3 % per  day  (Fig. 7). At  this  g rowth  rate  a 
p lant  would  t ake  more  than  one month  to double  in size, so that  s u m m e r  t empera tu re s  
l imit ing growth  are  s u g g e s t e d  as l imit ing nor thward  extens ion a long Irish a n d  Scottish 
coasts. Sporula t ion only occurred at 20 and  25 ~ in the M e d i t e r r a n e a n  isola te  used  (Fig. 
8) and  these  t empera tu re  requ i rements  for spornlat ion would  not  be  met  in a reas  closer to 
the nor thern  boundary .  

Northern boundary  - America  

No isolate  was  tes ted  from the Amer ican  side of the  Atlantic  and  therefore  only 
tenta t ive  sugges t ions  are  g iven  on the na ture  of the nor thern  b o u n d a r y  on the  Amer ican  
coast. The nor thernmost  record  for C. prolifera is New River, Nor th  Carol ina,  and  it is also 
commonly  found on the ad jacen t  Outer  Shelf reefs (Schneider,  1976). In F igure  8, 
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Fig. 8. Cladophora prolffera_ Annual temperature regimes as monthly means and ranges {shaded) at 
sites within and outside the northern boundaries compared to experimentally determined tempera- 
turn tolerances. (A) Within boundaries: �9 �9 Roscoff, Brittany, means after I'I.S.T.P.M., Roscoff 
(1976), ranges based on U.S. Navy Marine climatic atlas, 1974; e--e N. Carolina inshore, 
Wrightsville Beach, means after Kapraun (1978), January and February means for a cold year ((D) 
and extreme records for January, February and August {vertical lines) based on data from 1976 
(Kapraun & Zechman, 1982); m--m N. Carolina offshore, Outer Shelf reefs, means after Gorshkov 
{1978), ranges based on U. S. Navy Marine climatic atlas {1974). (B) Outside boundaries: � 9  
Helgoland, means after We�9 {1978}, ranges based on U. S. Navy Marine climatic atlas {1974}; 
e - - e  inshore Chesapeake Bay at Gloucester Point, Virginia, means only (after Humm, 1979). Bar 
diagram shows experimentally determined upper and lower lethal limits and growth limiting 

temperatures (details as in Fig. 4) for an isolate from Corsica (from Figs 6 and 7) 

t empera tu re  curves are shown for Wrightsvi l le  Beach, near  New River Inlet and  for the N. 
Carol ina  Outer  Shelf reefs. Winter  t empera tu re s  are  much lower  at  the  inshore  
Wrightsvi l le  Beach site, averag ing  6-7 ~ for 2 months  dur ing cold winters  (Kapraun & 
Zechman,  1982} and this would  be  close to the  le thal  l imit for the Corsican isolate (Pigs 6, 
8). On the Outer  Shelf reefs, t empera tu res  are  favourable  for growth most  of the  yea r  
(Pigs 7, 8) a l though winter  minima of 8 -10~ have  been  recorded  (Peckol & Searles,  
1984}. These  reefs, providing the only hard  substra te  for a lgae  in the  w a n n e r  offshore 
waters  do not  ex tend  further north. Beyond the nor thern  boundar ies ,  for example  in 
C h e s a p e a k e  Bay (Fig. 8), even average  winter  t empera tu res  are be low 5~ for about  
3 months  and  this would  be  lethal  for the  Corsican isolate (Pig. 8). 

In the absence  of t empera tu re  responses  for an Amer ican  isolate, w e  tenta t ive ly  
conclude  that  this nor thern  boundary  is a winter  le thal  one, par t icular ly  since there  is a 
rap id  decl ine  in winter  t empera tu res  within a re la t ively  short  l ength  of coast  north of this 
b o u n d a r y  in the Cape  Hat teras  a rea  (Fig. 1). Inshore summer  t empera tu res  would  be 
opt imal  for growth of the  Corsican isolate much further north {Figs 1, 8) and  this is in 
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contrast to the situation on the l~uropean northern boundary, which is set by a summer 

growth limit. 
Potential vs actual disfldbution 

C. prolifera's distribution range, from tropical to warm temperate zones, has gaps for 

the central and western Caribbean and the Gulf of Mexico, where the species might be 

expected to occur in view of their tropical temperatures (Figs I, 9). However, the limited 

survival potential of the Corsican isolate above 30 ~ (Fig. 6) suggests that high tem- 

peratures might be responsible. 

P 

e~ L 

Fig. 9. Distribution of Cladophora prolifera in the North Atlantic (from van den Hoek, 1963, 1982b) 
(o = isolated record from 1912). Additional records: tropical West Africa (Lawson & John, 1982)~ Cap 
Blanc (Lawson & John, 1977); Morocco (Gayral, 1958); Canary Islands (B6rgesen, 1925; Gil- 
Rodriguez & Alfonso-Carillo, 1980); Azores (Feldmann, 1946); Madeira (Levring, 1974); Portugal 
(Ardr4, 1970); NW Spain (Perez-Cirera, 1975; Neill, 1978); Pelagie Islands, south of Sicily (CineUi et 
al., 1976); Afboran Sea (Conde, 1984); eastern Sicily (Cormaci & Furnari, 1979); Rhodos (Diannelidis 
et al., 1977); Israel (Lipkin & Safriel, 1971); Tunesia (Metier & Mathieson, 1981). Sampling site of 
cultured isolate (* 1 Corsica) and stations for which temperature regimes are shown in Fig. 8 
indicated (within boundaries: * 2 Roscoff, * 3 N. Carolina; outside boundaries: * 4 Helgoland, * 5 

Chesapeake Bay) 

Cladophora coelothrix 

This species occurs on both sides of the Atlantic, in tropical and warm temperate 

zones (Fig. 13). It has often been recorded from muddy habitats; in the tropics, from 

mangrove roots and forming cushions on the muddy tidal flats between mangrove trees 
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(van den  Hoek,  1982b) and  in t empera t e  regions,  from m u d d y  estuaries  and  harbours  
(van den  Hoek,  1963}, such as La Rance, Brit tany as wel l  as bays,  such as Ga lway  Bay, 
Ireland.  

Northern boundary - Europe 

Nor thernmos t  records in Europe are  from W. I re land on the Atlant ic  coast  and  
No rbhumberland on the North Sea coast  {Pig. 13}. The Nor thumber l and  record  is an old 
collection and the sole record for the  North  Sea, the next  most  nor ther ly  record  be ing  
from the Irish S. W. coast  (Guiry, 1978}. Here  populat ions  have  b e e n  consistently 
col lected and  thus this site might  be  r e g a r d e d  as a be t te r  indica t ion  of b o u n d a r y  
populat ions.  

An  isolate from Roscoff, Brittany, was  tes ted  for t empera tu res  l imit ing survival  {Fig. 
10a) and  growth (Fig. 11). In short days  corresponding to winter  conditions,  the  Roscoff 
isolate survived pe rmanen t ly  at  5~ whereas  at 0~ it survived for 6 w e e k s  but  not  12 
weeks .  The  hght  intensi ty  did not  affect survival  much but  day leng th  did.. Accordingly ,  
the  lower  le thal  l imit for the Roscoff isolate is shown in the interval  0-5  ~ in F igure  12. In 
the  same figure, it  can be  seen that  winter  t empera tu res  for the west  of I re land r ema in  
above  5 ~ even in a cold winter  and  above  10 ~ in a warm winter.  Thus, even  cold 
winters  could be  easi ly survived by  subht toral  popula t ions  of C. coelothrix and  we  
sugges t  that  winter  t empera tu res  do not  p revent  the species  ex tend ing  further  north. 
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Fig. 10. Survival of Cladophora coelothrix isolates from (a) Roscoff, Brittany, near the northern 
boundary in Europe and (b) Curacao, Netherlands Antilles, in tropical waters. Survival intervals as 

defined in Fig. 2 

However ,  summer  t empera tu res  in the  west  of I re land are  b e t w e e n  10 and  15 ~ in 
cool summers  (Fig. 12) and  so approach  the lower  growth hmit  {Pigs 11, 12). This 
indica tes  that  b e y o n d  this region, summer  t empera tu res  will somet imes  b e  too cool to 
al low sufficient growth,  set t ing the  hmit  for nor thward  extension.  Thus on N. Scottish and  
Norweg ian  coasts, which  he b e y o n d  the nor thern bounda ry  (Pig. 13), winter  tem-  
pera tu res  are  not le thal  due  to the  modera t ing  inf luence of the  Gulf S t ream (Pig. 1) but  
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Fig. 11. Mean relative growth rates and standard deviation (n = 5) of Cladophora coe]othrixiso]ates 
from (a) Roscoff, Brittany, near the northern boundary in Europe and (b) Curagao, Netherlands 

Antilles, in tropical waters. Growth conditions as described in Fig. 3 

the summers  are  short  and  in cool summers  t empera tu res  will not  even  reach  the lower  
growth  hmit. 

C. coelothr ix  is not found on the ma in l and  European  coasts in the North  Sea  and  
reference  to F i g u r e  12b, where  the t empera tu re  curve for He lgo land  is shown, provides  
an  explana t ion  for its absence  from the North  Sea. Summer  t empera tu re s  are  severa l  
deg rees  wa rmer  than  those for the  wes t  of I re land and  so are wel l  above  the lower  growth  
l imit  a l though the growing season is shorter.  However ,  in cold winters  the  t e m p e r a t u r e  
falls be low 0 ~ (Ltining, 1985), which  is b e y o n d  the le thal  limit. Plants  in cul ture  survived 
only 6 weeks  at  0 ~ (Fig. 10a) but  were  ex tens ive ly  d a m a g e d  and  so had  to r e g r o w  from 
a few surviving basa l  cells requir ing  ra ther  a long recovery time. 

In addi t ion  to genera l ly  low wate r  t empera tures ,  inter t idal  popula t ions  will  also have  
to contend with f reezing of the  shal lows in es tuar ine  habitats ,  wi th  air  t e m p e r a t u r e s  
be low 0 ~ on North  Sea coasts. The  Roscoff isolate d id  not survive f reezing for 2 w e e k s  at 
- 8  ~ in total  da rkness  and in view of the  enhanc ing  effects of hgh t  on frost d a m a g e  (e.g. 
Larcher,  1981), p lants  exposed  to frost and  br ight  sunshine dur ing  frosty days  in the  
in ter t idal  would  not  be  expec ted  to survive.  

Nor thern  b o u n d a r y  - A m e r i c a  

The nor thernmost  record on the Amerc ian  coast  at Carrabel le ,  on the  wes t  coas t  of 
Florida,  hes far to the  south of the nor thern  b o u n d a r y  in Europe (Fig. 13). An  isola te  from 
the tropical  waters  of Curagao, Ne the r l ands  Anti l les was tes ted  for t empera tu re s  l imit ing 
survival  (Fig. 10b) and  growth (Fig. 11). This t ropical  isolate was  more sensi t ive  to cold 
than  the t empera t e  Roscoff isolate,  not  even  surviving for 2 w e e k s  at 5 ~ in short  days.  At  
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Fig. 12. Cladophora coelothrix. Annual temperature regimes as monthly means and ranges (shaded) 
at sites within and outside the northern boundaries compared to experimentally determined 
temperature tolerances. (A) Within boundaries, � 9  �9 W. keland, means after Gorshkov (1978); 
ranges based on U. S. Navy Marine climatic atlas (1974); e - - e  Cedar Keys, W. Florida (see Fig. 4). 
(B) Outside boundaries, �9 �9 Helgoland (see Fig. 8); extreme for February is 10-day mean value 
in cold year (vertical bar) (LOning, 1985); e - - e  N. Carolina inshore, Wrightsville Beach and " - - "  
offshore (see Fig. 8). Bar diagram shows experimentally determined upper and lower lethal limits 
and growth limiting temperatures (details as in Fig. 4) for isolates from Roscoff, Brittany, and from 

Curaqao, Netherlands Antilles (from Figs 10 and 11) 

10 ~ it survived for more than 12 weeks and  so, in Figure 12 the lower lethal limit of the 
Curacao isolate has b e e n  shown in the interval  5-10 ~ On the same figure, it can be 
seen that, in cold years, winter  temperatures  at Cedar  Keys near  the nor thern bounda ry  
on the Florida west coast can fall below 10 ~ with min imum values recorded be i ng  as 
low as 5 ~ These periods of low temperature  last for 1-2 weeks and  arise from the same 
weather  systems as described for C. subrnarina. Temperatures  of 5 ~ were lethal  to C. 
coelothrix from Curaqao in less than  2 weeks (Fig. 10). Besides, the species has b e e n  
recorded in shallow waters on this coast, often on mangrove roots; and  so, in  this habitat,  
it is also vulnerable  to low air temperatures.  

Summer temperatures  are high along this coast and would not  in genera l  limit 
growth (Figs 11, 12). However, the highest  summer  temperatures shown for Cedar  Keys 
approach the upper  lethal limit, so the tolerance range of the Curaqao isolate would 
probably be only just broad enough  for year long survival at the species'  nor thern  
boundary  in extreme years. 
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Fig. 13. Distribution of Cladophora coelothrixin the North Atlantic (van den Hoek, 1963, 1982b) (o = 
isolated record from 1902). Additional records: tropical W. Africa (Lawson & John, 1982). Senegal, as 
C. repens (Sou_de, 1954), Selvagem Pequefia, Selvagem Grande {Weisscher, 1983), Morocco 
(Weisscher 1983), Canary Islands (Gil-Rodriguez & Alfonso-Carillo, 1980), as C. trichotoma (B6rge- 
sen, 1925), Azores (Feldmann, 1946), Madeira (Levring, 1974), Portugal (Ardr6, 1970), NW Spain 
(Donze, 1968), Pelagie Islands, south of Sicily (Cinelii et al., 1976), E. Sicily (CoiTnaci & Furnari, 
1979), Ireland (Guiry, 1978; and pets. comm.). Sampling sites of cultured isolates (. 1 Roscoff, * 2 
Curaqao) and stations for which temperature regimes are shown in fig. 8 indicated (within bound- 

aries: "3 W. Ireland, "4 W. Florida; outside boundaries: "5 Helgoland, *6 N. Carolina 

P o t e n t i a l  vs  a c t u a l  d i s t r i bu t ion  

There  are  two not iceable  gaps  in the  la t i tudinal  range;  firstly, the  reefs on the 
Carohna  shelf, w h e r e  the t empera tu re  r ange  from 15-25 ~ would  not  l imit  e i ther  
survival  in win te r  or growth  in summer  (see above,  Fig. 12). This contrasts  to the  inshore  
situation, whe re  low tempera tu res  do seem to account  for the  species '  absence .  Al though 
the inshore a reas  of N. Carol ina  exper ience  winter  min imum t empera tu re s  similar to 
those at the  nor thern  bounda ry  in W. Florida,  these  low t empera tu res  occur  regu la r ly  for 
severa l  months  each  yea r  ra ther  than  occurr ing sporadica l ly  for a w e e k  or two (Fig. 12). 
The  second gap  in dis tr ibut ion lies in the  Wes te rn  Gulf of Mexico (Fig. 1, 13), which  
includes  extens ive  es tuar ine  areas  with violent  f luctuations in sal ini ty and  long  s t re tches  
of sed iment  coasts. Extremes in t empera tu re  p robab ly  do limit the  pe r s i s t ence  of C. 
c o e l o t h r i x  here,  as winter  t empera tu res  have  b e e n  recorded  for example ,  in  January ,  of 
0--5~ (Earle, 1969) (compare  Fig. 12). 

The t empera tu re  responses  for the  Roscoff and  the Curaqao isolates  (Figs 10a, b, 11) 
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were the same at the upper  end of the range, with upper  growth limits and  lethal limits in 
the same 5 ~ interval, 30-35 ~ but  at the lower end  of the range, the Curagao isolate 
could only survive at 10~ for more t h i n  12 weeks in short days, whereas the Roscoff 
isolate could persist indefinitely in either long or short days. At 5 ~ the difference was 
even  more marked with the Curaqao strain not even  tolerating 2 weeks, whereas  in short 
days the Roscoff isolate could persist indefinitely. This means  that the Roscoff isolate is 
capable of hying unde r  tropical conditions but  that the tropical isolate could not extend to 
the temperate end of the geographical  range. 

Cladaphora lae tev irens  

This species occurs on both sides of the Atlantic, in tropical and  temperate  zones (Fig. 
17). C. laetevirens has been  recorded from a variety of habitats, from the intert idal  and  
brightly lit shallows where it tends to form compact cushions or a component  of algal 
turfs, as an epiphyte on seagrasses in subtidal envi ronments  and  even as deep as 65 m 
from coral reefs in Curaqao (van den  Hoek, 1963, 1982b). 

Northern boundary - Europe 

Northernmost records in Europe are from southern Sweden on the Baltic coast and  
W. Scotland on the Atlantic coast. C. laetevirens also occurs in the North Sea (Fig. 17). 
Three isolates were tested for temperatures  hmit ing survival (Fig. 14) and  growth (Fig. 
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Fig. 14. Survival of Cladophora laetevirens isolates from Roscoff, Brittany (a) in temperate waters, 
and Calvi, Corsica in warm temperate waters at 1 m depth (b) and at 10 m depth (c). Survival 

intervals as defined in Figure 2 
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Fig. 15. Mean relative growth rates and standard deviations (n = 5) of Cladophora laetevirens 
isolates from Roscoff, Brittany (a), and Calvi, Corsica at 1 m depth (b) and at 10 m depth (c). Growth 

conditions as described in Fig. 3 



15), one from Roscoff, Britany and  two from Calvi, Corsica. The Corsican isolates were 
collected from nearby  sites, one a shallow sunlit  site at 1 m depth and  the other a deeper  
shaded site at 10 m depth. 

In short days, both the Roscoff and  Corsican isolates could survive for more than  12 
weeks at 0~ (shown in Pig. 14a, b, c) but  not freezing to - 8 ~  for 2 weeks. 

In Figure 16, the lower lethal limit is shown in the interval - 8  to 0~ Comparison 
with the annua l  temperature  regime from Helgoland on the North Sea coast inside the 
nor thern  boundary,  and with W. Norway beyond  the boundary,  shows that min imum 
winter  temperatures  recorded at Helgoland can fall below 0 ~ dur ing cold winters and  so 
are in fact lower than those off the Norwegian west  coast much further north (compare 
Pig. I). In Helgoland, temperatures below 0~ in cold winters may approach the lower 
lethal limit, bu t  survival at 0 ~ was more than 3 months and  plants were not even 
damaged  by this length  of exposure to cold. During average winters at Helgoland and 
further north, m e a n  winter  temperatures  of about  3 ~ could easily be  survived. 

Growth rates (Pig, 15) for all isolates were highest  at 25-30~ and  dropped below 
20 % of the maximum be tween  10 and  15 ~ for all three isolates. Sporulation occurred at 
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Fig. 16. Cladophora laetevirens. Annual temperature regimes as monthly means and ranges 
(shaded) at sites within and outside the northern boundaries compared to experimentally deter- 
mined temperature tolerances. (A) Within boundaries, �9 - - � 9  Helgoland (see Figs 8 and 12); e - - � 9  
N. Carolina inshore, Wrightsvtlle Beach and m - - � 9  offshore (see Pig. 8). (B) Outside boundaries, 
�9 ~ � 9  W. Norway, offshore Bergen, means after Gorshkov (1978), ranges based on U. S. Navy 
Marine climatic atlas (1974); � 9 1 4 9  Chesapeake Bay inshore, Gloucester Pt, Virginia (see Fig. 8). 
Bar diagram shows experimentally determined upper and lower lethal limits and growth limiting 
temperatures (details as in Pig. 4) for one isolate from Roscoff, Brittany, and two isolates from Corsica 
(10 m and 1 m deep), from Figs 14 and 15..R = sporulation in Roscoff isolate; .1, .2 = sporulation in 

isolates 1 (10 m) and 2 (1 m) from Corsica 



348 M. L. Cambridge, A. M. Breeman, S. Kraak & C. van den Hoek 

15 and  20 ~ for the  Roscoff isolate,  at 10-30 ~ for the shal low wate r  Cors ican  isolate,  and  
only at 25 ~ for the deep  wa te r  Cors ican isolate (Fig. 16). Summer  t e m p e r a t u r e s  for 
He~goland (Fig. 16) are  above  10-15~ the in terval  def ined  as the  lower  growth  limit, 
and  so are  not  expec ted  to l imit  growth  in summer.  Similarly, in the  en t r ance  of the  Baltic 
nea r  Copenhagen ,  summer  t empera tu res  nea r  18 ~ from Ju ly  to S e p t e m b e r  {Kristiansen, 
1972, 1981) would  not  limit growth. Beyond the nor thern bounda ry  off the  W. Norway  
coast, offshore summer  t empera tu res  app roach  the lower  growth  l imit  du r ing  cool years  
(14 ~ m e a n  for August)  (Fig. 16). Sporulat ion occurred b e t w e e n  15-30 ~ for the  Roscoff 
isolate and  so summer  t empera tu res  be low 15 ~ m a y  also pose  a r eproduc t ive  limit. The 
na ture  of the bounda ry  appea r s  to be  a summer  growth l imit  on open  coasts.  

The  growth  rates of the  deep  and shal low wate r  Corsican isolates were  ve ry  different  
(Fig. 15) and  this is a t t r ibuted  to the a b u n d a n t  sporulat ion of the shal low w a t e r  isolate,  
where  zoids ra ther  than  new cells were  produced .  The sporula t ion of t he  d e e p  wate r  
isolate  at 25 ~ only (Fig. 16) would  restrict  reproduct ion to mid  summer.  

_ �9 �9 5 

ii 

e" 

Fig. 17. Distribution of Cladophora laetevirens in the North Atlantic (from van den Hoek, 1963, 
1982b). Additional records: tropical W. Africa (Lawson & John, 1982); Elie, Scotland (Wilkinson & 
Tittley, 1979); N. Carolina Outer Shelf reefs (Searles, pers. comm.). Sampling sites of cultured 
isolates (* 1 Roscoff, * 2 Corsica) and stations for which temperature regimes are shown in Fig. 16 
indicated (v, rithin boundaries: * 3 Helgoland, * 4 N. Carolina; outside boundaries: * 5 Bergen, * 6 

Chesapeake Bay) 
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Northern boundary-  America 

No isolate from the Amer ican  side of the  Atlantic  was tes ted  and  so only tenta t ive  
sugges t ions  are given as to the  nature  of the  bounda ry  on the Amer ican  coast. The 
nor thernmost  and  only record  of C. laetevirens from the Amer ican  ma in land  is from the 
N. Carol ina  reefs on the Outer  Shelf  {specimen col lected by  Seaf les  in 1986, ident i f ied  by  
van  den  Hoek). All  previous  records  are from Bermuda  and the i s lands  in the Ca r ibbean  
(van den  Hoek,  1982b) (Fig. 17}. In Figure  16, t empera tu re  curves  are  shown for inshore  
and  offshore N. Carolina,  and  just  beyond  the  b o u n d a r y  at  C h e s a p e a k e  Bay. They  show 
that, on the bas is  of the  t empera tu re  responses  of the  European  isolates,  C. laetevirens 
could be  expec ted  further  north than  its p resen t  boundary  as wel l  as a.t inshore  sites in 
N. Carohna.  Perhaps  a warm wate r  strain has  deve loped  similar  to that  for C. coelthrix 
from the Car ibbean ,  and  the low winter  t empera tu res  which occur in shal low nearshore  
a reas  exclude  the species  from the ma in land  coast. 

DISCUSSION AND CONCLUSION 

The geograph ic  distr ibution of Cladophora submarina, C. prolilera, C. coelothrix and 
C. laetevirens in the  N. Atlantic  can be  unders tood,  in most cases, on the  bas is  of their  
t empera tu re / l igh t  responses  in culture. They  all occur in the tropics, C. submarina be ing  
res t r ic ted to the  Ca r ibbean  tropics. C. prolffera, C. coelothrix and  C. laetevirens ex tend  
into the  warm t empera t e  zones on both sides of the  N. Atlantic  but  their  nor thern 
boundar i e s  in Europe  are 20-25 ~ la t i tude further nor thward  than  those in America .  In 
accordance  with  their  occurrence in the tropics, t empera tu res  up to 30 ~ were  opt imal  for 
growth.  However ,  the  upper  t empera tu re  limits for survival  lay close to the  op t imum 
growth  t empera tu res  for all four species  in the interval  30-35~ (Figs 2, 6, 10, 14). 
C. submarina and  C. coelothrix to lera ted  these  high t empera tu res  for longer  than  
C. prolilera and  C. laetevirens, C. laetevirens be ing  the most sensi t ive of the  four. 

The  nor thern  boundar ies  on the European  coasts can be  exp la ined  as a combina t ion  
of summer  growth  bruits on the open  Atlantic coasts  and  winter  le thals  on the  Nor th  Sea 
or Baltic coasts. On the European  Atlantic  coasts, C. prolilera, C. coelothrix and 
C. laetevirens have  in this order, s tepwise  more nor ther ly  distr ibut ions and  at  first sight, 
this would  a p p e a r  to accord with their  increas ingly  lower  le tha l  l imit ing tempera tures .  
However ,  winter  t empera tu res  at  the respect ive  boundar ies  are  above  the lower  le thal  
limits and  so are  i r re levant  in expla in ing  distr ibution.  

Closer  examina t ion  of summer  t empera tu res  at and  beyond  the bounda r i e s  shows a 
l ink b e t w e e n  the posi t ion of the nor thern boundary ,  the length  of the  g rowing  season 
when  t empera tu res  are  above  10 ~ (Fig. 18) and  growth rates  at  the lower  end  of the 
t empera tu re  range.  

For (7. prolilera, growth (RGR) increased  from 0 to 3 % d -1 over  the  in terval  10-15 ~ 
(Fig. 7). At Roscoff, Brittany, mean  seawate r  t empera tu res  rise above  10 ~ from about  
Apri l  to D e c e m b e r  (Figs 8, 18), so the growing  season is es t imated  to be  about  8 months  
long in an ave rage  year.  In cool years  the g rowing  season would  last  from M a y  to 
December ,  abou t  7 months.  In addit ion,  even  in cool years  midsummer  t empera tu re s  rose 
4 ~ above  the lower  l imit  of 10 ~ so apprec iab le  growth could be  expec ted .  Fur ther  
north,  in W. Ireland,  whe re  C. prolilera has b e e n  found only once,  t empera tu re s  in warm 
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N.W. Scotland 58~ 

N.W. Ireland 55~ 

Helgoland 54~ 
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Fig. 18. Periods over which temperatures rise above 10~ as an indication of decreasing length of 
growing season in relation to progressively more northerly European boundaries. The periods above 
10 ~ were estimated from means (blank bars) and minima (stippled bars). They are contrasted in 
order to indicate the difference in the length of the growing season in normal summers versus 
abnormally cool summers. Height of bars shows number of ~ by which mid-summer temperatures 
exceed 10~ Sources; N. W. Ireland, N. W. Scotland and W. Norway; means for open coasts from 
Gorshkov (1978); minima based on U. S. Navy Marine climatic, atlas (1974); Roscoff, Brittany, and 

Helgoland from inshore monthly means and minima as in Fig. 8 

or normal  summers  would  be  adequate  for a growing season of 6-7 months  but  in cold 

summers,  the growing season is only about  4-5  months (Fig. 18), and more  important ly 
for a species with an inherent ly  slow growth rate, mid summer  tempera tures  are close to 

10 ~ at which there  was no measurable  growth in culture. Thus C. prolifera is clearly 

exc luded from the more northerly coasts of Scotland and Scandinavia  e v e n  though the 

winters are mild enough.  

For C. coe/othr/x, with the northern boundary  on the Irish northwest  coast, a growth 

rate of 3 % at 10 ~ increasing to 10 % at 15 ~ (Fig. 11) means  that some growth can take 

place even  with a cold summer.  The growing  season with tempera tures  above  10 ~ 

would  be about  4-5  months long in a cold summer,  contrast ing to 3 months  for the north 
of Scotland or I month  on the west  coast of Norway, respect ively  (Fig. 18). Thus, a h igher  

growth rate at the lower  growth temperatures ,  as well  as a more rapid increase  in growth 

rate over  the critical 10-15 ~ interval  enables  C. coelothr/x to extend further  north than 

C. prolifera. C. laetevirens has an even  grea ter  increase in growth rate over  the 10-15 ~ 

interval, from 3-20 % d -1 (Fig. 15), and extends furthest north up the coast of Scotland to 

its northern boundary  in southern Scandinavia  but  is p resumably  exc luded  from the west  
coast of Norway by  the brief period (3 months in normal  summers,  1 month  in cool 

summers) in which tempera tures  rise a few degrees  above  10 ~ on open  coasts (Fig. 18). 

The northern boundar ies  of C. submarina and C. coe/othnk on the Amer ican  coasts 

can be  expla ined  as winter  lethal boundar ies  and the slightly bet ter  cold to lerance of the 

Curacao isolate of C. coelothrix at 10 ~ means  that it can extend further north along the 
Florida mainland coast than C. subrnarina. The restriction of the tropical species C. 

submarina to the E. Atlantic Car ibbean region cannot  be  expla ined by t empera tu re  

responses in culture which would predict  its occurrence in W. Africa and the E. 

Medi terranean.  However ,  its t empera ture  responses were  similar to those repor ted  for 
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three Caribbean Gracilaria species (G. mammilaris, G. debilis and G. sp. indet), which 
also have lower lethal temperatures around 15 ~ upper lethals at 31-32 ~ and the 
lower growth limit between 15-20 ~ (McLachlan & Bird, 1984). In these truly tropical 

species the upper lethal temperature was also less than 35 ~ a temperature often 

reached in inshore tropical waters. For species with such distribution patterns, van den 

Hoek (1982a, c) has hypothesized extinctions during the Pleistocene glaciations along the 

eastern side of the Atlantic, without subsequent dispersal back. However, Pleistocene 

glacial temperatures, which were about 3-5 ~ lower than present temperatures (Mcln- 

tlre & Kipp, 1976) were probably not as low as the lower lethal limit of, for example, the 

present day Caribbean C. submarina strain (< 15 ~ The tropical W. African seaweed 

flora is in any case impoverished, probably due to adverse present-day conditions in 

combination with extinctions associated with climatic changes and habitat reductions 

during the l'qeogene (Shackleton, 1984). 

Whilst the minimum temperature allowing "sufficient growth" (defined as 20 % of 

the maximum growth rate) could be meaningfully related to all the northern boundaries 

in Europe, this was not the case for minimum temperature for sporulation. These 
sometimes coincided with minimum temperature for growth (C. submarina, Fig. 4 and 
the shallow water isolate of C. ]aetevirens from the Mediterranean, Fig. 16) and some- 
times were higher (the Roscoff strain of C. ]aetevirens, Fig. 1.6 and C. prolifera, Fig. 8). For 
C. coelothrix, sporulation only occurred once in the Curacao strain. The wide differences 
in sporulation between two Mediterranean isolates of C. ]aetevirens (Fig. 16), which were 
collected from nearby sites, suggest that this is a trait with possible local intraspecific 
variation. 

The temperature responses of the four Cladophora species are based on experiments 
with one Caribbean strain of C. submarina, one Mediterranean strain of C. prolifera, one 
Caribbean and one W. European strain of C. coelothrix, and one W. European and two 
Mediterranean strains of C. ]aetevirens. In the case of C. coelothrix, the difference in the 
lower lethal temperatures of the Caribbean and W. European strains was relevant in 

explaining their distributions on opposite sides of the Atlantic. In Europe, C. coelothrix 
extended further north into regions with both lower summer and lower winter tem- 

peratures than at the N. boundary in America, and accordingly, the European isolate 
proved to be more cold tolerant. For C. laetevirens, the development of similar "trans- 
atlantic ecotypes" might also have occurred, as on the American coast the N. boundary 

stays further south than expected from the temperature tolerance of the tested European 

isolates. However, there was no such marked difference in the response of strains from 

the European side of the Atlantic in C. laetevirens (the Mediterranean, and Brittany) and 
each could explain the distribution on the whole of the European coast quite well. 

When testing for lower lethal temperatures, both long and short day conditions 

should be included. Survival was enhanced for all species in short day conditions. Those 
species which have a northern boundary on the subtropical American coast will experi- 

ence the irregular cold water periods in daylengths somewhat longer than the short day 
8 : 16 h regime tested. Light damage at low temperatures is a well documented pheno- 

menon in higher plants (e.g. see review in Larcher, 1981) and has also been documented 

for several green and red algae (Cambridge et al., 1984; Yarish et al., 1984, 1986). In 

these locations, lethal conditions may occur in early spring rather than in mid winter. 

Several gaps in distribution appear rather consistently in the species' distributions. 
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Some of these areas have b e e n  so poorly surveyed that lack of species records is as likely 
to be  due to the "biogeography of the collector" as any valid biological reason. The lack 
of records from the wes tem Caribbe~n,  the eastern American coast from Horida to the 
Carolinas, most of tropical West Africa excepting those areas visited by Lawson & John 
(1977, 1982) and  the eastern Medi te r ranean  fall into this category. Other gaps occur in 
areas more f requent ly  visited by  collectors but  hav ing  rather extreme environments ,  in 
particular, the coasts of the Gulf of Mexico. Here, the lagoons and  long sandy  stretches 
incorporate two major difficulties for marine species: lack of firm subs t ra tum and  
increasingly violent fluctuations in  temperature  and  sahnity towards the west. C. coelo- 
thr/x is the only species to penet ra te  the Gulf of Mexico and  even  this species, which 
favours muddy,  mangrove  environments ,  drops out from the western, regions of the Gulf 
of Mexico. Another  area of long sandy stretches and  lagoons, the eas tern  coast of the 
American ma in land  from Florida and  Georgia to the Carolinas is also patchi ly collected, 
in  addition to the extremes of temperature  (less than 5 ~ to more than  32.5 ~ so that 
either reason might  account, for example, for the long gap in C. prolifera's distribution 
from the Car ibbean  to N. Carolina. This leaves several areas where  pauci ty  of collecting 
or extremes in envi ronments  do not provide an obvious reason for lack of records. C. 
submarina is not recorded from Jamaica  or from the East Atlantic islands (Canaries). C. 
prolifera is not recorded from the central  Caribbean.  The absence  of C. prolifera from the 
central  islands in  the Car ibbean  is hard to explain bu t  it is a similar pat tern to the tropical- 
temperate  N. E. America red alga, Grinellia americana (Yarish et al., 1984). It is perhaps 
due to the high summer  temperatures,  as the  29 ~ summer  isotherms surround the 
islands and correspond to locally higher temperatures  which would be  lethal. This 
sensitivity to temperatures  only slightly above normal  optimal tropical tempera tures  has 
b e e n  observed in  other tropical organisms; for example, Glynn  (1985) reports widespread 
coral mortality on W. Panaman ian  reefs due to abnormally  high water  temperatures  
(mean values 30-31 ~ lasting 6 months) associated with an E1 Nifio dis turbance.  

Acknowledgements. The investigation was supported by the Foundation for Fundamental Biological 
Research (BION), which is subsidized by the Netherlands Organisation for the Advancement of Pure 
Research (ZWO). 

LITERATURE CITED 

Ardr6, F., 1970. Contribution ~ 1'6tude des algues marines du Portugal. I. La flore. - Port. Acta biol. 
(B) 10, 1-423. 

B6rgesen, F., 1925. Marine algae from the Canary Islands. I. Chlorophyceae. - Biol. Meddr 5 (3), 
3-123. 

Cambridge, M. L., Breeman, A. M., Oosterwijk, R. van & Hoek, C. van den, 1984. Temperature 
responses of some North Atlantic Cladophora species (Chlorophyceae) in relation to their 
geographic distribution. - Helgol~nder Meeresunters. 38, 349-363. 

Cinelli, P., Drago, D., Puma*/, G., Giaccone, G., Scammacca, B., Solazzi, A., Sortino, M. & Tolomio, 
C., 1976. Flora marina dell' Isola di Hnosa (Arcipelago delle Pelagie). - Mere. Biol. mar. 
Oceanogr. 6, 141-172. 

Conde, F., 1984. Contribucion al conocimiento de la flora algal bentonica del Mar de Alboran Isles 
Chafarinas. - Acta bot. Malacitana 9, 41-46. 

Cormad, M. & Fumari, G., 1979. Hora a/gale marina della Sic-ilia orientale: Rhodophyceae, 
Phaeophyceae e Chlorophyceae.- Inf. bot. ital. 11, 221-250. 

Diannelidis, T., Haritonidis, S. & Tsekos, I., 1977. Contribution ~ l'4tude des peuplements des algues 
benthiques de quelques r6gions de l'ile de Rhodos, Gr6ce. - Botanica mar. 20, 205-226. 



T e m p e r a t u r e  r e s p o n s e s  of Cladophora s p e c i e s  353 

Donze, h4., 1968. The algal vegetat ion o f t h e  Ria de Arosa (NW Spain). - Blumea /6, 159-183. 
Earle, S. A., 1969. Phaeophyta  of the eastern Gulf of Mexico. - Phycologia 7, 71-254. 
Feldmann, J.. 1946. La flora marine des tles Atiant ides. . -  M~m. Soc. Biog~ogr. 8, 395-435. 
Gayral, P.,1958. Algues de la c6te Atlantique Marocalne. Soc. Sci. nat. Phys. Maroc, Rabat, 523 pp. 
Gil-Rodriguez, M. C. & Alfonso-Carillo, J., 1980. Cat , logo de las algas marinas bent6nicas  (Cyan- 

ophyta, Chlorophyta, Phaeophyta  y Rhodophyta) para  E1 Archipielago Canario. - Acta Aula de 
Cultura de Tenerife 2, 1-47. 

Glyl~n, P. W., 1985. E1 Nifio-associated dis turbance to coral reefs and  post-disturbance mortality by 
Acanthasterplanci. - M a r .  Ecol. Prog. Ser. 26, 295-300. 

Gorshkov, S. G., 1978. World ocean atlas. 2: Atlantic and  Indian Oceans. Pergamon Press, Oxford. 
Guiry, M. D., 1978. A consensus and  bibl iography of Irish seaweeds. Cramer, Vaduz, 287 pp. 

(Bibliotheca Phycologia 44.) 
Hoek, C. van  den, 1963. Revision of the European species of Cladophora. Brill, Leiden, 248 pp. 
Hoek, C. van  den, 1979. The phytogeography of Cladophora (Chlorophyceae) in the nor thern  

Atlantic Ocean, in comparison to that  of other benthic  algal species. - Helgol&nder wiss. 
Meeresunters.  32, 374-393. 

Hoek, C. van  den, 1982a. The distribution of benthic  marine algae in relation to the tempera ture  
regulation of their life histories. - Biol. J. Linn. Soc. 18, 81-144. 

Hoek, C. van  den, 1982b. A taxonomic revision of the American species of Cladophora (Chlorophy- 
ceae) in the North Atlantic Ocean and their  geographic distribution. North Holland Publ. Comp., 
Amsterdam, 236 pp. 

Hoek, C. van  den, 1982c. Phytogeographic distribution groups of benthic  marine algae in the North 
Atlantic Ocean. A review of experimental  evidence from life history studies. - Helgol~nder 
Meeresunters.  35, 153-214. 

Hoek, C. van  den, Breeman, A. M., Bak, R. P. M. & Buurt, G. van, 1978. The distribution of algae, 
corals and gorgonians in relation to depth, light attenuation, water  movement  and  grazing 
pressure in the fringing coral reef of Curacao, Nether lands Antilles. - Aquat. Bot. 5, 1-46. 

Hoek, C. van  den & Womersley, H. B. S., 1984. Genus Cladophora Kfitz. 1843. In: The mar ine  
benthic  flora of southern Australia. Ed. by H. B. S. Womersley. Woolmann, Government  Printer, 
South Australia, '1, 185-215. 

H u m m ,  H. J., 1979. The mar ine  algae of Virginia. Univ. Press, Charlottesville, Va, 263 pp. 
Hutchins, L. W., 1947. The bases  for temperature  zonation in geographical  distribution. - Ecol. 

Monogr. 17, 325-335. 
Kapraun, D. F., 1978. Field and culture studies on growth and  reproduction of Callithamnion 

byssoides (Rhodophyta, Ceramiales) in North Carolina. - J. Phycol. I4, 21-24. 
Kapraun, D. F. & Zechman,  F. W., 1982. Seasonality and  vertical zonation of benthic  marine algae on 

a North Carolina coastal jetty. - Bull,. mar. Sci. 32, 702-714. 
Kristiansen, A., 1972. A seasonal  study of the marine algal vegetat ion in Tuborg Harbour, the Sound, 

Denmark.  - Bot. Tidsskr. 67, 201-244. 
Kristiansen, A., 1981. Seasonal occurrence of Scytosiphon lomentaria (Scytosiphonales, Fucophy- 

ceae) in relation to environmental  factors. - Proc. int. Seaweed Syrup. i0, 321-326. 
Larcher, W., 1981. Effects of low temperature  stress and  frost injury on plant  productivity. In: 

Physiological processes limiting plant  productivity. Ed. by C. B. Johnson.  Butterworth, London, 
253-267. 

Lawson, G. W. & John, D. h4., 1977. The marine flora of the Cap Blanc Peninsula: its distribution and  
aff ini t ies . -  Bot. J. Linn, Soc. 75, 99-118. 

Lawson, G. W. & John, D. M., 1982. The marine algae and  coastal environment  of tropical West 
Africa. - Nova Hedwigia (Beth.) 70, 1-455. 

Le Laboratoire de l'I.S.T.P.M, de Roscoff, 1976. Temperature  et salinit~ de l 'eau de mer  au large de 
Roscoff au cours des a rmies  1959 & 1970. - T r a v .  Stat. biol. Roscoff 23 (34), 31-39. 

Levring, T., 1974. The marine algae of the Archipelago of Madeira. - Bolm Mus. munic  Funchal  28, 
5-111. 

Lipkin, Y. & Safriel, U., 1971. Intertidal zonation on rocky shores at Mikhmoret  (Mediterranean,  
I s rae l ) . -  J. Ecol. 59, 1-29. 

L~ining, K., I985. Meeresbot~_ik. Thieme, Stuttgart, 375 pp. 



354 M. L. C a m b r i d g e ,  A. M. B r e e m a n ,  S. K r a a k  & C. v a n  d e n  H o e k  

McIntyre, A. & Kipp, N. G., 1976. Glacial North Atlantic 18.000 years ago: a CLIMAP reconstruction. 
- Mem. geol. Soc. Am. 145, 43-76. 

McLachlan, J. & Bird, C. J., 1984. Geographical  and  experimental  assessment  of the  distribution of 
Gracilaria species (Rhodophyta: Gigartinales) in relation to temperature.  - Helgol~uder Meeres-  
unters. 38, 319--334. 

Mefiez, E. G. & Mathieson,  A. C., 1981. The marine algae of Tunesia. - Smithson. Contr. mar. Sci. 10, 
1-59. 

Neill, F. X., 1978. Catalogo florfstico y fenol6gico de las algas superiores y cianoficeas bent6nicas  de 
las R/as Bajas Gallegas. - Investigaci6n pesq. 42, 365--400. 

Peckol, P. & Searles, R. B., 1984. Temporal  and  spatial pat terns of growth and  survival of inver tebra te  
and  algal populations of a North Carolina continental  shelf community. - Estuar. coast. Shelf Sci. 
18, 133-143. 

Perez-Cirera, J. L., 1975. Cat , logo florfstico de las algas bent6nicas de la Ria de Corme y Lage, NO 
de Espafia. - An. Inst. bot. CavaniUo 32, 5-87. 

Sakai, Y., 1964. The species of Cladophora from Japan  and  its vicinity. - Scient. Pap. Inst. algol. Res., 
Hokkaido Univ. 5 (1), 1-104. 

Schneider, C. W., 1976. Spatial and  temporal  distributions of benthic mar ine  algae on the  cont inental  
shelf of the Carolinas. - Bull. mar. Sci. 25, 133-151. 

Shackleton, N. J., 1984. Oxygen isotope evidence for cenozoic climatic changes.  In: Fossils and  
climate. Ed. by  P. J. Brenchley. Wiley, Chichester, 27-34. 

Sourie, R., 1954. Contribution & l '~tude ~cologique des c6tes rocheuses du S~n~gal. - M~m. Inst. fr. 
A.fr. noire 38, 1-342. 

U. S. Navy, 1974. Marine climatic atlas of the world. Vol. 1. North Atlantic Ocean. U. S. Government  
Printing Office, Washington D. C. 

U. S. Navy, 1981. Marine climatic atlas of the world. Vol. 9. World-wide means  and  s tandard 
deviations. U. S. Government  Printing Office, Washington D. C. 

Walker, N. D., Roberts, H. H., Rouse, L. J. & Huh, O. K., 1982. Thermal  history of reef-accociated 
environments  during a record cold-air outbreak  event. - Coral Reefs I, 83-87. 

Weigel, H.-P., 1978. Temperature  and  salinity observations from Helgoland Reede in 1976. - Annls 
biol., Copenh. 33, 35. 

Weisscher, F. C. M., 1983. Marine algae from Selvagem Pequena (Salvage Islands). - Bolm Mus. 
munic Funchal  35, 41-80. 

Wilkinson, M. & Tittley, I., 1979. The mar ine  algae of Elie, Scotland: a re-assessment.  - Botanica 
mar. 22, 249-256. 

Yarish, C., Breeman, A. M. & Hoek, C. van  den, 1984. Temperature,  l ight and  photoperiod responses  
of some nor theast  American and  west  European endemic rhodophytes  in relat ion to their  
geographic distributrion. - Helgol~inder Meeresunters.  38, 273-304. 

Yarish, C., Breeman, A. M. & Hoek, C. van  den, 1986. Survival strategies and  tempera ture  responses  
of seaweeds be longing  to different biogeographic distribution groups. - Botanica mar. 29, 
215--230. 


