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ABSTRACT: Using the red alga Polyneura hifliae as an example, the minimum time taken for lethal 
temperature exposure, with no regeneration capacity left, was 2 Weeks. Employing this exposure 
time, the upper temperature limits of the following 13 red algal species belonging to four biogeo- 
graphical distribution groups were determined: Callophylh's laciniata, Polyneura hilliae, Hypo- 
glossum hypoglossoides, Halurus equisetifolius, iomentaria arficulata, Cryptopleura rarnosa, Calli- 
blepharis ciliata (warm-temperate Mediterranean-Atlantic group); Calh'thamnion tetragonum, 
Lomentaria orcadensis (amphiatlantic-temperate group); GAnnellia americana, Lomentaria bailey- 
ana, Agardhiefla subulata (northeast American tropical-temperate group), Solieria tenera (amphiat- 
lantic tropical-temperate group). Pre-incubation temperatures of 10 and 20 ~ for one month (or 15 
and 25 ~ for the two last-mentioned distribution groups) did not measurably affect the critical 
survival temperature. 

INTRODUCTION 

Invest igators  who have  a t t empted  to correlate the t empera tu re  requ i rements  for 
survival  of benth ic  mar ine  a lgae  with their  phy togeograph ic  dis t r ibut ion have  employed  
differing exposure  t imes to l imit ing temperatures .  To give a few examples ,  Montfort  et  al. 
{1957} used  3 h, Biebl {1958, 1962} 12 h, Ltining (1984} 1 week,  Bolton {1983) 3 weeks ,  
McLachlan  & Bird (1984), Yarish et al. (1984, 1986) 5 weeks ,  and  C a m b r i d g e  et al. {1984} 
2 months.  The first objec t ive  of the presen t  pape r  was to provide  a comple te  t ime series at 
leas t  for one a lga  in order  to obtain some idea  about  the min imum exposure  t ime after 
which  the uppe r  le tha l  t empera tu re  remains  constant  for the next  few months.  

The  second object ive  concerned  another  uncer ta in ty  of the  exper imenta tor ,  name ly  
the select ion of the  t empera tu re  at which a lgae  should be  kep t  and  p r o p a g a t e d  prior  to 
t rea tment  at the exper imen ta l  temperatures .  Does pre- incuba t ion  at t empera tu re s  differ- 
ing by  as much as e.g. 10 ~ change  the uppe r  le thal  t empera ture?  Such cases  of "non- 
gene t ic  res is tance adapta t ion"  (Precht et al., 1955, 1973; Kinne, 1970} or "plastic resist-  
ance", in the te rminology  of Levitt (1980), have  been  inves t iga ted  more  in mar ine  animals  
(e.g. Newell ,  1976}. The  few exper iments  repor ted  on mar ine  a l g a e  (for rev iew of the 
older  l i terature see  Gessner ,  1970} s t ressed the stabil i ty of the  u p p e r  le thal  survival  limit 
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a n d  t h e  i n a b i l i t y  of t h e  e x p e r i m e n t a t o r  to  sh i f t  t h e s e  l imi t s  b y  c h o o s i n g  d i f f e r i n g  p r e -  

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

T h e  l a s t  o b j e c t i v e  w a s  to d e t e r m i r i e  p rec i se ly ,  in  t e m p e r a t u r e  s t e p s  b y  1 ~ t h e  u p p e r  

s u r v i v a l  l imi t s  of 13 s p e c i e s  of r e d  a lgae .  For  t h e s e  t h e  p h y t o g e o g r a p h i c  b o u n d a r i e s ,  

t e m p e r a t u r e  d e m a n d s  for  g r o w t h  a n d  r e p r o d u c t i o n ,  a n d  t h e  s u r v i v a l  l imi t s  i n  t e m p e r a -  

t u r e  s t e p s  b y  5 ~ h a v e  b e e n  p r e s e n t e d  e a r h e r  (Yar ish  e t  al., 1984, 1986). 

M A T E R I A L  A N D  M E T H O D S  

The i n o c u l a  for  e x p e r i m e n t a t i o n  c o n s i s t e d  of c l o n e d  c u l t u r e s  (cf. Y a r i s h  e t  el., 1984, 

1986 for  co l l ec t i on  da ta )  a n d  w e r e  p r o p a g a t e d  a t  15 ~ in  v o n  S t o s c h ' s  e n r i c h e d  s e a w a t e r  

m e d i u m  (Ott,  1966) h a v i n g  a sa l in i ty  of 33 %o. S t a n d a r d  h g h t  c o n d i t i o n s :  coo l  f l u o r e s c e n t  

h g h t ,  p h o t o n  f l u e n c e  r a t e  of 30 ~mol  m -2 s -1,  16 h h g h t  p e r  day .  T e s t s  o n  t e m p e r a t u r e  

s u r v i v a l  w e r e  p e r f o r m e d ,  as  d e s c r i b e d  in  d e t a i l  b y  Lf in ing  e t  el. (1987}. In  shor t ,  i so l a t e s  

{0.2-0.3 g f r e s h  we igh t}  w e r e  i n c u b a t e d  in  P l e x i g l a s  cy l ind r i ca l  j a r s  {140 m l  of c u l t u r e  

m e d i u m ;  V o n  S t o s c h ' s  E n r i c h e d  S e a w a t e r  a t  h a l f  s t r e n g t h ;  cf. G u i r y  & C u n n i n g h a m ,  

1984) c o n t a i n e d  in  i l l u m i n a t e d  b a t h - c r y o s t a t  un i t s .  T h e  c u l t u r e  m e d i u m  w a s  r e p l a c e d  

a u t o m a t i c a l l y  o n c e  a day .  Af t e r  a s t a n d a r d  t r e a t m e n t  of 2 w e e k s  t h e  p l a n t s  w e r e  pos t -  

i n c u b a t e d  u n d e r  g o o d  g r o w i n g  c o n d i t i o n s  (15 ~ for  4 w e e k s  to c h e c k  for  s u r v i v a l  a n d  for  

r e g e n e r a t e d  thaUi  f r o m  a f e w  h v i n g  ce l l s  i n  t h e  o t h e r w i s e  b l e a c h e d  t i s sue .  I n  c a s e s  w h e r e  

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

w a s  p r o l o n g e d  for  a n o t h e r  4 w e e k s .  

R E SU L T S A N D  D I S C U S S I O N  

T h e  s u r v i v a l  r e s p o n s e s  of t h e  g a m e t o p h y t e s  of Polyneura hilliae are g i v e n  for a 

p e r i o d  of u p  to 56 d a y s  ( T a b l e  1) a t  t e m p e r a t u r e s  of 20, 2 4 - 3 0  ~ A f t e r  a s i x - h o u r  

Table 1. Survival responses  of Polyneura hilliae gametophytes  over e ight  weeks, xxx plants  alive 
(with sight observation and confirmation after 4 weeks post- incubation at 15 ~ reg. regenera t ion  of 

purportedly "dead" tissue after four weeks at 15 ~ - - - plants dead  

Temperature  over eight  weeks (~ 
Time (d) 20 24 25 26 27 28 29 30 

1/4 xxx xxx xxx xxx reg. reg. 
1 xxx xxx xxx xxx reg. - - - 
2 xxx xxx xxx reg. - . . . . .  
3 xxx xxx xxx reg. - . . . . .  
5 xxx xxx xxx reg. - . . . . .  
7 xxx xxx reg. - . . . . . . . .  
10 xxx xxx reg. - . . . . . . . .  
14 xxx xxx . . . . . . . . . . . .  
21 xxx x:c_x . . . . . . . . . . . .  
28 xxx xxx . . . . . . . . . . . .  
37 xxx xxx . . . . . . . . . . . .  
42 xxx xxx . . . . . . . . . . . .  
56 xxx xxx . . . . . . . . . . . .  

- - - - ~  

~  

~  

~  

~ 1 7 6  

~ 1 7 6  

- - ~  

4 - - - -  

. - - ~  

. - - - -  
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Table 2. Upper survival temperature and geographical boundaries of selected temperate North 
Atlantic red algae. Exposure time to experimental temperatures was 2 weeks. Temperature values in 
brackets following the geographical boundaries indicate the mean August isotherms (according to 
Sverdrup et al., 1942} of the surface seawater at the corresponding locations. Nomenclature 
according to South & Tittley (1986}. trestricted to shallow embayments where summer temperatures 
exceed 17 ~ thereby permitting growth and reproduction Pre-incubation temperatures: Distribution 
groups 1 and 2: continuously at 15 ~ ( "); transferred for one month to 10 or 15 ~ (" "; identical upper 
survival temperature). Distribution groups 3 and 4: continuously at 20 ~ (*" *), or transferred for one 

month to 20 or 25 ~ {'" "" ; identical upper survival temperature) 

Species Northern Southern Upper survival 
boundary boundary temperature (~ 

(1) W a r m - t e m p e r a t e  M e d i t e r r a n e a n - A t l a n t i c  g r o u p  

Europe Europe/Africa 
Callophyllis laciniata 
(Huds.) Kfitz. 
Polyneura hilliae (Grev.) Kylin 
Hypoglossum hypoglossoides 
(Stackh.) F. Coll. et Hervey 
Halurus equisetifolius 
(Lightf.) K/itz. 
tomentaria articulata 
(Huds.) Lyngbye 
Cryptopleura ramosa 
(Huds.) Kylin ex Newton 
CaUiblepharis ciliata 
(Huds.) K/itz. 

Norway (11) Morocco (2 i) 24" 

Ireland (14) Portugal (19) 24 ' "  
Shetland Is. (12) Cameroun (27) 25"" 

Ireland (13) Canaries (22) 26" 

Norway (11) Madeira Is. (21) 27" ' 

Faer6es (11) Madeira Is. (21) 27 ' ~ 

Ireland (14) Portugal (19) 27 ' "  

Europe or Europe/Africa or 
N. America N. America 

Madeira Is. (21) 25" ~ 

Virginia {25) 
Portugal (20) 27 ~ ' 

(2) A m p h i a t l a n t i c - t e m p e r a t e  g r o u p  
Callithamnion tetragonum Iceland (10) 
(With,) S. F. Gray Norway (10) 

Newfdl. (12) 
Lomentaria orcadensis Iceland (10) 
[Harvey) F. Colhns ex W. Tayl. Norway (10) 

Nova Scotia (15) 

(3) N o r t h e a s t  A m e r i c a n  t r o p i c a l - t e m p e r a t e  

N. Carolina (25) 

g r o u p  
Griunetlia americana 
(C. Ag.) Harvey 
Lomentaria bafleyana 
(Harvey) Farlow 
Agardhiella subulata 
(C. Ag.) Kraft et Wynne 

Massachusetts (i7) Tropical margins 31""" 
(Florida) 

s. Gulf of (15) Tropical margins 33"" ' 
St. Lawrence t (s. Florida) 
s. Gulf of (15) Tropics 33 . . . .  
St. Lawrence 1 

(4) A m p h i a t l a n t i c  t r o p i c a l - t e m p e r a t e  g r o u p  
Solieria filiformis (= tenera) N. Carolina (25) Tropics 
(K~itz.) Gabrielson 

3 3 " ' "  
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t rea tment  in the  wa te r  baths,  t empera tu re s  exceed ing  28 ~ were  lethal .  P lants  i ncuba t ed  
at 27-28 ~ a p p e a r e d  dead;  however , . they  b e g a n  to r egene ra t e  after b e i n g  r e incuba t ed  
at 15 ~ After 1-day t reatment ,  the  r egene ra t ion  capaci ty  was fur ther  d imin i shed  to 
27 ~ after t rea tments  of 2-5 days  dura t ion  to 26 ~ and after t r ea tment  dura t ion  of 7-10 
days  to 25 ~ The  u p p e r  survival  l imit at  24 ~ was  constant  from an  exposu re  t ime of 14 
days  onward.  

It is in teres t ing to note  that  a t w o - w e e k  incubat ion  pe r iod  was  suff icient  for de ter -  
min ing  the isolates '  u p p e r  survival  l imits and  that  the  difference b e t w e e n  survival  and  
dea th  of the comple te  thal lus may  be  a mat te r  of 1 ~ (Table 1). The  prec i s ion  of the  
technique  employed  must  be  emphas i zed  as one -de g re e  intervals  were  u s e d  for each  
taxon in contrast  to other  exper iments ,  which  are  often set in 5 ~ intervals .  The  
impor tance  of pos t - incubat ion  ins tead  of visual  inspect ion  r ight  after  t he  t r ea tmen t  
cannot  be  over -emphas ized .  Post - incubat ion was  par t icular ly  n e e d e d  for Hypoglossum 
hypoglossoides, Lomentaria articulata, Callithamnion tetragonum, and  Polyneura hilliae, 
as each  was able  to r egene ra t e  entire thall i  from only a few cells. It is s u g g e s t e d  for future 
research  in the de te rmina t ion  of the u p p e r  le thal  limits of a lgal  taxa  tha t  a 5 ~ in terval  
should be  e s t abhshed  encompass ing  the  le thal  t empera ture .  After  the  in te rva l  has  b e e n  
found out, then  the prec ise  le thal  l imit  should  be  de t e rmined  by  i n c u b a t i o n  at  1 ~ 
intervals  for at leas t  two weeks  with f requent  change  of.culture med ium.  

Table  2 exhibi ts  the survival  responses  of all inves t iga ted  a lga l  species .  The  u p p e r  
survival  hmits of the  wa rm- t empera t e  species  (groups 1 and  2 in T a b l e  2) r ange  at  
24-27 ~ whereas  species  with t ropical  affinities (groups 3 and  4) are  c lear ly  differenti-  
a ted  by  values  r ang ing  at 31-33 ~ 

Nine out of the 13 species  inves t iga ted  were  tes ted  after p r e - incuba t ion  for one 
month  at t empera tu res  differing by  10 ~ (Table 2). Ident ical  va lues  for the  u p p e r  survival  
t empera tu re  were  ob ta ined  in all cases. Apparent ly ,  the isolates had  no abi l i ty  to shift 
their  upper  le thal  t empera ture .  This is in accordance  with results  r epo r t ed  for most  of the  
smal ler  mar ine  a lgal  species  from Helgoland ,  whe reas  seasonal  shifts of u p p e r  t empera -  
ture to lerance  were  readi ly  de tec ted  in la rger  algae,  e.g. Laminaria spp. a n d  Desmarestia 
aculeata (Liining, 1984 and older  h te ra ture  ci ted herein).  Dur ing the cold season,  these  
a lgae  form new, heat -sens i t ive  tissue, which  subsequen t ly  "hardens"  a n d  exhibi ts  a 
2-5  ~ h igher  t empera tu re  to lerance in summer.  It may  well  be  poss ib le  tha t  in smal ler  
a lgae  the younges t  cells are more  heat -sens i t ive  and that  this effect is eas i ly  ove r looked  
for technical  reasons,  because  in la rger  a lgae  one can easi ly t reat  old a n d  y o u n g  t issue 
separate ly .  The  uppe r  survival  t empera tu res  l is ted in Table  2 cannot  be  d i rec t ly  r e l a t ed  to 
the  posit ions of the  species '  southern limits, as other  factors (e.g. t e m p e r a t u r e s  l imit ing 
growth  and/or  reproduct ion)  may  be  important .  Moreover,  ex t reme t e m p e r a t u r e . v a l u e s  
are  more impor tant  than  ave rage  va lues  (see Yarish et al., 1984, 1986). 
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