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ABSTRACT: Experimentally de termined ranges  of thermal  tolerance and  requirements  for comple- 
fion of the life history of some 60 seaweed species from the North Atlantic Ocean were  compared 
with annual  temperature  regimes at their  geographic boundaries.  In all but  a few species, thermal  
responses accounted for the location of boundaries.  Distribution was restricted by: (a) le thal  effects 
of h igh  or low temperatures  prevent ing survival of the hardiest  life history stage (often microthalli), 
(b) temperature  requirements  for completion of the life history operating on any one process (i.e. 
[sexual] reproduction, formation of macrothatli  or blades), (c) temperature  requi rements  for the 
increase of populat ion size (through growth or the formation of asexual propagules). Opt imum 
growth/reproduction temperatures  or lethal limits of the non-hardiest  stage (often macrothalli) were 
irrelevant in explaining distribution. In some species, ecotypic differentiation in thermal  responses 
over the distribution range influenced the location of geographic boundaries,  but  in many  other 
species no such ecotypic differences were evident.  Specific daylength requirements  affected the 
location of boundaries  only w h e n  interacting with temperature. The following types of thermal  
responses could be  recognised, result ing in characteristic distribution patterns: (A) Species endemic 
to the (warm) temperate  eastern Atlantic had  narrow survival ranges (between ca 5 and  ca 25 ~ 
prevent ing occurrence in NE America. In species with isomorphic life histories without  very specific 
temperature requirements  for reproduction, nor thern and  southern boundaries  in Eur/Africa are set 
by lethal limits. Species with heteromorphic life histories often required high and/or  low tem- 
peratures to induce reproduction in one or both life history phases which further  restricted 
distribution. (B) Species endemic to the tropical western  Atlantic also had  narrow survival ranges 
(between ca 10 and  ca 35~ Northern boundaries  are set by low, lethal  winter  temperatures .  
Thermal properties would potentially allow occurrence in the [sub)tropical eas tern  Atlantic, bu t  the 
ocean must  have  formed a barr ier  to dispersal. No experimental  evidence is so far avai lable  for 
tropical species with an amphi-Aflantic distribution. {C) Tropical to temperate  species endemic  to 
the western Atlantic had  broad survival ranges (< 0 to ca 35 ~ Northern boundar ies  are set by low 
summer temperatures  prevent ing (growth and} reproduction. Thermal properties would permit  
occurrence in the (sub)tropical eastern Atlantic, but  along potential  "stepping stones" for dispersal 
in the nor thern Atlantic (Greenland, Iceland, NW Europe) summer temperatures  would be  too low 
for growth. (D) In most amphi-Atlantlc (tropical-) temperate  species, nor thern boundar ies  are set by 
low summer  temperatures  prevent ing  reproduction or the increase of populat ion size. On European 
shores, species generally extended into regions with slightly lower summer  tempera tures  than  in 
America, probably because  milder  winters allow survival of a larger part  of the population. (E) 
Amphi-Atlantic (Arctic-) temperate  species survived at subzero temperatures.  In species with 

* Paper presented at the XIV International  Botanical Congress (Berlin, 24 July-1 August,  1987), 
Symposium 6-15, "Biogeography of mar ine  benthic  algae".  

�9 Biologische Anstalt  Helgoland, Hamburg  



200 A .M.  Breeman 

isomorphic hfe histories not specifically requiring low temperatures for reproduction, southern 
boundaries are set by lethally high summer temperatures on both sides of the Atlantic. None of the 
species survived temperatures over 30~ which prevents tropical occurrence. Species with these 
thermal responses are characterized by ~stribution patterns in which southern boundaries in Eur/ 
Africa lie further south than those in eastern N America because of cooler summers. In most species 
with heteromorphic hfe histories (or crustose and erect growth forms), low temperatures were 
required for formation of the macrothalli (either directly or through the induction of sexual 
reproduction). These species have composite southern boundaries in the north Atlantic Ocean. On 
American coasts, boundaries are set by lethally high summer temperatures, on European coasts by 
winter temperatures too high for the induction of macrothalh. Species with this type of thermal 
responses are characterized by distribution patterns in which the boundaries in Eur/Africa lie further 
north than those in eastern N America because of warmer winters. 

INTRODUCTION 

Why don ' t  seaweeds spread beyond  their present  boundar ies  w h e n  there are no 
apparent  obstructions to their dispersal? Continents  and  oceans apparen t ly  can be 
effective barriers to seaweed dispersal. The marked differences b e t w e e n  the seaweed 
floras of the Atlantic and  the Pacific and, to a lesser degree, the eastern and  western  sides 
of the oceans indicate that landmasses  and large stretches of sea effectively limit 
seaweed distribution. These marked  differences be tween  disjunct floras have b e e n  
attr ibuted to historical factors such as the configuration of oceans and cont inents  in the 
geological past and  paleochmatic events  (van den Hoek, 1982a, b, 1984; Liining, 1985; 
Joosten & van den  Hoek, 1986; Hommersand,  1986). Another  apparent  l imit  to distribu- 
tion is the absence  of suitable substratum for macroalgal  growth. 

The quest ion to be addressed in this paper  is why a seaweed species does not extend 
beyond its present  boundary  along an unin ter rupted  rocky coastline. The reason for this 
could be that pe rmanen t  populations either have not ,(yet) become established,  or have 
not (yet) been  found by collectors. Seaweed boundar ies  are not necessar i ly  stable. 
Several recent  examples (e.g, for Bonnemaisonia hamifera, Asparagopsis armata, 
Codium fragile ssp. tomentosoides and  Sargassum muticum) have shown that  seaweeds 
newly introduced into a region reach their potential  limit of distribution only  after a g iven 
amount  of time (Irvine et al., 1975; Critchley et al., 1983; Carlton & Scanlon,  1985; 
Lfining, 1985). Moreover, a lack of records may simply reflect l imited collect ing efforts in 
the region or result from collections having been  made during the wrong season. 

Several physical and  biological factors have b e e n  ment ioned as potent ia l ly  restrictive 
to seaweed distribution. Among these, temperature  (sometimes in combina t ion  with 
some specific daylength  requirements  for reproduction) is probably the most  important  
(van den Hoek 1982a, b; Ltining, 1985). Other factors, such as lowered salinity caused by 
major intrusions of fresh water  from the world's large river systems could potential ly be  
obstacles to distribution in s tenohal ine marine species. In the only s tudy  in which the 
halotolerance of mar ine  species has b e e n  related to their geographical  dis t r ibut ion (i.e. in  
the genus  Gracflaria; Bird & McLacb_lan, 1986) it was found that some of the most 
sensitive species, which did not tolerate salinities below 20%o, were not  effectively 
curtailed in their distribution by the outflow of the Amazon, the world's  largest  river. So 
there is as yet httle evidence that salinity is a major factor in restr ict ing seaweed  
distribution on oceanic coasts. 

The importance of biological factors such as herbivory and competi t ion has also b e e n  
stressed (Hay, 1981; Gaines & Lubchenco, 1982). It is difficult to assess the  importance of 
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such factors without  first es tabl ishing whe the r  any limits are be ing  set by  the physiologi-  
cal to lerance of the species.  Only a de ta i led  analysis  of the physical  habi ta t  at distr ibution 
boundar ies  combined  with an exper imenta l  analysis  of physiological  to lerance  and 
requ i rements  ~11 eventua l ly  al low an assessment  of the impor tance  of non-phys ica l  
pa rame te r s  in controll ing geographic  distribution, 

A first approach  in de te rmining  possible  causes  for the absence  of a species  b e y o n d  
its hmits of distr ibution may  therefore comprise  an exper imenta l  assessment  of its critical 
t empera tu re  requi rements  for complet ion of the hfe history, combined  with a descr ipt ion 
of the  annual  t empera tu re  regimes  at  distr ibution boundaries .  Using such an  approach,  
van  den  Hoek  (1982a, b) has ana lysed  distr ibution pat terns  of s eaweeds  be long ing  to 
various distr ibution groups. He was able  to recognize  two types of boundar ies :  firstly, 
boundar ies  set by  a species '  abil i ty to grow and reproduce  during the favourable  season, 
and  secondly,  boundar ies  set by  the species '  potent ia l  to survive  dur ing  the adverse  
season. For many  species,  boundar ies  in the North Atlantic  Ocean  a p p e a r e d  to be  of a 
composi te  nature,  be ing  set by  survival  bruits on Amer ican  shores  and  b y  reproduct ion  
limits on: European  shores, this difference be ing  caused  by  the far g rea te r  annual  
t empera tu re  fluctuations on the Amer ican  side of the  Atlantic. 

The approach  used  by  van den  Hoek  (1982a, b) of necessi ty  contains a n u m b e r  of 
genera l i sed  assumptions.  Firstly, for many  species  the exper imenta l  ev idence  was  incom- 
plete ,  par t icular ly  where  upper  and  lower  limits of thermal  to lerance were  concerned.  
Secondly,  exper iments  had  often b e e n  done with a single isolate, so that  the  occurrence 
of different  thermal  ecotypes  in other  parts  of the species '  distr ibution might  inval ida te  
conclusions. Finally, ocean isotherms were  used  to descr ibe  the annua l  t empera tu re  
reg imes  at distr ibution boundar ies ,  which are, at best ,  a rough  es t imate  of the  tem- 
pera tu res  actual ly  exper i enced  by  the p lants  in situ. 

In recent  years  severa l  new hnes  of ev idence  have become avai lable .  For severa l  
species,  be longing  to various distr ibution groups, complete  ranges  of thermal  to lerance  
and requi rements  have  been  de t e rmined  exper imental ly ,  somet imes  in isolates from 
different  climatic zones. For some of these  species,  de ta i led  phenologica l  observat ions  
have  been  made  in populat ions  close to a distr ibution boundary .  Thus, ev idence  has  been  
prov ided  on the way  in which some potent ia l ly  l imit ing factor actual ly t akes  effect in the 
field. 

This pape r  will concentrate  on seaweeds  from the North Atlantic  Ocean,  because  
most of the exper imenta l  ev idence  concerns species  and isolates from this region.  Where  
exper imenta l ly  de t e rmined  t empera tu re  responses  have  been  compared  with annua l  
t empera tu re  regimes  at distr ibution boundar ies  or in other  parts  of the distr ibution,  
t empera tu re  data  were  based  on de ta i led  local records  wheneve r  these  were  avai lable .  
For o ther  sites, es t imates  of mean  monthly  seawate r  t empera tu res  were  b a s e d  on ocean 
isotherms (Gorshkov, 1978; U.S. Navy,  1981), whereas  values  for ex t reme  years  were  
es t imated  from the U.S. Navy Mar ine  Climatic Atlas of the North Atlant ic  Ocean  (1974). 
This atlas gives monthly  graphs  of the cumulat ive  percen t  f requency  of recorded  
seawate r  t empera tu res  for se lec ted  oceanic  sites and  these were  used  to es t imate  
t empera tu re  ranges  a round  the m e a n  as they  regular ly  occur in var ious  regions  of the 
North  Atlantic Ocean  (see also Cambr idge  et al., 1987). 

This paper  will first discuss the ev idence  for thermal  ecotypes,  and  eva lua te  to wha t  
extent  exper iments  based  on one or only a few isolates can contr ibute  to an unders t and-  
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ing of the na ture  of tempera ture-de termined phytogeographic boundaries .  Secondly, tl-fis 
paper  will discuss how experimental  evidence on the thermal  responses of species may 
be apphed to analyse the na ture  of their geographic boundaries .  Thirdly, experimental  
and phenoiogical  evidence on the nature  of biogeographic boundar ies  will  be  summa- 
rised for species be longing  to various distribution groups in the North Atlant ic  Ocean. For 
each group the characteristic temperature  responses which are responsib le  for that 
particular distr ibution pat tern will be identified. 

ECOTYPIC VARIATION IN THERMAL TOLERANCE AND REQUIREMENTS 

Various types of evidence have been  put  forward in support  of the  existence of 
thermal ecotypes in  seaweeds.  These include: differences in  opt imum tempera tures  for 
growth and reproduction, differences in thermal ranges over which growth and  repro- 
duction proceed, and  differences in tolerance to high and/or  low temperatures .  For the 
explanat ion of phytogeographic boundaries,  opt imum temperatures  are largely  irrelev- 
ant  (see below), but  differences in min imum and  max imum tempera tures  permit t ing 
growth and reproduct ion and  differences in tolerance to high and  low temperatures  
among populat ions may  be important  in unders tand ing  the na ture  of a phytogeographic  
boundary.  

Which kind of evidence can be accepted as proof for the existence of thermal 
ecotypes? Often, conclusions have been  based  on experiments  performed in different 
laboratories or with material  collected in different seasons. Caut ion is ind ica ted  in these 
cases because  exper imental  conditions may have been  slightly different or the plants in a 
different physiological state (see e.g. Lfining, 1984). Differences in performance were 
often found at just one single temperature  and  the interpretat ion of results ma y  vary with 
the coincidental  choice of experimental  temperatures.  The following example  may serve 
to illustrate this point  {Table 1). In the Trailliella phase of the red alga Bonnemaisoma 

Table 1. Evaluation of experimental evidence on the possible existence of thermal ecotypes in 
Atlantic populations of the red alga Bonnemaisonia hamifera. Tetrasporangium formation in the 
Trailliella-phase at different temperatures is compared for isolates from Helgoland (North Sea) 
(Lfining, 1980a, 1981) and Galway Bay (W. Ireland), (Breeman et al., 1988; Breeman & Guiry, 
unpubl.). Plants were cultured in two different laboratories (Biologische Anstalt Helgoland, F.R.G. 
and Marine Biology Department, University of Groningen. Netherlands) in a slightly enriched 
seawater medium (Liining, 1980a) under short day conditions (8: 16) at 20 ~mol m -2 s -I. Responses 

were determined (as % reproduction) after 4 weeks incubation; n.d. = no data 

Temperature Reproduction (%) 
(~ Helgoland isolate" Galway Bay isolate * * 

mean range 

10 0 0 - 3 
11 n.d. 7 0-22 4 
12 0 48 2-97 8 
13 n.d. 88 48-100 4 
15 97 91 87-98 3 
17 73 67 23-94 3 
20 0 0 - 3 

* based on 150 individuals per treatment in a single experiment 
' * based on 3-8 (n) replicate experiments each with 32-52 individuals 
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harnifera t e t r a sporang ia  are formed in shor t -day conditions,  but  only over  a compara-  
t ively nar row t empera tu re  interval.  An isolate from Helgo land  in the North Sea  formed 
sporangia  at  15 and  17 ~ but  not  at 10, 12 and 20 ~ (Lfining, 1980a, 1981), w he re a s  an 
isolate from Ga lway  Bay (W Ireland) formed te t rasporangia  at 12, 15 and  17 ~ bu t  not at 
10 and  20~ (Table 1; Breeman et al., 1988; Breeman  & Guiry,  unpubl.) .  Thus,  there  
a p p e a r e d  to be  a difference of at least  3 ~ b e t w e e n  the two isolates in the min imum 
tempera tu re  permi t t ing  reproduction.  Closer examinat ion  of the  results  (Table 1) shows 
that  this appa ran t  difference is, in fact, be ing  caused  by  the very  sharp t ransi t ion of the 
response  at the  t empera tu re  of 12 ~ which made  results at this t empera tu re  par t icular ly  
var iable  and  d e p e n d e n t  upon  small  deviat ions in the  exper imen ta l  tempera ture .  H a d  the 
original  comparisons  been  made  at, say, 10 and 13 ~ p robab ly  no differences would  have  
been  found. In v iew of the above  considerat ions the  following discussion on thermal  
ecotypes  will  concentra te  on species  for which thermal  to lerance  and  requ i rements  of the 
isolates have  b e e n  de te rmined  in paral le l  series of quant i ta t ive  exper iments  which  had  
b e e n  specif ical ly des igned  to identify possible  thermal  ecotypes.  

The enormous  difference b e t w e e n  species  in the amount  of genet ic  var iab ih ty  in 
thermal  to lerance  over the distr ibution range  may  be  i l lustrated by  compar ing  two brown 
algae:  Laminaria saccharina (incl. ssp. longicruHs) and  Ectocarpus siliculosus (Fig. 1). 
These  species  occur on both sides of the Atlantic from the Arctic into the warm t empera t e  
(L. saccharina) or tropical  (E. siliculosus) region (BoRon, 1983; BoRon & Lfining, 1982; 
Lfining, 1985}. For both species  isolates from different  climatic zones a long more  or less 
un in te r rup ted  coastl ines in the eas tern  and wes te rn  Atlantic have  b e e n  compared .  

In Laminaria sacchanna there  were  no differences in the rmal  to lerance among  the 
isolates and  only minor  differences in their  growth  responses  (Fig. 1}. Hybr id iza t ion  
studies have  shown vir tual ly full compatibi l i ty  among  the different  isolates ( tested on the 
isolates from Helgoland,  the Isle of Man, Halifax and  Brit tany as wel l  as severa l  Pacific 
isolates; Lfining, 1975; Lfining et al., 1978; Bolton et al., 1983}. Thermal  to lerance  and 
requi rements  of each  isolate would  allow survival  through the  ent ire  dis tr ibut ion range,  
but  some isolates,  for ins tance  the one from Igloohk, is subjec ted  in the field to subopt imal  
condit ions year long  (Fig. 1). The locat ion of the geograph ic  bounda r i e s  in the N Atlantic 
Ocean  could be  exp la ined  by the thermal  responses  shared  by  all isolates.  On both  sides 
of the Atlantic,  southward  extension of L. saccharina would  be  p r even t ed  by  lethal ,  high 
summer  t empera tu res  (BoRon & Lfining, 1982; Ltining, 1984; van  den  Hoek,  1982a; 
Fig. 1}. 

For Ectocarpus siBculosus the story is quite different (Fig. 1). This cosmopol i tan  
species  showed gradua l ly  changing  thermal  to le rance  and requ i rements  over  the dis- 
tr ibution range.  No differences were  es tabhshed  in the lower survival  limit of the  isolates 
(they all to lera ted  0 ~ but  at low tempera tures  growth  was be t t e r  in the nor thern  than in 
the southern isolates.  Differences in upper  survival  hmits amoun ted  to ca 10 ~ nor thern  
isolates be ing  unab le  to survive in the habi ta t  of southern ones. In the isolates  from the 
region  in be tween ,  the responses  changed  gradua l ly  in an ecochnal  way. Sexual  compati-  
bi l i ty among the isolates did  not  show any direct  re la t ionship  wi th  the  ecochnal  var ia t ion 
in thermal  responses.  Most  isolates were  compat ib le  with r e spec t  to game te  fusion, but  
the Port Aransas  isolate showed partial,  the Woods  Hole isolate comple te  incompat ib ih ty  
with the other isolates (Mfiller, 1979). 

Compar ison of the  to lerance  ranges  of Ectocarpus siliculosus isolates with t empera-  
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Fig. 1. Temperature ecotypes in seaweeds. Comparison of thermal ranges of tolerance and growth in 
isolates from various points in the distribution range of two brown algae: Laminaria sacchafina (incl. 
ssp. longicruris) (Bolton & Lfining, 1982) and Ectocarpus sfliculosus (Bolton, 1983). Survival ranges 
defined as follows: plants capable of regrowth after 2 weeks incubation (solid bar), lethal tempera- 
ture (*). Growth (hatched bars) represented in three categories (20-50 %, 50-90 % and >90 % of 
maximum). Experimental temperatures (for growth [ ~ ]  and survival [---T--] experiments) indi- 
cated on temperature scale. Growth data for L: sacchafina are based on young sporophytes, survival 
hmits on gametophytes. Data for E. sificulosus are for male, female and/or heterozygous sporo- 
phytes. Annual temperature ranges are shown for the sites of collection of the isolates (black arrows, 

above) and for the extremes of the distribution range (open arrows, below) 
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ture condit ions at  their  location of origin shows that, even  in this spec ies  wi th  a 
cons iderable  potent ia l  for genet ic  adapta t ion ,  local populat ions  are  not  a lways  opt imal ly  
a d a p t e d  to local conditions. Again,  some populat ions ,  for instance that  at Ig lool ik  and,  to 
a lesser  extent,  those at Bergen and the Isle of Man, exper ience  subopt imal  condi t ions 
year long  (Pig. 1). Another  interest ing point  is the similarity of the ecochna l  var ia t ion  
a long Amer ican  and European  coasts. Isolates from both sides of the  At lant ic  were  
re la t ively  eurythermal ,  with broad  survival  and  growth ranges,  in spite of the  fact that  
seasonal  t empera tu re  fluctuations are much smaller  on European than  on Amer i can  
coasts. In consequence ,  there  is a la rger  amount  of "unused  thermal  potent ia l"  in 
European  popula t ions  (Fig. 1). Evidently,  the potent ia l  for genet ic  adap ta t ion  in E. 
siliculosus does  not al low for the deve lopmen t  of stenotherrnous ecotypes.  

The genet ic  var iabi l i ty  found in Ectocarpus siliculosus appears  to be  excep t iona l  
among seaweeds .  Most  other species  inves t iga ted  to da te  were  r emarkab ly  uniform in 
their  limits of thermal  to lerance (Tables 2, 3), a l though growth responses  were  s o m e w h a t  
more var iable  (Table 3). No further ev idence  was found for ecoclinal var ia t ion  in toler-  
ance a long cont inuous coastl ines (e.g. Dumontia contorta, Gigartina teedii, Chondrus 
crispus, Scytosiphon lomentaria, Cladophora laetevirens and Gracflaria tikvahiae; 
Tables  2, 3). Nor is there  much ev idence  for ecotypic  differentiat ion b e t w e e n  eas t e rn  and  
wes te rn  Atlantic populat ions,  par t icular ly  for species  with an (arctic to) t e m p e r a t e  
distr ibution (e .g .D.  contorta, C. crispus, S. lomentaria and Laminaria digitata. Tables  2, 
3). Only  in two tropical  to t empera te  species  of Cladophora differences in the rmal  l imits 
of up to 5 ~ were  found be tween  tropical  Car ibbean  and t empera te  Eu ropean  popu la -  
tions, but  one species  (C. coelothrix) was var iable  in its to lerance to low tempera tu res ,  the  
other  (C. vagabunda) in its tolerance to high t empera tu res  (Table 3). 

Thermal  ecotypes  have  also been  found with regard  to the t empera tu re  r equ i r emen t s  
for reproduct ion or the init iat ion of macrothal l i ,  par t icular ly  in species, wi th  pho toper iod ic  
responses.  Examples  include the brown a lga  Scytosiphon lomentaria (Lfining, 1980a, 
1981; tom Dieck, 1987) and the red  a lgae  Rhodochorton purpureum (West, 1972; Dring & 
West, 1983) and Dumontia contorta (Rietema, 1982; Rietema & Breeman, 1982; Rie tema & 
van den  Hoek,  1984), all of which have  been  discussed in detai l  e l sewhere  (van den  
Hoek,  1982a, b; Dring & Lfining, 1983; Dring, 1984; Lfining, 1985). In S. lomentaria and  R. 
purpureum, responses  changed  in a more  or less ecoclinal  way, a l though there  were  
some irregulari t ies.  In both  species  there  were  also la t i tudinal  day leng th  eco types  which  
differed in their  critical daylength ,  whereas  in S. lomentaria day leng th -neu t ra l  s trains co- 
occurred with daylength-sens i t ive  strains in at least  part  of the dis t r ibut ion r ange  
(Kristiansen, 1984; Correa  et al., 1986; tom Dieck, 1987). In D. contorta, some of the  
differences among strains were  re la ted  to local ex t remes  in environment ,  but  mostly,  
differences were  of minor  impor tance  and  could not be  consistently re la ted  to di f ferences  
in the t empe ra tu r e /day l eng th  regimes  at the locat ion of origin of the isolates (Rietema & 
van den  Hoek,  1984). 

In conclusion, thermal  ecotypes  have  evolved  in some seaweeds  bu t  not  in m a n y  
others. In general ,  r anges  of thermal  to lerance  var ied  less than  t empera tu re  effects on 
growth and reproduct ion.  Differences in to lerance  were  found be tw e e n  dis junct  t ropical  
and  t empera te  isolates of species  with a t ropical  extension,  not in spec ies  wi th  a 
t empera te  distribution. This may  reflect the longer  evolut ionary history of the  former 
distr ibution group, which is thought  to be  Te thyan  in origin (van den Hoek,  1984; hfining, 
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Table 2. Temperature ecotypes in seaweeds.  Comparison of upper survival temperatures  for isolates 
collected in various parts of the distribution range. Temperature was survived (+); temperature  was 

lethal in 2-5 weeks (-). R = red alga. B = brown alga 

Species Origin of isolate Climatic zone Upper survival References 
(distribution-type) (n of strains) (August-isotherm} temperature (~ 

+ 

R Dumontia - E. Atlantic 
con torta Iceland 
(arct,-temp.) Isle of Man 

Netherlands 
Brittany 

- W. Atlantic 
Bay of Pundy 
Halifax (2) 

R Gigartina - E .  Atlantic 
teedii W. Ireland 
(trop.-temp.) S.W. England 

Brittany 

- Mediterranean 
Sicily 
N. Greece 

R Chondrus - E .  Atlantic 
cfispus Iceland {3) 
(temperate) N. Norway 

Scotland 
W. Ireland (5) 
Wales 
S. W. Engl. {2) 
North Sea 
Brittany 
N. W. Spain 

- W. Atlantic 
Hahfax 

B Scytosiphon - E. Atlantic 
lomentaria Iceland 
(arct-temp.) N. Norway 

W. Norway 
S. Norway 
Denmark (2) 
Helgoland 
Canary Isles 

- Mediterranean 
Yugoslavia 
N. Greece 

- W. Atlantic 
S, W. Greenland 

" one strain survived 29 ~ 

temperate (11} 24 26 Rietema & van 
temperate (15) 24 26 den Hoek (I984} 
temperate I17) 24 26 
temperate (17) 24 26 

temperate (13) 24 26 
temperate {16) 24 26 

temperate (15) 31 32 Guiry et al. 
temperate (16) 31 32 (1987) 
temperate {17) 31 32 

warm temp. (26) 31 32 
warm temp. (26) 31 32 

temperate (11) 28 29 
temperate (10) 28 29 
temperate {14) 28 29 
temperate {15) 28/29 29/30" 
temperate (15) 28 29 
temperate (16) 28/29 29/30" 
temperate {17} 29 30 
temperate {17) 29 30 
warm. temp. (19) 28 29 

temperate (16) 28 29 

tempera te  (11) 28/29 29/30"* 
temperate (10) 28 29 
temperate (13} 28/29 29 /30"  
temperate (15} 29 30 
temperate (16} 29 30 
temperate (17) 29 30 
warm temp. (22} 28/29 29/30"" 

warm temp. (25} 29 30 
warm temp. (26} 27/28 28/29"" 

arctic (5} 28 29 

�9 results varied be tween replicate experiments 

Lfining et  al. 
(1987) 

tom Dieck (1987) 
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1985; Joos ten  & van  den  Hoek,  1986). There  is no ev idence  for the exis tence  of 
s teno thermal  ecotypes  in the eastern,  contras ted  to eurytherrnal  eco types  in  the  wes te rn  
Atlantic,  such as might  have  been  expec ted  in view of the  far l a rger  a n n u a l  t empe ra tu r e  
f luctuations in the wes te rn  Atlantic. Nei ther  is there  any ev idence  for the  d e v e l o p m e n t  of 
local ecotypes  opt imal ly  adap t ed  to local conditions, even in species  wi th  a cons iderab le  
potent ia l  for gene t ic  adap ta t ion  such as Ectocarpus sificulosus. Therefore,  w h e n  addres -  
sing the quest ion of t empe ra tu r e -de t e rmined  b iogeograph ic  boundar ies ,  exper iments  
need  not  necessar i ly  be  done with bounda ry  populat ions.  In some species ,  thermal  
responses  of a s ingle isolate may  represen t  the genet ic  potent ia l  of the  spec ies  over  the 
whole  of the  dis t r ibut ion range.  Care  should be  t aken  not  to ex t r apo la t e  too far, 
par t icular ly  where  b iogeograph ic  boundar ies  in o ther  climatic zones or d is junct  parts  of 
the dis t r ibut ion range  are  be ing  considered.  The location of geograph ic  b o u n d a r i e s  set by  
the  species '  t empera tu re  requ i rements  for reproduct ion (and growth) is m o r e  l ikely to be  
inf luenced by  the exis tence  of ecotypes  than are boundar ies  set by  le tha l  limits.  

EXPERIMENTAL EVIDENCE ON THE NATURE 
OF DISTRIBUTION BOUNDARIES 

C o m p a r i s o n  of t h e r m a l  r e s p o n s e s  w i t h  r e g i o n a l  p a t t e r n s  of  o c e a n  i s o t h e r m s :  
l e t h a l  vs.  g r o w t h  l im i t s  a t  n o r t h e r n  b o u n d a r i e s  in  E u r o p e  of t h r e e  s p e c i e s  of  

Cladophora as  a n  e x a m p l e  

Compar i son  of dis tr ibut ion pat terns  of species  with summer  and w in t e r  isotherms in 
their  b o u n d a r y  regions  often provides  indicat ions as to the season when  t empera tu res  
could potent ia l ly  be  l imit ing to distribution, par t icular ly  if summer  and  win te r  isotherms 
follow dissimilar  pa t te rns  over  the  region.  This is the  case  a long the At lant ic  coasts  of the  
British Isles and  wes te rn  Norway  and in the North Sea. The dis tr ibut ion of three  species  
of Cladophora in this reg ion  (Fig. 2) sugges ts  that  in two species,  i . e .C ,  coelothrix and C. 
hutchinsiae, low win te r  t empera tu res  (< ca 5 ~ are  respons ib le  for their  a b s e n c e  in the  
North Sea, because  summer  t empera tu res  in that  a rea  are  h igher  than  those  expe r i enced  
a long Atlantic  coasts of the British Isles and could therefore  not be  l imit ing.  For C. 
coelothrix the  res t r ic ted distr ibution on the south and west  coasts of the  British Isles 
suggests  that  adverse  summer  t empera tu res  (< ca 15~ preven t  no r thward  extens ion 
because ,  j u d g e d  by  its occurrence  in the English Channel ,  winter  t e mpe ra tu r e s  would  
not be  le thal  aU the w a y  up the Irish and Scottish wes t  coasts. Similarly, for C. albida low 
winter  t empera tu re s  cannot  be  expec ted  to restrict  dis tr ibut ion in W N o r w a y  because  up 
to the North Cape  these  are  h igher  than those expe r i enced  at the en t r ance  of the Baltic 
(<0 ~ Again ,  adverse  summer  t empera tu res  (< ca 13 ~ prevent ing  g rowth  (or repro-  
duction) m a y  be expec ted  to restrict  distr ibution a long this coast. Thus, w h e n  trying to 
expla in  the  different  dis tr ibut ion pat terns  of these  three  Cladophora spec ies  in the  region 
differences in to lerance  to t empera tu res  be low ca 5~ and di f ferences  in growth /  
reproduct ion  responses  at t empera tu res  be tween ,  say, 10 to 15 ( - 2 0 ) ~  should  be  
cons idered  (Fig. 2). 

Exper iments  (Fig. 3) have  shown that  differences in per formance  over  these  critical 
t empera tu re  intervals  did  account  for the obse rved  differences in dis t r ibut ion (Cam- 
br idge  et al., 1984, 1987). Cladophora coelothrix and  C. hutchinsiae were  unab le  to 
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Fig. 2. Location of nor thern  distr ibution boundar ies  of th ree  species  of Cladophora in relat ion to 
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Distribution data  b a s e d  on van d e n  Hoek  (1963, 1982c); Cambr idge  et al. (1984, 1987). Summer  
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Fig. 3. Exper imenta l  ev idence  on the  na ture  of distr ibution boundar ies :  le thal  vs. g rowth  limits in 
th ree  species  of Cladophora with different  distr ibution pa t t e rns  in NW Europe  (Fig. 2). a: Thermal  
r anges  of tolerance;  survival r anges  de f ined  as follows: p e r m a n e n t  survival (solid bar), survival in 
short  but  not  in long days (st ippled bar); t empera tu re  is lethal  in less than  6 w e e k s  ( -  - -~) ,  less than  
12 w e e k s  ( ~). b: Growth  responses :  g rowth  was  m e a s u r e d  as the  relat ive g rowth  rate (% 
increase  in l eng th  per  day) and  expres sed  relative to the  m a x i m u m  (ca 25 % d -1 in C. coelothrix and 

C. hutchinsiae and  ca 40 % d -1 for C. albida, after Cambr idge  et  al., 1984, 1987) 
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tolera te  t empera tu re s  belo  w ca 5 ~ and this prevents  their  occurrence  in t h e  Nor th  Sea. 
C. albida and C. hutchinsiae grew marked ly  bet ter  at 15 ( -20 )~  than  C. coelothrix 
which  expla ins  their  more  nor ther ly  extension on Atlantic  coasts. C. hutchinsiae would  
be  exc luded  from the  Norweg ian  coasts by  lethal,  low winter  t empera tu res ,  whe reas  C. 
albida, with its capac i ty  to survive these  low winter  tempera tures ,  can  go  nor th  to the 
Trondheimfjord,  whe re  summer  t empera tu res  rise to values  of ca 13 ~ w h i c h  is just  h igh 
enough  for some growth.  

The  dis tr ibut ion pa t t e rn  of Cladophora coelothrix shows that  two compara t ive ly  
nea rby  dis tr ibut ion bounda r i e s  in a reg ion  may  b e  set by  different  l imi t ing  effects of 
t empera ture .  Dist r ibut ion of C. coelothrix in the Enghsh Channe l  is l imi ted  b y  lethal ,  low 
win te r  t empera tu res  whereas  extension on the Irish west  coast  is l imi ted  b y  summer  
t empera tu re s  r ema in ing  too low for growth. Evidently,  dis tr ibut ion pa t t e rn s  in a region 
are somet imes  caused  by  severa l  different l imiting effects of t empera ture ,  e a c h  opera t ing  
in a different  season. 

The exper imen ta l  results  also indicate  where  there  are "gaps"  in t he  distr ibution 
which  cannot  be  a t t r ibuted  to the hmit ing effects of t empera ture .  For ins tance  the 
absence  of Cladophora albida from the English east  coast  represen ts  such a "gap" ,  and  
the l ack  of records  in this a rea  may  be  a t t r ibuted  to the  p resence  of s e d i m e n t  coasts and  
the assoc ia ted  unde r sampl ing  of hard  substra te  a lgae  (cf. Dixon & Irvine, 1977; Norton, 
1986). 

The exper imen ta l  da ta  (Pig. 3) show that  t empera tu re  responses  ou t s ide  the  critical 
t empera tu re  in tervals  (10~ to 15/20~ for growth,  - 5 ~  to 5~ for survival) were  
i r re levant  in exp la in ing  the locat ion of distr ibution boundar ies  in the  area.  Thus,  a h igher  
op t imum t empera tu re  for growth was in no way  re la ted  to a more  souther ly  located 
nor thern  boundary .  In fact, Cladophora albida, with ,the nor thernmost  extension,  had  
op t imum growth  t empera tu res  as high as 25-30 ~ These  h igh  op t imum tempera tu res  
mean  that  t empera tu re s  are subopt imal  for growth year long  over  a l a rge  par t  of the  
dis tr ibut ion range  in W Europe.  Severa l  authors (e.g. Stewart ,  1984; Ma th i e son  & Dawes,  
1986) have  d iscussed distr ibution pa t te rns  of s eaweeds  in terms of op t imum growth 
tempera tures .  However ,  it should be  rea l i sed  that  dis tr ibut ion r anges  of s e a w e e d s  are 
de t e rmined  by  the effect of l imit ing factors, restr ict ing dis tr ibut ion at  e ach  boundary .  
Therefore,  subopt imal  or suble thal  ra ther  than op t imum tempera tu re s  shou ld  b e  con- 
s idered  in the quest ion of a species '  geograph ic  distr ibution.  

C o m p a r i s o n  of t h e r m a l  r e s p o n s e s  a m o n g  s p e c i e s  w h i c h  r e a c h  t h e i r  l im i t  of 
e x t e n s i o n  a l o n g  t h e  s a m e  s t r e t c h  of c o a s t l i n e :  l e t h a l  vs.  r e p r o d u c t i o n  l imi t s  at  

s o u t h e r n  b o u n d a r i e s  in  E u r o p e  as  a n  e x a m p l e  

Compar isons  of t empera tu re  responses  among  species  which  reach  thei r  distr ibution 
bounda ry  on the same  stretch of coastl ine m a y  provide  ev idence  on the factor(s) which 
are restrictive to distr ibution.  Table  4 summar ises  t empera tu re  responses  of various 
seaweeds ,  all of which  reach  their  southern bounda ry  a long the eas te rn  At lant ic  coast  in 
the Iber ian  Peninsula.  All  species  are  still to be  found in NW Spain,  w he re a s  none  
ex tends  to the  south coast  of Portugal.  Along this coastl ine,  m e a n  win te r  t empera tu res  
increase  from ca 12 to ca 15 ~ whereas  mean  summer  t empera tu re s  inc rease  from ca 20 
to ca 23~ In Chorda filum, Dumontia contorta, Desmarestia aculeata, Laminaria 
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hyperborea and  Punctaria latifolia, t empera tu res  over  14-16~ were  par t ia l ly  or com- 
ple te ly  inhibi tory for sexual  reproduct ion  or the init iat ion of b l ades  or macrothal l i .  In 
these  species,  sou thward  extens ion will be  l imi ted  by  winter  t empera tu re s  that  are too 
h igh  for complet ion  of the life history. For two species,  L. saccharina and  L. hyperborea, 
southward  extens ion was (also) l imited by  h igh  le tha l  summer  t e mpe ra tu r e s  above  ca 
20 ~ (Table 4). 

The example  of L. hyperborea shows that  more  than  one critical effect of t empera tu re  
m a y  restrict a spec ies  a long a cer tain coastl ine.  In this species,  sou thward  extens ion is 
p reven ted  both  by  winter  t empera tu re s  too h igh  for the init iat ion of the  n e w  b lades  and  
by  lethal,  h igh  summer  tempera tures .  Tempera tu r e  requ i rements  for sexua l  reproduct ion  
do not  seem to be  limiting, as game tang i a  were  still be ing  formed at 15 ~ a t empera tu re  
inhibi t ive to b l ade  initiation. Evidently,  critical effects of t empera tu re  may  opera te  on any  
g iven  process  in the life history to restrict  distr ibution.  

Further  detai ls  of the dis tr ibut ion pa t te rn  of the  species  in this a rea  we re  accoun ted  
for by  restr ict ive effects of t empera tu re  other  than  those set t ing the limit on the  Iber ian  
coast  (Table 4). For example ,  the  absence  of most  of the species  from the Bay of Biscay, 
where ,  locally, summer  t empera tu res  may  rise to values  of ca 25 ~ must  b e  a t t r ibu ted  to 
the le thal  effect of these  h igh  tempera tures .  The  only two species  w h i c h  have  been  
repor ted  from the Bay of Biscay, Chorda filum and  Punctaria latifolia, have  a h igher  
uppe r  le thal  l imit than any of the  other  species.  

In conclusion, comparison of thermal  responses  among species  r each ing  thei r  l imit of 
distr ibution a long  the same stretch of coastl ine,  may  show which thermal  responses  are 
effective in l imit ing distribution. It will also indicate  whe the r  a species  does  not  ex tend  
towards  its potent ia l  thermal  limits so that  some other factor should be  cons ide red  as 
restrictive to distribution on that coast. 

TEMPERATURE RESPONSES AND DISTRIBUTION BOUNDARIES 
IN SEAWEEDS BELONGING TO VARIOUS DISTRIBUTION GROUPS 

Tempera tu re  ranges  for survival,  growth and  reproduct ion have n o w  b e e n  deter-  
mined  exper imenta l ly  for some 60 s eaweed  species  from the North At lant ic  Ocean,  
be long ing  to various distr ibution groups  (cf. van den Hock,  1982a, b, for des igna t ion  of 
groups). Al though,  in many  species,  the exper imen ta l  ev idence  is still far f rom complete ,  
some genera l  pa t te rns  as to the thermal  responses  character is t ic  for the  d i f ferent  distr ibu- 
tion groups are beg inn ing  to emerge  (Fig. 9). In the following discussion only  resul ts  from 
long- term exper iments  (one to severa l  weeks)  have been  inc luded  as shor t - term 
exposures  (hours or days) may  have  an opposi te  effect to those obse rved  in  the  long run 
(cf., for ins tance Str6mgren, 1977, 1983), the lat ter  be ing  more re levant  for geograph ic  
distribution. In de te rmin ing  thermal  ranges  of tolerance and r equ i r emen t s  various 
authors  have  app l i ed  widely  different  exper imen ta l  t empera tu re  intervals  so that  critical 
t empera tu res  are known  with a vary ing  amount  of premsion.  Therefore ,  th rough  the 
following discussion, both the  t empera tu re -va lues  that  did, and  those that  d id  not, al low 
survival  or growth and reproduct ion will be  p re sen ted  (cf., for instance,  Tab l e s  4-14). 

Firstly, a comparison will be  m a d e  of thermal  responses  in three  d is t r ibut ion  groups,  
endemic  ei ther  to the eas tern  or wes te rn  Atlantic,  each  be ing  character is t ic  of a different  
climatic zone. Subsequent ly ,  different  types  of t empera tu re  limits se t t ing nor thern  and  
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Table 5. Survival ranges of seaweeds belonging to the warm-temperate Mediterranean-Atlantic 
distribution group. Temperatures between brackets were survived only when in dim light and~or in 

short days. G -- green alga. R = red alga. B -- brown alga 

Species Temperature (~ References 
lethal survival lethal 

G Cladophora hutchinsiae O (5) 10-25 30 (1) 
R Bonnernaisonia asparagoides < 3-22 24 (2) 
R Halurus equisetifofius 5 10-26 27 (3, 4) 
R Caflophyllis laciniata 0 (5) 10-24 (25) 26 (3, 4) 
R Polyneura hilliae 0 (5) 10-24 25 (4, 5) 
R Calh'blepharis ciliata 0 (5) 10-27 28 (4, 5) 
R Cryptopleura ramosa 0 5-27 28 (4, 5) 
R Lomentaria articulata < 0-27 28 (4, 5) 
B Larninaria hyperborea <-1.5-20 21 (6, 7) 
B Saccorhiza polyschides 3 5-23 25 (8) 
B Phyllariopsis brevipes 5 10-20 25 (9) 

References: 1) Cambridge et al. (1984); 2) Rueness & Asen (1982); 3) Yarish et al. (1984); 4) Yarish 
et al. (1987); 5) Yarish et al. (1986); 6) Bolton & L~ining (1982); 7) Lfining (1986); 8) Norton (1977); 
9) Henry (1987a) 

southern boundar ies  in amphi-Atlantic species will be discussed. In each case an  at tempt 
will be made to analyse which particular kind of thermal response causes the observed 
distribution pat terns (summarised in Fig. 9). 

Spec i e s  e n d e m i c  to the  e a s t e r n  or w e s t e r n  A t l a n t i c  

The warm temperate, Mediterranean-Atlantic group: northern and  southern boundaries 

set by lethal or by reproduction limits 

In general,  representatives of this distribution group had relatively narrow ranges  of 
tolerance, temperatures below ca 5 ~ and above ca 25 ~ being lethal (Table 5). This will 
prevent  occurrence on the American side of the Atlantic, where annua l  temperature  
fluctuations are over 20~ everywhere in the (warm)temperate zone and temperatures  
over 25 ~ prevent  occurrence in the tropics (Fig. 9a). 

In several red algal representatives of this distribution group having isomorphic life 
histories, lethal limits set both nor thern and southern boundaries  in W Europe/NW Africa 
(Figs 4, 9a). Adverse temperatures for growth and  reproduction in the favourable season 
do not seem to restrict distribution as temperatures  are within the favourable range  of 
10-20 ~ for at least part of the year, even in regions beyond the boundar ies  (Figs 4, 9a). 
Their absence from the eastern North Sea must  also be attributed to lethal, low winter  
temperatures (<5 ~ and their absence from the eastern Medi ter ranean to lethal, high 
summer temperatures  (>25 ~ (Fig. 4). In the central part of the Medi te r ranean  several 
species can survive because they are restricted to deep, colder water. However, on open 
Atlantic coasts in NW Europe and  NW Africa several species appear  not quite to reach 
their potential thermal  limits (Fig. 4). 

In contrast, some species with heteromorphic life histories were restricted in  distribu- 
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Fig. 4. Northern and southern lethal boundaries in five red algal representatives of the warm 
temperate Mediterranean-Atlantic distribution group with isomorphic life histories. Comparison of 
thermal ranges of tolerance and growth/reproduction (bar diagrams} with annual temperature 
ranges at distribution boundaries (arrows, below). Northern boundaries at the entrance of the North 
Sea or in SW Norway (N) and on the Atlantic coasts of the British Isles {A}; southern boundaries in 
the Mediterranean (M} and on the Atlantic coast of NW Africa (A). Distribution data based on Yarish 
et al. (1984, 1986}; South & Tittley {1986); Maggs (1986}; Furnari (1984}. Temperature data are 
estimates for an "unfavourable year" based on Gorshkov (1978); U.S. Navy (1974, 1981}. Survival 
ranges as defined in Figure 3 (Yarish et al., 1984, 1986, 1987); growth (hatched bars} presented in 
two categories based on visual estimation (Yarish et al., 1984, 1986 and unpubl.). Reproduction for 

gametophytes {c) and tetrasporophytes (t) indicated within bars 

tion not by lethal  hmits but  by their t empera ture  requi rements  for comple t ion  of the hfe 

history. For instance, in Laminaria hyperborea and Saccorhiza polyschides, low tem- 

peratures  were  required for blade initiation and sexual  reproduction, respec t ive ly  {see 

Table 12), and this would  limit southward extension. In two red algal represen ta t ives  of 
this group with heteromorphic  life histories, i.e. Acrosymphyton purpuriferum and 

Atractophora hypnoides (Table 6), a requ i rement  for al ternat ing high a n d  low tem- 

peratures  for complet ion of the life history restricts distribution. In A. purpuriferum 
summer  tempera tures  above  16 ~ and winter  tempera tures  below 18 ~ are  requi red  for 

reproduct ion of the gametophyte  and the tetrasporophyte,  respectively, and  this restricts 

the distribution range  to the Medi te r ranean  and NW Africa. Similarly, in A. hypnoides, 
summer  tempera tures  above ca 10~ and winter  temperatures  be low ca 15~ are  
required for complet ion of the hfe history, which accounts for the nar row distribution 

range from N Ireland to the Bay of Biscay (Table 6). 

For some species in this distribution group, the location of some of the i r  geograph ic  

boundaries  was not adequa te ly  expla ined by  their  tempera ture  responses  in  culture. For 

instance, the ability of Lomentaria articulata to survive and even grow s lowly at 0~ 

would allow this species to occur in the North Sea and possibly even in nor theas t  Amer ica  
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Table 6. Reproduction limits at northern and southern boundaries in two red algal representatives of 
the warm-temperate Mediterranean-Atlantic distribution group with heteromorphic life histories. 
Comparison of temperature requirements for completion of the life history with annual temperature 
ranges at distribution boundaries. Temperatures inducing reproduction (+), temperatures substan- 
tially or completely inhibiting reproduction (-) .  Annual temperature ranges (in brackets, ~ are 
mean values for February and August at 25 m depth (after Goshkov, 1978). Based on Breeman & ten 

Hoopen (1981) and Maggs & Guiry (1987) 

Species N. boundary S. boundary Reproduction (~ 

gametophytes tetrasporophytes 
q- _ q- _ 

Acrosymph~on purpuriferum 
S. Portugal Canaries 
(14-17) (18-22) 
N. W. Mediter. E. Mediter. 
(12-17) (17-26) 

Atractophora hypnoides 
N. Ireland Bay of Biscay 
(8-14) (11-18) 

-- 18 16 - 16 18 

--> 15 10 --< 10 15 

(Yarish e t  al., 1986; Fig. 4). Similar ly,  t he r e  is, so far, no  e v i d e n c e  to e x p l a i n  w h y  
Laminaria hyperborea does  no t  go up  into  t he  h i g h  arctic, as b l a d e  in i t ia t ion  and  n o r m a l  

spo rophy te  g rowth  w e r e  poss ib le  in this spec ies  e v e n  at - 1 . 5  ~ (Lfining, 1986; T a b l e  5). 

The tropical western Atlantic group: northern boundaries set by lethal limits 

T h e r m a l  r a n g e s  of to le rance  and  t e m p e r a t u r e  r e q u i r e m e n t s  for g r o w t h  and  repro-  

duc t ion  h a v e  n o w  b e e n  d e t e r m i n e d  for t h r ee  r e p r e s e n t a t i v e s  of this d i s t r ibu t ion  g roup  
(Table  7). As  in the  p r ev ious  group,  spec i e s  h a d  a re la t ive ly  na r row surv iva l  r a n g e  wi th  

t e m p e r a t u r e s  b e l o w  15 ~ and  a b o v e  ca 34/35 ~ b e i n g  le thal .  Growth  (and reproduc t ion)  

p r o c e e d e d  from ca 20-30  ~ Surpr is ingly ,  t he se  strictly t ropical  a l gae  h a d  a c o m p a r a -  

t ive ly  l ow u p p e r  l e tha l  l imit  (<35 ~ T h e  brui ted surv iva l  po ten t ia l  at t e m p e r a t u r e s  
b e l o w  15 ~ will  restr ict  t h e m  to the  (sub)tropics.  N o r t h w a r d  ex t ens ion  w o u l d  be  pre-  

v e n t e d  by  lethal ,  low w i n t e r  t e m p e r a t u r e s  (Fig. 9b), and  not  by  s u m m e r  t e m p e r a t u r e s  too 

low for g rowth  and  reproduc t ion ,  b e c a u s e  suff ic ient ly  h i g h  s u m m e r  t e m p e r a t u r e s  occur  

Table 7. Survival ranges of seaweeds belonging to the tropical western Atlantic distribution group. 
Growth/reproduction ranges: ca 20-30 ~ G = green alga. R = red alga 

Species Temperature (~ References 
lethal survival lethal 

G Cladophora submarina 
R Gracflaria wright'" 
R Gracflaria mammillaris 

10 15-30 35 (1) 
10 15-32 34 (2) 
10 15-32 34 (2) 

* as G. debih's (cf. Wynne, 1986) 
References: 1) Cambridge et al. (1987); 2) McLachlan & Bird (1984) 
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as far north as Cape Cod on open  coasts (Fig. 9b) and even  further north in enclosed 
embayments .  

Species be long ing  to this distribution group are (by definition!) absen t  from the 
tropical eastern Atlantic although, on that side of the ocean, their thermal  responses 
would enable  occurrence over an even broader  lat i tudinal  range  than in  the western 
Atlantic (Pig. 9b). Intermit tent  catastrophic cold spells during glaciations, either in  Pleis- 
tocene (van den  Hoek, 1982a, b) or, more probably, in early Coenozoic to late Miocene 
(Joosten & van  den Hoek, 1986; Cambridge et eft., 1987), when  tempera tures  were 
general ly lower on African than on Car ibbean  coasts, have b e e n  invoked  as the cause for 
their possible extinction in the eastern Atlantic. Since then, the central  Atlantic Ocean 
must  have consti tuted a barrier to dispersal. There is, so far, no exper imenta l  evidence  on 
the thermal responses of tropical species with an amphi-Atlantic  distribution. 

The north-east  Amer ican  tropical to temperate  group: northern boundaries  set by  
growth/reproduct ion limits 

Survival and  growth/reproduction ranges have been  de termined for several  red algal 
representat ives of this group (Table 8). These species penetrate,  at least marginal ly,  into 
the tropics; nor thward they extend up into New England  or enclosed embayrnen ts  in the 
southern Gulf of St. Lawrence. 

Table 8. Survival ranges of seaweeds belonging to the tropical to temperate western Atlantic 
distribution group. Growth/reproduction ranges: ca 15/20-30 ~ R = red alga 

Species Temperature (~ References 
survival ~ethal 

R Gracilaria tikvahiae 
R Grinnellia americana 
R Agardhiella subulata 
R Solieria filiformis .... 
R Lomentana baileyana" 
R Gnffithsia globulifera 
R Chondria baileyana 

< 0-34 36 (I) 
<0-31 32 (2, 3) 
<0-33 34 (2, 3) 
< 0-33 34 (2, 3) 
<0-33 34 (2, 3, 4) 
< 0-28 31 (4) 
<0-28 31 (4) 

" Isolated records known from eastern Atlantic. 
~  as S. tenera (cf. Wynne, 1986} 
References: 1) McLachlan & Bird (1984}; 2) Yarish et al. {1984); 3) Yarish et al. {1987}; 4) 
Novaczek et al. (1987} 

In contrast to the previous two distribution groups, these species are characterised by 
wide tolerance ranges,  with temperatures  from 0 ~ to over 30 ~ be ing  survived. Growth 
proceeded from 15-30~ Lack of growth or reproduction at tempera tures  below 
15-20 ~ will set their nor them boundary  {Fig. 9c and see below). Near  the nor thern  limit, 
winter  temperatures  below 0 ~ will have to be survived, for which purpose  special cold- 
resistant  structures are formed (Yarish et al., 1984; Novaczek et al., 1987). 

Potentially, temperature  tolerance and requi rements  would enable  these species to 
survive, grow and  reproduce in the (sub)tropical eastern Atlantic (Pig. 9c), bu t  only for a 
few species are there some scattered records from that side of the ocean. In  the nor thern  
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par t  of Europe and a long  the potent ia l  "s tepping stones" for d ispersa l  in the  North 
Atlantic  Ocean  (Greenland,  Iceland) summer  t empera tu res  r ema in  too low for growth 
and  reproduct ion.  These  species,  therefore, may  have  evolved in NE Amer ica  wherea f te r  
the central  Atlant ic  Ocean  must  have formed a bar r ie r  to ea s tward  dispersal .  

Phenologica l  ev idence  for one example:  the  red  a lga  Lomentaria baileyana 

In severa l  of the  species  discussed above  (Table 8), phenolog ica l  observat ions  
combined  with in situ t empera tu re  measurements  i n  popula t ions  near  the  nor thern  
distr ibution limit have  confirmed the restrictive effect of low summer  t empera tu re s  to 
nor thward  extension (Novaczek et al., 1987). An example  is the  red  a lga  Lomentaria 
bafleyana, which is found from the Gulf of Mexico up into the southern  Gulf of Saint  
Lawrence  (Fig. 5). Exper iments  have  shown that  this species  needs  t empera tu re s  over 
15 ~ for growth and over 20 ~ for reproduction.  Tempera tu res  up  to 33 ~ and  be low 
0~ were  survived,  the lower  tempera tures  only by  starch-fi l led basa l  holdfas t  pads  
which deve loped  at  t empera tu res  of 15 ~ or be low (Yarish et al., 1984, 1987; Novaczek  et 
al., 1987; Fig. 5). 

These  t empera tu re  requi rements  a p p e a r e d  to regula te  the pheno logy  of the  species  
over the whole  of the distr ibution range.  Part icularly the onset  of reproduct ion  and  the 
formation of cold-res is tant  holdfas t -pads  were  strictly r egu la t ed  by  t empera tu re  (Fig. 5). 
In W Florida, the  species  is an au tumn to spring annual  which r ep roduces  in au tumn and 
late  spring. At  more  norther ly  locations Lomentaria bafleyana be ha ve s  as a summer  
annual .  Going north a long the coast  of nor theas t  Amer ica  the  reproduct ive  season 
gradua l ly  shortens to a per iod of 2 summer  months (Fig. 5). The  t empera tu re  curve of 
Cape  Cod shows why  this species  is restr icted to warm e mba yme n t s  north of this point. 
On open oceanic  coasts seawate r  t empera tures  r emain  tdo low for (growth and) repro-  
duct ion all through the summer  (Fig. 5). 

Near  its nor thern  hmit  of distr ibution in the southern Gulf  of Saint  Lawrence,  
Lomentaria bafleyana may  become locally extinct dur ing a per iod  with r e p e a t e d  cool or 
brief summers  because  t empera tu res  remain  be low those minimal ly  r equ i red  for repro-  
duction (Fig. 5). It is possible  that  several  other  species  in this dis tr ibut ion group (e.g. 
Grinnellia americana and  Agardhiella subulata; Table  8), which  a re  now restr ic ted to the 
Cape  Cod area, once ex t ended  north to the Gulf of St. Lawrence  dur ing  a wa rmer  
climatic per iod  and  have  since become extinct (Novaczek et al., 1987). 

S p e c i e s  w i t h  a n  a m p h i - A t l a n t i c  d i s t r i b u t i o n  

Northern boundaries set by growth/reproduction limits or by  lethal limits 

Exper imenta l  and  phenologica l  evidence similar to that  d iscussed  above  has  con- 
f i rmed the exis tence of nor thern growth and reproduct ion  bounda r i e s  in the north 
Atlantic  Ocean  for severa l  species  with an amphi -At lan t ic  dis t r ibut ion (Tables 9, 10; 
Figs 9d, e). Species  with this type  of northern b o u n d a r y  are charac te r i sed  by  dis tr ibut ion 
pat terns  in which the bounda ry  is shifted nor thward  in NW Europe  because  the  Gulf 
St ream causes summers  to be warmer  (Figs 9d, e). In general ,  species  going north to the 
southern Gulf of St. Lawrence  and N Britain or S Norway  n e e d e d  t empera tu re s  over 
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Fig. 5. Temperature responses and phenology of the red alga Lomentaria baileyana in relation to 
seasonal variation in seawater temperatures at locations within and just beyond the northern 
boundary in NE America. Example of a northern reproduction limit. Experimentally determined 
limits of thermal tolerance and temperature requirements for growth, reproduction and the forma- 
tion of cold-resistant holdfast pads are indicated (Yarish et al., 1984, 1987; Novaczek e t al., 1987}. 
Expected duration of reproductive season shown below (I I). Phenological Observations: juvenile 
plants (j), upright thaUi {x'), holdfast pads (or detached plants) (e); reproduction: tetrasporangia (t), 
cystocarps (c}, nature of reproduction not stated (R). Temperature curves represent means {solid line} 
and ranges (shaded). Phenological and temperature data based on Mathieson & Dawes (1975), Earle 
{1969} {Florida}; Peckol (1982), Peckol & Searles (1984) (N Carolina}; Yarish et al. {1984} {Long Island 
Sound); Sears & Wilce (1975) (Cape Cod); Novaczek et al. (1987) (S Gulf of St. Lawrence}; Bird et al. 

{1983} (Open Gulf of St. Lawrence and Atlantic coast of Nova Scotia) 

15-20~ for growth and reproduction. None  of these species has b e e n  repor ted  from 

Iceland where  summer  tempera tures  remain  below 12 ~ (Table 9). Species  with northern 
boundaries  in Newfound land  and (N)W Norway  required tempera tures  o v e r  10~ and 

some of these have  been  found on Iceland where  these requi rements  wi l l  just be met. 
Species occurring further north up to SW Greenland and W Nova Zernlya requi red  

temperatures  over  5~ {Table 10), and those occurring as far north as t h e  high Arctic 
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g r e w  a n d  r e p r o d u c e d  a d e q u a t e l y  at  0 ~ T h e s e  s p e c i e s  h a v e  c o n s i s t e n t l y  b e e n  f o u n d  o n  

I c e l a n d  ( T a b l e  9}. 

In g e n e r a l ,  t h e s e  t e m p e r a t u r e  r e q u i r e m e n t s  c o r r e s p o n d e d  q u i t e  c lose ly  w i t h  s u m m e r  

t e m p e r a t u r e s  a t  t h e  r e s p e c t i v e  h m i t s  of d i s t r i b u t i o n  (Tab les  9, I0}. In E u r o p e ,  n o r t h e r n  

Table 9. Northern growth and/or  reproduction boundaries  in amphi-Atlantic red and  brown algae. 
Comparison of min imum temperatures  permitt ing growth and  reproduction among species reaching 
their nor thern  boundar ies  at various points along the coast of N. E. America and N. Europe. Nature 
of temperature- inhibi ted  process- growth (gr); formation of gametangia  (g), te t rasporangia  (t), 
parasporangia  (pa), sporangia (s), plurilocular zoidangia (p), unflocular zoidangia (u), propagules  
(pr}; development  of microthalli (mi). Minimum temperature  inducing adequate  growth and  repro- 
duction (+); growth or reproduction substantially or completely inhibi ted (-) .  Experimental  data 
based  on N. E. American isolates. Phenological observations in N. E. American populations 
supported experimental  evidence {*}; phenological  evidence only (**). R = red alga. B = brown 
alga. Annual  tempera~.tre ranges  at distribution boundaries  and in the Arctic based  on: Novaczek et 
al., 1987 (embayments  S. Gulf of St. Lawrence); Wilce, I959 (fjords N. Labrador); Gorshkov, 1978; 
U. S. Navy, 1981 (open coast other locations). Distribution data based  on South & Tittley (1986) and 

references cited below. 

Location of N. boundaries  
in W. and E. Atlantic 
(ann. temp. range  ~ 

Lower limit growth/  Occurrence 
reproduction on Iceland 
- + (3/6-9/1 I) 

References 

Protected embayments  in S. Gulf of St Lawrence ( - 1 . 8 - >  20} 
N. British Isles or S. W, Norway (5/7-13/16} 
R *Dasya baillouviana (gr, t, g} 10 15 - (i} ~ 
R PoIysiphonia denudata (t, g} 10 15 - (2} ~ 
B Stilophora rhizodes (u) < 20 > 20"" - (3) 
B * Giffordia mitchelliae (u) 15 20 - (4) t 

Ins. Newfoundland ( - 1 .8 - 10 / 13 )  
W. & N. W. Norway (3/5-9/12) 
R * Callithamnion hookeri  (g, t?) 5 10 + (5, 6) 
R Callithamnion corymobosum (gr, t} 5 10 - (7) 
R * Plumaria elegans (pa) 5 I0 + (8) 
B "Acrothrix gracflis (gr, u, p) 5 10 - (9) 
B * Leathesia difformis (mi) 5 10 + (10) 
B Sphacelafia rigidula {pr) 4 12 - (6) ~ 

Fjords in N. Labrador ( - 1 . 8 - 1 0 )  
N. W. Norway (5-11) 
B *Sphaerotn'chia divaricata (u) 5 10 - (11, 12) 

Arctic distribution ( -  1.8 - 2} 
B Haplospora globosa (gr, sp, g) 1 + (13) 
B * Eudesme  virescens ~ (gr, u) 0 + (10) 
B *Punctaria latifolia ~ (gr, p) 0 + (10) ~ 

northern isolate; r162 isolate from W. Europe; t ~  as Eudesme  sp. (Novaczek, pers. comm.); t ~  as 
Desmotr ichum undulatum (Rietema & van  den Hoek, 1981) 
References: 1} Novaczek et al. (1987); 2) van  den Hoek (1982b); 3} Novaczek et al. (1986b); 4} 
Amsler (1985); 5} Whittick (1981); 6) van den Hoek (1982a); 7) Whittick (1978); 8) Whittick (1977); 
9) Forward & South (1985); 10) Novaczek (1987 and pers. comm.); 11} Novaczek & McLachlan 
(1987); 12) Ajisaka & Umezaki  (1978); 13} Kuhlenkamp & Mfiller (1985). 
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boundar ies  were  often loca ted  at la t i tudes  w h e r e  summer  t e mpe ra tu r e s  r e m a i n e d  
slightly lower than  in the  w e s t e r n  At lant ic  (Tables 9, 10). As most  of the  t e s t ed  isolates 
came from the wes te rn  Atlantic,  it is poss ible  that  t~uropean popula t ions  gene ra l l y  have  a 
somewha t  lower  t empe ra tu r e  requi rement .  It is, however ,  more hke ly  tha t  the  much  
h igher  winter  t empera tu res  in Europe  al low a l a rge r  amount  of b iomass  to pers i s t  through 
winter,  a l lowing nor thward  ex tens ion  into regions  wi th  sl ightly less f avourab le  tem-  
pera tu res  in summer.  In NE America ,  habi ta ts  are covered in ice for seve ra l  months  
(Stephenson & Stephenson,  1972; Gorshkov,  1980), which  causes  a seve re  reduct ion  in 
the e s t abhshed  popula t ions  every  y e a r  (Novaczek et al., 1986a, 1987; Novaczek  & 
McLachlan,  1987; Novaczek,  1987). 

In severa l  species,  nor thern  bounda r i e s  a p p e a r  to be  set by  specif ic  t empe ra tu r e  
requ i rements  for reproduct ion  (Table 9) and  often the  effect of t e m p e r a t u r e  on a s ingle  
process  seems to be  hmiting.  For two b rown algae,  i.e. Stilophora rhizodes and  Sphaero- 
trichia divaricata, this appea r s  to be  the possibi l i ty  to form unflocular  sporangia ,  which  
are requi red  for the ini t iat ion of a new genera t ion  of game tophy tes  a n d t h u s ,  eventual ly ,  
for sexual  reproduct ion.  In other  species,  e.g. Leathesia difformis, the d e v e l o p m e n t  of a 
large  popula t ion  of microthalli ,  which  only occurs at h igher  t empera tu res ,  seems  to b e  
essential  for pers i s tence  of the  species.  Similarly, in Sphacelaria rigidula the  poss ib ih ty  of 
increas ing popula t ion  size by  the formation of p ropagu les  seems to l imi t  nor thward  
extension.  

In some red  a lgae  a p r edominance  of te t rasporophytes  or asexual  p l an t s  has  b e e n  
noted in the nor thern  par t  of their  dis tr ibut ion range  (Dixon, 1965). In spec ies  whe re  
complet ion of the  sexual  cycle  is no prerequis i te  for pers is tence,  t e m p e r a t u r e  require-  
ments  for growth  (e.g. in Callithamnion coryrnbosum) or for the  format ion  of asexua l  
spores  (e.g. in Plumaria elegans) will e v e n t u a U y , d e h m i t  g e o g r a p h i c  dis tr ibut ion 
(Table 9). 

For severa l  species  of Cladophora, exper imenta l  ev idence  has i n d i c a t e d  that  north-  
ern boundar i e s  on both sides of the Atlant ic  are set by  summer  growth l imits  (Table I0: 
Figs 9d, e). A special  case is C. coelothrix, whose  nor thern  b o u n d a r y  in  the  wes te rn  
Atlantic is shifted far to the south (to W Florida) compared  to that  in l=.urope (Table I0). In 
this species,  an isolate from the t ropical  Ca r ibbean  was  less co ld- to le ran t  than  its 
t empera t e  European  counterpar t  (Table 3), which accounts  for the d i f ferent  locat ion of 
boundar i e s  (Cambr idge  et al., 1987). Thus, C. coelothrL~ has a compos i te  nor thern 
bounda ry  in the  North  Atlantic  Ocean.  On Amer ican  coasts, no r thward  extens ion is 
p r e v e n t e d  by  lethal,  low win te r  tempera tures ,  and  in this respect  it r e s e m b l e s  species  
be long ing  to the  tropical  wes te rn  At lant ic  distr ibution group (see above) .  In Europe,  
nor thward  extension on open Atlant ic  coasts is p r even ted  by  low summer  t empera tu res  
p revent ing  growth, whereas ,  in addit ion,  occurrence  in the North  Sea is p r e v e n t e d  by  low 
winter  t empera tu res  (see above).  Van den  Hoek  (1982a, b) has d iscussed  severa l  o ther  
species  wi th  similar composi te  nor thern  boundar ies .  He a t t r ibuted this  dis t r ibut ion 
pa t te rn  solely to the occurrence  of low winter  t empera tu res  far to the  sou th  on Amer ican  
coasts. The exis tence of t ropical  ecotypes  on the Amer ican  coast  may  also accoun t  for this 
type  of distr ibution.  
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Table 10. Northern growth and northern lethal boundaries in 6 species of Cladophora. Comparison 
of the location of northern boundaries in the eastern and western Atlantic with minimum tem- 
peratures required for growth and with lower lethal limits. Temperature lethal in less than 6 weeks 
(1}, survival (s), survival in short days only (s'), relative growth rate > 20 % of maximum (g). Based on 
Cambridge et al. {1984, 1987 and unpubl.). Temperature data based on: Gorshkov {1978} 
(Massachusetts, British Isles: means for open coasts}; U.S. Navy (1981) (S.E. Labrador, White Sea, W. 
Nova Zemlya, S.W. Greenland: means for open coasts); Hooper et al. {1980} {W. Ins. Newfoundland: 
inshore means); Printz (1926) (Trondheimfjord W. Norway: inshore means); Earle (1969} (W. Florida: 

inshore means and 18 year mean of minima) 

Species Location of N. boundaries Temperature 
{summer temperature in warmest month, ~ responses (~ 

I. Northern growth boundaries 
N.E. America N.W. Europe 0 5 1O 15 20 

C1adophora dalmatica Mass. (16} W~ Norw. (15) s s s g g 
Cladophora albida Nwfndl. (16) W. Norw. (15) s s s g g 
Cladophora vagabunda Nwfndl. (16} W. Norw. (15) s s g g g 
Cladophora sericea S.E. Labrador (9) White Sea (9) s s g g g 
Cladophora rupestn's S.W. Green1. (5) W. Nova Zem. (4) s g g g g 

Species Location of N. boundaries {temperature Temperature 
in warmest and coldest month, ~ responses {~ C) 

II. Composite northern boundary: lethal limit in W. Atlantic; growth hmit in E. Atlantic 
N.E. America N.W. Europe 0 5 10 15 20 

C. coelothrix (Carib. isol.) W. Florida [(10) 15-29] 1 1 s s g 
C. coelothrix (W. Eur. isol.) Br. Isles (5-15) 1 s" s g g 

Composi te  southern boundaries 

Phenological  ev idence  for two examples:  the brown algae Chorda tomentosa and 

C. i l ium 

In several  (arctic to) tempera te  species, southern distribution boundaries  in the North 
Atlantic Ocean  are of a composite nature. On American coasts, boundar ies  are set by 

lethal, high summer  temperatures ,  whereas  in Europe they are set by high winter  

temperatures  inhibit ing reproduction (van den Hoek, 1982a, b; Lfining, 1985). Recent  

exper imenta l  ev idence  (Lfining, 1980a, 1984; Maier, 1984; Novaczek  et al., 1986a) on two 

closely related brown algae, Chorda tomentosa and C. fflum, illustrates how compara-  
tively minor differences in thermal tolerance and requi rements  be tween  species affect 

their phenology  in various parts of the distribution range and determine  the location of 

their geographic  boundaries  {Pigs 6, 7). 

Both in Chorda tomentosa and in C. fflum, gametophytes  tolerated a wider  range  of 

temperatures  than sporophytes. In addition, they required low temperatures  for sexual  
reproduction {Pigs 6, 7). Gametophytes  of Chorda tomentosa survived up to 24~ 

sporophytes up to 15-18~ (Sundene, 1963; Lfining, 1984; Novaczek  et al., 1986a), and 

temperatures  below ca 8 ~ were  requi red  for the formation of gametang ia  (Maier, 1984; 

Novaczek  et al., 1986a) {Fig. 6). Gametophytes  of C. f i lum survived up to 26 ~ sporophy- 
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Fig. 6. Temperature responses and phenology of the brown alga Chorda tomentosa in relation to 
seasonal variation in seawater temperatures in different parts of the distribution range and at 
southem boundaries in the western (a) and eastern (b) Atlantic. Example of a composite southern 
boundary: lethal limits in NE America and reproduction limits in W Europe. Experimentally 
determined limits of thermal tolerance of gametophytes and sporophytes and highest temperature 
permitting sexual reproduction are indicated (Novaczek et al., 1986a; Maier, I984; Liining, 1984). 
Expected duration of reproductive season for gametophytes and potential survival periods for 
gametophytes and sporophytes shown below (I I). Phenological observations: present, no details 
(+), juvenile plants (j), adult thalli (x)(size given), unilocular sporangia (u), decay of sporophytes (j). 
Temperature curves represent means (solid line) and ranges (shaded). Phenological and tempera- 
ture data based on Novaczek et al. (1986a) (Nova Scotia); Sears & Wilce (1975) (Cape Cod); Yarish et 
al. (1984) (Long Island Sound); Rueness (1977), Printz (1926), U.S. Navy (1974) (Trondheimfjord); 
Kornmann & Sahling (1977), Weigel (1978), U.S. Navy (1974) (Helgoland); Hamel (1931-1939), 

Gorshkov (1978), U.S. Navy (1974) (Brittany) 

tes be tween  0~ and  (20)-24~ (Lfining, 1984; Novaczek et al., 1986a), and  tem- 
peratures below ca 13 ~ were required for the formation of gametangia  (Novaczek et al., 
1986a) (Fig. 7). 

In both species southern boundar ies  on the American coast were set b y  lethal, high 
summer temperatures,  prevent ing  survival of the hardiest stage in the life history, the 
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gametophyte  (Figs 6, 7). In C. i l ium sporophytes were only slightly less tolerant than 
gametophytes,  and, accordingly, sporophytes general ly persisted through summer  over 

the whole of the distribution range  (Fig. 7). In contrast, sporophytes of C. tomen tosa  were 
distinctly less tolerant than gametophytes,  and this is the reason why this species is a 
winter  to spring annual  in the southern part  of its range (Fig. 6). 

Differences be tween  the two species in the upper  survival hmit of their gametophy-  
tes accounted for the different location of their southern boundar ies  on the American 
coast. C. f f lum goes shghtly further south than C. tomentosa  (New Jersey vs. Long Island, 
respectively) which is in accordance with its higher tolerance limit (Figs 6, 7). At these 
boundaries,  winter  temperatures are low enough for the formation of gametangia  for 
more than 5 months, and would therefore not be  limiting (Figs 6, 7). 
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Fig. 7. Temperature responses and phenology of the brown alga Chorda fflum in relation to seasonal 
variation in seawater temperatures at locations within and just beyond the southern boundaries in 
the western (a) and eastern (b) Atlantic. Example of a composite boundary with lethal limits in NE 
America and reproduction limits in W Europe. See Figure 6 for further explanation. Experimental 
evidence based on Lfining (1980a, 1984); Novaczek et al. (1986a). Phenological and temperature 
data based on Novaczek et al. (1986a) (Nova Scotia}; Yarish et al. {1984} {Long Island Sound); Humm 
(1979} {Virginia); South & Burrows (1967), Gorshkov (1978), U.S. Navy (1974} (N Wales)., Ardr~ 

{1970, 1971) (NW Spain, Portugal} 
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In contrast,  southern  boundar ies  in Europe were  set  by  high winter  t empera tu res  
p reven t ing  sexual  reproduct ion.  Chorda tomentosa reaches  its southern  bounda ry  in 
Brittany, whe re  wa te r  t empera tu res  fall just be low 10 ~ in winter,  w he re a s  C. fflum goes 
south to N Portugal ,  where  t empera tu res  fail to about  13~ (Figs 6, 7). At these  
boundar ies ,  summer  t empera tu res  remain  wel l  be low the uppe r  lethal  hmit  for 
gametophytes ,  and,  in C. ilium, even  be low the u p p e r  le thal  l imit  for sporophytes .  

When  compar ing  the pheno logy  of Chorda tomentosa in various par t s  of its distr ibu- 
tion range  (Fig. 6) it becomes  ev ident  that its seasonal  behav iour  is r egu l a t ed  by  its 
t empera tu re  r equ i remen t s  for sexual  reproduction,  which de te rmines  when  a new 
genera t ion  of sporophytes  is init iated,  and  by  the to lerance  of sporophy tes  to h igh  
tempera tures ,  wh ich  de te rmines  their  longevity.  Thus, C. tomentosa is a win te r  to spr ing 
annual  in the southern  par t  of its range ,  but  persis ts  through summer  at  more  nor ther ly  
locations. Sporophy tes  d i s a p p e a r e d  in ear ly summer  as soon as s eawa te r  t empera tu res  
had  risen above  16-18~ (e.g. Cape  Cod, Nova Scotia, Helgoland:  Fig. 7; and  in the  
Oslofjord, Sundene ,  1963). Going north, the first stat ion for which  C. tomentosa has  b e e n  
repor ted  to pers is t  th rough  summer  is the Trondheimfjord  in W Norway  (Printz, 1926), 
where  summer  t empera tu re s  r ema in  be low 16 ~ (Fig. 6; Printz, 1926). 

The occur rence  of young  sporophytes  in winter  is accounted  for by  the  r equ i remen t  
for t empera tu res  be low 8-10 ~ to permi t  sexual  reproduct ion.  Genera l ly ,  t empera tu res  
will drop be low this value  in au tumn (e.g. Cape  Cod, Nova Scotia, HeIgoland ,  Trond-  
heimfjord; Fig. 6), bu t  nea r  the southern distr ibution bounda ry  in Europe  (Brittany; Fig. 6) 
t empera tu res  wou ld  not  be  low enough  for the induct ion of g a m e t a n g i a  before  February .  
As sporophyte  survival  is l imited by  high t empera tu res  from July, the g row ing  season will 
be  severa l  months  shorter  than at more norther ly  locations. This may  account  for the  
difference in size of the plants,  which reach  only 2 0 - 3 0 c m  in Br i t tany (Hamel, 
1931-1939), but  a t ta in  a size of 1 - 2 m  e lsewhere  (Sundene,  1963; Kornmarm & Sahling,  
1977; Novaczek  et  al., 1986a). 

Composi te  southern boundar ies  in various other  species  

Exper imenta l  and  phenologica i  ev idence  similar to that  d i scussed  above  is now 
avai lable  for severa l  r ed  and  brown a lgae  (Tables 11, 12). All spec ies  wi th  composi te  
southern bounda r i e s  had  heteromorphic life histories (or dist inct ive crus tose  and  erect  
thall i  in the two phases  of an isomorphic  hfe history) and  they  all r equ i r ed  low tem- 
pera tu res  for the  ini t iat ion of macrothalh,  ei ther  directly or th rough  the  induct ion of 
sexual  reproduct ion  (Tables 11, 12). These  thermal  responses  resul t  in  dis tr ibut ion 
pa t te rns  which  are  charac te r i sed  by  the fact that  sou them b o u n d a r i e s  are  shifted 
nor thward  on Eur /Afr ican relat ive to Amer ican  coasts because  of the  w a r m e r  winters  
(Fig. 9f). 

Along Amer ican  coasts, h igh  summer  t empera tu res  p r even t ed  s o u t h w a r d  extension.  
Thermal  bruits of the  hardies t  stage,  which is often the microthaUus phase ,  de t e rmined  
the location of bounda r i e s  a long this coast. This does not only app ly  to spec ies  with 
annua l  macrothalh,  bu t  also to perennia l s  as these  may  become seasona l  annua l s  close to 
their  southern hmit  of dis tr ibut ion (e.g. Laminaria saccharina in Long I s l and  Sound;  Lee & 
Brinkhuis,  1986). 

Increased  to lerance  to high t empera tu res  was found in species  wi th  a m o r e  souther ly  
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Table 11, Composite southern boundaries in amphi-Atlantic red and brown algae. Lethal limits in 
the western Atlantic (this Table) and reproduction limits in the eastern Atlantic (Table 12). 
Comparison of upper lethal limits (and maximum temperatures permitting reproduction) among 
species reaching their southern boundaries at various points along the coast of N.E. America. 
Temperature was survived or induced reproduction (+}; temperature was lethal in 2-6 wks or 
inhibited reproduction substantially or completely (-). Reproduction of gametophytes (g), sporophy- 
tes (s), tetrasporophytes (t); initiation of macrothalli (m), new blades (b). R = red alga, B = brown 
alga. R! = reproduction limit also restrictive in W. Atlantic. Annual temperature ranges at distribu- 
tion boundaries based on: U.S. Navy (1974, 1981) (all sites); Earle (1969) (Gulf of Mexico); Searles 
(I984) i N. Carolina); Stephenson & Stephenson (1972) (E. Florida, N. Carolina); Orris & Taylor {1973) 
(Delaware); Yarish et al. (1984) (Connecticut). Distribution data based on: Taylor (1960); Earle 
(1969); Searles & Schneider (1978); South & Tittiey (1986); Wynne (1986); and references cited below 

Location of S. boundaries 
(annual temperature range, ~ 

Upper lethal hardiest Upper limit 
stage ( ~  reproduction (~ 

+ - + - 

References 

Connecticut and Long Island (1-23) 
B Laminana digitata 
B Chorda tomentosa 
R Rhodochorton purpureum 
R Durnontia contorta 
R Nemah'on helminthoides  

New Jersey (3-25) 
B Desmarestia aculeata 
B Desmarestia v~ndis 
B Chorda ilium 

Delaware (3-26) 
R Chondrus cfispus 

N. Carolina (3 (10)-30) 
B Punctaria Iatifolia 

E. Florida (14 (20)-28)) 

B Scytosiphon 1omentaria R? 

N. Gulf of Mexico (11 {17)-30} 
B Stilophora rhizodes R! 

* tested for sporophytes only. 

21 24 10 15 (g) (1, 2, 3) 
24 26 5 10 (g) (2, 4, 5) 
24 26 16 18 (t) {6, 7, 8) 
24 26 12 16 (m) (9) 
25 27 12 16 (t) (6, 10) 

23 25" 12 15 (g} (2, 11, 12) 
23 25" 5 10 (g) (2, 11) 
26 28 12 14 (g) (2, 4, 11) 

28 30 15 20 (m) (2, 6, 13) 

30 35 12 16 (m) (6} 

28 30 20 23 (m) {14, 15) 

28 31 10 12 (g) (16, 17) 

References: 1) Bolton & Lfining (1982); 2) Lfining (1984); 3) Lfining (1980b); 4) Novaczek et al. 
(1986a); 5} Maier (1984}; 6) van den Hoek (1982b}; 7) Breeman et al. (1984); 8} Breeman & 
Hoeksema (1987); 9) Rietema & van den Hoek (1984); 10) Fries (1966); 11) L/Jming (1980a); 12) 
Mfiller & Luthe (1981); 13) Lfining et al. (1987); 14) van den Hoek (1982a); 15) tom Dieck (1987); 
16) Novaczek et al. (1986b); 17) Peters & Mfiller (1986) 

extens ion.  Thus,  spec ies  go ing  south  to the  C o n n e c t i c u t / L o n g  Is land  S o u n d  a r e a  d id  not  

to le ra te  t e m p e r a t u r e s  o v e r  20-25  ~ those  wi th  sou the rn  b o u n d a r i e s  in N e w  J e r s e y  d id  

not  to le ra te  t e m p e r a t u r e s  ove r  23 -26~  w h e r e a s  those  g o i n g  south  to N Ca rohna ,  E 
Flor ida  or  the  n o r t h e r n  Gulf  of M e x i c o  to l e ra t ed  t e m p e r a t u r e s  up  to 2 8 - 3 0 ~  

(Table  11). T h e s e  l imi t ing  t e m p e r a t u r e s  c o r r e s p o n d e d  c lose ly  wi th  ac tua l  m a x i m u m  

s u m m e r  t e m p e r a t u r e s  at the  r e spec t ive  boundar ies .  T a b l e  11 shows  that  t he r e  w a s  no 
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Table 12. Composite southern boundaries in amphi-Atlantic red and brown algae. Reproduction 
limits in the eastern Atlantic (this Table) and lethal limits in the western Atlantic (Table 11). 
Comparison of maximum temperatures permitting completion of the life history (and of upper lethal 
hmits) among species reaching their southern boundaries at various points along the Eur/African 
coast. For comparison some species endemic to the eastern Atlantic also having southern reproduc- 
tion limits are included (E). Occurrence in Mediterranean (M). Further explanation and references in 
Table 11. Annual temperature ranges at distribution boundaries based on Gorshkov (1978) and U.S. 
Navy (1974, 1981) (all sites); Lawson & John (1977) (N. W. Africa); Ardr4 (1971) (Portugal). 
Distribution data based on South & Tittley (1986); Lawson & John (1977, 1982); Purnari (1984) and 

references cited below 

Location of S. boundary 
(annual temperature range, ~ 

Upper limit Upper lethal 
reproduction (~ hardiest stage (~ 

+ - + - 

References 

Brittany (10-18) 

B Chorda tomentosa 5 10 (g) 24 26 
B Desmarestia v/r/d/s 5 10 (g) 23 25" 
B Stilophora rhizodes M 10 12 (g) 28 31 
B Laminaria digitata 10 15 (g) 21 24 

N.W. Spain, N. Portugal (13-21) 

R Delesseria sanguinea E 12 I4 (b) 23 25 (1, 2) 
B Chorda fflum 12 i4 (g) 26 28 
B Desmarestia aculeata 12 15 (g) 23 25" 
R Dumontia contorta 12 16 (m)* * 24 26 

Mid-Portugal (14-22) 

B iaminaria hyperborea E 8 15 (b) 21 22 (2, 3, 4) 
B Punctaria latifolia M 12 16 (m) 30 35 

N. Morocco (16-24) 

R Rhodochorton purpureum M 16 18 (t) 24 26 

W. Sahara, Mauretania (17-25) 

R Chondrus crispus 15 20 (m) 28 20 
B Saccorhiza polyschides E M 17 20 (g) 23 25" (5, 6) 
R Nemalion helminthoides M I8 22 (t) 25 27 

Canaries (19-25} 

B Scytosiphon lomentaria M 20 23 (rn)* * 28 30 

�9 tested for sporophytes only 
�9 * southern isolate 

References: 1) Kain (1987); 2) Lfining (1984); 3) Bolton & Lfining (1982); 4) Liining (1986); 5) van 
den Hoek (1982a); 6) Norton (1977); other references see Table 11 

a p p a r e n t  cor re la t ion  b e t w e e n  t e m p e r a t u r e  r e q u i r e m e n t s  for r e p r o d u c t i o n  a n d  the  loca-  

t ion of s o u t h e r n  b o u n d a r i e s  a long  the  A m e r i c a n  coast.  I n  gene ra l ,  w i n t e r  t e m p e r a t u r e s  
w e r e  l ow e n o u g h  for r e p r o d u c t i o n  all a long  the  coas t  of N E  Amer ica .  O n l y  in S t i l ophora  

r h i z o d e s  a n d  poss ib ly  in S c y t o s i p h o n  l o r n e n t a n a  was  s o u t h w a r d  e x t e n s i o n  (also) p re -  

v e n t e d  by  h i g h  w in t e r  t e m p e r a t u r e s .  T h e s e  spec ies  c o m b i n e  a r e q u i r e m e n t  for r e l a t ive ly  

l ow t e m p e r a t u r e s  for sexua l  r ep roduc t i on  wi th  a h i g h  u p p e r  l e tha l  l imit  (Tab le  11). 

O n  E u r / A f r i c a n  coasts  s u m m e r  t e m p e r a t u r e s  at the  s o u t h e r n  b o u n d a r i e s  w e r e  m u c h  
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lower, but  reproduct ion hmits p reven ted  southward  extension (Table 12). Thus, species  
with southern boundar i e s  in Brit tany requi red  t empera tu re s  be low 5-10~ those  with 
southern boundar ies  in the Iber ian  Penuinsula  requi red  tempera tures  be low ca 12 ~ and 
those with southern boundar ies  in NW Africa rectuired t empera tu res  be low 15-20 ~ for 
complet ion of the  life history. Again,  these  bruiting tempera tures  closely co r responded  
with the lowest  winter  t empera tu res  at the respect ive  boundar ies  (Table 12}. They  also 
accounted  for detai ls  in the  dis tr ibut ion pa t te rn  near  southern hmits of extension.  Thus, 
the absence  from the Canar ies  and  Made i r a  of several  species  occurr ing on the African 
main land  (i.e. Rhodochorton purpureum, Nemalion helminthoides, Chondrus crispus) 
must  be a t t r ibuted  to the h igher  winter  t empera tu res  on these  islands. Indeed,  the  only 
species  in Table  12 occurring on the is lands (i.e. Scytosiphon lomentaria) had  the h ighes t  
critical t empera tu re  for complet ion of the hfe history. 

In general ,  species  ex tend ing  south to mid-Por tugal  and  NW Africa were  also found in 
the Med i t e r r anean  (Table 12), wi th  the notable  except ion of Laminaria hyperborea and 
Chondrus crispus. The former species  will be  exc luded  from the Med i t e r r anean  by  lethal,  
h igh summer  t empera tu res  but  there  is as ye t  no evidence to expla in  the a bse nc e  of the 
la t ter  species.  As might  be  expected,  species  that  combined  a high upper  le thal  l imit  with a 
h igh  uppe r  l imit ing t empera tu re  for complet ion of the hfe history (e.g. Scytosiphon 
lomentaria and Nemalion helminthoides; Table  12) occurred throughout  the  Medi te r ra -  
nean.  Other  species  were  Confined to the wes te rn  parts,  because  ei ther  le thal  h igh  summer  
tempera tures  (--25-28~ e.g. Saccorhiza polyschides and Rhodochorton purpureum) or 
inhibit ive high winter  t empera tu res  (~15~ e.g. Punctaria latifolia) would  p reven t  
occurrence in the eas tern  parts  of the Medi te r ranean .  Stilophora rhizodes has a dist inctly 
disjunct distr ibution pa t te rn  in the  eas tern  At lan t i c /Medi te r ranean  region.  On open 
Atlantic coasts the species  goes no further south than  B~t tany (Table 12), which  is in 
accordance  with the t empera tu re  requ i rements  for sexual  reproduct ion found in an  isolate 
from Sweden  (-<9 ~ Peters & Mfiller, 1986). Evidently,  the Med i t e r r anean  popula t ions  
have  ei ther  a h igher  critical t empera tu re  for sexual  reproduct ion or r ep roduce  only by  
asexual  means.  The upper  le thal  hmit  of a wes te rn  Atlantic isolate (--28 ~ N o v a c z e k  et 
al., 1986b) would  be  sufficient for survival  of the Medi t e r ranean  populat ions.  

Southern boundaries set by lethal limits on both sides of the Atlantic 

Not all amphi-At lant ic  species  had  a composi te  southern bounda ry  in the  North 
Atlantic Ocean.  In several  species  with isomorphic  hfe histories having  no specific 
t empera ture  requi rements  for reproduct ion (i.e. Haplospora globosa, Cladophora rnpes- 
tfis, C. sericea; Table  13) boundar ies  appea r  to be  set by  lethal  hmits on both s ides  of the 
Atlantic. Species  with this type of thermal  response  are charac te r i sed  by  dis t r ibut ion 
pat terns  in which southern boundar ies  on Eur/Afr ican coasts are  located further south than 
those on Amer ican  coasts (Fig. 9e) because  of the  cooler summers.  However ,  in Laminaria 
sacchafina, a species  with a he te romorphic  hfe history requir ing low t empera tu re s  for 
sexual  reproduction,  southern boundar ies  on both sides of the Atlantic also a p p e a r  to be  set 
by  lethal  hmits. This species  combines  a re la t ive ly  low upper  le thal  hmit  (<24 ~ with  a 
relat ively high uppe r  t empera tu re  hmit  for reproduct ion (15-18 ~ (Table 13). 

So far, no examples  have  been  found of southern boundar ies  set by  a species '  
t empera ture  requi rements  for growth alone, and  it is unhkely  that  such bounda r i e s  will 
be found in seaweeds .  There  are  two reasons  for this conclusion. First, t empera tu re  



228 A .M.  Breeman 

Table 13. Southern lethal boundaries in amphi-Atlantic green and brown algae. Comparison of 
upper lethal limits (and maximum temperatures permitting growth/reproduction) among species 
reaching their southern boundaries at various points along eastern and western Atlantic coasts. G = 
green alga. B = brown alga. For further explanation see Table 11. Annual temperature ranges at 
distribution boundaries based on: Gorshkov (1978) and U.S. Navy (1974, 1981) (all sites). Distribu- 
tion data based on South & Tittley (1986); Taylor (1960); Wynne (1986), Furnari (1984) and 

references cited below 

Species Upper lethal Upper limit Refer- 
Location of S. boundaries hardiest stage growth/reproduc- ences 
(annual temperature range, ~ (~ tion (~ 
W. Atlantic E. Atlantic + - + - 

B Haplospora globosa 18 > 18 18 > 18 (g, s) (1) 
Mass. (1-19) Brittany (10-18) 

B Acrothrix gracifis 15 20 15 20 (s) (2) 
Conn. (1-23) S.W, Eng. (10-18) 

B Laminaria saccharina 22 24 15 18 (g) (3, 4, 5) 
Conn. (1-23) N. Portug. (13-21) 

G Cladophora rupestris 25 30 25 30 (gr) (6, 7) 
Conn. (1-23) Morrocco (16-24) 
?Virgin. (3-26) Mediter. (!7-27) 

G Cladophora sericea* 25 30 25 30 (gr) (7, 8) 
Nw. Jersey (3-25) Mediter. (17-27) 
?Virgin. (3-26) 

* excluding "grac/lis"-type (Cambridge et aL, unpubl.; van den Hoek, 1982c and pers. comm.) 
References: 1) Kuhlenkamp & Mfiller (1985); 2) Forward & South (1985); 3) Bolton & Liining 
(1982); 4) Liining (1980b); 5) Liining (1984); 6) Cambridge et al. (1984); 7) Cambridge et al. 
(unpubl.); 8) van den Hoek (1982c and pets. comm.) 

ranges for reproduction are general ly narrower than for growth, so that  reproduction 
bruits will restrict distribution before growth limits may take effect. Second, growth 
general ly still proceeds at temperatures  close to the upper  lethal limit, so w h e n  high 
winter  temperatures  would b e c o m e  bruiting for growth, summer tempera tures  would 
already be in the lethal range. 

DISTRIBUTION BOUNDARIES SET BY TEMPERATURE/DAYLENGTH 
INTERACTIONS 

Theoretically, photoperiodic responses could restrict geographic distr ibution of 
marine  algae in the following ways: in short day plants (SDP) with a criticaI daylength  of 
less than 12 h, and in long day plants (LDP) with a critical daylength of more than 12 h, 
distribution across the equator and in the tropics could be prevented  by  their photo- 
periodic requirements,  because  daylengths  never  deviate far from 12 h. In some SDP, for 
instance Scytosiphon lomentaria and  Rhodochorton purpureum, critical daylengths  of 
less than 12 h have b e e n  found in  some isolates from subtropical regions (Lfining, 1980a~ 
1981; Dring & West, 1983), bu t  in both species, temperature  rather than  daylength  
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requ i rements  seem to set the southern  bounda ry  in the North Atlantic Ocean  (Tables 11, 
12). For instance,  in S. lomentaria, the  critical day leng th  in an isolate from the  Medi te r ra -  
nean  was 11.3 h (50 % response  at 15 ~ .which would p reven t  occurrence  south of I5 ~ N 
la t i tude.  However ,  t empera tu res  over  20 ~ also p reven ted  the imtia t ion of macrothal l i ,  
and  these  woudd set the  ac tual  southern bounda ry  as far north as the Canar ie s  (28 ~ N}. 

In two long day  plants,  the  b rown a lgae  Sphacelaria ngidula and Sphaerotfichia 
:fi'vancata, critical day lengths  of b e t w e e n  12 and 14 h have  been  found in isolates from 
the t empera t e  region (ten Hoopen  et al., 1983; Novaczek  & McLachlan,  1987), and  these  
day leng th  requi rements  would  p reven t  extension th rough  the tropics. In S. divaricata 
addi t ional  t empera tu re  requ i rements  shift the southern bounda ry  far to the  north (see 
below), whereas  in S. rigidula nei ther  these  daylength  requi rements  nor an addi t ional  
r equ i remen t  for low tempera tu res  seem to have p reven ted  a tropical distr ibution.  In the 
la t ter  species  e i ther  different t empera tu re /pho toper iod ic  ecotypes  must  have  evolved in 
the  tropics, or popula t ions  must  persis t  solely through vege ta t ive  p ropaga t i on  (van den 
Hoek,  1982b). 

Photoperiodic  responses  could also restrict po leward  distr ibution of SDP at h igh 
la t i tudes  when  a re la t ively short critical day leng th  would  restrict  the induct ive  season to a 
per iod  when  there is very tittle light, or when  habi ta ts  are  covered in ice. Some SDP (e.g. 
Scytosiphon lomentaria) have evolved photoper iodic  ecotypes  with longer  critical day-  
lengths  in the northern parts  of their  distr ibution range  (Lfining, 1980a, 1981) thus 
shifting the induct ive season towards  summer  and e na bhng  extension in the  Arctic. 

Thus, there  are at p resen t  no examples  of s eaweeds  which are res t r ic ted  in their  
distr ibution by their  photoper iodic  requ i rements  alone. Nevertheless ,  in severa l  species,  
photoper iodic  responses  restrict  dis tr ibut ion because  they confine the reproduct ive  
season to a t ime of year  when  t empera tu res  are  suboptimal.  Distr ibution can  be  affected 
in two different ways:  nor thern  boundar ies  may  be  shifted southward  for SDP because  
their  shor t -day requi rements  p reven t  their  tak ing  full advan tage  of the pe r iod  with the 
h ighest  summer  temperatures .  In these species,  the reproduct ive  season in regions  close 
to the  boundary  is confined to autumn,  when  short days  coincide with re la t ively  high 
temperatures .  In contrast, southern boundar ies  may  be shifted nor thward  in LDP because  
their  long-day  requi rements  prevent  their  tak ing  full advan tage  of the pe r iod  with the 
lowest  winter  temperatures .  In these  species,  the reproduct ive  season in regions  close to 
the bounda ry  is confined to late  spring, when  long days  coincide with re la t ive ly  low 
water  temperatures .  Presently,  there  is only one example  of a species  with the  la t ter  type  
of southern boundary.  In the brown a lga  Sphaerotrichia divaricata {Novaczek & McLach-  
lan, 1987), sexual  reproduct ion was p r e v e n t e d  by short days  and by t empera tu re s  over  
15 ~ In the southern Gulf of St. Lawrence,  where  the pheno logy  of this spec ies  has  been  
s tudied in relat ion to wate r  t empera tu res  and  day leng th  (Fig. 8), there  were  two "repro- 
ductive windows",  one in spring, and  another ,  very brief  one in autumn.  Young mac-  
rothalh were  observed  from Apri l  to June,  and  aga in  in October  (Fig, 8). Au tumn  
recrui tment  only occurred in some years,  p robab ly  induced  by occasional  low minima.  
Further  south along the Amer ican  coast, there  will be  only one, brief reproduc t ive  season 
in late  spring. For instance,  in Long Is land Sound t empe ra tu r e /day l eng th  r equ i r emen t s  
for reproduct ion would be  met  only in la te  Apri l  and  May. S. divaricata reaches  its 
southern boundary  at 40 ~ N, and  it is clear  that  in regions beyond  the bounda ry  (for 
instance in North Carolina;  Fig. 8) condit ions would  be  unfavourable  for sexual  reproduc-  
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Fig. 8. Temperature/daylength responses and phenology of the brown alga Sphaerotfichia 
divaricata in relation to seasonal variations in daylength and seawater temperature at locations 
within and beyond the southern boundary in NE America. Example of a southern boundary set by a 
requirement for low temperatures in long days to induce sexual reproduction. See Figure 6 for 
further explanation. Experimental evidence based on Novaczek & McLachlan (1987). Phenological 
and temperature data based on Novaczek & McLachlan (1987) (S Gulf of St. Lawrence); Yarish et al. 

(1984) (Long Island Sound); Earle (1969) (N .Carolina) 

t ion all yea r  long. By contrast, the  re la ted  species  Stilophora rhizodes (Novaczek  et al., 
1986b), which  has  similar t empera tu re  requ i rements  but  r ep roduces  in bo th  long and  
short days,  goes  as far south as the nor thern Gulf of Mexico (Table 11). 

There  are  severa l  examples  of species  which  h a v e t h e i r  nor thern  b o u n d a r i e s  set by  a 
requ i rement  for short  days  combined  with re la t ively  high t empera tu re s  ( rev iewed by  
Dring, 1984). In a reas  close to the  bounda ry  the  induct ive  per iod  will be  res t r ic ted  to ear ly 
autumn.  In two of these  species,  the red  a lgae  Gigartina acicularis (Guiry & Cunn ingham,  
1984; Guiry, 1984) and  Bonnemaisonia hamifera (Breeman et al., 1988; B r e e m a n  & Guiry,  
unpubl.)  the cri t ical  t empera tu re  for induction a p p e a r e d  to be  very  sha rp ly  def ined.  G. 
acicularis formed cystocarps at  14 but  not  at 13 ~ whereas  in B. hamifera the p e r c e n t a g e  
of p lants  forming te t rasporangia  fell sharply  from 91 to 7% b e t w e e n  13 and  11~ 
(Table 1). The  compara t ive ly  minor  difference b e t w e e n  the two species  in  thei r  crit ical 
t empera tu re  seems  to account  for the different location of their  nor thern  boundary .  G. 
acicularis has not  b e e n  repor ted  north of County  Ga lway  on the Irish Wes t  Coas t  (Guiry, 
1984), whe re  m e a n  October  t empera tu res  are  about  13 ~ whereas  B. hamifera has  b e e n  
repor ted  from the Norweg ian  wes t  coast  (Haugen,  1970), w h e r e  mean  Oc tober  tem-  
pera tu res  are  about  10~ (Table 14). 

When  w e  compare  the t empera tu re  requ i rements  of B. hamifera with those  of severa l  
non-photoper iod ic  species  also reach ing  their  nor thern bounda ry  in W N o r w a y  (Table 9} 
it seems incongruous  that  B. hamifera has b e e n  repor ted  so far to the  north. These  non-  
photoper iodic  species,  which  can take  full advan t age  of the pe r iod  with  h ighe s t  summer  
t empera tu res  b e c a u s e  they  have  no photoper iodic  requirements ,  g rew a n d  r e p r o d u c e d  at 
10 ~ whereas  B. hamifera n e e d e d  t empera tu res  over  12 ~ in short  days ,  which  would  
prevai l  only in autumn.  The explana t ion  is p robab ly  that  the  response  in B. hamifera is 
t r iggered  by  a compara t ive ly  brief exposure  to the induct ive t empera tu re ,  w h e r e a s  non- 
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Table 14. Northern boundaries set by  temperature/daylength interactions. Comparison of the 
location of northern boundaries with minimum temperatures required for induction in two red algae 
with a short-day response. Temperature induced reproduction (+); temperature inhibited reproduc- 
tion {-). Nature of temperature/daylength-inhibited process: formation of cystocarps (c), tetras- 
porangia (t). Mean October temperatures at distribution boundaries (in brackets, ~ based on 

Gorshkov (1978) 

Species Location of boundary Critical temperature for induction (~  References 
+ 

Gigartina acicularis 
W. Ireland (13) 14 13 (c) (1, 2) 

Bonnemaisonia hamifera 
W. Norway (10) 12 10 (t) (3, 4, 5, 6) 

References: 1) Guiry & Cunningham (1984); 2) Guiry (1984); 3) Lfining (1980a); 4) L/ining (1981); 
5) Breeman et al. (1988) and Breeman & Guiry (unpubl.); 6) Haugen (1970) 

photoper iodic  species  require  exposure  to the adequa te  t empera tu res  over  a consider-  
able  amount  of time. 

The impor tance  of short- term "trigger" responses  was recent ly  demons t r a t ed  by 
deta i led  in situ observat ions  on two populat ions  of B. hamifera in W I re land (Breeman et 
al., 1988; Breeman & Guiry, unpubl.) .  Te t rasporangia  were  found from early S e p t e m b e r  
until  the end of January .  This was much longer  than  the brief " reproduct ive  window"  
that  had  been  expected .  In situ t empera tu re  measurement s  r evea led  that  brief  spel ls  with 
t empera tu res  over  12 ~ occurred during sunny days  at lew t ide as late  in the  yea r  as 
December .  Evidently,  such brief  exposures  were  effective in induc ing  the formation of 
te t rasporangia .  Some te t rasporangia  were  also p resen t  early in au tumn before  day-  
lengths  r eached  the critical value of about  12 h. This was a t t r ibuted to l ight  reduc t ion  at 
dawn and at dusk  dur ing high wate r  of spring t ides on heavi ly  c louded  days.  It r e duc e d  
the "effective day length"  for the p lants  and briefly exposed  then to shor t -day  condit ions 
even in late  August .  In two other inter t idal  red a lgae  (i.e. Rhodochorton purpureum and 
Dumontia contorta) phenologica l  observat ions have also provided  ev idence  for a t ide-  
induced  reduct ion of the "effective daylength"  for the plants  (Breeman et al., 1984; Klein, 
1987). In R. purpureum a heavi ly  shaded  es tuar ine  populat ion even p roduced  te t raspo-  
rangia  for severa l  months  after the end of the shor t -day season (Breeman et al., 1984). 

In conclusion, microchmatic  factors may  have a p ronounced  inf luence on these  
inductive responses.  In species  where  microthallus phases  have  wider  geograph ica l  
distr ibutions than  macrothalhis  phases ,  or where  there  are pers is tent  cryptic phases  in 
the fife history, induct ive  condit ions may  prevai l  only in occasional  years  and  this may  
account for the very sporadic  occurrence of some of these species  in areas  close to their  
known hrnits of distr ibution (for ins tance Bonnemaisonia hamifera [see above] and 
Nemalion helminthoides in NW Europe;  van den Hoek,  1982b; Maggs ,  1986; Kornmann  
& Sahhng,  1977). 
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FUTURE PROBLEMS 

For the majority of seaweed species investigated to date, t he rmal  responses 
accounted quite well  for the location of geographic boundaries.  Typical t he rma l  response 
patterns, often associated with life history-type, caused characteristic distribution 
patterns in the North Atlantic Ocean, some of which have b e e n  summar i sed  in  Figure 9. 
However,  several problems remain.  These are of two types: in the first p lace  there are 
species which extend into regions where their thermal tolerance w ou l d  not  permit  
survival in the adverse season or where their thermal requirements  for comple t ion  of the 
hfe history would not be met  in the favourable season. Some of these discrepancies 
probably result from the fact that the experimental  evidence is still incomplete .  For 
instance, for many  species the hmits of thermal tolerance have  as ye t  only b e e n  
de termined for the macrothallus phase and microthalli may be more tolerant.  Other 
discrepancies may result from taxonomic problems (see for instance Yarish et al., 1986: 
Caflithamnion tetragonum). Nevertheless, different thermal ecotypes are still hkely to be 
found in some species where the experimental  evidence seemed to be a t  var iance with 
observed distribution ranges. An example is the red alga Hypoglossum hypoglossoides 
(Yarish et al., 1984, 1987; as H. woodwardh). The upper  limit of thermal  tolerance of a 
temperate  W European isolate of this species (ca 25~ is too low for survival  of the 
disjunct (sub)tropical populations that have now been  reported from the wes te rn  Atlantic 
(Wynne & Ballantine, 1986), so these must  have a higher upper  thermal  limit. In such 
cases the quest ion of conspecificity of these widely separated entities arises. 

Another  type of problem concerns species which did not reach the potent ia l  hmit set 
by their thermal responses, or had notable "gaps" in their distribution range.  Several 
examples have briefly been  ment ioned above. Undersampl ing  (e.g. W Africa, E Eng- 
land), lack of suitable substratum, or locally reduced salinity are obvious reasons  for some 
distributional "gaps" shared by many  species. Some species with seemingly 
"haphazard" distribution pat terns (e.g, Dasya baillouviana in NW Europe;  South & 
Titfley, 1986; Furnari,  1984) may be relatively recent introductions to the region,  and still 
in the process of extending their ranges, possibly locally h indered  by the fact that suitable 
niches have already been  occupied by other species. Finally, in many  cases the apparent  
discrepancies probably result from a lack of data on the thermal requi rements  for a 

Fig. 9. Summary of thermal response types responsible for some characteristic distribution patterns 
of seaweeds in the North Atlantic Ocean. Comparison of ranges of thermal tolerance and of 
temperature requirements for growth or completion of the life history with annual temperature 
curves at different latitudes in the western (above} and eastern (below) Atlantic Ocean. Observed 
distribution ranges are shaded, potential ranges are indicated with an interrupted shading. Tem- 
peratures beyond survival limits are hatched, critical temperatures for growth or for completion of 
the life history are indicated by dotted hnes. Temperature responses restrictive to distribution are 
indicated as follows: lethal limit {blank asterisk in closed circle), growth limit {blank asterisk in open 
circle), hmit set by life history requirements (black asterisk in open circle). (A) Caflophy111s laciniata 
(eastern Atlantic temperate) with northern and southern lethal limits; (B) Gracilaria wrightii 
(western Atlantic tropical} with northern lethal limit; (C) Lomentafia bafleyana {western Atlantic 
tropical-temperate) with northern reproduction limit; (D) Cladophora vagabunda (amphi-Atlantic 
tropical to temperate) with northern growth limits; (E) Cladophora rupestris (amphi-Atlantic temper- 
ate) with northern growth limits and southern lethal limits; (F) Chorda tomentosa (amphi-Atlantic 
arctic to temperate) with composite southern boundary (lethal limit in western, reproduction limit in 

eastern Atlantic) 
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crucial step in the life history. For instance in many larger red and brown algae the 
temperature (daylength) requirements for reproduction of macrothalli are as yet 
unknown due to the difficulty of culturing large plants under  a variety of experimental 
conditions. Additional evidence of this type may be particularly important in understand-  
ing the nature of many northern boundaries in the North Atlantic Ocean (e.g. in 
Laminaria hyperborea; see above). 

More problematic is the question why some species do not go further south. For 
instance, the distribution pattern of Saccorhiza dermatodea suggests that this species has 
a composite southern boundary  in the North Atlantic Ocean (lethal limit in NE America, 
boundary  shifted northward by reproduction limit in W Europe) and, at first, experimen- 
tal evidence seemed to confirm this conclusion (Norton, 1977; van den Hoek, 1982a). 
However,  recently the identity of the cultured plants has been  questioned (Henry, 1987b) 
since S. dermatodea has proved to be monoecious (Henry, 1987b) instead of dioecious 
(Norton, 1972). The experimental evidence now available (Henry, 1987b) suggests that, 
on European coasts, this species could go as far south as Brittany because temperatures  of 
up to 10 ~ still permitted sexual reproduction (cf. Table 12). However,  S. dermatodea has 
not been  reported south of Nordland in NW Norway, and there is, as yet, no indication 
that other critical temperature requirements affecting other hfe history stages might 
restrict distribution (Keats & South, 1985). Possibly, competitive interaction with 
Laminariales such as L. hyperborea or with the closely related species Saccorhiza 
polyschides, has prevented southward extension. In fact, as S. dermatodea does not go 
further south on the very point where S. polyschides reaches its northern boundary  
(Rueness, 1977; Norton, 1977). In general, however, geographic ranges of closely related 
species seem to be unaffected by interspecific competition (Pielou, 1977). 

Another problem is why some species are relatively rare in the tropics. The experi- 
mental  evidence now available indicates that species absent from the tropics generally 
are excluded from this region because of their thermal responses as they either did not 
tolerate temperatures over (28-)30~ (Tables 11, 1 3 ) o r  required low temperatures 
(<23~ for completion of the hfe history (Table 12). Several species without these 
thermal restrictions are, however, confined to the tropical margins (e.g. Grinnellia 
americana, Lomentaria bafleyana; Yarish et al., 1984; Table 8) or are extremely rare in 
tropical waters (e.g. Cladophora albida; Cambridge et al., 1984 and unpubl.; Table 3). 
These species generally had high growth rates at temperatures of up to 30 ~ Probably 
they require high nutrient levels to support these high growth rates, faihng which, they 
may not be able to sustain the high grazing pressure characteristic of tropical regions. 

Apart from these unexplained points in the distribution of individual species, con- 
spicuous short-comings in the data-base may now be indicated on which future work 
might concentrate. Experimental evidence on temperature tolerance and requirements is 
almost completely lacking for some distribution groups, in particular the Arctic and the 
amphi-Atlantic (sub)tropical groups. More data, including an evaluation of the occur- 
rence of thermal ecotypes will be valuable, particularly because the former group is 
considered to be a relatively young,  the latter a relatively old distribution type (Lfining, 
1985). 

The question of thermal ecotypes still calls for attention, also in other distribution 
groups. There is virtually no information on variabihty on a local scale or within a 
population. Results obtained with Chondrus crispus indicate that locally (i.e. among  



236 A . M .  Breeman 

populat ions from the Irish west  coast; Table 2), thermal  tolerance may vary  to the same 

extent  as  for widely  separate parts of the distribution (Table 2). 

Most of the exper iments  on ecotypic differentiation in upper  thermal  limits have  

been  done with isolates from the tempera te  European  coast (Table 2). This is unfortunate,  

since in many  tempera te  species upper  tolerance limits restricted the distribution on 
American,  but  not  on European coasts (Table 11). Comparisons among  Amer i can  popula-  

tions would  have  b e e n  more useful, because  on that coast selection pressure  would  act on 
upper  tolerance limits. In contrast ,  European  populat ions should be compared  for their 

thermal  requi rements  for reproduct ion (Table 12). 
It is important  that future exper imenta l  work on thermal  responses should take into 

account  a number  of methodological  points. Since geographic  boundar ies  are set by 

suboptimal  or sublethal  conditions, possible interactions of t empera tu re  with other 
factors are of importance.  This calls for a multifactorial design of exper iments .  For 

instance, low light levels and short days enhanced  survival at lo w, sublethal  tem- 
peratures  in many seaweeds  (Figs 3, 4; Table 5). This would mean, that in the  field, near  a 

nor thern boundary,  lethal  conditions would  operate  in early spring, ra ther  than in 

midwinter.  
Incubation periods should also be  chosen so as to give a realistic s imulat ion of the 

duration of the season with potential ly limiting conditions. This may be  in the order of 

weeks  or months but  there is no s tandard procedure  to be  recommended ,  because  in the 

field the duration of periods with stressfull temperatures  will vary both locally and for 

eastern and western  Atlantic coasts, depend ing  on the shape of the annua l  t empera ture  

curve (see for instance Fig. 9). Realistic accl imation periods of at least severa l  weeks  

should also be appl ied as these may induce the formation of more stress-resistant  tissue 

(e.g. Novaczek et al., 1987). 
The applicat ion of exper imenta l  results to the field situation near  a geographic  

boundary  remains problematic.  It should be  real ised that conditions which are  l imiting for 
one species need  not necessarily be so for another,  even  when exper iments  gave  

comparable  results. For instance, when  compar ing the amount  of g rowth  minimally 

requi red  at a "northern growth boundary"  herbivore-resis tant  species will n e e d  to grow 

less than non-resis tant  species in order to build up a sufficient amount  of b iomass  during 
the summer. Therefore,  the final interpretat ion of factors that set b iogeograph ic  bound-  

aries will depend  on phenologicaI and demographic  work in boundary  populations,  

including in situ monitoring of environmental  conditions over a period of severa l  years. 
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