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ABSTRACT: The causal factors for observed differences in te t rasporangial  periodici ty in high-  and  
midlittoral plants  in an es tuar ine  popula t ion  of Rhodochorton purpureum (Lightf.) Rosenv. were 
analysed. In h igh  littoral plants  te t rasporangia  were absent  from early March  to early November  
when  tetrasporogenesis  was b locked by long days (> c. 12 h) and, from mid-May on also by h igh  
temperatures  (> c. 16 °C). Midli t toral  plants,  in part icular  those growing at shaded  sites, cont inued  
to form te t rasporangia  until  the end  of May. Here, at  h igh  tide, h igh  water  turbidity and  heavy 
shading by brown algae reduced  l ight  to such a n  extent  that  it was be low the  threshold for l ight  
percept ion in R. purpureum for several  hours. Since, on successive days, h igh  water  marks regular ly  
fell c. 50 rain later, very i r regular  l ight -dark  regimes  were  the  result. Days wi th  two l ight  and  two 
dark  periods (high tide at midday) are followed by days wi th  one l ight  and  one, long, dark per iod 
(one h igh  tide at dawn, the next  at  dusk). Exper iments  showed that  these  reg imes  are effectively 
short days for R. purpureum. In summer  and  au tumn te t rasporogenesis  in the midli t toral  plants  is 
blocked by h igh  temperatures.  Minimal  daily tempera ture-va lues  are often be low the  critical 
temperature,  but  this did not induce  tetrasporangia.  Probably average  or maximal  values block 
tetrasporogenesis  and this was supported by exper imenta l  results. In one of the field samples  a 
diminut ive male  gametophyte  was found which  had  grown from a tetraspore that  had  germina ted  in 
situ, and  this is the first report of a gametophyte  of R. purpureum from nature.  

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

U l t i m a t e l y ,  a n  a n a l y s i s  of t h e  c a u s a l  f ac to r s  for  t h e  r e p r o d u c t i v e  p h e n o l o g y  of 

b e n t h i c  m a r i n e  a l g a e  d e p e n d s  o n  e x p e r i m e n t a l  w o r k .  O n l y  in  t h e  l a b o r a t o r y  c a n  

e n v i r o n m e n t a l  fac to rs  b e  v a r i e d  i n d e p e n d e n t l y  a n d  o n l y  in  t h i s  w a y  c a n  t h e i r  s p e c i f i c  

e f fec t s  b e  a s c e r t a i n e d .  
In  t h e  r e d  a l g a  Rhodochorton p u r p u r e u m  (Lightf . )  R o s e n v .  t h e  f o r m a t i o n  of t e t r a -  

s p o r a n g i a  is r e s t r i c t e d  to t h e  w i n t e r  h a l f y e a r .  L o n g  d a y s  a n d  h i g h  t e m p e r a t u r e s  a r e  

p o t e n t i a l l y  b l o c k i n g  f ac t o r s  for  t e t r a s p o r o g e n e s i s  (West ,  1972;  S t e g e n g a ,  1978;  D r i n g  & 

West ,  1983). S e v e r a l  r e g i o n a l  d a y l e n g t h - t e m p e r a t u r e  e c o t y p e s  h a v e  b e e n  f o u n d  w h i c h  

* Paper presented at the Seaweed  Biogeography Workshop of the Internat ional  Working Group on 
Seaweed Biogeography, he ld  from 3-7 April 1984 at the Depar tment  of Mar ine  Biology, Rijks- 
universi tei t  Groningen  (The Netherlands) .  Convener:  C. van  den Hoek. 

© Biologische Anstalt  Helgoland,  Hamburg  



366 A . M .  Breeman,  S. Bos, S. van  Essen & L. L. van  Mulekom 

differ in  the critical l imits for these key-factors (West, 1972; Stegenga,  1978; Dring & 
West, 1983). 

In the Ems-Dollard estuary (Northern Nether lands)  R. puFpureum grows on the man-  
made  dikes that consti tute the only solid substrate for ben th ic  algal  growth. R. pur- 
p u r e u m  is found in  the unders tory  of a fucold canopy which extends from the dike-bases,  
at about  the midt ide  level, to the upper  littoral. The very regular  construction of the 
substrate enab l ed  sampl ing  of the popula t ion  a long two clear-cut gradients:  one is a 
tidal submergence  gradient ,  the other a l ight  exposure gradient .  Such a sampl ing  
program seemed  in teres t ing  since p re l iminary  observat ions had drawn our at tent ion to 
differences in  te t rasporangia l  periodici ty at different t ide levels. Finally,  we des igned 
laboratory exper iments  to analyse  the causal  factors for the periodicity observed in the 
field. 

MATERIAL AND METHODS 

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

The s tudied R. purpureum popula t ion  occurs on a m a n - m a d e  dike in  the Ems- 
Dollard estuary (Northern Nether lands)  (Fig. 1). The dike is covered with large grani te  
blocks and  is bordered,  seaward,  by a mudflat  s i tuated at c. 0.30 m below the NAP-level  
(NAP = Amste rdam Zero -~ midtide) (Fig. 2). R. purpureum occupies its characteristic 
hab i ta t  in  the unders tory of the large fuca lean  a lgae Fucus spiralis, Ascophyl lum 

nodosum and  Fucus vesiculosus (Fig. 2). In  the F. spiralis-zone brown algal  cover is 
c. 30 % and  the plants  are patchi ly distr ibuted.  In the A. nodosum- and the F. vesi- 
culosus-zone brown algal  cover is high (c. 90 % and  c. 80 %, respectively) and the plants  

% 

I 
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Fig. 1. Rhodochorton purpureum. Distribution in the Ems-Dollard estuary (northern Netherlands). 
R. purpureum-vegetation under fucoid canopy (o), without canopy (~). Location of sample sites 
(arrow 1) and station where temperatures and tide-curves were recorded (arrow 2) (Havendienst 

Delfzijl, pers. comm.) 
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Fig. 2. Rhodochorton purpureum. Locat ion  of i n d i v i d u a l  t u r f - p a t c h e s  ( shaded)  on  t he  g r a n i t e - b l o c k s  
tha t  face the  d ike  (left) a n d  d i a g r a m  s h o w i n g  t h e  loca t ion  of s a m p l e - s i t e s  in e x p o s e d  (E) a n d  s h a d e d  
(S) pos i t ions  in  t h e  F. spiralis-zone (1), t he  A. nodosum-zone  (2, 3) a n d  t he  I=. vesiculosus-zone (4} 
(right). A v e r a g e  t ida l  r a n ge :  2.80 m.  M e a n  h i g h  w a t e r  l eve l  a t  1.24 m a b o v e  NAP;  M H W S  at N A P  + 

1.50 m;  M H W N  at N A P  + 0.94 m. N A P  = A m s t e r d a m  Zero  l eve l  ~ m i d t i d e  
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are  very even ly  spaced  over  the  surface of the  c losely  p a c k e d  grani te  blocks.  R. 
purpureum forms pa tches  of dense  ve lve ty  turf on the  s ides  and  uppe r  edges  of the 
g ran i te  blocks,  wi th  a p re fe rence  for the  lower,  s e a w a r d  fac ing  s ides  of the blocks 
(Fig. 2). At  the i r  u p p e r  ma rg in s  these  pa t ches  are  bo rde red  by  crusts of the red  a lga  
Hildenbrandia prototypus and  the holdfas ts  of the fuca lean  a lgae .  At  their  lower  margins  
they  are  b o r d e r e d  by  ba rnac l e s  a n d  o ther  inve r t eb ra t e s  and  by  silt. The R. purpureum- 
turf is ve ry  dense  and  h o m o g e n e o u s  in he ight ,  wh ich  is a t t r ibu ted  to heavy  graz ing  by 
micrograzers  (Hoeksema  & Breeman,  unpub l i shed) .  Vert ical ly ,  the  R. purpureum popu- 
la t ion  ex tends  from the  F. vesiculosus-zone, nea r  the  ba se  of the  dike,  to the  F. spiralis- 
zone at  abou t  1 m above  the NAP- leve l  (Fig. 2). 

We  s a m p l e d  this p o p u l a t i o n  at  r egu l a r  in terva ls  du r ing  the au tumn  of 1980, through-  
out  1982 and  dur ing  the spr ing  of 1983. Samp le s  were  t aken  from e igh t  different  types  of 
locat ions  wh ich  r e p r e s e n t e d  two grad ien ts :  one is a t ida l  s u b m e r g e n c e  g rad ien t  (sites 1 
to 4, Fig. 2), the o ther  a l igh t  exposu re  grad ien t .  At  each  t ide  leve l  (1-4, Fig. 2) sepa ra te  
s am p l e s  were  t a k e n  from re la t ive ly  s h a d e d  and  from re la t ive ly  exposed  sites. Shaded  
si tes (marked  S, Fig. 2} were  s i tua ted  at  the  lower  marg in  of the  R, purpureum-patches, 
d e e p  in the  crevices  b e t w e e n  the  stones,  and  were ,  a t  the  momen t  of sampl ing ,  
com p l e t e ly  covered  by  b rown a lga l  thal l i .  Exposed  sites (marked  E, Fig. 2) were  s i tuated 
at  the  u p p e r  m a r g i n  of the  R. purpureum-patches and  were,  at  the moment  of sampl ing ,  
not  covered  by  b rown  a lga l  thall i .  

P ieces  of g ran i te  wi th  the  a t t ached  R. purpureum-turf were  ch ipped  off and a 
quan t i t a t ive  e s t ima te  of spo rang ia l  a b u n d a n c e  was  o b t a i n e d  by  ha rves t ing  thir ty sub- 
s am p l e s  of uni form size and  r eco rd ing  the  presence ,  in each  subsample ,  of each  of the 
fo l lowing s t ructures  (Fig. 3): young  spo rang ia l  b ranches  (1), t e t r a sporang ia l  ini t ials  (2), 
ma tu re  t e t r a spo rang i a  (3), e m p t y  t e t r a spo rang ia  (4), and  r e g e n e r a t i n g  remnan t s  of old 

EXPOSED 

SHADED 

Fig. 3. Rhodochorton purpureum. Stages in the development of a tetrasporangial branch as 
observed in samples from exposed and shaded sites: initial of sporangial branch (1); tetrasporangial 
initial (2); mature tetrasporangium (3)~ empty tetrasporangium (4); regenerating remnant of old 

sporangial branch (5). Scale: 50 ~un 
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sporangial  branches  (5). This provided  a genera l  impress ion  as to whe the r  the process of 

spore-formation had only just s tar ted or was in a te rmina l  phase.  In the end  the p resence  
of te t rasporangial  init ials or mature  te t rasporangia  was chosen as an appropr ia te  meas-  

ure for sporangia l  abundance .  

C l i m a t o l o g i c a l  d a t a  

During the sampl ing  per iod wate r  tempera tures ,  air t empera tu res  and t ide-curves  

were  rout inely recorded by the Havend iens t  Delfzij l  (pers. comm.) at a station c. 0.5 km 

north of the sampl ing  locat ion (Fig. 1). Month ly  ave rages  for the dai ly  i r rad iance  curve 
were  der ived  from long term solar imeter  data  recorded at 10 rain in tervals  at Delfzi j l  

(Fig. 1) dur ing the years 1976-1980 (Colijn, 1982 and pets. comm.). Light a t tenuat ion  in 

the waters  of the Ems-Dollard  estuary near  Delfzij l  was measu red  dur ing 29 surveys 

b e t w e e n  1976 and 1980 by Col i jn  (1982). 
Actual  l ight condit ions near  the R. purpureum-plants  were  measured ,  both at low 

and at h igh tide, dur ing 12 surveys carr ied out b e t w e e n  1982 and 1984. Light was 
measured  with a LiCor 185 quan ta  meter ,  equ ipped ,  where  necessary,  wi th  an unde rwa-  

ter sensor. The  deg ree  of shading  caused  by the brown a lgal  thal l i  at low t ide was  
es t imated in each of the fuca lean  zones. Compara t ive  read ings  were  t aken  with  a 

quantum-sensor  p laced  in full dayl ight  and another  sensor p laced  under  the b rown a lgal  

canopy. Shading  by substrate topography  was l ikewise  es t imated  after the brown a lgal  

thalli  had b e e n  removed.  This shade-factor  was equa l ly  va l id  at low and at h igh  tide. At 

high tide two types of l ight  measu remen t s  were  carr ied out. In the first, l ight  was 
measured  at 5-:10 min  intervals  th roughout  a t idal  s u b m e r g e n c e  cycle wi th  the unde rwa-  

te r -quantum sensor in a f ixed position, e i ther  on the d ike-surface  b e t w e e n  the A. 
nodosum thalli, or on the mudfla t  whe re  there  was no in f luence  of the b rown a lgal  thalli .  
Simultaneously,  the amount  of l ight  at the water-surface  and the depth  of the water-  

column f looding the sensor were  recorded.  These  mea su re m e n t s  were  in t ended  to ge t  at 
first a rough impress ion whe the r  the a t tenua t ing  proper t ies  of the wa te r  va r ied  much  in 
the course of a h igh  water  period. They  were  carr ied out wes t  of Delfzi j l  (Fig. 1) because  

these waters  were  clear  e n o u g h  to enab le  accurate  read ings  (> 1 pmol m -2 s -1 at the 

underwatersensor)  th roughout  a h igh  water  per iod and this was not the case near  the 
sampl ing  station. Secondly,  l ight  versus depth-prof i les  were  recorded  near  the sampl ing  

station, both in open  water  and in water  with A. nodosum-thalli; this was done  at var ious 
moments  in the course of a h igh  water  per iod  and  in water layers  of var ious depths.  

Unl ike  in c learer  waters  (Jerlov, 1977), in the very turbid waters  of the Ems-Dol la rd  

estuary, a t tenuat ion of total PAR (Photosynthetic Act ive  Radiation,  ~ = 400-700 nm), 
which  is measured  with the quan tum sensor, is approx imate ly  exponen t i a l  wi th  depth  in 

the first few meters,  in spi te  of the great  spectral  band  width  b e i n g  measu red  (Colijn, 

1982; Kirk, 1977). Therefore  l ight  a t tenuat ion  in the who le  wa te rco lumn  can be 

descr ibed  with one quan tum at tenuat ion  coeff icient  (K400_700 am; m - l )  • 

C u l t u r e  e x p e r i m e n t s  

R. purpureum was col lected on 24 May 1978 from the midd le  of the A. nodosum- 
zone. Unia lga l  cultures of the te t rasporophyte  were  kept  at 12 °C, 16:8 (L:D, h), c. 5 ~tmol 

m -2 s -1. Under  these condit ions no te t rasporangia  were  formed and growth was l imited.  
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For the exper iments  c. 1 cm long b ranched  f i laments  were cut off and  p lan ted  at regular  
d is tances  in  W h a t m a n n  GF/A 11 cm glass microfibre filter paper  covering the bottom of 
a petr idish (Ten Hoopen  et al., 1983). Per dish 35-50 plants  were inocula ted  and  2-3 
dishes were p laced  in  each of the exper imenta l  conditions.  The response to a given 
t rea tment  was assessed by count ing  the n u m b e r  of p lants  that  had  formed tetrasporangia 
every week.  The exper iment  was con t inued  unt i l  no further plants  formed tetrasporan- 
gia, which in  some exper iments  took more than  4 months. In the end  the maximal  
response was t aken  as a measure  for the effectiveness of a g iven  treatment.  Genera l  
methods  of cul t ivat ion and  e q u i p m e n t  have b e e n  descr ibed e lsewhere  (Breeman & Ten  
Hoopen,  1981). In this study Philips TL34 f luorescent  tubes  were used as a l ight source. 
Table  1 compares the relat ive spectral  d is t r ibut ion  of the f luorescent  l ight  with that of 

Table I. Relative spectral distribution (% of total quanta 400-700 nm) of experimental light source 
(Philips TL34; manufacturer's specification) and of underwater light at 1 m depth in Jerlov's 

watertype 9 (Jerlov, 1976; sun + sky; solar elevation 65 °) 

Waveband Philips TL34 Underwaterlight 
(nm) (%) (%) 

400-500 14 16 
500-600 37 43 
600-700 49 41 

underwa te r l igh t  at 1 m depth  in  Jerlov 's  (1976) water type  9, the most turbid type in the 
classification. At m e a n  high water  marks, c. 1 m water  floods the midli t toral  R. pur-  
p u r e u m  plants,  for which l ight  quant i t ies  in  the field were compared  With exper imen-  
tal ly de t e rmined  threshold l ight  levels  for day leng th  perception.  The fluorescent light 
contains  somewhat  more red l ight  (600-700 nm) and  peak  t ransmiss ion is at 660 nm 
ins tead  of at c. 600 nm. The Ems-Dollard waters  are more turbid  than  Jerlov's  watertype 
9 bu t  spectral  t ransmi t tance  is p robab ly  comparable  though there is some evidence  for a 
further shift in  peak  t ransmiss ion towards the "orange"  in  es tuar ine  waters (Champ et 
al., 1980}. 

RESULTS 

S e a s o n a l  o c c u r r e n c e  of t e t r a s p o r a n g i a  i n  t he  f i e ld  

Tet rasporangia  were a b u n d a n t  in  win te r  from December  to February  at all sample- 
sites (Fig. 4). In March sporangia l  a b u n d a n c e  started to decrease at the highest  tide 
levels  and  by April  sporangia  were  absen t  there, whereas  at the lower t ide levels, and 
par t icular ly  at the shaded  sites, sporangia  were a b u n d a n t  till the end  of May. On one 
sampl ing  date, in  the last week  of April, sporangia l  a b u n d a n c e  had, in  some samples, 
increased  compared  with that of the previous  date, and  the presence  of many  young 
sporangia l  b ranches  (stages 1 and  2, Fig. 3) indica ted  that there tetrasporogenesis had 
started anew. In June  sporangia  were absent  at all sites and  the whole populat ion was 
sterile throughout  the summer.  In November  sporangia  started to reappear  at all tide 
levels, somewhat  sooner at the exposed than  at the shaded sites. The over-all annual  
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Fig. 4. Rhodochorton purpureurn. Seasonal occurrence of tetrasporangia at four different tide levels 

at exposed (O) and shaded (e) sample sites (Fig. 2) as observed in 1982 

pat tern  of te t rasporangial  a b u n d a n c e  as found on various sample-s i tes  in  1982 (Fig. 4} 
was confirmed by data from the a u t u m n  of 1980 and  the spr ing of 1983 (not shown}. 

Once only, dur ing  the entire sampl ing  per iod did  we  find a gametophyt ic  plant.  A 
tetraspore had germina ted  in  situ and  had  grown into a d iminut ive  male  gametophyte  
(Fig. 5). No other trace of male  or female gametophytes  was found, ne i ther  in  the 
compact mat  of rhizoidal f i laments  that consti tutes the base of the R. purpureum turf, nor 
on the ne ighbour ing  bare grani te  substrate.  

C a u s a t i v e  factors  for the  o b s e r v e d  t e t r a s p o r a n g i a l  p e r i o d i c i t y  

Culture exper iments  

In order to analyse  the causative factors for the observed per iodici ty  we  exper imen-  
tally de te rmined  the in f luence  of temperature ,  day leng th  and  l ight  quant i ty  on tetra- 
sporogenesis in  a local R. purpureum isolate. Tet rasporangia  were formed in  short day 
and low temperature  condit ions only. Under  opt imal  condit ions te t rasporangia  started to 
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Fig. 5. Rhodochorton purpureum.  Male gametophyte grown from a tetraspore that had germinated 
in situ (arrow 1); note spermatangia (arrow 2). Micrographs taken in 3 different plains of focus. 

Sample from shaded site 3 (Fig. 2) collected on 10 March 1982. Scale: 10 ~m 

appea r  after 3-4 weeks  and it took c. 8 weeks  for all  plants  to respond (Fig. 6). Under  
subopt imal  condi t ions  such as low tempera tu res  or very low l ight  levels,  it took consider- 

ably longer  (Fig. 6). The  crit ical  day leng th  was about  12 h both at 8 ° and at 12°C (Fig. 7), 

t empera tu res  that  are more  or less typical  for the per iods  in spring and autumn w h e n  the 

critical day leng th  of 12 h is r eached  (Figs 9 and 10). The  12 h critical day length  was 
va l id  for l ight  levels  above  5 ~mol m -2 s -1 (up to 40 ~tmol m -2 s -I) but  not at lower l ight 

levels  where  it was r educed  to 11 h (Fig. 7). A l ight  level  as low as 1 ~mol m - 2  s 1 was 

still sufficient for te t rasporogenes is  at day lengths  of 8-11 h but not in very short days 
(Fig. 7). 

The critical t empera tu re  lay b e t w e e n  16 ° and 18°C with 50 % response at 16.5°C 

(Pig. 8). This was found for plants  p re - incuba ted  at b locking  h igh  tempera tures  as well  
as for those p re - incuba ted  at b locking  long day conditions.  

Firs t  e s t i m a t i o n  o f  k e y - f a c t o r s  

Compar ing  these cul ture results wi th  f ie ld-data  on tempera ture -  and daylength-  
condi t ions  dur ing  the sampl ing  per iod (Pigs 9, 10) we  find per iods when  tetraspo- 
rogenes i s  would  have  b e e n  b locked  by long days or h igh  tempera tures  or both. tf we 

assume (but see below!) that, for p lants  g rowing  at very low l ight  levels  (< 5 [~moI 

m z s 1), the day beg ins  at sunrise and ends  at sundown,  but for those growing  at h igher  

l igh t  levels,  the day inc ludes  civil  twil ight ,  we  find that long days would  block 
sporogenes is  in all plants  from early March  to early October  (Pigs 10, 11). 

H igh  wate r  t empera tures  wou ld  block sporogenes is  for in termit tent  periods from 

mid May to mid Sep tember  (Pigs 9, 11). 
Maximal  dai ly air t empera tu res  would  be h igh  enough  to block sporogenesis  
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Fig. 6. Rhodochorton purpureum. Formation of tetrasporangia in cultures kept at various tempera- 
ture- (A) and light (B) conditions in standard short days 

throughout  summer  unti l  early October, but  min ima l  daily air temperatures  would  be 
rarely h igh enough  to do so {Figs 9, 11). 

Compar ing  the periods when  one or more of these factors would  have had high 
blocking values  with the periods w h e n  sporangia  were actual ly absent  in  the field 
(Fig. 11) we find that the occurrence of b lock ing  long day condit ions from early March 
does not agree with our observat ion that, at shaded  sites at the lower tide levels, 
sporangia  were be ing  formed till the end  of May. It is suggested  that these plants  
exper ienced  darkness for part  of the day so that they were in  fact subjec ted  to short day 
instead of long day conditions. 

The "effective daylength'" for R. purpureum 

Threshold value for l ight  percept ion  in  the short day response 

In order to test the above hypothesis  we exper imenta l ly  de te rmined  the threshold 
level for l ight perception in the short day response  and  compared this with the l ight  
condit ions in the field at low and  at high tide. The threshold level  was de te rmined  in  the 
following way: plants  were subjected to a day leng th - reg ime  in which an 8 h ma in  l ight  
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lines) during the sampling period as measured near Delfzijl (Fig. 1, arrow 2) (Havendienst  Delfzijl, 
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Fig. 10. Annual variations in the astronomical daylength and in the duration of the daylight period 
that begins and ends with civil twilight (from Smith, 1974 and daily irradiance-curves as measured 
at Delfzijl be tween 1976 and 1980 [Colijn, 1982 and pers. comm.]). Duration of civil twilight: 35 rain 
at equinox, 52 rain at midsummer.  Critical daylength for tetrasporogenesis  in Rhodochorton pur- 
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gial  presence  at different sample sites 

p e r i o d  w a s  f o l l o w e d  or  p r e c e d e d  b y  a n  a d d i t i o n a l  l i g h t  p e r i o d  of 6 h a t  v a r i o u s  l ow  l i g h t  

l e v e l s  ( T a b l e  2). If t h e s e  w e r e  b e l o w  t h e  t h r e s h o l d  for l i g h t  p e r c e p t i o n  t h e  p l a n t s  w o u l d  

f o r m  t e t r a s p o r a n g i a .  T h e  t h r e s h o l d - v a l u e  is no t  v e r y  s h a r p l y  d e f i n e d ,  b e c a u s e  w h e n  

l i g h t  l e v e l s  i n  t h e  a d d i t i o n a l  l i g h t  p e r i o d  w e r e  r a i s e d  f r o m  0.2 to 0.9 ~mol  m -2 s -1, t he  

n u m b e r  of p l a n t s  t h a t  f o r m e d  t e t r a s p o r a n g i a  d e c r e a s e d  o n l y  g r a d u a l l y  ( T a b l e  2). 

M o r e o v e r ,  t h e  f o r m a t i o n  of s p o r a n g i a  w a s  d e l a y e d  i n  a l l  t r e a t m e n t s  w i t h  a d d i t i o n a l  l i g h t  

p e r i o d :  t h e y  o n l y  a p p e a r e d  a f t e r  7 - 8  w e e k s  ( c o m p a r e  Fig.  6). T h e  s e n s i t i v i t y  to l i g h t  was  

s l i g h t l y  h i g h e r  a t  t h e  e n d  t h a n  a t  t h e  b e g i n n i n g  of t h e  m a i n  l i g h t  p e r i o d  ( T a b l e  2). In 

Table  2. Rhodochorton purpureum.  Threshold  for l ight  percept ion in the short day response in 
tetrasporogenesis .  Light /dark  regimes:  L = ma in  l ight  period (h), 16 ~mol m -2 s - l ;  L = additional 

l ight  per iod [h) at various low l ight  levels; D = dark per iod (h). Temperature:  12 °C 

Reg_ime Light level  in  addi t ional  l ight  per iod Plants with  tetrasporangia 
(L: L: D) (~tmol m -2 s -1} (%} 

B 

1 4  : 1 0  - 0 

8 : 16 - 100 

8 : 6 : T 0  0.9 14 
0.2 21 
0.05 90 

{~ : 8 : 1-'0 0.9 25 
0.4 46 
0.2 50 
0.1 92 
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treatments where plants  had received a l ight  level  of 0.1 ~mol m -2 s -1 or less, dur ing  the 
addit ional  l ight period more than 90 % even tua l ly  formed tetrasporangia.  Therefore, we 
assume that, in  the field, l ight  levels be low 0.1 ~mol m -2 s -1 are no longer  perceived by 
the plants. 

Light condit ions in  the field at low tide 

At low tide, shading  is caused by the b rown algal  canopy and  substrate  topography, 
Shading is heavies t  in  the A.  n o d o s u m - z o n e  and  at the shaded  sample  sites {Fig. 2 sites 
2S, 3S; Table  3). Here, l ight  t ransmiss ion through the algal  canopy was, on the average,  
only 5 %. Only  9 % of the r ema in ing  l ight  penetra tes  far enough  into the crevices 
be tween  the grani te  blocks to reach the R. p u r p u r e u m  plants  at the shaded  sample-si tes.  
On a br ight  spr ing day, with an  inc iden t  l ight  quant i ty  of, say, 1,000 ~tmol m -2 s -1 at 
midday,  only 4.5 ~tmol m -2 s -1 would  reach these plants,  but  this is still far above the 
threshold for l ight percept ion (0.1 ~tmol m - 2 s  -1, Table  2) which  will, in  fact, be 
exceeded within  30 min  after sunrise.  Moreover, ind iv idua l  p lants  are not as heavi ly  
shaded at every s ingle  low tide. Ind iv idua l ly  marked  patches of R. p u r p u r e u m - t u r f ,  
which had b e e n  selected because  they were complete ly  covered by the A.  n o d o s u m -  

canopy, were, on subsequen t  low tides, all  occasional ly left uncovered.  Then,  the 
threshold for l ight  percept ion will  have  b e e n  exceeded  before sunrise,  for p lants  in  
exposed positions directly after the b e g i n n i n g  of civil twilight.  However,  accurate  
predictions on the precise momen t  w h e n  the threshold will  be surpassed cannot  be  made  
on the basis of the culture exper iments  because  these did not s imula te  the gradua l  in- 
and decrease of l ight  at dawn  and  at dusk. Moreover, na tura l  dayl ight  contains  more red 
and blue  light than the artificial l ight  source. 

Nevertheless,  we may conclude that heavy shading  at low tide does not cause any 
substant ia l  shortening of the l ight  per iod for R. p u r p u r e u m  in  spring.  

Light condit ions in the field at h igh tide 

At high tide, l ight  is reduced by a t t enua t ion  in the watercolumn,  b rown algal  
shading and  shading  through substrate- topography.  The latter factor will  have  the same 
value as it has at low tide (Table 3). The amount  of l ight that penet ra tes  a wa te rco lumn 

Table 3. Shade factors for Rhodochorton purpureum at low tide as measured during 6 surveys on 4, 
19 and 25 Feb. and 10, 19 and 31 March 1983 

Remaining light (%) Number of observations 
mean standard deviation (n) 

Algal canopy 
Fucus spiralis 18 9 55 
Ascophyllum nodosum 5 3 55 
Fucus vesiculosus 11 6 48 

Substrate topography 
vertical/overhanging 46 24 59 
entrance of crevices 32 20 63 
deep in crevices 9 5 45 
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d e p e n d s  o n  i ts  d e p t h  a n d  o n  t h e  t u r b i d i t y  of t h e  w a t e r .  In t h e  c o u r s e  of a h i g h  w a t e r -  

p e r i o d ,  w a t e r d e p t h  v a r i e s  for  a n y  s a m p l e - s i t e ,  a n d  t h e  t i da l  s u b m e r g e n c e  cu rve  is qu i t e  

d i f f e r e n t  for s a m p l e  s i t e s  s i t u a t e d  at  d i f f e r e n t  t i d e  l eve l s .  For  i n s t a n c e  s i te  4, s i t u a t e d  

n e a r  t h e  m i d - t i d e  leve l ,  is  f l o o d e d  for  c. 7 h w i t h  at  m o s t  1.3 m w a t e r ;  w h e r e a s  s i te  1, 

s i t u a t e d  1 m h i g h e r ,  is f l o o d e d  for o n l y  3 h w i t h  at  m o s t  0.3 m w a t e r  (Figs 2; 12A). In t he  

v e r y  t u r b i d  w a t e r s  of t h e  E m s - D o l l a r d  e s t u a r y  ( m e a n  a t t e n u a t i o n - c o e f f i c i e n t  K4oo_?o 0 ,_~ in  

th i s  r e g i o n  is 5.88; Col i jn ,  1982) t h i s  d i f f e r e n c e  w o u l d  r e s u l t  in  a 500- fo ld  d i f f e r e n c e  in  

l i g h t  q u a n t i t y  at  t h e s e  s i t e s  d u r i n g  h i g h  w a t e r .  H o w e v e r ,  t h e  s i t ua t i on  is  m u c h  m o r e  
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Fig. 12. A: Average tide curve for Delfzijl (upper part) (Getijtafels voor Nederland) and tide curve 
during high water period when  light measurements  were  taken (e) sample sites 1-4 (Fig. 2) 
indicated. B: variations in the "attenuation coefficient" (K40o_~00 nm; m- l )  in the course of a high 
water  period as measured in open water  (a) and in water  with A. nodosum-thall i  (b). Underwater- 
quantum sensors were placed on the mudflat (a, upper  graph) or on the substrate of the dike amidst 
the A. nodosum-thal l i  (b, upper  graph). *'Attenuation coefficients" calculated from: K (m -1) = 
(ln I o - In Id)/d where:  I o = amount of light at watersurface; I a = amount of light at underwater- 
sensor; d = depth  of waterlayer  flooding the underwater-sensor.  Example typical for 4 similar 

series of measurements  based on data from 25 Oct. 1983 
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complicated,  because  the l ight  a t tenua t ing  proper t ies  of the f looding  water  are not 
constant in the course of a h igh  wate r  period.  In open  water,  a t tenuat ion-coeff ic ients  are 

h ighes t  directly after midt ide,  w h e n  the  f looding wate r  has  just  passed  over  the muddy  
t ideflat  (Fig. 12B); and they  are lowest  at s lack h igh  wate r  w h e n  c learer  wa te r  from the 

seaward  side of the estuary has come in (Fig. 12B; Colijn,  1982). Never the less ,  these 

variat ions are of minor  impor tance  compared  to those caused  by b rown  a lga l  shading.  In 
water  with brown a lga l  thal l i  the  total  "a t tenuat ion-coef f ic ien t" ,  as it results from the 

combined  effect of wa te r  turbidi ty and brown a lgal  shading,  is much  h igher  in sha l low 

than in deep  water  (Figs. 12B; 13; 14}. This must  be  at t r ibuted to the fact that  in water  

% of surface light 
0.1 ' 1 17 IOQ 0 

' 

total waterdepth = 0,40 m / ~ "  E"  

4 r r ~  e~ e 0.40 .~ 

total waterdepth = 0.70 m /  K =  0.60 

Fig. 13. Percentage of surface quanta (400-700 nm) in relation to waterdepth as measured in water 
with A. nodosum-thalli  differing in total waterdepth. Two examples based on measurements carried 

out on 18 Feb. 1984 

5C 

open water 

I I I 
0.10 0.25 0 .50 1.00 

depth of water column (m) 

Fig. 14. Light "attenuation coefficients" (K4oo_7o o ran; m-l)  in water with A. nodosum-thall i  in 
relation to total waterdepth. Values based on light vs. depth profiles (i.e. Fig. 13) as measured on 
11 July 1982; 28 March, 27 April and 25 Oct. 1983 and 18 Feb. 1984, all in normal weather- 
conditions. Mean values for individual depths based on 4-17 profiles (total n = 92). Average value 

for open water based on Colijn (1982 and pers. comm.) (n = 29). Vertical bars = st. dev. 
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sha l lower  than the total  l eng th  of the b rown  a lga l  thal l i  these  wil l  assume a more 
horizontal  posi t ion and the reby  increase  l ight  a t tenuat ion  in the water  column consider- 

ably. At r is ing and fa l l ing t ide water  wil l  be  more shal low for some time, therefore the 

total "a t tenua t ion-coef f ic ien t"  wil l  vary s t rongly in the course of a t idal  submergence  

per iod {Fig. 12). These  variat ions wi th in  one t idal  cycle caused  by brown algal  shading 
are much  larger  than seasonal  var iat ions caused  by chang ing  water- turbidi ty  (Figs 12, 

14; Coli jn,  1982 and pers. comm.}. However ,  after stormy periods,  espec ia l ly  w h e n  winds 
have  b e e n  b lowing  from the north-west ,  a long  the axis of the estuary, at tenuation- 

coeff icients  in open  wa te r  may  also increase  to over  20 (Colijn, 1982 and pets.  comm.}. 
The  fact that  in wate r layers  with b rown a lga l  thal l i  a lesser  wa te rdep th  goes with a 

h ighe r  "a t t enua t ion-coef f ic ien t"  neut ra l izes  to a cer ta in  extent  the difference in the 

amount  of l ight  that  r eaches  the bot tom as the t ide rises. Light reduct ion is very high 
direct ly  on t idal  submergence ,  and remains  so for the ent ire  durat ion of the high water  

period.  In the fo l lowing sect ion we  will  find that  this causes a substantial  shor tening of 

the l ight  per iod for the R. p u r p u r e u m  plants  in spring, in par t icular  for those growing at 
shaded  sites at the lower  t ide levels.  
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Fig. 15. A: Average daily light curve (smoothed) for the first two weeks of April as based on 
measurements taken in Delfzijl between 1976 and 1980 (Colijn, 1982 and pets. comm.) and average 
tidal submergence curve for sample site 3 (NAP + 0.20 m, Fig. 2). B: The amount of light arriving at 
Rhodochorton purpureum-plants  at sample site 3 S (shaded) (Fig. 2) during high and during low 
tide in 25 min intervals calculated from the upper graph {a), Fig. 14 and Table 3. Threshold for light 
perception in R. purpureum indicated (from Table 2); black bar shows extra dark period caused by 

tidal submergence 
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Light/dark regimes for R. p u r p u r e u m  caused by t idal  f looding 

The average amoun t  of l ight  arr iving at the R. p u r p u r e u m  plan ts  in  the course of a 
high water  period may now be calculated us ing  the fol lowing data: (1) the average dai ly 
i r radiance-curve for the per iod concerned  (Colijn, 1982 and  pers. comm.; Fig. 15A), 
(2) the average t idal  submergence-curve  at the t ide level  concerned  which gives the 
variations in  waterdepth  in  the course of the h igh  water  per iod (Figs 12A; 15A), (3) the 
average total "at tenuat ion-coeff ic ient"  val id  for each waterdepth  in  water layers  with 
brown algal  thall i  (Fig. 14), and  (4) the average amoun t  of shad ing  by substrate-  
topography (Table 3). 

We calculated these data for the per iod in  spr ing (early April) w h e n  the critical 
daylength  had b e e n  passed and  the plants  growing at the highest  t ide level  had  stopped 
forming tetrasporangia,  whereas  those growing at shaded sites at the lower t ide levels 
cont inued  having  te t rasporangia  (Figs 4; 11). We compared sample  sites located in the 
A. n o d o s u m - z o n e  at 0.20 m above the NAP-level  in  exposed and  shaded positions. At 
mean  high water mark these sites were flooded with 1.04 m water. At the shaded site 
tetrasporangia were still a b u n d a n t  on a subsequen t  sampl ing-da te  (Fig. 4; 20 Apr.); 
whereas at the exposed site te t rasporangial  a b u n d a n c e  had started to decrease (Fig. 4). 

At the shaded site (site 3S, Fig. 2), in  the course of the day, l ight  condit ions at the R. 
p u r p u r e u m  plants  vary in the fol lowing way (Fig. 15): If t idal f looding starts at daybreak,  
the high water period wil l  last till midday  (Fig. 15A). In the first part  of the day very little 
light will reach the plants  and  l ight- levels  will  be below the threshold for l ight  
percept ion (0.1 ~mol m -2 s -1, Table  2) for c. 5 h (Fig. 15B). Consequent ly ,  the n ight  will  
be extended With 5 extra hours of darkness  to a total durat ion of 16 h (Fig. 16A, first day 
of the fortnight). However, on the fol lowing day, h igh water  mark is not reached before 
50 min  later and then, a l ight break is inser ted be twe e n  the n igh t  and  the dark per iod 
caused by tidal flooding (Fig. 16A). Dur ing  a fortnight l ight /dark  regimes will  be  very 
variable.  There are some days with two l ight  and  two dark periods, when  the h igh tide 

A B C 

.tm 

.m 

E 

NAP + 0.20 rn shaded NAP+ 0.20 m exposed NAP+ 0.20 m shaded 

Fig. 16. Rhodochorton purpureum. Light/dark regimes as caused by tidal submergence for R. 
purpureum-plants  growing at shaded and exposed sample-sites in the A. nodosum-zone  at NAP + 
0.20 m calculated (as in Fig. 15) for two 2-week periods (early April [A, B] and June [C]) preceding 
sampling-dates when tetrasporangial abundance had decreased at B and C, but not at A (Fig. 4) 
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falls in  the midd le  of the day; and  others with one  l ight  and  one, long, dark period, when  
one high tide falls at the b e g i n n i n g  and  the next  at the end  of the day. Then,  the night  is 
ex tended  both at dawn  and  at dusk (Fig. 16A). 

At the exposed site (site 3F.: Fig. 2) h igh t ides fal l ing in  the middle  of the day did not 
cause an  extra dark per iod (Fig. 16B). Here shad ing  through substrate topography was 
less than  at the shaded  site (Table 3). At midsummer ,  t idal f looding at midday no longer 
caused  an  extra dark  per iod on the shaded  site (Fig. 16C) as the inc identa l  l ight  quant i ty  
was too high. 

At both sites (Fig. 16A, B) l ight-dark regimes  var ied in  the course of a fortnight 
(Table 4). The n u m b e r  of days with un in te r rup ted  long nights  was no higher  at the 

Table 4. R h o d o c h o r t o n  p u r p u r e u m .  T h e  presence of tetrasporangia at various sample-sites and 
characteristics of the light/dark regimes at these sites as caused by the interaction of the normal 

light/dark cycle and the occurrence of extra dark periods during tidal flooding 

Period Early April June 

Sample site (Fig. 16): 
- tide level (m above NAP) 
- exposure 

Tetrasporangia on next 
sampling date (Fig. 4) 

Hours of daylight/24 h {mean} 

Number of days per fortnight with: 
- uninterrupted long nights 
- uninterrupted long days 
- light/dark ratio (/24 h) > 1 

A B C 
0,20 0.20 0.20 

shaded exposed shaded 

8.2 12,2 12.1 

6 6 3 
0 7 4 
0 8 8 

shaded  site, where  te t rasporangia  were still b e ing  formed, than  it was at the exposed 
sites where  te t rasporangia l  a b u n d a n c e  had  started to decrease.  However,  there days 
with l ight :dark  ratios over 1 (critical day leng th  = 12 h: l ight :dark ratio = 1) did not 
occur and  the average  dura t ion  of dayl ight  per  24 h was marked ly  below that in the 
critical day leng th  (Table 4; Fig. 7). These  comparisons suggest  that the formation of 
te t rasporangia  may rather  depend  on the average  light: dark ratio than  on the presence of 
un in t e r rup ted  long nights.  To confirm this, we did a n u m b e r  of culture experiments.  

Light /dark regimes  that are effectively "short days" for R. p u r p u r e u m  

We tested the effect of n igh t -b reak  regimes  such as occurred in  the field as a result of 
t idal  flooding. Plants  were  g iven  a 10 h m a i n  dark  per iod and, also, an  extra dark period 
of 6 h, e i ther  in  the morn ing  or in  the af ternoon (Fig. 17). None  of these treatments 
caused  any  inh ib i t ion  of tetrasporogenesis .  Thereafter,  we compared the effect of 
reg imes  with one l ight  and  one dark per iod dai ly with those of equa l  l ight:dark-ratios 
bu t  two l ight  and  two dark periods daily. The response depended  on light:dark-ratios 
rather  than  on the dura t ion  of s ingle  l ight  or dark periods (Fig. 17). These results were in 
close accordance with field-data.  At the shaded  site, where  l ight :dark ratios were below 
1 every day, te t rasporangia  were  still b e ing  formed, a l though several  days with night- 



Light-dark regimes for inter t idal  R h o d o c h o r t o n  p u r p u r e u m  383 

L I G H T - D A R K  R E G I M E  
h o u r s  a f t e r  m i d n i g h t  

? 1,2 24 

:::::::::::::::::::::::::::: ti:i:i:i:i:i:i:i:i:i:i:i:i::l 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: :::::::::::::::::::::::::::: 

li:i:i:i:i:i:i:i:i:!:i:!:!:t :::::::::::::::::::::::::::::::::: ~i:i:i:i:!:!:i:!:!:!:!:!:!:] 
|:!:i:~:~:i:!:~:~:i:~:!:i:~ :::::::::::::::::::::::::::::::::: li:i:i:i:i:i:i:i:i:i:i:i:::| 
~:i:ili:i:i:!:i:!:!:!:!:!:iI :::::::::::::::::::::::::::::::::: f:i:i:i:iii!i!i!i!i!i!i!i!:| 

ti:i:i!i!:!:i:!:i:i:i:i:i:!:~ f~i~ii:~ii:~:!:!:i:!:!:!:!:!:!:!:l ~:!:~:~:~:~:~:~:~:~:~:~:i:i| 
I~:!:i:~:~:~:~:~:~:~:i:~:i:~I :::::::::::::::::::::::::::::::::: |:~:i:i:::i:i:i:~:i:::iii:i| 

|i!ii~i~!~i~!~:i:~:i:~:i:~:t f:i:i:i:i:i:i:i:i:i:i:i::i: ~ 1 4 : ~  

::::::::::::::2::::::::::: lii:i:i:i:i:::i:i:!:i:!:!:i:] I 7:5:7:5 

::::::::::::::::::::::::::::::::::::::: f:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:] 1 0 : ~  
:::::::::::2::::::::::::::::::::::::: ~;i;i;~:~:!:!:!:!:i:i:i:i:i:i:i:i:i:i:] I 5:7:5:7 

p l a n t s  w i t h  
tetrasporangia 

1 4 : ~  0 

8:1~ 100 

100 

100 

IO0 

100 

100 

100 

0 

6 

100 

99 

Fig. 17. Rhodochorton purpureum.  The effect of light/dark regimes with "night-breaks" on the 
formation of tetrasporangia. Light level: 20 ~rnol m -2 s-1; temperature: 12 °C 

breaks occurred (Table 4). At the exposed site days with l ight :dark  ratios over I were of 
frequent  occurrence. 

We exper imenta l ly  tested how m a n y  " long-days"  could be inser ted  in  a short day 
regime before any inh ib i t ion  of te trasporogenesis  occurred (Table 5). If one third of the 

Table 5. Rhodochorton purpureum.  The  influence of repeated long-day interruptions of a short-day 
regime on the formation of tetrasporangia. Long days: 16:8; short days: 8:16; Light level: 20 ~unol 

m -2 s-l ;  Temperature: 12°C 

Repeated treatment with Plants with tetrasporangia 
short days + long days (%) 

8 + 4 94 
6 + 6 40 

days were long ones te trasporogenesis  was not inhibi ted,  bu t  if half  the days were  long 
ones tetrasporogenesis  was inh ib i ted  by  60 % (Table 5). Again,  these results correspond 
closely with field-data. At the exposed sample-si te ,  where  te t rasporangia l  a b u n d a n c e  
had started to decrease (Table 4), 7 days in  the fortnight were long ones and  8 had  
l ight:dark-ratios over 1. 

Summariz ing,  we may conclude that the differences in  te t rasporangia l  a b u n d a n c e  at 
various sample-si tes as they occurred in  the spr ing were caused  by differences in  the 
effective daytength  preva len t  at the sites. These  must  be  a t t r ibuted to differences in  the 
durat ion and  frequency of the occurrence of extra dark periods du r ing  t idal  flooding. For 
plants  growing at shaded sample-s i tes  at the lower t ide levels  shad ing  was so heavy  that 
effectively short-day regimes persisted far into the spring, though not all summer  (Fig. 
16C). Weather-condi t ions  may inf luence  the effective day leng th  markedly.  For instance,  
on one occasion we found that te t rasporogenesis  had started anew at sample-s i tes  where  
it had already ended  (Fig. 4, 30 April). Prior to this, severe storms had  b e e n  b lowing  for 
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2-3 weeks  caus ing  water- turbidi ty  to be above the average and  mean  high water marks 
to have r isen by 0.6 m. These condi t ions  e n h a n c e d  l ight  ext inct ion at high tide to such an 
extent  that, once more, short day conditions,  as perceived by the alga, were prevalent.  

The absence  of te t rasporangia  at shaded sites at the lower t ide levels throughout  the 
summer  and  a u t u m n  unt i l  November  cannot  be at t r ibuted now to the occurrence of 
b locking  long day condit ions there (Figs 4, 11). Therefore, the inf luence  of temperature  
as a potent ia l ly  b locking  factor for te trasporogenesis  has b e e n  further examined.  

Block ing  t empera tures  for  te trasporogenesis  in  Rhodochorton p u r p u r e u m  

During  late summer  and  autumn,  w h e n  effective daylengths  no longer  have a 
b locking  high value  for plants  growing at shaded sites at the lower tide levels, tempera- 
tures f luctuate a round  the critical temperature .  Daily min ima l  air temperatures,  to which 
all p lants  are regular ly  subjected,  never  exceed the critical temperature,  but  water 
tempera tures  do so regular ly  and  maximal  air tempera tures  do so cont inuously  (Figs 9, 
11). 

We exper imenta l ly  tested whether  induct ive  low temperatures,  w h e n  appl ied dur- 
ing  part of the day, might  induce  tetrasporogenesis  when,  meanwhi le ,  mean  tempera- 
tures were  of b locking  high va lues  (Table 6). However,  no te t rasporangia  were formed, 

Table 6. Rhodochorton purpureum. The inf__luence of daily temperature fluctuations on the formation 
of tetrasporangia. Daylength regime: 8:16; Light level: 20 g~nol m -2 s -1. The period with a high 

temperature started at the beginning of the light period 

Temperature (°C) High temperature Plants with 
maximum minimum mean for (h) tetrasporangia (%) 

18 11 13 8 84 
21 11 18 16 0 

criticaltemperature 16.5 50 

and  this is in accordance with their  absence  in  the field. We also tested whether  blocking 
high tempera tures  w h e n  appl ied  for part  of the day, might  inhib i t  tetrasporogenesis and 
found that, in  this case, fewer plants  formed te t rasporangia  (Table 6). These results 
suggest  that in  R. p u r p u r e u m  te t rasporogenesis  may be more in f luenced  by average or 
maximal  dai ly tempera tures  than  by daily min ima.  This is in agreement  with our 
observat ion that, in  the field, te t rasporangia  had d isappeared  from the entire population 
about  3 weeks  after maximal  air temperatures  had  reached b locking high values; and 
that they reappeared  in  November ,  about  4 weeks  after maximal  air temperatures  had 
dropped below these values.  However,  plants  growing on shaded places are probably 
never  subjec ted  to maximal  air tempera tures  and  there only the occasional  high water 
temperatures ,  p reva len t  till mid-Sep tember  (Figs 9, 11) may have been  the blocking 
factor for tetrasporogenesis .  Further  exper iments ,  extensive  sampl ing  and  more accurate 
in situ t empera tu re -measu remen t s  will  be  requi red  before the exact nature of the 
tempera ture -b lock  exis t ing in  a u t u m n  is fully understood.  
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DISCUSSION 

This s tudy has  shown that  for ben th i c  mar ine  a lgae ,  g rowing  in heav i ly  s h a d e d  
habitats ,  the effective day l eng th  may  differ cons ide rab ly  from the  as t ronomica l  day-  
length.  For midl i t tora l  R. purpureum-plants, f looding  wi th  tu rb id  es tua r ine  wa te r  and  
heavy  shad ing  by  the fucold canopy  r e d u c e d  l ight  to such an  ex ten t  that  it was  "n igh t"  
for these  p lan ts  dur ing  par t  of the  h igh  wa te r  per iod.  In spring,  this  caused  an  ex tens ion  
of the pe r iod  wi th  "effect ive"  short  days  and  the p lan t s  r e s p o n d e d  wi th  a con t inued  
product ion  of t e t rasporangia .  

Dring (1984) ca l cu la t ed  that  l ight  r educ t ion  dur ing  t ida l  f looding  in  tu rb id  coas ta l  
waters  wi th  a l a rge  t ida l  r a n g e  m a y  be  so h igh  tha t  the  m e a n  l igh t  l eve l  over  a 14 days  
s p r i n g - n e a p  t ida l  cycle  is b e l o w  the compensa t ion  po in t  for fucoid pho tosyn thes i s  at  
shore leve ls  above  ELWS. 

The  s tud ied  R. purpureum popu la t ion  grows at a . lo 'ca t ion  wh ich  is pa r t i cu la r ly  
heav i ly  shaded .  The  es tua r ine  tu rb id i ty  m a x i m u m  is s i tua ted  n e a r b y  (near  Emden,  
Fig. 1; Colijn,  1982) and  this causes  max ima l  l ight  a t t enua t ion  in the  wate rco lumn.  
Moreover ,  shad ing  th rough  the b rown a lga l  canopy  is very  h e a v y  b e c a u s e  the  fucoid 
thal l i  are  even ly  and  dense ly  p a c k e d  on the g r adua l l y  s lop ing  subst ra tum.  Final ly ,  
subs t ra te  t opog raphy  causes  ext ra  shad ing  b e c a u s e  the  R. p u r p u r e u m - p l a n t s  g row d e e p  
in the crevices  b e t w e e n  the c losely  p a c k e d  gran i te  blocks.  R. purpureum is a notor ious ly  
shade- to le ran t  spec ies  (Bergesen,  1908; De l low & Cassie ,  1955) and  m a y  e l s e w h e r e  also 
occur in locat ions where  it is so heav i ly  s h a d e d  that  the  "effect ive"  d a y l e n g t h  is reduced .  

In pho toper iod ic  responses  the  dura t ion  of d a y l i g h t  is p r o b a b l y  p e r c e i v e d  by  the 
same  pho tomorphogene t i c  p i g m e n t s  that  can  b e  demons t r a t e d  in n igh t  b r e a k  exper i -  
ments .  In R. purpureum the re  is some ev idence  abou t  the  spec t ra l  sens i t iv i ty  of this  
p igment .  Night  b reaks  wi th  b lue  (448 nm) and  red  (667 nm) l ight  we re  most  effective;  
those  wi th  g reen  {547 nm) and  fa r red  (730 nm) l ight  we re  r e l a t ive ly  ineffect ive  (Dring & 
West,  1983}. This impl ies  that  our e s t ima te  of the  th resho ld  for l ight  pe r c e p t i on  may  be  
somewha t  too low w h e n  a p p l i e d  to the  amoun t  of l ight  a r r iv ing  at  the  mid l i t to ra l  s i tes  at  
mean  h igh  wa te r  marks,  b e c a u s e  our l igh t  source con ta ined  more  red  l igh t  than  wil l  
pene t r a t e  the  c. 1 m wate r  co lumn f looding  these  sites. Consequent ly ,  w e  may  conc lude  
that  at m e a n  h igh  wate r  mark  these  p lan ts  wi l l  de f in i te ly  be  in darkness ,  and  poss ib ly  
that  the dura t ion  of darkness  is even  longe r  than  has  b e e n  es t imated .  However ,  the  
spect ra l  d i s t r ibu t ion  of the l ight  ar r iv ing at  any  shore leve l  wi l l  c h a n g e  in the  course of a 
h igh  wa te r  pe r iod  as wa t e rdep th  changes .  In sha l lower  water ,  a l a rge r  p ropor t ion  wil l  be  
in the b lue  and  red  spect ra l  r anges  to which  the  p lan t s  are  more  sensi t ive.  The t ide  curve 
of Delfzi j l  is f l a t - topped  and very  s teep  at  mid t ide ,  so that  w a t e r d e p t h  wil l  a p p r o a c h  its 
m a x i m u m  soon after t idal  submergence .  Never the less ,  our  e s t ima tes  of the  dura t ion  of 
da rkness  du r ing  t ida l  f looding  cannot  be  more  than  an  approx imat ion .  Var ia t ions  in  the  
leve l  of h igh  wate r  mark  th rough  the  s p r i n g - n e a p  t ide  cycle  and  var ia t ions  due  to 
w e a t h e r  condi t ions  wi l l  cause  further i r regu la r i t i e s  in  the  l i gh t -da rk  r e g ime s  caused  b y  
t ida l  f looding.  In fact there  was  some e v i d e n c e  for the  m a r k e d  in f luences  of w e a t h e r  
condi t ions  w h e n  R. purpureum-plants s tar ted  t e t r a spo rogenes i s  a n e w  af ter  a pe r iod  wi th  
extra  h igh  wate r  turbid i ty  and  extra  h igh  wa te r  levels .  

The semid iu rna l  t ides,  wi th  12.4 h b e t w e e n  consecut ive  h igh  wa te r  marks,  cause  the  
da rk  pe r iod  dur ing  h igh  wa te r  to "shift" over  the day.  On some days  this  causes  "n igh t  
b r eak"  regimes ,  wi th  both the dura t ion  of the  " n i g h t - b r e a k "  and  the m a i n  l ight  pe r iod  
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chang ing  from one  day to the next. Dring & West  (1983) found that 1 h night  breaks 
inh ib i ted  te t rasporogenes is  in R. purpureum w h e n  combined  wi th  daylengths  approach- 

ing  the crit ical  daylength ,  but  not in shorter days. They  descr ibed  the "over -a l l "  effect of 

these  1 h n igh t  b reaks  as to cause  an increase  in the "e f fec t ive"  day leng th  with  3.5--4 h 
(which means  an increase  of 2.5-3 h in the total durat ion of l ight  per  24 h). If such an 
effect were  also val id  for longer  night  breaks  this would  still cause an extens ion of the 

per iod with  effect ive short days for the midl i t toral  R. purpureum plants in the Ems- 

Dol lard  estuary far into the spring. H o w e v e r  our expe r imen ta l  results suggest  that in 
r eg imes  with  longer  n igh t  breaks  the response  may  depend  on l ight :dark ratios. In 

r eg imes  wi th  a l igh t :dark  ratio approach ing  the critical day leng th  (e.g. 10:14; critical 

day leng th  = 12:12) the same response  was induced  w h e n  there  were  two l ight  and two 

dark per iods  per  24 h (5:7:5:7) as w h e n  there  was only one l ight  and one dark period per 
24h  (10:14). 

In summer  and au tumn h igh  tempera tures  p reven t  the formation of te t rasporangia  

on all shore levels.  Since, in autumn,  te t rasporogenes is  in the midl i t toral  plants is not 

b locked  by long day condit ions,  it was possible  to analyse  the nature of this temperature-  
effect more  precisely.  Dai ly  t empera tu re  m i n i m a  were  be low the critical tempera ture  

almost  continual ly,  but  no te t rasporangia  were  be ing  formed and this was also found in 
cul ture  exper iments .  Therefore  the t empera ture -e f fec t  is ra ther  a b lock ing  effect of h igh 
t empera tu res  than an induct ive  effect of low ones. 

This s tudy has shown that, th rough the in f luence  of microc l imat ic  factors, plants  of 

the same popula t ion  g rowing  nearby  may differ in their  reproduct ive  phenology  and are, 

in this, r egu la t ed  by different  env i ronmen ta l  factors. 
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