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ABSTRACT: The phytoplankton succession and related abiotic variables were invest igated within 
the frame of a monitoring programme. Results from 1985 to 1991 are presented. For the prym- 
nesiophyte Phaeocystis globosa, an increase in the maximum annual  abundance  was observed. The 
appearance  of this species in the phytoplankton succession followed an annually recurrent  pattern. 
Among the starting conditions for the bloom, a coincidence with the annual  DIN/P maximum was 
most obvious. Quantitatively, temperature and salinity showed the lowest variability at the onset of 
the blooms. Nutrient uptake during the increasing phase of the bloom appeared to affect nitrate 
concentrations more significantly than those of ammonia  and phosphate.  

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

S i n c e  the  e n d  of the  n i n e t e e n - s e v e n t i e s ,  t he  p o p u l a t i o n  d y n a m i c s  of t he  p rym-  

n e s l o p h y t e  Phaeocystis globosa r e c e i v e d  a c c e n t u a t e d  a t t e n t i o n  a l o n g  t h e  s o u t h e r n  coas t  

of t h e  N o r t h  S e a  (Bfitje & Michae l i s .  1986: W e i s s e  et  al. 1986; C a d 6 e  & H e g e m a n .  1986; 

L a n c e l o t  e t  al., 19871. It w a s  a s s u m e d  tha t  t h e  m o r e  f r e q u e n t l y - o c c u r r i n g  b l o o m s  of this  

s p e c i e s  i n d i c a t e d  a e u t r o p h i c a t i o n - c a u s e d  c h a n g e  in t h e  p e l a g i c  c o m m u n i t i e s  of the  

coas t a l  w a t e r s .  T h e  h y p o t h e s i s  t h a t  t he  i n c r e a s e  in  n u t r i e n t  i n p u t  to t he  m a r i n e  e n v i r o n -  

m e n t  m i g h t  h a v e  e n h a n c e d  P. globosa b l o o m s  ha s  a lso b e e n  e m p h a s i z e d  for o t h e r  

g e o g r a p h i c a l  r e g i o n s  fA1-Hasan  et  al. 1990). In t h e  N e t h e r l a n d s .  t r e n d s  in  t h e  o c c u r r e n c e  

of P. globosa b l o o m s  a n d  the i r  r e l a t i o n  to coa s t a l  e u t r o p h i c a t i o n  h a v e  b e e n  c o n t i n u o u s l y  

o b s e r v e d  s ince  t he  ' s e v e n t i e s  ( C a d 6 e  & H e g e m a n ,  1991: R i e g m a n  et  al. 1990). In t h e s e  

i n v e s t i g a t i o n s ,  a r e l a t i o n  b e t w e e n  r i v e r i n e  n u t r i e n t  i n p u t  a n d  p h y t o p l a n k t o n  b i o m a s s  or 

b l o o m  m a g n i t u d e ,  r e spec t ive ly ,  was  f o u n d  - w h i c h  is a t  l e a s t  p l a u s i b l e  for t h e  w e s t e r n  

pa r t  of t h e  D u t c h  W a d d e n  Sea  ( C a d 6 e  & H e g e m a n  1986.  R i e g m a n  et  al., 1992). A v a i l a b l e  

i n f o r m a t i o n  for  t h e  G e r m a n  coas t a l  z o n e  is m a i n l y  b a s e d  o n  re su l t s  g a i n e d  f rom shor t  

o b s e r v a t i o n  p e r i o d s  in t he  ' s e v e n t i e s  or e a r l y  ' e i g h t i e s  (Weisse  et  al., 1986; Bfitje & 

M i c h a e l i s ,  1986;  E b e r l e i n  et  al., 1985). A c o n t i n u o u s  t i m e - s e r i e s  w h i c h  p r o v i d e s  i n f o r m a -  

t i on  on  r e c e n t  d e v e l o p m e n t s  is no t  r e p o r t e d  for t h e  G e r m a n  coas ta l  zone .  S o m e  resu l t s  

f rom th i s  a r e a  c o n c e r n i n g  t he  ro le  of P. globosa in  t h e  a n n u a l  p h y t o p l a n k t o n  s u c c e s s i o n  

a n d  its r e l a t i o n  to t he  p h y s i c o - c h e m i c a l  e n v i r o n m e n t  f rom t h e  p e r i o d  1 9 8 5 - 1 9 9 1  are  

p r e s e n t e d  in  th i s  p a p e r .  
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Fig. 1 Location of sampling sites 

MATERIAL AND METHODS 

The results presented  here are derived from two permanent  phy top lank ton  monitor- 
ing  stations in the area of Norderney,  East Frisian Islands, Germany  (Fig. 1). Sampling 
frequency was weekly  dur ing  the vegetat ion period and fortnightly dur ing  the winter  
months. The water column at these locations is vertically mixed, due to tidal action. 
Samples were taken at high tide from surface water  and immediate ly  analyzed for 
temperature  and  salinity. Subsamples were filtered and  stored for the de te rmina t ion  of 
the content  of suspended  matter. Nutr ient  analysis was conducted according to the 
methods of Grasshoff et al. (1983). Colonies of P. globosa and large phy top lank ton  cells 
were counted in a tray as described in Newell  & Newelt  (1963). The quant i f icat ion of the 
smaller phytoplankton under  the inver ted microscope followed the method  of Uterm6hl 
(1958). 

RESULTS 

For an  assessment  of the development  and magni tude  of P. globosa blooms, data 
have b e e n  available since 1982. Tak ing  into account  the maximum a n n u a l  a b u n d a n c e  of 
the colonial phase of the species life cycle, an increase can be de tec ted  (Fig. 2]. In 
part icular the strong blooms in 1989 and  1991 with abundances  of 38 500 and  49 000 
colonies 1-1 , respectively, reinforce this tendency.  For single cells, this increase  is less 
pronounced.  The period during which mass developments  (abundances  of more than 
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Fig 2. Increase in the maximum annual abundance of P. globosa 

1000 ceils ml-lz of the species can be observed varies be tw een  27 and 68 days per year. 

From 1982 to 1991 no significant change in the duration of the bloom period could be 
observed 

The analysis of the annual  cycle of the phytoplankton reveals a pat tern  which is 

displayed in Figure 3. The P, globosa spring bloom ei ther  follows, or intersects with. the 

spring diatom bloom. A minor diatom bloom follows the P. globosa bloom This sequence  
of phytoplankton groups can be found almost every spnng.  During May and June  highez 

abundances  of the heterotrophic dinoflagellate Noctiluca scintillans may appear. The 
remaining  part of the annual  cycle is less regular. For the first diatom bloom a consider- 

able year- to-year  variability concerning the dominant  species could be stated (Table 1). 
Brockmanniella brockmannii and Skeletonema costatum are the more f requent ly  occur- 

ring species. Additionally, during the second diatom bloom different species may become 

dominant.  Among  these is Asterionella glacialis, for the majority of the survey years. 
Autumn diatom blooms are not  a common feature of the annual cycle, They  may appear  

dur ing some years, however .  The P. globosa spring bloom usually starts from the 
beg inn ing  of April to early May (Table 2). The annual  max imum is mainly found in early 

May. Further mass developments  of this species also occur during summer.  Their  
magni tude  is_ in general ,  less significant than that of the first peak 
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Table 1. Dominant species during the first diatom blooms in the annual cycle at the Norderney 
plankton survey station, 1985-1991 

Year First diatom bloom Second diatom bloom 

1985 Odontella aurita Cerataulina bergonii 
Brockmanniella brockmannii Asterionella glacialis 

1986 Thalassiosira minima Skeletonema costatum 
Asterionella kariana Nitzschia delicatissima 

1987 Asterionella glacialis AsterionelJa glacialis 
Brockmanniella brockmannii Skeletonema costatum 

1988 Skeletonema costatum Asterionella glacialis 
Chaetoceros sp. Rhizosolenia delicatula 

1989 Skeletonema costatum Rhizosolenia sp. 
Brockmanniella brockmannii Asterionella glacialis 

1990 No major bloom observed 

1991 Thalassiosira nordenski61dii Rhizosolenia sp. 
Ditylum brightwellii Nitzschia seriata 

Table 2. Variability of the initial conditions of the PhaeocFstis bloom, 1985-1991. Only results from 
sampling dates right before and after the blooms onset are included. AVG = arithmetic mean, STD 
= standard deviation, Vr = relative variation coefficient (%). Concentrations of nutrients are given in 

[imol 1-1 

Variable n AVG MEDIAN STD V~ 

Week 27 15.92 15.57 2.22 2.68 
Temperature 27 9.52 10.10 2.00 4.04 
Salinity 27 30.67 31.07 1.87 1.17 
Ammonia 26 2.33 1.71 1.78 14.94 
Nitrate 27 44 32 40.60 30.25 13.14 
Phosphate 27 0.60 0.60 0.37 l 1.80 
Silicate 26 8.02 4.89 10.01 24.48 
DIN/P 27 129.01 79.00 135.53 20.22 

The  cour se  of the  sp r i ng  b l o o m s  is c lose ly  r e l a t e d  to the  a n n u a l  d y n a m i c s  of the  

p h y s i c o - c h e m i c a l  e n v i r o n m e n t .  This  r e l a t ion  still e m e r g e s  in t he  g e n e r a l i z i n g  s c h e m e  

g iven  in F igure  3. Dur ing  winter ,  the  cell n u m b e r s  are  low. T h e  occu r r i ng  s p e c i e s  are  

ma in ly  d ia toms.  Ino rgan ic  nu t r i en t s  are  ava i l ab l e  in h i g h  co n cen t r a t i o n s .  F rom the  

m e d i a n  va lue s  of the  DIN/P  ratio a n d  the  m o l a r  rat io of s i l icate  v e r s u s  p h o s p h a t e ,  n u t r i e n t  

cond i t i ons  of DIN : Si : P of 49 : 19.5 : 1 c a n  h e  ca lcu la t ed .  A l o n q  wi th  t he  d i a t o m  s p r i n g  

b l o o m  the  c o n c e n t r a t i o n s  of si l icate,  p h o s p h a t e  a n d  a m m o n i a  d e c r e a s e .  Ni t ra te ,  h o w e v e r ,  

is no t  as s eve re ly  a f f ec t ed  by  this  even t .  This  c a u s e s  t he  e s t a b l i s h m e n t  of t he  a n n u a l  

m a x i m u m  of t he  m o l a r  ratio of d i s so lved  i n o r g a n i c  n i t r o g e n  c o m p o u n d s  v e r s u s  d i s s o l v e d  

Fig. 3. Phytoplankton succession and the relation to abiotic factors. The results presented are weekly 
median values from 1985 to 1991 
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p h o s p h a t e  (DIN/P  ratio).  Th i s  m a x i m u m  g e n e r a l l y  c o i n c i d e s  w i t h  the  s t a r t  of t h e  P. glob- 
osa bloom.  

A l o n g  w i t h  t h e  i n c r e a s e  in  t he  a b u n d a n c e  of P. globosa g o e s  a s i g n i f i c a n t  d i m i n u t i o n  

of t he  n i t r a t e  c o n c e n t r a t i o n s .  Th i s  c o n s u m p t i o n ,  c o m b i n e d  w i t h  a n  i n c r e a s i n g  p h o s p h a t e  

c o n t e n t  d u r i n g  s u m m e r ,  r e s u l t s  in  low D I N / P  rat ios.  Q u a n t i t a t i v e l y ,  t h e  in i t i a l  e n v i r o n -  

m e n t a l  c o n d i t i o n s  for t h e  P. globosa s p r i n g  b l o o m  p r o v e d  to b e  r a t h e r  v a r i a b l e .  T h e  

r e su l t s  w h i c h  a re  d i s p l a y e d  in  T a b l e  2 s h o w  t h a t  t h e  va r i ab i l i t y  of its t i m i n g ,  as  we l l  as 

t h a t  of t he  t e m p e r a t u r e  a n d  sa l in i ty  r a n g e ,  is m o d e r a t e .  T h e  v a l u e s  for t h e  n u t r i e n t s  s h o w  

a d e v i a t i o n  f rom t h e  m e a n  w h i c h  is s i g n i f i c a n t l y  h i g h e r .  

M o r e  d e t a i l e d  i n f o r m a t i o n  o n  t h e  n u t r i e n t  d y n a m i c s  d u r i n g  the  P. globosa s p r i n g  

b l o o m s  of s e v e r a l  yea r s  is g i v e n  in F i g u r e  4. For  th is  pu rpose ,  r e su l t s  r e c e i v e d  d u r i n g  t he  

p e r i o d  b e t w e e n  t h e  s ta r t  a n d  t he  m a x i m u m  of the  b l o o m  are  poo led .  T h e  a m m o n i a  

c o n c e n t r a t i o n s  r e m a i n  a l m o s t  u n a f f e c t e d  b y  t h e  r i s ing  of t he  a b u n d a n c e  of P. globosa. For 

n i t r a t e  a n d  p h o s p h a t e ,  a r e d u c t i o n  is i n d i c a t e d  b y  t he  r e g r e s s i o n  l ine .  In sp i t e  of th is  

c o m m o n  t rend ,  d i f f e r e n c e s  c a n  b e  o b s e r v e d  N i t r a t e  is a l m o s t  d e p l e t e d  in t h e  c o u r s e  of 

t h e  m a s s  d e v e l o p m e n t  of P. globosa ( S p e a r m a n  r a n k  o r d e r  co r re l a t ion :  rs = - 0 . 5 9 6 .  n = 

55, p <  0.005). T h e  c o n c e n t r a t i o n s  c a n  d e c r e a s e  b y  two o r d e r s  of m a g n i t u d e .  T h e  

p h o s p h a t e  l e v e l s  do no t  c h a n g e  as d r a m a t i c a l l y ;  t he  r e d u c t i o n  to a l m o s t  u n d e t e c t a b l e  

c o n c e n t r a t i o n s  is no t  as c o m m o n  as w i t h  n i t ra te .  D u r i n g  s e v e r a l  years ,  p h o s p h a t e  e v e n  

s e e m s  to r e c o v e r  at  m a x i m u m  a b u n d a n c e s  of P. globosa ( S p e a r m a n  r a n k  o r d e r  co r r e l a -  

t ion:  r~ - - 0 . 2 8 0 ,  n - 55. p < 0.05). T h e  d i f f e r e n t  b e h a v i o u r  of t he  two n u t r i e n t s  h o l d s  

e s p e c i a l l y  t r ue  for t he  y e a r s  w i t h  s t r o n g  b l ooms ,  l ike  1989 a n d  1991 

D I S C U S S I O N  

B e t w e e n  1982 a n d  1991. a t e n d e n c y  to a n  i n c r e a s e  in t h e  m a g n i t u d e  of t h e  P. globosa 
b l o o m s  c o u l d  b e  o b s e r v e d .  T h e s e  r e su l t s  a re  to s o m e  e x t e n t  in  a g r e e m e n t  w i t h  r epo r t s  

f rom the  w e s t e r n  D u t c h  W a d d e n  Sea .  C a d e e  & H e g e m a n  11986) d e s c r i b e  an  i n c r e a s e  in 

t h e  a b u n d a n c e  of P. globosa a n d  in t he  d u r a t i o n  of t he  b l o o m s  in t h e  p e r i o d  1974-1985 .  

C o n c e r n i n g  t h e  d e v e l o p m e n t  of t h e  d u r a t i o n  of t h e  b looms ,  t h e r e  is a d i f f e r e n c e  b e t w e e n  

t h e  r e su l t s  of bo th  t i m e - s e r i e s .  A t  N o r d e r n e y ,  n o  p r o l o n g a t i o n  cou ld  b e  d e t e c t e d .  B a s e d  

o n  t h e  c o m p a r a b l y  s h o r t  t i m e  ser ies ,  h o w e v e r ,  it is di f f icul t  to c o n c l u d e  w h e t h e r  t h e  

o b s e r v e d  i n c r e a s e  in t h e  b l o o m  m a g n i t u d e  a t  t h e  N o r d e r n e y  s t a t i o n s  is a b l e  to be  

i n d i c a t i v e  of a l o n g - t e r m  t r end .  It h a s  f u r t h e r  to b e  c o n s i d e r e d  tha t  t h e  t e n d e n c y  is v a l i d  

for the  m a x i m u m  a b u n d a n c e s ,  w h i c h  i m p l i e s  t h a t  t he  s a m p l i n g  f r e q u e n c y  m a y  h a v e  

i n f l u e n c e d  t h e  resul t s .  D u r i n g  1 9 8 2 - 1 9 8 8 .  t h e  a c t u a l  m a x i m a  m a y  h a v e  b e e n  m i s s e d  - 

w h i l e  t h e y  w e r e  s a m p l e d  in 1989 a n d  1991. His to r i ca l  d a t a  o n  the  a b u n d a n c e  of 

P. globosa in  t he  a r e a  of t h e  E a s t  F r i s i an  I s l a n d s  a r e  r e p o r t e d  b y  M i e l c k  (1932)  a n d  Wulf f  

(1935). M a x i m u m  v a l u e s  g i v e n  b y  t h e s e  a u t h o r s  a m o u n t  to 2300 or 1 3 0 0 - 5 6 4 0  co lon ie s  

1-1 . r e s p e c t i v e l y .  It is  n o t  c lear ,  h o w e v e r  w h e t h e r  t h e s e  v a l u e s  a c t u a l l y  r e p r e s e n t  a b u n -  

d a n c e s  a t  m a x i m u m  b l o o m  d e v e l o p m e n t .  D e s p i t e  t h e s e  u n c e r t a i n t i e s  t h e  o b s e r v e d  

t e n d e n c y  s h o u l d  n o t  b e  i g n o r e d  b u t  r a t h e r  b e  c o n s i d e r e d  as  a n  i n d i c a t i o n  of a c h a n g e  in 

the  sys t em.  

Fig. 4. Decrease of dissolved nutr ients  during the growth phase  of several P. globosa blooms. The 
regression line is calculated for pooled data from both stations. Symbols indicate different years from 

1985 to I991 
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The coastal waters of the East Frisian Islands are tidally mixed all year  round and 

show a broad sahnity range. At the Norderney  stations, salinities varying be tween  23.4 

and 34.6 %o could be measured.  This indicates that the stations are exposed  to influences 

from different hydrographical  regimes.  Al though an unpredictable  series of events is 

rather to be expec ted  in such an unstable  environment ,  a recurrent  pat tern was observed 

- at least for the early stages of the annual  cycle of the phytoplankton.  This diatom- 

P. globosa-diatom succession also occurs in Dutch and Belgian coastal waters  (Cad~e, 
1986; Lancelot et aL, 1991). Its annual  appearance  in the East Frisian coastal waters is 

very reliable for March-May,  For the remain ing  part of the year, such a clear pattern in 

the annual  cycle of the phytoplankton could not be  observed.  Cad4e (1986) describes a 

genera l ized  model  of the annual  phytoplankton cycle in the Marsdiep.  It displays a 

threefold reiteration of the diatom-P, globosa sequence.  This model  does not seem to be 

valid for the Norderney  stations. 

The conditions which tr igger the P. globosa blooms have to some extent  been  
discussed by Weisse et al. (1986). Among  them, the inf luence of organic  substances - 

either originat ing from the preceding  diatom bloom or from terrestrial sources - has been  

considered. It was also assumed that certain nutr ient  or tempera ture  conditions might  be 
essential  factors for the start of the mass development .  So far, the role of terr igenous 

substances is still speculative, while the potential  of P. globosa to extract phospha te  from 

organic matter  has been  proven IVeldhuis et al.. 1987: van Boekel  & Veldhuis.  1990). The 

role of tempera ture  in the spring phytoplankton succession has also been  ment ioned  by 
Cad6e & H e g e m a n  (1986). According to their results, no relation could be detected 

be tween  tempera ture  and the onset of the spring increase of P globosa. At Norderney,  

the temperatures  at the start of the bloom ranged from 5.0 to 12.8~ Al though the 
variability of the temperature  conditions is low compared  to that of the nutrients 

(Table 2L it has to be considered that the ex t reme values cover about one quar ter  of the 

annual  t empera ture  spectrum. These field observat ions are slightly different  from results 
which Grimm & Weisse (1985) rece ived  from laboratory studies. They found that P. 

globosa did not show any appreciable  growth at temperatures  lower than  7~ The 

inf luence of nutrients on the appearance  of the species has been  discussed by several  
authors (B~itje & Michaelis, 1986.. Veldhuis et al.. 1986: Lancelot et al.. [991). Characteris-  

tic for all these descriptions is the observat ion of different concentrat ions of react ive 

silicate phosphate,  ammonia  and nitrate. While the first three nutrients b e c o m e  signifi- 

cantly reduced  during the first diatom bloom, nitrate concentrations are not  affected that 
much. This opposit ional deve lopment  leads to e leva ted  DIN/P levels. 

As shown in the results drastic changes  in the concentrat ions of some dissolved 

inorganic nutrients occur during the P. globosa bloom. The most p ronounced  deviat ion 

from the pre-bloom situation can yearly be  observed  for nitrate. This f inding is also 
suppor ted  by the fact that the nega t ive  correlation b e t w e e n  P. globosa a b u n d a n c e  and 

nitrate concentrat ion is closer than with other  nutrients. Provided that nutr ients  are able 

to become  limiting resources in the turbid waters  of the Wadden  Sea a shor tage  of nitrate 

might  be most  probable  dur ing blooms of this phytoplankton species. Lancelo t  & Mathot  
(1987) repor ted  that its growth was N-l imited dur ing  the spring bloom in Be lg ium  coastal 

waters. This conclusion is supported by the results of Riegman et al. (1990), who de tec ted  

a severe  mt rogen  limitation at the p e a k  of the P. globosa bloom in the Marsd iep  area. in 

the Nether lands.  Other  authors [Veldhuis et al., 1986; Hesse  et al., 1992) identified 
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p h o s p h a t e  a s  t h e  l i m i t i n g  n u t r i e n t .  I n  t h e  c a s e  of  V e l d h u i s  e t  al. (1986),  t h i s  c o n t r a d i c t i o n  

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

i n d i c a t o r  for  p h o s p h o r u s  l i m i t a t i o n  i n  P. globosa b l o o m s  ( v a n  B o e k e l  & V e l d h u i s ,  1990) .  

B e y o n d  t h e  m e t h o d o l o g i c a l  p r o b l e m s ,  it  h a s  to b e  c o n s i d e r e d  t h a t  b o t h  s t u d i e s  f r o m  t h e  

D u t c h  c o a s t a l  w a t e r s  w e r e  c o n d u c t e d  i n  d i f f e r e n t  m a r i n e  e n v i r o n m e n t s .  V e l d h u i s  e t  al. 

(1986)  w o r k e d  a t  a g r e a t e r  d i s t a n c e  f r o m  t h e  c o a s t ,  w h i l e  R i e g m a n  e t  al.  (1990)  s a m p l e d  

a t  a s t a t i o n  w h i c h  w a s  i n f l u e n c e d  b y  t h e  n u t r i e n t  c y c l e s  of  t h e  W a d d e n  S e a .  T h e r e ,  a n  

e n h a n c e d  P s u p p l y  d u e  to r e m i n e r a l i s a t i o n  a n d  r e s u s p e n s i o n  m i g h t  b e  e x p e c t e d .  It h a s  to 

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

W a d d e n  S e a .  A s  to t h e  q u e s t i o n  w h e t h e r  o r  n o t  n u t r i e n t s  c a n  b e c o m e  l i m i t i n g  r e s o u r c e s  

i n  t h i s  a r e a  a t  c e r t a i n  t i m e s  of t h e  y e a r :  t h i s  is  s t i l l  n o t  s o l v e d ,  a n d  f u r t h e r  i n v e s t i g a t i o n s  

o n  t h e  t o p i c  a r e  n e e d e d .  
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