
HELGOL,~NDER MEERESUNTERSUCHUNGEN 
HelgolSnder Meeresunters. 48, 431-443 (1994) 

Phytoplankton and the physical environment in the 
Helgoland region 

Max Gillbricht 

Biologische Anstalt Helgoland; Notkestr. 3i, D-22607 Hamburg, Germany 

ABSTRACT: The phy, toplankton development in the waters around Helgoland can be described as a 
function of the physical environment (derivates of the temperature). This is a consequence of the 
fundamental annual cycle regulated by the sun and, respectively, by dependent components. This 
simple statement can only give good results if the turbulent transport processes in the transition zone 
are considered. Investigations are impeded by the fact that the multiplication rate of the organisms is 
almost counterbalanced by losses that take place during the long lasting bloom. This situation is a 
product of the regional hydrography, whereby small changes in the environment on varied time 
scales influence the development of the population fundamentally. This becomes particularly clear 
when the numerical results of the exponential growth are examined. The dynamics of this compli- 
cated process can be seen best in the great annual differences of the phytoplankton maxima. 

INTRODUCTION 

Life on earth has, from the beginning,  been  inf luenced by numerous  chmatic 

changes  and fluctuations. These alterations take place on differing t ime scales, some of 
which are far beyond  the ken of man  and others are significant but  small-scale (see 

below). Therefore,  " tendencies"  discovered in our " long-term" series may be within the 
normal range of deviation. This fact can easily be g lasped  when  we  compare  our data 

from the station near  Helgoland with the hydrographical  measurements  taken over  far 

longer  periods, or with the reports concerning phytoplankton blooms in the older 
hterature,  or with the fluctuations of fish stocks during the centuries (Gillbricht, 1983; 

most citations in the "Literature cited" of this present  paper  include a number  of 
pert inent  literature). 

We know on the other hand that the life cycle of plants and animals has a 

pronounced annual  component,  especially in more northern latitudes. This f inding has 
been  a wel l -known fact since prehistoric times, and it was general ly  accepted  that this 

had something to do with the sun. If this is correct - and there is no a rgument  against  it - 
then we may state that (the annual  cycle of) phytoplankton is primarily regula ted  by the 

sun or indirectly by the physical environment.  

This s ta tement  restricts the assumption of Brandt (I899, 1902) with regard  to the 
importance of nutrients (especially nitrogen) as a normal situation, and, indeed,  no 

limitation of the growth rate by these substances (maybe with the exceptions of Si) can be 
observed in this region (Gillbricht, 1988), as assumed also by Radach & Bohle-Carbonel l  

(1990). 
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What  do we  know, however ,  about  the growth-promot ing  phys ica l  condit ions for 
phytoplankton?  
T h e  d i r e c t  i n f l u e n c e  o f  t h e  s u n :  (a) Production should b e  more  or less 
propor t ional  to day  length.  (b) Light  intensi ty inf luences this system in a compl ica ted  
way. Phytoplankton  organisms are "shadow plants" that  disl ike direct  sunlight.  They  
grow, therefore,  further from the surface in br ight  conditions,  but  nea re r  the  surface in 
dim light, whe reby  the f lagel la tes  may  act ively swim up and down, in f luenced  b y t h e  
turbidi ty  of the water  (Gillbricht, 1983). 
T h e  i n d i r e c t  i n f l u e n c e  o f  t h e  s u n :  (a) The speed  at which  the  warming  up of 
the  wate r  takes  p lace  has someth ing  to do with the densi ty  stratification and  the vert ical  
turbulence,  an essent ia l  componen t  for the phy top lank ton  (Gran & Braarud,  1935). (b) It 
should be  poin ted  out that  all meteorological  processes  and consequences  (storms, 
currents,  waves  and so on) are u l t imate ly  p roduced  by  the sun; and  in the  case  of t idal  
effects, the sun is h ighly  suppor ted  by the moon. 

Besides the direct  inf luence of the sun as a function of season and  lat i tude,  turbu-  
lence and turbidi ty  (the la t ter  in shal low waters  may  be  affected by  turbulence;  Gill- 
bricht, 1962) reguIate  the effective growth rate  of phytoplankton ,  as formula ted  by  
Sverdrup (1953). When  inves t iga t ing  this p rob lem by means  of measurement s ,  the crucial 
quest ion is how to de te rmine  this mixing process,  which is normal ly  not known  and not 
seen  directly. This difficulty in connect ion with phy top lank ton  deve lopmen t  was investi-  
ga ted  in a ha rbour  bas in  in Wi lhe lmshaven  due  to the  init iative of A. Bfickmann 
(Gillbricht, 1955). The harbour  bas in  was  filled with an ex t remely  nut r ient - r ich  mixture of 
seawate r  and  brownish moor  water.  These  "yellow subs tances"  d imin i shed  the l ight  
intensi ty in the water  enormously,  with the result  that  there  was an euphot ic  zone of a few 
metres  only. Under  these  conditions,  absolute ly  "normal" phy top lank ton  cycles with 
exponent ia l  increases  and decreases  and with p ronounced  spr ing b looms could be  
observed.  There  was a major  increase  in the cell numbers  of the d ia tom Skele tonema 

costatum in March/Apr i l  1951. Sudden ly  this deve lopmen t  s topped,  and  an even more 
p ronounced  d e c r e a s e  started.  Both phases  were  desc r ibed  best  by two logar i thmic  
straight  lines. Nothing  could be  said about  wha t  h a p p e n e d  in the crossing region of these  
two lines, because  no samples  could be  taken  dur ing these  days as a consequence  of a 
gale; and  this gale  was  also the reason for the b r e a k d o w n  of the populat ion.  The wate r  
column, previously  s tabi l ized by  a g rea t  vert ical  densi ty  gradient ,  was comple te ly  mixed  
in the upper  layer  by  the rough  weather ,  thus facil i tat ing and  pract ical ly  also indica t ing  
great  vert ical  turbulence.  A similar deve lopmen t  has been  observed  in other  years.  In 
situations such as these,  the p lank ton  is r egu la t ed  by  single special  events,  and  its 
deve lopmen t  cannot,  therefore,  be  desc r ibed  correctly by  smoothed curves.  

The daily increase  of approx imate ly  15 % of the d ia tom stock, as obse rved  in the  
harbour  basin,  was  also found dur ing the bloom season in the central  North  Sea in 1976 
(Gillbricht, 1988). 

MATERIAL AND METHODS 

A pe rmanen t  station has  exis ted  near  He lgo land  since 1873 for hydrography ,  and  
since 1962 for phy top lank ton  and  chemistry.  More technica l  details  in connect ion with 
these invest igat ions are g iven  by  Gil lbricht  (1988). Dur ing  the second half of 1982, the  
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salinity values  could not be  used,  and  the respect ive  calculat ions were  made  by  inter-  
polation. 

The intent ion of this s tudy is to find out the interconnect ions b e t w e e n  the phyto-  
p lankton  and the physical  surroundings.  From a statistical point  of view, the s i tuat ion is 
poor, especia l ly  in the case of t ime series. Only the negat ive  f indings can be  cons ide red  
sufficiently t rustworthy (Gillbricht, 1988). This fact reduces  the quali ty of any  results.  

A t ime span of seven years  {1980 to 1986) with h ighly  differing p lank ton  ampl i tudes  
was chosen, with an overhang  of half a yea r  at both  ends  to exclude bounda ry  effects. A 
descr ipt ion of the annual  cycles ( temperature  [~ salinity [10-3], phosphate-P ,  inorgani -  
cally bound  n i t rogen [~tg-atom �9 dm-3],  d ia toms and the other  phy top lank ton  organisms  
- first and  foremost  the f lagel la tes  - [~tg C �9 dm-3]) can be reasonab ly  m a d e  by  cyclical  
functions only. Thus, the course of every componen t  is descr ibed  by  four sinus curves,  
opt imized by approximat ion.  The problems involved in such a p rocedure  are d iscussed  in 
Gillbricht (1988}. 

The p lankton  organisms are dis t r ibuted in all d imensions  (space and time} on an 
exponent ia l  scale. This fact needs  the same transformation for the calculat ions (Gillbricht,  
1988}. Therefore,  the respect ive  equat ions  are  approximated ,  not direct ly  with the  
quant i ty  of the p lankton  carbon (C), but  with log(C}. This p rocedure  entai ls  some 
problems:  

(a) In the case of very low values  (random distribution}, the logar i thms are uncer ta in;  
and  "zero" must  be  subst i tuted by  a small  number  (diatoms}. 

(b} Returning from the logar i thmic  system to the numerica l  one gives results  that  are  
too meagre .  Therefore,  a correction is ca lcula ted  by  dividing "the sum of all obser-  
vations" by "the sum of all r eca lcu la ted  numbers" .  The factor r eached  in this way  is 
approximate ly  two, differing from equat ion  to equation,  and  is h igher  for the  dia toms 
with a more uneven  distr ibution than for the flagellates.  

By means  of these smoothing procedures ,  acceptab le  results are acquired.  The 
phytoplankton  curves {Fig. 1} demons t ra te  clearly the variat ions from yea r  to year,  the  
small  diatom numbers  in winter  t ime and an increased  mult ipl icat ion rate  in spr ing as 
compared  with the flagellates.  

In order  to eva lua te  the dynamic  processes  one needs  to compensa te  for the 
pe rmanen t  water  exchange ,  which  is seen  in the continuous salinity f luctuat ions with 
d is turbed  annual  cycles {Fig. 2). Measu remen t s  can only give an idea  of the  true 
deve lopmen t  in t ime if they are carr ied out in the same water  body.  As this is not  possible,  
we  should try to compensa te  for this defect  by  calculations. The best  way  to do this is to 
descr ibe  the "water  body" by  salinity. However ,  even  though this method  may  be  useful, 
it can never  overcome all the p rob lems  (Gillbricht, 1988}. 

To introduce salinity into the  equat ions  deve loped  above,  all constants  were  
e x p a n d e d  by two further terms, by  S (salinity} and S 2. It can be  seen  after opt imizat ion of 
these systems that  the mean  growth  rates iS = 31; the salinity normal ly  used  in this 
investigation}, from minimum to maximum,  are  low compared  with those in the  harbour  
bas in  and in the North Sea (see above}, or even  with the product ion (Gillbricht,  1988). 
The daily increase  is roughly 0.9 % for the f lagel la tes  and  3 .1% for the diatoms,  and  the 
numer ica l  differences of the maximal  concentrat ions  are impress ive  in contrast  to the 
small  f luctuations of the respect ive  increases.  The factor b e t w e e n  these  m a x i m a  of 
ne ighbour ing  years  varies for f lagel la tes  b e t w e e n  1.3 and 1.9, for diatoms b e t w e e n  1.3 
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Fig. 1. Helgoland Roads 1980-1986: stocks of flagellates and diatoms given as C (carbon); flagel- 
lates: N = n u m b e r  of observat ions  = 1948; R = multiple correlation coefficient = 0.684; 

diatoms: N - 1948; R = 0.653 
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Fig. 2. Helgoland Roads 1980-1986: course of salinity; N = 1831; R = 0.687 
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and 4.3 and for the phytoplankton as a whole be tween  1.0 and 2.8. This discrepancy 
be tween  stock and growth can easily be explained: 

(a) In the case of physical regulat ion of the growth rate, the maximum concentrat ion 
is directly proportional to the initial min imum concentration of the stock, if we exclude a 
reasonable inf luence of the phytoplankton upon the turbidity of the water (self shading) 
o r  any other feedback. 

(b) The results of an  exponential  growth rate are highly inf luenced by the durat ion of 
the growth phase especially when  recalculated in a numerical  system, and this period is 
long in this region (six months; Gfllbricht, 1988). 

(c) Therefore, small differences in the exponential  increases and  decreases will have 
major effects on the stocks; for instance, a doubl ing of a populat ion over a period of six 
months needs  a daily growth rate of 0.38 %. This fact hinders or, at least, hampers  a good 
quantitative description of the system. 

The equations developed allow a separation of the effects of time and salinity upon  
the phytoplankton (Fig. 3). The time course of the stock for S -- 31 has, in a logarithmic 
system, distinctly greater ampli tudes than the salinity curve. The latter was calculated for 
the time of the phytoplankton maximum in 1983, under  the condition of changing  (mean) 
salinity during the course. Thus, it includes the annua l  cycle of the salinity, which is not 
realistic for a fixed time of the year, and it excludes on the other hand  the extreme values 
el iminated by the smoothing. 

Calculating the phytoplankton stock for different sal ini t ies demonstrates that the 
quanti ty increases with decreasing salinity during the vegetat ion period (Fig. 4; Gill- 
bricht, 1988), indicat ing better  growth conditions and demonstrat ing different logarith- 
mic gradients with respect to salinity from year to year. 

I I I I I I 
log10 

C time = const .  Phytoplankton 
~ ' ~  ~-~ 

, , , , , ,  , ,, 
i - i I 

, ,  , , , /  , ,/r ,,, ,,,- i ~  , t r L i , 
i s I r .~ j I l I I ~ , '~ , t  I 
, , , I ,  �9 , ; , ; , , , ,  

I Jl!'  , ,  , : , 

1.9 I / ~  
!.! S=31 ! , / 

1.3 

1.0 1980 i l ~ 1983 i i i 1986 
Pig. 3. Helgoland ;Roads 1.980-1986: logarithms of the phytop]ankton stock calculated for a constant 
salinity (S = 31) as a function of time and for a constant time (maximum 1983) as a function of the 

mean salinity curve; flagellates: N = t830; R = 0.761; diatoms: N = 1830; R = 0.695 
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Fig. 4. Helgoland Roads 1980-1986: phytoplankton stock for S = 30 and for S = 32 and the difference 
(diff.) of the logarithms of these two values 

RESULTS 

The envi ronment  does not directly inf luence the plankton stock but it does inf luence 
its growth rate, As a consequence ,  the first derivative with respect  to t ime has  to be  

de te rmined  and compared  with other  components" (Fig. 5). The  small dai ly increases  or 

decreases  of the stocks (up to 4 %) can be seen; but  it must be r emarked  that in this 
special  case a "high f requency" fluctuation of the diatoms has been  fi l tered off to give a 

reasonable  figure. These disturbances may have  something to do with the residual  

current  and its consequences  (Gillbricht, 1983). In this way, different popula t ions  pass 

Helgoland  so periodically as to be descr ibed by the smoothing me thod  as a cyclic 
function. The result ing effect is more p ronounced  in the case of the (relatively) fast 

growing diatoms in contrast to the flagellates. 

These derivat ives are to be compared  with the equat ions for the annual  cycles of the 
sun, the tempera ture  as an indicator of stability and, in spite of former invest igat ions 

(Gillbricht, 1988), the (inorganically bound) nutrients (P, N). Lacking similar obser- 

vations, other components  could not be  considered,  e.g.  special  (meteorological)  events,  

zooplankton. 
Measuremen t  of the vert ical  turbulence is a difficult task. Stratification cannot  be 

de te rmined  under  the local conditions and, in this shallow channel  with strong tidal 

currents, is certainly not representa t ive  of the region as a whole.  So an a t tempt  was m a d e  
to use the daily warming-up  process of the water  as a stabilizing effect. This method  

needs  the inclusion of the second der ivat ive (i. e. the daily changes  in the warming-up  

process) as a further indicator. But there  is one more problem: the anomaly  of wa te r  
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Fig. 5. Helgoland Roads 1980-1986: daily increase (%) of the stocks of flagellates and diatoms; 
S = 31; diatoms (corrected): N = 1830; R =0.668 

produces different density effects by warming-up  at different temperatures (Fig. 6; 
Anonymous,  1981). A corresponding correction may be included in the calculations. 

If we compare the primarily calculated formulae, we observe phase-shifted sinusoi- 
dal functions with a preference wave length of approximately one year. It is therefore 
difficult to work out the best description of (logarithmic) phytoplankton growth by one or 
more other equations under  the aspect of causality, without selecting with prejudice. 
Thus, for instance, a good - but  not the best  - illustration of the flagellate development  
shows that the latter is negatively correlated with light and phospate, a result so far 
beyond our knowledge that it certainly cannot  have anything to do with causality but  
rather with the phosphorus dynamics (Gillbricht, 1988). Furthermore, another reasonable  
description gives positive (partial) correlations be tween  growth of the flagellates and  the 
warming-up process of water together with the sum of the inorganic ni t rogen com- 
pounds. This latter f inding may not be right with respect to causality when  one bears in 
mind the situation in this and other regions, the nut r ient  cycle in the sea (Gillbricht, 1988), 
and the fact that the flagellates clearly demonstrate  two growth periods during the year 
(Fig. 5). A separate investigation of both t ime-spans shows no nutr ient  dependence  in 
summer; and  the discharge of phosphate in winter  runs parallel  with the increasing 
growth of the flagellates. This result indicates that our .countings may include optional 
and/or  obligatory heterotrophic forms. 

These problems with the evaluation can be overcome by an expensive t reatment  of 
the material. From the different equations a new data set was calculated step by step and  
then an at tempt was made to find out the connections be tween  the phytoplankton and  its 
environment.  The best solution was detected by starting with the description of growth 
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Fig. 6. Helgoland Roads, annual mean curves 1980-1986: temperature (T); daily increase of the 
temperature (dT/dt) and its density effect-(alp/dr); S = 31; N = 1827; R = 0.991 

for the respective phytoplankton group as a (linear) function of all environment factors 
observed. This procedure was repeated after the elimination of the most negligible 

component (partial correlation) and ended only when highly significant terms remained. 

The result of this procedure was a simple one. All three functions (flagellates, diatoms, 

and diatoms corrected with respect to short-term fluctuations) were optimized by using 
the warming-up process of water, and the respective second derivative, with a density 

correction (anomaly of the water) for the flagellates; in this way, the direct influence of 

the sun's annual cycle was also, in some way, included. 

Under these conditions, it is possible to describe the stocks (the integrals) in the same 
way. Thus, the mean annual cycle of the phytoplankton can be formulated reasonably by 

derivatives of the temperature (Fig. 7). In contrast to this finding, the description of the 

course of plankton for the total period is not at all satisfying (Pig. 8). The situation 

regarding temperature is too similar from year to year. This observation can be expected 
to have something to do with the exponential distribution and with different gradients 

with respect to salinity at different times (Fig. 4). This can be demonstrated by a 

comparison of two factors: the logarithmic plankton difference [log(measured)-log(calcu- 
lated by temperature)] with the logarithmic (negative): derivative with respect to salinity 

(Fig. 9). This finding gives the impression that the development of the phytoplankton 

stock is influenced by mixing processes. Here, only the flagellates are used, because the 

more unevenly distributed diatom population is confusing in its behaviour. 

This problem can be investigated for flagellates and diatoms, The first approxima- 

tion, in a simple way, is the assumption that two water masses mix together in an equal 

volume (correctly termed equal weight): 
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(1) The  p l ank ton  con ten t  is c a l cu l a t ed  f rom the  t e m p e r a t u r e  (numer ica l  scale;  S = 

31), and  this ca lcu la t ion  is a p p r o x i m a t e d  a n e w  in connec t i on  wi th  (3). 
(2) Two  equ id i s t an t  (with r e spec t  to salinity) wa te r s  a re  mixed ,  thus  g e t t i n g  also S = 

31 bu t  wi th  a l a rger  p l a n k t o n  con ten t  t h a n  d i rec t ly  o b s e r v e d  ( logar i thmic  gradient ) .  
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(3) The mean  salinity distance for the total course is to be optimized (sum of squares) 
in such a way that a mixture of (1) and (2) gives the p lankton content  as observed. The 
calculation is made by means  of the differential quotient  (dC/dS) for the flagellates. In the 
case of the more complicated diatom distribution, the respective difference quotient  (AC/ 
AS) is necessary. Realistic salinity distances are achieved with this primitive method. 

The result of this consideration is given in Figure 10. From a statistical point of view 
this procedure is a little dubious, but  how do these plankton stocks, which differ in size 
from year to year indicat ing different growth conditions, arise? We must  assume that in 
this area the horizontal salinity gradient  increases with decreasing salinity. This means  
the centre of a mixing zone is located nearer  the coast. The situation is the same with the 
density gradient  and, therefore, with the resul t ing densi ty- induced current  and, as a 
consequence,  with the vertical stability. Additionally, a high vertical tu rbu lence  exists 
alongside a system of upwell ings  and downwel l ings  and is produced by  coast-paraUel 
tidal currents, Coriolis force and  bottom friction. Of special interest  is the curve giving the 
logarithms of the proportion be tween  two "populations" (Fig. 4). Here, the (relative) 
gradient  be tween  both values can be seen to fluctuate more or less paral lel  to the stock. 
This fact may be correlated, in some way, with the variation of the structure and  of the 
position of the front be tween  the coastal water and that of the North Sea. This further 
meteorological effect calls at tent ion to longer  lasting fluctuations of the stocks (at least) in 
the same range as observed dur ing this invest igat ion in connect ion with climatic varia- 
tions (Dickson, 1971). 

On the basis of these last findings, it can be stated that the low growth rates observed 
(see above) are also a product of admixture. In this case, the phytoplankton is transported 
by turbulence from a zone nearer  the coast out to the open sea, 
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Fig. 10. Helgoland Roads 1980-1986: phytoplankton stock (C) and calculated by means  of 
derivatives of the temperature  and by mixing processes (calc.); S = 31 
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Fig. 11. Helgoland Roads, annual  mean  curves 1980-1986: daily increase of the temperature  (dT/dt) 
and salinity gradient  of the temperature  -(dT/dS); S = 31 
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Fig. 12. Helgoland Roads 1980-1986: stock of flagellates (C) and calculated (calc.) by means of its 
derivative with respect to salinity and by means of derivatives of the temperature; S -- 31 

These facts suggest that a better description of the phytoplankton stock by tempera-  
ture should be possible by inclusion of the derivative with respect to salinity. This method 
does not work, because both this derivative and  that with respect to t ime are near ly  
identical with respect to the annua l  course (Fig. 11). Both influences are therefore already 
considered and both indicate that, in winter, the cooling of the water and  the increase of 
the temperature with the salinity counteract  any stabilization of the water column. During 
the rest of the year this sys tem,permanent ly  retains a certain stratification, in spite of the 
turbulent  tidal currents and also in the case of special events, al lowing in this way a 
moderate growth rate of the phytoplankton over a long time-span, bu t  under  very 
vulnerable  conditions because the losses almost equal  the production. 

One possibility exists for a better  representat ion of the reasonably even ly  distr ibuted 
flagellates. These organisms may be described by their own derivative with respect to 
salinity and by derivatives of the temperature  (Fig. 12). 

It may be difficuit to gain better  information on these problems from a s ingle  van tage  
point. Therefore, there is need  for more measurements  in the region, diversified in space 
and  time, and for more investigations on the evaluation techniques best  suited to gain  
more unde r s t and ing  of this complicated transition zone. 
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