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Populations
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Institu te  fo r  M arine Biology, University o f Oslo, Oslo-Blindern, Norway

A T  a  sym posium  on “ Perspectives in M arine Biology” a few 
years ago the  distinguished oceanographer D r. ¿Alfred C. Redfield 
gave a paper w ith  the  ra th e r  provocative title : “ On the  inade­
q uacy  of experim ents in m arine biology” (Redfield, 1958). Al­
though  adm itting  the  great value of contribu tions from physiolo­
gists, Redfield concluded th a t  “ the  g rea ter need a t  the  m om ent is 
m ore knowledge of the  phenom ena to  be explained.” One can 
follow Redfield a long w ay in his argum ent for intensifying the 
s tu d y  of conditions in the sea in order to  obtain  a  m ore precise 
descrip tion of the  qualita tive  and q u a n tita tiv e  d istribu tion  of 
populations as related to  environm ental factors. However, m arine 
biologists working on field ecological studies m ay  no t in general 
w holeheartedly agree w ith his conclusion. I t  m ay  n o t be wrong 
to  say  th a t  there is a general feeling am ong m arine ecologists th a t  
precisely the  com bination of field work and  labora to ry  experi­
m en ts is essential to  progress in th e  biological field of oceanography. 
A no ther question is w hether th is feeling is sustained  by  the  results, 
which have so far been achieved through experim ents. T he general 
title  of this paper is so wide th a t  it will be necessary to  illustrate  
th e  experim ental approach w ith  the  use of cultures by examples 
and  these have been chosen from  m y own field of m arine p h y to ­
p lank ton . I would like to  m ake it clear th a t  I have chosen to  ab ­
sta in  from  dealing w ith the  m ore general studies of, say, p lan t 
physiology, which undoubtedly  are of the  g rea test value for the
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s tu d y  of m arine phy top lank ton  in general. In  th is  w ay the  scope 
of the  following discussion will m ainly  be a consideration of ex­
perim ents dealing w ith  specific differences am ong the m em bers of 
the  m arine phy top lank ton  in th e ir  reaction  to  th e  environm ent.

Field observations have revealed a v a rie ty  of p a tte rn s  in hori­
zontal and vertical d istribu tion , and pronounced annual cycles 
of species, leading to  a  succession of p lank ton  societies. I t  is char­
acteristic  of th e  m arine phy top lank ton  th a t  the  details in this 
succession m ay change from  y ear to  y ear in th e  sam e h ab ita t. 
An analysis of these strik ing  even ts requires knowledge of the  re ­
action of each species o r group of species to  th e  environm ental 
conditions.

The reason for m y  tak ing  th is  oppo rtun ity  to  review the  auteco- 
logical aspect especially is n o t th a t  there  are m any  spectacular 
results to  present. On th e  con trary , the  scarcity  of available ex­
perim ental d a ta  forces me to  stress m ain ly  the  need for an in tensi­
fication of effort, in order to  establish  a harm onic progress in th e  
s tu d y  of the  producers in the  sea.

L et us first review briefly w h a t inform ation studies on cultures 
have afforded as to  th e  influence upon various m arine p h y to ­
p lankton  species of such environm ental factors as salinity , tem ­
peratu re , light, and inorganic nu trien ts , which are sub jec t to 
routine recording in oceanographic investigations. Salinity  and 
tem pera tu re  are generally accepted as im p o rtan t for the d is tr i­
bution of species, while ligh t and  inorganic n u trien ts  are recog­
nized as controlling factors for grow th of the  population in general. 
As the first of these classical ecological factors we m ay  consider 
salinity.

Salini ty

For the diatom s, which form  such an im p o rtan t p a rt  of the  
planktonic vegetation , even in tropical w aters (Hasle, 1959), the  
only records on how sa lin ity  affects grow th are from K ain and 
Fogg’s (1958) experim ents on Asterionella japonica  (Fig. 1). T hey  
indicate an  op tim um  a t  a  sa lin ity  of 30 % 0 and no grow th a t  15% 0 
and below. In  D anish w aters, w ith  a  wide range in salinity, the
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Fig. 1. G row th a t  different salinities as percen tage of m axim al grow th rate  
(K ain an d  Fogg, 1958; B raarud , 1951).

sam ples w ith  Asterionella  showed a m ean  of 31.5 % 0 (Ostenfeld, 
1913) and, likewise, its general occurrence in th e  A tlan tic  and the  
M ed ite rranean  a t  salinities above 35 % 0 and  its absence in brackish 
w aters accord well w ith  the  experim ental findings.

C ultu res of dinoflagellates isolated from  the  Oslofjord show 
som ew hat different curves for the sa lin ity  effect upon grow th. 
L e t us first consider Exuviaella baltica (Fig. 1). T he  grow th ra te  is 
rem ark ab ly  high w ithin the  whole range from  10 % 0 to  40 % 0, w ith 
a  sligh t indication of an optim um  around  10% c. These results are 
in agreem ent w ith  field records of i ts  ab u n d an t occurrence in 
w aters of widely different character. I t  occurs in the  brackish 
w aters of th e  Baltic, in the  w aters of varied  sa lin ity  around D en­
m ark , in the  N o rth  Sea and the  coastal w aters along Norway, in 
the  oceanic p a rts  of the  Norwegian Sea and the  N orth  A tlantic, 
in th e  B aren ts Sea, and  even in polar w aters along the  east coast 
of G reenland. O bviously salin ity  does n o t restric t its d istribu tion , 
except in m arine w aters of extrem ely low salinities.

If we consider th e  o ther dinoflagellates from  the  Oslofjord area 
(Fig. 2), we m ay  first po in t ou t th a t, like Exuviaella baltica, these 
also have  op tim a a t  salinities below 30 % c, nam ely  betw een 15 % 0 
an d  20 % 0, values which coincide w ith those for th e  surface w aters 
in th e  Oslofjord in sum m er, when these species occur in g rea test 
abundance. T he  m ain  difference betw een th e  species is found in 
th e ir response to  low salinities.

P erid in ium  triquetrum, is characterized by  fairly  good grow th
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Fig. 2. D inoflagellates: grow th a t  d ifferen t salinities, as percentage of maximal 
grow th ra te  (B raarud  1951 ; B raarud and  R ossavik, 1951 ; N ordli, 1957).

even a t  5 % 0 (B raarud  and P appas, 1951). T h is explains how this 
species is able to  th rive  as far in to  the  Baltic as in the  harbor of 
Helsingfors, where the  salin ity , according to  V alikangas (1926), 
m ay  v a ry  between 3.5 % 0 and  6% 0. The Ceratium  species also show 
differences in th is respect, C. tripos being the only one in N ordli’s 
experim ents (1957) which reproduced a t 10% o (Fig. 2). T h is species 
is know n to  pene tra te  farth er in to  the  Baltic th a n  the  o ther species 
of th is genus, a lthough it does n o t go as far in as Peridinium  
triquetrum. T h is feature  in its d istribu tion  finds a  reasonable ex­
p lanation  in th e  response observed in the sa lin ity  experim ents.
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For the  dinoflagellate species Exuviaella baltica, Peridinium  
triquetrum, and  Ceratium tripos, the sa lin ity  experim ents have 
thus given an  explanation of characteristic  features in their d is­
tribu tion  in h a b ita ts  of rela tively  low sa lin ity . In the o ther species 
investigated, there  is an overall ag reem ent between the  results ob­
tained  in the  experim ents and the know n d istribu tion  of the spe­
cies. T his fac t indicates th a t  experim ents on clone cu ltures from 
one locality  m ay  give results which a re  applicable to  the  popu la­
tion of the species w ithin a larger area .

Beforehand one m ight have reason to  doubt w hether th is would 
be the  case. In experim ental work of th is  kind one m ay  question 
w hether clones or stra ins are co n stan t in their response to  en ­
vironm ental conditions; w hether a  single clone is represen tative 
of a local population, and one m ay even ask if there exist geo­
graphical races, especially in species w ith  a very  wide d is tr ib u ­
tion. Only a ve ry  few observations are  available for elucidating 
these points, which are of obvious im portance when try ing  to  apply 
experim ental results to  the  understand ing  of w hat happens in the 
sea.

In Fig. 3 are shown g raphs from  sa lin ity  experim ents on the sam e 
clone of P erid in ium  trochoideum  a t d ifferent tem pera tu re  condi­
tions and w ith  m edia m ade up of d ifferent batches of sea w ater. 
It will be seen th a t  the general features of these curves are sim ilar: 
an optim um  appearing  a t ab o u t 20 % 0, while reproduction a t  higher 
salinities differs som ew hat. Two clones of Prorocentrum micans, 
both  from the  Oslofjord, b u t isolated a t  different tim es, also show

P E R I D I N I U M  T R O C H O ID E U M P R O R O C E N T R U M  M I C A N S

Fig. 3. G row th  a t  d ifferent salinities as percentage of m axim al grow th ra te . 
Left, experim ents on th e  sam e s tra in  from  Oslofjord ; right, experim ents on Oslofjord 
stra in s  from d ifferent years (B raarud , 1951).
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Fig. 4. H ym enom onas carterae: grow th ra te  a t  different salinities (B raarud, 
1951).

essentially sim ilar featu res in th e ir response to  salin ity : Low 
grow th ra tes  a t  10 % 0 and  a quick rise to  15-20 % Cl w ith a  slow 
decline w hen sa lin ity  rises to  40 % 0.

For clones of the sam e species originating in widely separated  
localities, there  is one observation, again of Peridinium  trochoideum. 
T he salinity-grow th  relationship has been studied in clones from 
the  Oslofjord, where th e  sa lin ity  during its ab u n d an t occurrence 
in sum m er is ab o u t 20 % 0, and from  Golfo di Napoli, where sa lin ity  
is as high as 3 7% 0. T hese clones gave practically  identical curves 
w ith  an op tim um  of sa lin ity  as low as 20 % 0. These last results indi­
cate  a uniform  sa lin ity  response in populations inhab iting  w aters 
w ith w idely d ifferent sa lin ity  conditions, thus giving no h in t of 
geographical races in th is species, which has a  worldwide d istribu ­
tion.
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T urn ing  now to the  th ird  im p o rtan t group in the m arine p h y to ­
p lankton , the  coccoi ithophorids, there  are only two species whose 
salin ity-grow th relationship  has been stud ied : Hymenomonas 
carterae, originally referred to  Syracosphaera (B raarud, 1951), and 
Coccolithus huxleyi (M jaaland, 1956). Hym enom onas carterae is, as 
far as we know, an inshore species. T he  clone used in the  experi­
m en ts was isolated from an artificial oyster pond where the  salin ity  
during its occurrence varied  betw een 17 % 0 and 30 % 0. In cu lture it 
showed very  good grow th betw een 15 % 0 and  45 % 0, b u t even a t  
5%oi grow th was fair (Fig. 4). O bviously sa lin ity  is n o t an im ­
p o rta n t environm ental factor for th is species, which has only been 
observed in abundance in litto ra l pools (C arter, 1938; B raarud 
and Fagerland, 1946) where sa lin ity  is a p t to  show great varia tion .

T he o ther coccolithophorid, Coccolithus huxleyi, showed good 
grow th  between 20 % 0 and  45 % 0, while it was also able to  grow a t 
15% 0 (Fig. 5). T his is in accordance w ith  its worldwide d istr ib u ­
tion in oceanic w aters of salin ities around 35 %0 and in coastal 
w aters of northern  Europe as well, where it  m ay  occur in ex- 
trem el}' dense populations a t  lower salinities of betw een 15 % 0 and 
20 % 0 (Lohm ann, 1908; Birkenes and B raarud , 1952). The experi­
m ental results indicate th a t  it  requires too high a sa lin ity  to  be 
able to  populate tru ly  brackish w aters.

C u rv e  : PLYM O U TH P3 

o : W E A TH E R  S H IP  M S T R A IN

PLYM OUTH S T R A IN  P3 
W E A T H E R  S H IP  M S T R A IN

-■ 5 0 % --

3020 20 3010

Fig. 5. G row th of Coccolithus huxleyi a t  different tem pera tu res (A) and salinities 
(B) as percentage of m axim al grow th ra te  (h ljaaland , 1956).
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Looking back upon these scattered  observations of grow th re ­
sponse in m arine phy top lank ton  to  th e  sa lin ity  of th e  environ­
m ent, it  m ay be s ta ted  th a t, so far as these  go, they  ju stify  confi­
dence th a t  inform ation from  experim ental results m ay  be applied 
successfully in in terp re ting  records from  surveys a t sea. T he con­
sisten t results for different clones of dinoflagellates from  th e  same 
locality, or from  widely separa ted  localities, indicate th a t  even 
w ith  the  use of a  clone from  only one locality, the  results m ay  be 
applied for populations of a  large area. How ever, when we tu rn  to  
the  tem peratu re  experim ents, we soon see th a t  the  p icture is more 
confused.

T e m p e r a t u r e

Since the first biogeographical surveys of m arine phy top lank ton , 
tem peratu re  has been regarded as an essential ecological factor 
for the geographical d istribu tion  of each species. T erm s such as 
arctic, boreal, tem perate, and  tropical species are generally used 
w ith  the im plication of a  decisive tem pera tu re  effect upon grow th 
and  survival. In  try ing  to  explain the  succession of d iatom  species 
in no rth  E uropean coastal w aters during the  spring m axim um  
and the following decline, tem pera tu re  has also been suggested 
as an im portan t factor. A ttem p ts  a t verifx ing the  valid ity  of these 
assum ptions through  experim ents are, however, few.

In Table I d a ta  have been gathered from field observations 
and from experim ents for the  few planktonic diatom s which have 
been studied as to  th e  effect of tem pera tu re  upon grow th. Schreiber

T a b l e  I. T em peratu re-G row th  R elationship in  M arine P lankton  Diatom s"

Species
T em pera tu re  during Periods 

of A bundance
O ptim al T em peratu re  

in C ulture

B iddulphia aurila r c (5°C)
B iddulphia sinensis 13°C (16°C)
A  stcrionella japonica 8°C (Gran)

Above 20°C (D anish invest.)
20-25°C

Thalassiosira nordenskioeldi 2-3°C E xcellent grow th 
a t  10-1 l ° c

° According to Ostenfeld, 1913 ; Schreiber, 1927; Gran, 1929; Braarud, 1937 ; Gr0ntved ; 
1949.
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(1927) found th a t  the  w in ter species B iddulph ia  aurita  showed far 
b e tte r  grow th a t  low tem peratu re  th an  a t  o rd inary  room  tem pera­
ture, whereas the  sum m er species B iddulphia  sinensis reproduced 
slowly a t  5° and  9°C, bu t showed good grow th a t  16°C. Schreiber 
concluded th a t  th is difference in tem p era tu re  response gives an 
explanation  of the  different seasonal occurrence of the  two B id ­
dulphia  species in the  N orth  Sea.

On th e  o th er hand, recent experim ents on Asterionella japonica  
by  K ain  and Fogg (1958) gave results w hich are a t  variance w ith 
those obtained  by some of the  held observations. G ran (1929) 
reviewed th e  available field observations and  concluded th a t  
Asterionella, judged  from its d istribu tion , has a  tem pera tu re  op­
tim um  a t  abou t 8°C, and th a t  it  is also a b u n d an t in w aters of 
lower tem pera tu re , a conclusion which was supported  by  subse­
q u en t records from  the  N orth  Sea area by  B raarud  et al. (1953). 
K ain  and  Fogg (1958) observed, how ever, a  definite tem pera tu re  
optim um  a t  20-25°C  and no grow th below 10°C in a  nonbacteria- 
free cu ltu re  (Fig. 6). T he p icture is becom ing still m ore com pli­
cated  b y  the  observations from  D anish  inshore w aters by  G r0ntved 
(1949) dem onstra ting  ab u n d an t occurrence of Asterionella a t  a  
tem p era tu re  of 20-25°C. I t  becomes ev iden t th a t  ne ither the  con­
clusions draw n from  field observations by G ran (1929) nor the 
experim ental results by  K ain and  Fogg (1958) provide an ade­
qua te  characterization  of the  tem p era tu re  response of Asterionella.

A nother discordance between th e  sea tem pera tu re  during 
periods of ab u n d an t occurrence and  its grow th in cu lture was ob­
served by B raarud  (1937) for Thalassiosira nordenskioeldi, a  
boreal neritic  d iatom  species which also occurs in polar waters. 
Ostenfeld (1913) gives a  m ean tem pera tu re  for its  occurrence in 
D anish  w aters of abou t 2°C, a  tem p era tu re  which is sim ilar to 
th a t  found by  G ran  and B raarud  (1935) for w aters showing the 
g rea tes t abundance of th is species in the  F u ndy  region and like­
wise, by  R am sfjell (1954) and  Paasche (1959) for the  Norwegian 
Sea. In  culture, however, B raarud  found th a t  it  showed excellent 
grow th  also a t  a  tem pera tu re  as high as 10-12°C, w ith  grow th 
ra tes  which presum ably  are near to  th e  m axim al ones for the 
species.
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Fig. 6. Asterionella japonica: G row th a t  different tem pera tu res as percentage of 

contro ls (K ain an d  Fogg, 1958).

Before discussing how the  resu lts  for Asterionella japonica  and 
Thalassiosira nordenskioeldi m ay  be in terp reted , we m ay look a t 
observations of representatives for the  two o ther m ain groups.

F or dinoflagellates th e  g row th-tem pera tu re  relationship of a 
num ber of species has been stud ied  in nonbacteria-free strains 
from the  Oslofjord. T he results are presented in Fig. 7. In  all 
these cu ltures optim um  was observed in the  region of 15-20°C, 
which is the  tem pera tu re  range for sum m er, when these species, 
w ith  the  exception of C. lineatum, a re  found in g rea tes t abundance. 
Ceratium lineatum, which Nordli (1957) in his experim ents found 
to  have an optim um  a t  20°C also, has its m ain  occurrence in the 
Oslofjord a t  seasons when the  tem pera tu re  is lower. T h is species 
shows, however, good grow th a t  lower tem peratu res as well and 
o ther ecological factors, such as th e  n u trien t supply, m ay  be re­
sponsible for its prevalence in seasons o ther th an  sum m er. The
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Fig. 7. D inoflagellates: grow th a t  different tem pera tu res as percentage of 
m axim al grow th ra te  (B akken, unpublished; N ordli, 1957).

relatively  high grow th ra te  of Ceratium tripos a t  low tem peratures, 
as com pared w ith  the o ther ceratia  stud ied  by N ordli, gives a 
reasonable exp lanation  of the  predom inance of th is species in the 
cold season in th e  Oslofjord area, as com pared w ith  o ther species 
of th e  genus such as Ceratium furca  and fusus.

In recent experim ents on a  stra in  of P erid in ium  trochoideum 
from  Golfo di N apoli, the  tem pera tu re  optim um  was found to  be 
as high as 25-30°C  (Fig. 8), while the Oslofjord stra in  showed an 
optim um  a t  20°C as did the  o th er dinoflagellates from th e  Oslofjord 
area  (Fig. 7).
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Fig. 8. T em peratu re  response in s tra in s  from different geographical regions 
{left, B arker, 1935, and  Bakken, unpublished ; right, B akken, unpublished, and 
B raarud , unpublished).

A sim ilar displacem ent of the op tim um  is known from  tem pera­
tu re  experim ents on Prorocentrum micans. T he Oslofjord stra in  
of th is species showed a definite op tim um  a t  20°C, whereas B arker 
(1935) in experim ents w ith  cu ltu res from  the  coast of California 
observed an optim um  a t  25°C (Fig. 7).

In  the  coccolithophorid Coccolithus huxleyi M jaa land  (1956) 
observed a  tem pera tu re  optim um  a t  abou t 20°C and grow th a t  
as low a tem pera tu re  as 7°C (Fig. 5). This reaction is in fair agree­
m en t w ith  observations from surveys, a lthough these indicate 
th a t  grow th m ay even tak e  place a t a  considerably lower tem ­
peratu re .

For th e  available tem pera tu re  experim ents the  com parison w ith 
field observations gives a  less coherent p icture th an  the  sa lin ity  
experim ents. T here  are exam ples of a  general agreem ent between 
the  experim ental results and the field data , as for the  dinoflagellates 
from  the  Oslofjord, and there  are instances of pronounced dis­
agreem ent as for Asterionella japonica  and  Thalassiosira nor­
denskioeldi. Tw o explanations m ay  be suggested for these dis­
crepancies and  both  m ay  be involved : th a t  th e  experim ental tech ­
nique has been unsatisfac to ry  and  given e rra tic  results, or, th a t  
the  deductions from biogeographical d a ta  are erroneous and have 
b lurred  the  ecological p ictu re  for the species in question, as sug­
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gested by B raarud (1937) in the  case of Thalassiosira norden­
skioeldi.

T he m ain objection to  the technique used m ay  be th a t  the  
cu ltures were n o t bacteria-free. In such a  case two effects m ay  be 
responsible for the different grow th ra tes  of a  culture a t d ifferent 
tem pera tu res: (1) the response of th e  alga to  the  tem pera tu re  
factor, the response which we are looking for, and  (2) the  response 
of the  bacterial population in the  cu ltu re  which m ay, indirectly, 
influence the ra te  of grow th of the  algal population. As long as we 
have no parallel tem pera tu re  experim ents w ith and w ithou t bac­
teria  as associates, we are unable to  judge how im portan t the 
la tte r  effect m ay  be, b u t the  recent discovery of the v itam in  re­
quirem ents of the p lankton  algae lends some support to  such a 
view. I t  would n o t seem unreasonable to  suggest th a t  the  d if­
ference between the  tem pera tu re  op tim a observed in the experi­
m ents with stra ins of P erid in ium  trochoideum  and Prorocentrum  
m icans from widely separated  localities m ight be due to  the  d if­
ference in the bacterial populations of the  two cultures, since the  
la t te r  m ay presum ably provide v itam ins necessary for grow th.

T he other a lternative , th a t  tem pera tu re  is n o t a  decisive en­
v ironm ental factor for th e  abundance of a  species such as Thalas­
siosira nordenskioeldi a t  low tem pera tu re  and its absence a t  higher 
tem pera tu re , as indicated by the  experim ents, finds some suppo rt 
in the fact th a t  the  rise in tem pera tu re  in spring in northern  A t­
lan tic  w aters coincides w ith  a  decline in the  supply of inorganic 
nu trien ts . Species dem anding fairly  high concentration of nu trien ts , 
therefore, m igh t show a  sim ilar seasonal occurrence as a  cold 
w ater species. O nly new experim ents w ith bacteria-free cultures 
can give us a  clearer p icture of the  actual tem pera tu re  effect upon 
grow th.

From  the  experim ents on the  sa lin ity  and  tem peratu re  factors 
i t  m ay  be concluded th a t  the  tolerance of the  various species to 
extrem e conditions should be studied, w ith special care.

T he two rem aining environm ental factors of th is group, ligh t 
and  n u trien t supply, can be d ea lt w ith quickly as very  few ob­
servations are available for a  discussion of specific differences. 
Photosynthesis experim ents w ith cultures of diatom s suspended
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a t  different depths were carried o u t by  M arshall and O rr (1928) 
and by Jenk in  (1937). These classic investigations dem onstrated  
clearly the  im portan t feature  th a t , in th e  d iatom s which they  
used in their experim ents, an inhibition  of photosynthesis oc­
curred n ear the  surface, the  dep th  for the  photosynthesis optim um  
varying according to  tim e of day  and season. M arshall and  Orr 
found th a t  the  w inter species Coscinosira polychorda and a sum ­
m er species of Chaetoceros had  th e  same optim um  light in tensity  
b u t th a t  inhibition a t  th e  surface was m ore pronounced in the 
Chaetoceros species. T he la tte r  resu lt w as unexpected, and  the 
au thors suggest th a t  it  m igh t be due to  the fac t th a t  the Chaetoceros 
species had been grown in weak light. Jenk in  worked on the  d ia­
tom  Coscinodiscus excentricus and to  a  lesser ex ten t on Biddulphia  
regia, which are bo th  w in ter forms. T h ey  were found to  have 
sim ilar optim um  ligh t intensities.

Jenkin concluded th a t  the  g rea test scope for fu tu re  work would 
seem to lie in the  labora to ry , b u t during the  tw en ty  years which 
have elapsed since her paper was published, only incidental ob­
servations of th is k ind have been m ade. M jaaland  (1956) ob­
served excellent grow th in the coccolithophorid Coccolithus huxleyi 
even a t  as strong ligh t as 50,000 lux while Nordli (1957) in his 
experim ents on ceratia, observed an  optim um  between 2,500 and 
5,000 lux. He concluded th a t  his results were a t  variance with 
the  vertical d istribu tion  p a tte rn  of these species. L anskaja  and 
Sivkov (1950), who studied  grow th of five diatom s, rem ark th a t  
there is reason to  believe th a t  photosynthesis and also grow th 
m ay differ according to  the  s ta te  of the cells and their previous 
history, a  view also held by M arshall and O rr (1928). T his is in 
accordance w ith the  behavior of o ther algae, and m ay  explain 
the extrem ely low optim um  intensities observed by Schreiber 
(1927) in the  case of the  tw o species of Biddulphia.

T he general effect of ligh t upon phytoplankton  photosynthesis 
and grow th seems to  be well established by studies reviewed by 
Steem ann Nielsen (1958b), and  by  Steem ann Nielsen and Jensen 
(1957), b u t it  is obvious th a t  too  few investigations of th e  light 
response of the  various species are available for a  comparison 
w ith their d istribu tion  in the  sea. Field observations indicate
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th a t  in th is respect also we m ay  find im portan t specific differ­
ences, bu t m uch basic work is required in order to  obtain a 
sa tisfac to ry  m ethod for fu rther studies.

T h e  possibility of different responses to  vary ing  concentrations 
of inorganic nu trien ts  was b rought in to  the  spo tligh t by  Rodhe 
(1948) through his observations of ex trem ely  low m axim al values 
for various freshw ater species. For th e  tru ly  m arine forms experi­
m ents are no t available to  judge w hether th is ecological factor is 
responsible for exceptional d istribu tion  p a tte rn s  in certain  species. 
So far, the experim ental approach in s tudy ing  the environm ental 
influences on m arine phy top lank ton  has been for orientation p u r­
poses. In fu tu re  special a tten tio n  should be paid also to  the  in­
teraction  of the  various factors.

T he  technique of the  experim ents has been sim ple. T he cultures 
have not been bacteria-free. T he  m edia have been enriched sea 
w aters, w ith or w ithout soil ex trac t as a  supplem ent, and  conse­
quen tly  no t well defined. As long as th is  was the case, problem s of 
m ore special nu tritional requirem ents could not be approached. 
T hese  defects have been obvious to  w orkers in the field and m ay 
be p a rtly  responsible for the  restricted  n a tu re  of the activities.

Since the  pioneer research on cultures of m arine phytoplankton  
in itia ted  by M iquel (1890-93) and  especially by Allen in P lym outh 
m ore than  half a  cen tury  ago, a  g rea t num ber of a ttem p ts  have 
been m ade to  introduce syn the tic  m edia by  using artificial sea 
w ater. Allen himself, p a rtly  in collaboration w ith Nelson, m ade 
experim ents of th is kind (Allen and Nelson, 1910; Allen, 1914) and 
m ade the im portan t observation  th a t  only w ith  the addition of 
sm all am ounts of na tu ra l sea w ater could satisfactory  grow th be 
obtained . Subsequent work proved th a t  in m ost cases grow th in 
artificial sea w ater was no t as good as in Allen or Schreiber sea 
w a te r w ith soil extract, or th a t  no grow th a t  all took place. The 
im portance of the organic com ponents of na tu ra l sea w ater for 
d iatom  grow th v a s  dem onstra ted  by H arvey  (1939), b u t it was 
n o t till the  general occurrence of auxotrophy in m arine p h y to ­
p lank ton  had been discovered th a t  the basis was laid for in troduc­
ing well-defined m edia of a  satisfactory  com position. T hrough  the 
contribu tions by Provasoli, H u tner, and  their collaborators in
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N ew  York, by  Droop in M illport, and Sweeney a t  La Jo lla  (for 
literature , see Droop, 1957) inform ation has been obtained on the 
v itam in  requirem ents of rep resen ta tives for m arine diatom s, d ino­
flagellates, and  chrysophyceans, especially as to  v itam in Bí and 
B 12. These results have been reached b y  m eans of an improved 
technique which we shall consider before presenting  some of the 
findings of their research in to  the  necessity  of organic compounds 
for growth.

The new technique is the  resu lt m aini}' of the  w ork by Provasoli 
and  his collaborators (see Provasoli et al., 1957) on the composi­
tion of m edia, and of the  success of various w orkers in establishing 
bacteria-free cultures. Com pared w ith  the  older syn the tic  m edia 
the  new ones are characterized b y  the  following im provem ents:
(1) a  uniform  and satisfacto ry  supp ly  of m icronu trien ts by m eans 
of chelating agents as E D T A  (ethylenediam ine te traace tic  acid),
(2) buffering of the m edium  by  m eans of a  com pound which is no t 
used during the grow th of the  alga, as T R IS  (hydroxym ethyl- 
am inom ethane), and (3) addition  of defined quan tities of organic 
com pounds required by the  alga, as v itam in  B í and B 12, which 
were previously supplied b y  the  na tu ra l sea w a te r and the soil 
ex trac t (Sweeney, 1954).

T he use of these com pounds has m ade it possible n o t only to  
obtain  satisfactory  grow th in syn the tic  m edia w ith a  general 
com position sim ilar to  th a t  of sea w ater b u t also to  m ake essential 
changes in the  ionic com position of the m edium  for a  study  of the 
relative im portance of the  various com ponents of sea w ater, as 
m ade by  Provasoli et al. (1954). D roop (1958b) has used this 
technique in a  study  of euryhaline species from litto ral pools and 
of the  pelagic d iatom  Sceletonema costatum and has drawn the 
ten ta tiv e  conclusion th a t  the  d ifferent sa lin ity  response of the  
various species is due m ain ly  to  their special requirem ents for the  
concentration of sodium  ions in the  medium.

One of the m ain draw backs w ith th e  Allen technique was the 
presence of bacteria  and colorless flagellates in the  persisten t cul­
tures. Schreiber (1927) devised a  special ap p a ra tu s  for washing 
diatom s in order to  ge t rid of bacteria . Jenkin (1937) used a tre a t­
m en t w ith iodine, suggested by  Allen, for destroying a t least the
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m ajor p a r t  of the  bacterial population, b u t dic! n o t obtain tru ly  
pure cultures. D uring recent years bacteria-free cu ltures of several 
species of m arine diatom s and flagellates have been obtained. 
Tw o m ethods have been used: (1) sim ple w ashing w ith sterile 
m edium  and (2) trea tm en t w ith an tib io tics, w ith  m inor varia tions 
in the procedure (for literature , see Spencer, 1952; Droop, 1954). 
If these m ethods are combined w ith  th e  use of a  varied selection 
of m edia, th ere  should now, as indicated by  Droop, be a far g rea ter 
chance of success in establishing bacteria-free cultures of the  
au to troph ic  m em bers of the m arine p lank ton , a lthough obstacles 
m ay  still be encountered (K ain and Fogg, 1958). Special efforts 
ought to  be m ade to  im prove still fu rth e r  the isolation technique.

W e m ay now re tu rn  to  the  results which have been obtained  
by the  use of th is new' technique. D roop (1957) has sum m arized 
the results on the v itam in requirem ent of m arine phy top lank ton  
species up to  1957. T able II shows th a t  the four chrysophyceans 
w hich were stud ied  in bacteria-free cu ltu res have the  sam e re ­
quirem ents for v itam in  B í and B i2, while the  two d iatom s, 
Phaeodactylum tricornutum  and Sceletonema costatum, differ. 
Phaeodactylum  requires ne ither of them , whereas Sceletonema

T a b l e  II. V itam in  R equirem ents in B acteria-F ree C u ltu res (D roop, 1958a)

Br> T hiam ine

Portion of 
T hiam ine 
R equired

C hrysophyceans
Monochrysis lutheri + +  ]
P rym nesium  parva + + j Pyrim idineSyracosphaera elongata + +
Microglena arenicola + +  J

D iatom s
Phaeodactylum tricorn ulum — —
Sceletonema costatum + —

D inoflagellates
Oxyrrhis m arina + +  ? T hiazole
Glenodinium foliaceum + —
P erid in ium  trochoideum +
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requires B i2. One of the dinoflagellates, the nonphotosyn thetic  
Oxyrrhis marina, requires both, w hereas the  two pho tosyn thetic  
species p robab ly  have no need fo r B í in th e  m edium . T he chrys­
ophyceans require the pyrim idine com ponent of thiam ine, while 
the dinoflagellate Oxyrrhis uses th e  thiazole com ponent.

T he possible ecological im plications of these results we shall 
leave for a  brief consideration la te r, b u t there  is ano ther principal 
fea tu re  which m ay  be stressed here. A lthough only a few repre­
sen ta tives of the  various taxonom ic groups have been investigated, 
the results indicate a  d iversity  in  the  requirem ents of various 
species w ithin the sam e taxonom ic group, as shown for the d ia­
tom s and the  dinoflagellates. This is  still m ore clearly dem onstrated  
by  the response to  various com pounds of the  B L2 group as presented 
by  Provasoli (1958). As will be seen from T able  I I I , there  are in 
chrysom onads and in dinoflagellates differences as to  th e ir ability  
to  utilize the  various cobalam ins, two types being represented 
am ong the  chrysom onads and tw o w ithin  the  dinoflagellates, 
while the  d iatom s add to  this d iversity .

These resu lts  m ake it evident th a t  generalizations of results 
ob tained  for th is  feature  of the  m etabolic  p a tte rn , would be u n ­
w arran ted . T h ey  m ay also be tak en  as a  sign th a t  g rea t varia tions 
m ay  occur n o t only in this aspect b u t also in the  general response 
of the various species of a  taxonom ic group to  the  com position of 
the  m edium  and o ther environm ental factors. T his was also indi­
cated  by  the experim ents on the  sa lin ity  factor which have been 
referred to  previously. W hat the  situation  will be if we consider 
ecological groups, established by field observations, is a  question 
th a t  canno t be answered until m ore species have been examined.

Provasoli and  P in tn e r (1953), Provasoli (1958), and  Droop
(1957) have discussed the  possible im portance of the  auxotrophic 
dem ands of th e  various species for their occurrence in the  sea. 
U ndoubted ly  in teresting  ecological im plications suggest them ­
selves while th e  available inform ation on the  occurrence of v ita ­
m ins in th e  sea continues to  be ra th e r  scan ty  (Cowley, 1956), so it 
would seem p rem atu re  to  draw  definite conclusions. T he  w ork on 
v itam in  requirem ents is, howrever, of param ount im portance for 
experim ental stud ies on cultures. In addition to  the o ther im-
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provem ents of the m edia, the  knowledge of th e  need for these o r­
ganic com pounds and  the success w ith  the  isolation of bacteria- 
free cultures seem to promise th a t  a  new era has been in itia ted  in 
experim ental studies of the  autecology of th e  m arine p h y to ­
plankton.

T here are also o ther indications th a t  a  more sa tisfac to ry  basis 
for such w ork can now be established. I refer to  recent w ork on 
the  life cycle of the  p lank ton  algae. T he  species, which would be 
m ost su itab le  for cu ltu re  w ork and  studies on the  influence of 
environm ental conditions on th e ir  occurrence, are those which 
reproduce by b inary  fission, w ith o u t any  com plications in the 
form of sexual reproduction or cy s t form ation. Am ong the  m ore 
im portan t groups of p lankton  algae, the dinoflagellates seem to  be 
closest to  th is ideal. N one of th e  m arine brown dinoflagellates 
which have been cu ltured , representing  species of A m phid in ium , 
Ceratium, Exuviaella, Goniaulax, G ym nodinium , Gyrodinium, Peri­
d inium , Prorocentrumi, and Protoceratium, has shown any  sign 
of sexual reproduction. Some of them  form cycts when the  cul­
tures become too dense or old, b u t  there are no difficulties in keep­
ing the cu ltures in ac tive  growth w ithou t cyst form ation.

T he diatom s, on the  o ther hand, are no t so easily handled in 
culture work. T heir special m ode of cell division, w hereby one of 
the  daughter cells becomes sm aller than  the  o ther, leads to  a  v a ria ­
tion in cell size w ith in  a population. T ransitions from  narrow  to 
broad cells tak e  place through  auxospores, in connection with 
sexual reproduction. In  species where auxospore form ation takes 
place readily, the  average cell size m ay not v a ry  excessively, while 
in o ther species, which form  auxospores a t  longer intervals, popu­
lations w ith  very  different values for the average cell size m ay  oc­
cur both  in n a tu re  and  in culture. As the  grow th ra te  is likely to  
va ry  w ith  cell size, m ore extensive experim ents m ust be carried 
ou t in order to  obtain  results which are applicable for in te rp re ta ­
tion of field observations. For the  culture work an in tim ate  knowl­
edge of the  life cycle of th e  species in question and the  conditions 
of sexual reproduction are therefore of great value. T hrough the  
work of von Stosch (1954) the  m ethods for life cycle stud ies on 
centric diatom s, w hich are predom inan t in the  sea, have been
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dem onstrated , and  this field calls for experim ental work on a large 
scale. Field observations ind icate th a t  there  is considerable v a ria ­
tion betw een the  species as to  the  frequency of auxospore form a­
tion. D etailed inform ation on th is point, required for a  sa tis­
fac to ry  handling of d iatom  cu ltu res in autecological work, can 
be obtained  only through labora to ry  experim ents.

T he  th ird  large group of p lank ton  algae, the  coccolithophorids, 
has also, one m ay say ra th e r unexpectedly, disclosed a com plicated 
life cycle. In  Coccolithus fragilis  B ernard  (1939) has suggested a 
ten ta tiv e  life cycle, which includes the  regular occurrence of 
palm ella stages in the sea. Q uite recently  Parke (1959) has been 
able to  show experim entally  th a t  the  species Crystallolithus 
hyalinus  represents the m otile stage of the  well-known Coccolithus 
pelagicus, which, according to  Parke, has the  character of a  cyst. 
T his is an observation which gives qu ite  a  new view point to  the 
understand ing  of d istribu tion  related to  environm ent in these 
forms. O bservations on Coccolithus huxleyi, the  com m onest of all 
m arine coccolithophorids, ind icate th a t  problem s are also in 
store  concerning the life cycle of th is  species.

T h is  type  of experim ental w ork has been dealt wfith so ex ten­
sively here because it is essential bo th  in d irect in terp re ta tion  of 
th e  observations from the  sea and in the  in troduction of a  tech­
nique w hereby uniform  m ateria l for culture w ork m ay be obtained. 
T he recent achievem ents give promise of ob tain ing  very  im portan t 
inform ation through continued studies w ith in  th is  field.

Looking back upon the  work which has been done on cultures of 
m arine phy toplankton , we notice th a t  the  experim ental results 
have been related  to only a few of the m any  problem s facing a 
field ecologist. For m any  reasons it was na tu ra l to  s ta r t  w ith 
environm ental factors such as sa lin ity  and  tem pera tu re , which 
had been used so extensively for in terp re ta tion  of specific differ­
ences in d istribu tion . A basic knowledge of the influences of these 
factors would also seem to  be a  prerequisite for a  closer s tu d y  of 
the finer details in d istribu tion  p a tte rn  and  seasonal occurrence.

As activ ities have been so restricted  and, unfortunately , a 
g rea t p a rt  of the  experim ental w ork has been m ade on species 
which are n o t observed regularly  in the sea, such as Phaeodactylum
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tricornutum, the  form er Nitzschia closterium  f. m inutissim a, there 
is a  host of unsolved problem s calling for stud ies by  m eans of ex­
perim ents w ith the use of cultures. T he m ention  of a  few problem s 
m ay  be allowed.

T he annual cycle of the  p h y top lank ton , which has such char­
acteristic features in higher latitudes, has been investigated  in all- 
y ear surveys and., in m any  cases, the  general trend has been 
found to  relate well w ith  changes in th e  supply of nu trien ts, 
s tab ility  conditions, and ligh t supply, b u t we cannot y e t give any  
sub stan tia ted  explanation of the  succession of species. Several 
theories have been advanced, b u t these have a common lack of 
background knowledge regarding th e  ac tual behavior of the organ­
isms in question. We have already  seen how  doubtful the  inform a­
tion is on the tem pera tu re  response on the few species which have 
been studied. T he s itua tion  is no b e tte r  in the  case of the  m utual 
effect of species growing together, for instance by m eans of 
ectocrine substances. T his fac to r has been suggested as playing 
a  p a r t  in producing succession, b u t th is has still to  be proved. 
T he  different ra te  of grow th in th e  various m em bers of a  society 
is obviously of prim e im portance for their relative abundance, 
b u t actual knowledge of th e  ra te  of reproduction in diatom s, d ino­
flagellates, and coccolithophorids is so fragm entary  th a t  it cannot 
be used for estim ating  w ith  any  ce rta in ty  the  effect of th is feature 
in individual cases.

Extrem e m ass occurrence of certain  species, as for instance in 
red tides, represents an  in teresting  and  spectacular example of 
societies presum ably resulting  from h itherto  obscure conditions 
favoring grow th in certain  species. These are norm ally m em bers 
of societies of a  more balanced composition.

Form  variation  is observed in every species. In some cases there 
seems to  be a phenotypic varia tion  which has been tentatively  
rela ted  to  the influence of tem pera tu re , salinity, n u trien t sa lt con­
centration , and day  length. Experim entally  little  has been done 
in th is  field. For C eratia, N ordli (1957) observed varia tion  in size 
w ith  changes in tem pera tu re  and, in the  case of ra th e r  abnorm al 
forms, he found their occurrence to  be related to an ample supply 
of n u trien ts  and the  absence of a  m arked day-n ight rhy thm . How­
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ever, in general it m ay  be sta ted  th a t  th e  ac tual effect of the  en­
v ironm ental factors upon form has n o t  been analyzed.

T he  conditions which induce sexual reproduction and lead to  
auxospore form ation in the  various species of diatom s are also 
obscure. Likewise, are the  conditions s tim u la tin g  cyst form ation 
in diatom s, dinoflagellates, and coccolithophorids. W e know th a t  
these processes occur regularly  in some species, whereas in others 
th ey  seem to  be rarer, presum ably occurring as a  reaction to  ra th e r 
special environm ental conditions. G erm ination of resting spores 
has never been studied in cultures, excep t for the  ra th e r  unusual 
type  observed by  Gross (1940) in D ity lum  brightwelli, a lthough it 
would be of g rea t in terest to  obtain  inform ation on th is process 
in o rder to  fu rther understanding of th e  annual cycle of m any  
neritic  species.

One of the  basic features of behavior in p lank ton  diatom s, their 
ab ility  to  m ain ta in  populations in the  surface layers even during 
periods of poor grow th conditions, is still one of th e  da rk  points. 
T he  various species seem to react d ifferently  in th is  case also, as 
some of them  m ain ta in  small populations in the  euphotic layer 
th roughou t the  year, while others have brief periods of abundance 
and  then  disappear. T he field observations call for experim ental 
studies, bo th  to  investigate fu rther the  in teresting  theo ry  of Gross 
and  Zeuthen (1948) th a t  flotation is due to  the m ain tenance of a  
rela tively  high concentration of m onovalen t ions in the  cell sap 
and  also to  explain the  specific differences in behavior indicated 
b y  th e  field observations.

T he  effect of subm arine ligh t upon th e  photo tax is of flagellates 
has been sub jec ted  to  in teresting physiological studies by  H alldal
(1958), b u t the  specific reactions of m ost species have y e t to  be 
described on the  basis of laborato ry  studies. T he observations a t 
sea have  shown th a t  m igrations tak e  place, and have indicated 
different reaction  p a tte rn s  for the  various species (Hasle, 1950), 
b u t  experim entally  very  little  has been done here. These are a  few 
of the  classical problem s th a t  m u st be solved by  experim ental 
m eans, and th ey  are involved in m ost of the a tte m p ts  a t  under­
s tand ing  the  resu lts  produced by  field surveys. T he studies of 
organic p roduction  in the  sea by m eans of S teem ann N ielsen’s
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C 14 m ethod (1952, 1958a), which h av e  given such valuable results, 
have again raised m any  problem s re la ted  to  the  ac tual behavior 
of the  species which are responsible for the  observed production.

These examples m ay suffice to  ind ica te  the  v a rie ty  of unsolved 
problem s th a t  are suitable for experim ental studies. In  sp ite  of 
th e  shortcom ings in m ethods w hich still adhere to  the field ecologi­
cal surveys of m arine phy top lank ton , it seems obvious, as far as 
th is  branch  of m arine biology is concerned, th a t  D r. Redfield’s 
w arning against too one-sided an experim ental approach does not 
app ly  a t  all. T he experim ental s tud ies have by  no m eans kept 
pace w ith  the  observations of popu lations in the  sea. On the  o ther 
hand, th e  little  work which has been done on phy top lank ton  cul­
tu res has dem onstrated  how essential a  background of field ob­
servations is for a  sound evaluation  of experim ental results. One 
need refer only to the tem p era tu re  experim ents, which illustrated  
so clearly the  necessity of checking results obtained in the  labora­
to ry  w ith  the  actual d istribu tion  p a tte rn  of the  species in the  sea. 
On th e  whole, the experience gained  from experim ental studies 
supports  the  generally adopted view  th a t  research on environ­
m ental influence should be organized in such a  w ay as to  establish 
a  close collaboration betw een w orkers w ith a  first-hand knowledge 
of field surveys and skilled experim entators.

W ith  regard  to the  special b ran ch  discussed here, the tim e seems 
ripe for an extension of research in  the laboratory . T he new tech ­
niques developed recently  should be employed and developed fu r­
th e r to  exploit more effectively th e  w ealth  of observations ac ­
cum ulated  through field ecological studies. In  view of th e  fact th a t  
the  m arine vegetation is responsible for a t  least as large an annual 
production of organic m a tte r  as th a t  of all th e  terrestria l plants, 
there  seem s to  be no reason why such an expansion should be m ade 
a t  the  expense of work of the  su rvey  type. T he  present efforts in 
th is  field seem to be qu ite  ou t of proportion to  the  role which these 
m arine p lan ts  p lay  in the  organic cycle as a  whole.
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