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Preface

T his w ork  co n ta in s  the  resu lts  o f  investigation  an d  ex p erim en ta tion  carried  o u t 
fro m  1950 to  1956, d u rin g  w hich  tim e I h e ld  a  g ran t fro m  th e  N orw eg ian  
R esearch  C ouncil fo r Science an d  th e  H um an ities . S u pp lem en tary  d a ta  fro m  
in vestiga tions carried  ou t fo r m y cand . real, thesis a re  also  p resen ted .

C ollection  o f  m a te ria l to o k  place, fo r th e  m o st p a r t, a t  th e  B io logical S ta tio n  
in  D ro b a k  w here P ro fesso r B jo rn  F o y n , p laced  w o rk ing  space an d  equ ip m en t 
a t m y d isposa l fo r several sum m ers an d  fo r a  series o f  sh o rte r visits. Expenses 
in cu rred  a t the  S ta tio n  w ere in  p a r t  covered  by a  stipend  fro m  T he H ielm - 
stie rne  R o sencroneske  legacy.

T he experim en ta l p a r t  o f  th e  w o rk  w as carried  o u t m ain ly  a t  th e  In s titu te  fo r 
M arin e  B iology, S ection  B, U n iv ersity  o f  O slo , w here P ro fesso r T rygve B raa ru d , 
m ad e  availab le  w ork ing  space a n d  equ ipm ent. T h ro u g h  th e  w hole investiga tion  
he offered advice on  se tting  u p  th e  experim ents an d  gave m e a  g rea t deal o f  
assistance in  discussion o f  th e  resu lts a n d  w riting  o f  th e  m anuscrip t.

T h e  figures w ere d raw n  by M rs. B jorg  P au lsen . M rs. H a rr ie tt  H o lm  H an sen  
an d  M rs. N o rm a  S m ayda k in d ly  helped  in  tran s la tin g  the  m an u sc rip t. T he 
N orw eg ian  R esearch  C ouncil fo r Science and  th e  H u m an itie s  covered  p a r t  o f  
the  p rin tin g  costs.

I  w ish  to  express m y sincerest th a n k s  to  th e  above-m en tioned  persons a n d  
in stitu tions.

I. Previous Investigations on the Ecology of Ceratia

Since the  cera tia  a re  o f  a  very w ide d is trib u tio n , m ateria l to  de te rm in e  th e ir  
exact o ccu rrence  h a d  to  be co llected  fro m  restric ted  areas as well as  fro m  ex ten ­
sive exped itions covering  one o r  m ore  oceans. T h e  m o st im p o rta n t o f  these
14* O IKO S 8:11, Copenhagen 1957
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w ere th e  “ M e te o r” 1925-27, th e  “ C arn eg ie”  1928-29, and  the  “ D a n a ”  1928-30 
expeditions.

T his m a te ria l confirm ed  S ch ü tt’s o b se rv a tio n  in 1893 th a t the  g rea test n u m ­
ber o f  C eratium  species w as fo u n d  in  tro p ic a l ocean ic  areas. I t  also  show ed  th a t  
co m p ared  w ith  o th e r d inoflagella tes a n d  th e  d ia tom s, th e  n u m b er o f  C eratium  
cells p e r  u n it a re a  is generally  ra th e r  low .

In  an  a tte m p t to  o b ta in  an  in d ica tio n  o f  w hich  fac to rs delim ite  th is d is tr ib u ­
tio n  o f  th e  d ifferen t C eratium  species, th e  ecology o f  ce ra tia  has been  discussed  
on  th e  basis o f  availab le  h y d ro g rap h ica l a n d  bio logical d a ta . T he influence o f  
th e  m ore  im p o rta n t fac to rs a re  review ed in  the  fo llow ing sections.

The salin ity  fa c to r

T h e  sligh t ran g e  in oceanic w a te r salin ity  w hich is such  a  g o o d  in d ica tio n  o f  
d ifferen t w a te r m asses seem s to  influence th e  d is tr ib u tio n  o f  ce ra tia  to  a  negli­
gible degree only. P e t e r s  (1934) cou ld  d em o n stra te  no  influence fro m  salin ity  
differences in th e  S o u th e rn  A tlan tic ; ne ith er cou ld  S t e e m a n n  N ie l s e n  (1934) in 
th e  S o u th e rn  Pacific. S c h u b e r t  (1937) rep o rts  th a t  11 Ceratium  species m en ­
tio n ed  by n am e , a re  fo u n d  on ly  a t  salin ities exceeding 35.8 % 0. S t e e m a n n  N ie l ­
s e n  (1939), o n  the  o th e r h an d , observed  th a t m an y  o f  these species a re  fo u n d  a t  
least dow n  to  a  salin ity  o f  33.5 % 0> a n d  a  few  go below  33.0 % 0. L a te r investiga­
tio n s hav e  confirm ed th is  : “ In  the  C arneg ie  investigations no  co rre la tio n  could  
b e  fo u n d  betw een th e  salin ity  a n d  th e  d is tr ib u tio n  o f  any  species. T hus, 
ap p a ren tly  these species a re  n o t affected by such  slight va ria tio n s in  sa lt co n ten t 
as a re  fo u n d  in th e  o p en  o cean .”  ( G r a h a m  an d  B r o n ik o v s k y  1944, p . 7). 
W h eth er o r  n o t th is  s ta te m e n t is va lid  fo r  all species, even w here flu c tu a tio n  in 
sa lin ity  is g rea te r (e. g., in  neritic  a reas) h a s  n o t been ascerta ined . H ow ever, 
C eratium  tripos, C . fu s u s  an d  C. fu rc a  a re  fo u n d  in the  N o r th  Sea, th e  T ra n s i­
tio n  A rea  a n d  th e  W estern  B altic, w ith in  very  w ide ranges o f  salin ity , o rd in a rily  
dow n to  9 -1 0% o, occasionally  even low er ( A p s t e in  1910, S t e e m a n n  N ie l s e n  
1940, A u r iv il l iu s  1896, O s t e n f e l d  1913).

The tem perature fa c to r

T h e  influence o f  te m p era tu re  o n  th e  d is tr ib u tio n  o f  C eratium  species has 
been  discussed by several investiga to rs, all o f  w hom  have com e to  a b o u t the 
sam e conclusion . C l e v e  (1899) lists ce ra tia  am ong  the  p re d o m in a n t fo rm s in 
h is p la n k to n  types a n d  rep o rts  a t  w hich  tem p era tu res  th e  d ifferen t species are 
fo u n d . G r a n  (1902) subdiv ides th e  p e rid ineans in to  A rctic , B oreal an d  te m p e r­
a te  A tlan tic  species am ong  w hich  ce ra tia  a re  lead ing  form s. O s t e n f e l d  (1913) 
fo u n d  in  his m a te ria l th a t ce ra tia  p re sen t in a n  a rea  could  survive w hen  the
O IK O S 8: II, Copenhagen 1957
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tem p era tu re  d ro p p ed  below  th a t requ ired  fo r th e ir  occurrence  a t the beginning 
o f  the  season . Even th o u g h  th ey  d raw  differen t bo rders, P e t e r s  (1934) and  
S t e e m a n n  N ie l s e n  (1934; 1939) agree th a t  tem p era tu re  is o f  im p o rtan ce  
fo r th e  d is trib u tio n  o f  C eratium  species. G r a h a m  an d  Br o n ik o v s k y  (1944) 
subd iv ide  ce ra tia  in to  g roups acco rd in g  to  te m p e ra tu re  to le ran ce : In to le ra n t 
T ro p ica l ( >  19°C ), S lightly T o le ra n t T ro p ica l, V ery T o le ran t T ro p ica l, C o sm o ­
p o litan , an d  S ubpo lar.

Som e o f  these d a ta  fo r m in im u m  tem p era tu res  and  te m p e ra tu re  ranges from  
n a tu ra l p o p u la tio n s  a re  given in T ab le  1. T h e  fo u r species selected are  those  
dea lt w ith  in the  experim en ta l p a r t  o f  th is  paper.

Table 1.

Species
O stenfeld (1913) Cleve (1900) G raham  & Bronikovsky (1944)

M in. °C M in. °C M in. °C M ax. °C

C eratium  tr ip o s ............... - 1 .2 2.0 1 1.4 29.4
-  fu s u s ................. ___  - 0 .8 3.0 2.1 29.5
-  fu rc a  ............... - 1 .2 2.0 6.6 29.4
-  l in ea tu m .......... . . . . — 3.15 6.7 21.2

The effect o f  nutrient salts

D iffering op in ions have been advanced  concern ing  the  influence o f  n u trien t 
salts, especially  p h o sp h a te , u p o n  th e  d is tr ib u tio n  o f  cera tia . P e t e r s  (1934) and  
G r a h a m  an d  Br o n ik o v s k y  (1944) m a in ta in  th ey  have fo u n d  a  certa in  co rre la ­
tio n  betw een low  n u tr ie n t sa lt co n ten t a n d  h igh n u m b er o f  species, b u t since 
th e  dependence  is d o u b tfu l G rah am  an d  B ron ikovsky  tak e  ex trem e rese rv a ­
tions. S t e e m a n n  N ie l s e n  (1934) co u ld  prove no connection  betw een p h o sp h a te  
co n ten t and  n u m b er o f  species.

Q u an tita tiv e  p h y to p lan k to n  investigations in  th e  N o r th  Sea a n d  th e  B altic 
have d em o n stra ted  th a t th e  co m m o n  C eratium  species have the ir m ax im a in  th e  
period  A ugust-D ecem ber. ( C l e v e  1900, G o u g h  1905, L o h m a n n  1908, A p s t e in  
1910, B r a n d t  1921). A ll-year exam ina tions o f  th e  sea w ater in  th e  areas m en ­
tioned  have ascerta in ed  th a t  the  p h o sp h a te  co n ten t increases d u rin g  th e  perio d  
w hen th e  ce ra tia  fo rm  a  su b stan tia l p a r t  o f  th e  p h y to p lan k to n  (S c h r e ib e r  1927, 
G ess n e r  1933, W a t t e n b e r g  an d  M e y e r  1936). Since the  n u m b er o f  species 
varies very little  an d  seem s to  be w holly  in d ep en d en t o f  th e  p h o sp h a te  concen ­
tra tio n , in  these areas th e re  seem s to  be no reaso n  to  assum e th a t h igh concen ­
tra tio n  o f  p h o sp h a te  inh ib its  th e  g ro w th  o f  Ceratium.

T h e  fa c t th a t  th e  d ia to m  p la n k to n  is o ften  succeeded by a  C eratium  p lan k to n  
m ig h t depend  u p o n  th e ir  d ifferent tem p era tu re  o p tim a  and  the  ce ra tia ’s ab ility
O IKO S 8:11, Copenhagen 1957
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to  survive a t a  low er c o n cen tra tio n  o f  n u trie n t salts, a lth o u g h  th e  la tte r  p o in t 
is n o t ce rta in . T he vertical m ig ra tio n  th a t  th e  ce ra tia  are  ab le  to  u n d e rta k e  
(la te ly  p ro v ed  to  be p h o to tac tic , H a s l e  1950) also  m igh t a id  them  in  securing 
n u tr ie n t sa lts  fro m  m o re  extensive w a te r layers. U n fo rtu n a te ly , sim ultaneous 
d e te rm in a tio n s o f  the  n u tr ie n t sa lt co n ten t a n d  q u an tita tiv e  m easu rem en ts  o f  
th e  C eratium  p o p u la tio n  a re  com plete ly  lack ing  fo r m o st species, so  th e re  is 
insufficient m ateria l a t  h an d  to  solve the  prob lem .

The influence o f  p la n k to n  m etabolites

A s m en tio n ed  above, th e  g rea test varie ty  o f  C eratium  species is fo u n d  in  the 
o p en  ocean  an d  decreases considerab ly  in neritic  areas. S t e e m a n n  N ie l s e n  
(1 9 3 4 )  assum es th a t  th is fac t depends u p o n  p la n k to n  m etabo lic  p ro d u c ts  w hich 
a re  fo u n d  in  h ig h er co n cen tra tio n s  in  th e  shallow  w aters a lo n g  th e  coasts th an  
over th e  d ep th s  o f  th e  oceans, a n d  th a t  on ly  a  few  C eratium  species can  endure  
these h ig h er co n cen tra tio n s. O n  th is  p ro b le m  G r a h a m  and  B r o n ik o v s k y  
w rite : “ Since no m easu rem en t o f  such  substances a re  availab le , it is im possib le 
to  test th is  th e o ry .’’ (1 9 4 4 , p. 10).

The light fa c to r

Since th e  c e ra tia  are  p h o to ta c tic  they  p ro b ab ly  situ a te  them selves in depths 
o f  op tim a l ligh t in tensity  a n d /o r  quality , even tually  find ing  the  best co n d itions 
o b ta in ab le  in an  area . A s H a s l e  (1 9 5 0 ) p o in ts  o u t, th is ligh t o p tim u m  p ro b ab ly  
varies fo r th e  d ifferen t species. S t e e m a n n  N ie l s e n  (1 9 3 4 ) d istinguishes a  n u m ­
b er o f  C eratium  species fav o u rin g  shade. A t the  sam e tim e  he review s an d  d iscus­
ses th e  ra th e r  ex iguous a n d  in p a r t  co n trad ic to ry  in fo rm a tio n  th en  availab le  on  
th e  d ep th  d is trib u tio n  o f  ceratia .

Transport by  ocean currents

Passive tra n sp o r t  o f  ind iv iduals by cu rren ts  influences th e  d is tr ib u tio n  o f  
Ceratium  species by exposing  the  p la n k to n  to  changes in te m p era tu re  and  
sa lin ity  b ro u g h t a b o u t by th e  m ixing o f  d ifferen t w ater m asses. U n d e r such 
a lte ra tio n s  in  th e ir  en v ironm en t th e  ce ra tia  survive as long  as co n d itio n s are 
su itab le . O w ing  to  extensive c u rre n t system s, therefo re , few geograph ica l races 
o f  ce ra tia  can  be expected , b u t th e  very  to le ra n t species sh o u ld  be w idely 
d is trib u ted . T h e ir on ly  restric tio n , as p o in ted  o u t by S t e e m a n n  N ie l s e n  (1 9 3 9 ) , 
is th e  h igh  te m p era tu re  o f  th e  tro p ica l oceans w hich ac ts  as a  b a rrie r  betw een 
th e  co ld  w ater fo rm s o f  th e  tw o hem ispheres.
O IKO S 8: II, Copenhagen 1957
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P revious a ttem p ts a t cultivation an d  the conditions em ployed

C erta in  p ro b lem s occu rrin g  in  co nnec tion  w ith  Ceratium  ecology can  be 
trea ted  experim en tally . In  earlie r lite ra tu re  som e o f  these have been po in ted  
o u t. G r a n  (1902, p . 45), using  sta tis tica l m e th o d s, investigated  w hether 
m orpho log ica lly  re la ted  specim ens a re  system atically  d ifferent o r  on ly  te m p e r­
a tu re  v a rian ts  o f  the  sam e species, “ D a  es bis je tz t  n ich t m öglich  gew esen ist, 
diese F o rm en  a u f  längerer Z eit in K u ltu r  zu h a lten  . . J ö r g e n s e n  (1911) 
d iscussed th e  size v a ria tio n  o f  som e Ceratium, species u n d er d ifferent te m p e r­
a tu res  a n d  salin ities, an d  assum ed  th a t  th is v a ria tio n  m igh t depend  u p o n  
varying d ivision ra tes influenced by vary ing  ecological cond itions. H e  fu rth e r 
suggested  th a t  th is hypo thesis cou ld  be tested  experim entally . In  the  discussion 
o f  w hether th e  v ariab ility  o f  C eratium  tripos is genotypical o r  co n tin g en t u p o n  
ecological fac to rs , S t e e m a n n  N ie l s e n  (1939, p . 18) w rites: “ W enn m an  dazu 
kom m en so llte , d ie C era tien  ku ltiv ieren  zu  k ö n n en , w ird m an  diese F rage 
lösen k ö n n en .”

A few  a ttem p ts  have been u n d e rta k e n  to  keep  ce ra tia  in cu ltu res, b u t as a 
ru le  they  have p ro v ed  unsuccessful. In  th e  earliest investigations un ialgal 
cu ltu res w ere n o t em ployed.

T he first C eratium  cu ltu re  a ttem p ts  rep o rted  w ere tho se  o f  L o h m a n n  (1908). 
H e k ep t m ixed p la n k to n  in big glass ja rs  an d  fo u n d  in  these cu ltu res chains o f  
Ceratium  tripos w hich prev iously  h ad  n o t been observed  in th e  a rea  fro m  w hich 
he co llected  his sam ples. By keeping  sea w ater w ith  its n a tu ra l p la n k to n  p o p u la ­
tio n  in  flasks floa ting  on  th e  sea surface, G r a n  (1908) m ad e  experim ents w ith 
m ixed p la n k to n , o f  w hich ce ra tia  fo rm ed  a  co n siderab le  p a r t. H is experim ents 
w ere u n d e rtak en  b o th  fo r e s tim ation  o f  d iv ision ra tes  a n d  fo r c o n tro l o f  the 
influence o f  n u tr ie n t salts. T s c h ir n  (1920) m en tio n ed  in  his d isse rta tio n  (ava il­
ab le  only  as an  ab s trac t)  th a t  he tried  to  cu ltiva te  cera tia , b u t h a d  little  success. 
T h e  reaso n  fo r the  negative resu lt, he  su p posed , w as fa ilu re  in find ing  th e  p ro p e r  
ligh t qua lity  fo r these “ S chattenpflanzen  des M eeres” .

P et e r s  (1929) k ep t m ixed cu ltu res o f  dinoflagellates, includ ing  cera tia , fo r a 
stu d y  o f  lo co m o to ry  an d  flagellar m ovem ent. By keeping c ru d e  p la n k to n  
stan d in g  fo r  sed im en ta tio n  h e  go t rid  o f  the  b u lk  o f  d ia tom s. T h e  C ru stacean  
larvae an d  C o p ep o d a  gathered  on  the  illu m in a ted  side o f  th e  vessel w here  they 
w ere easily  om itted  w hen  th e  d inoflagellates to g e th e r w ith  the  ciliates were 
p ip e tted  off. In  these  m ixed cu ltu res P e te rs  observed  stages o f  d iv ision  and  
chain  fo rm a tio n  in  the  ce ra tia  w hich h ad  tak en  p lace  d u rin g  the  experim ent.

B a r k e r  (1 9 3 5 , p. 164) w as th e  first to  keep  species-pure cu ltu res o f  Ceratium  
fo r a  lo n g  p erio d . (H is Ceratium  2 is closely re la ted  to , if  n o t iden tical w ith  
Ceratium  tripos M üller). Som e o f  the  cu ltu res w ere successful, b u t n o t in fre ­
quently  th e  cells becam e “ m uch  d is to rted  an d  k n a rle d ” . “ C onsid erab le  experi-
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m ental w ork  h as  been d o n e  w ith  th is o rg an ism ” , h e  w rites (p. 165) a lth o u g h  
no  pub lica tio n s trea tin g  th is  to p ic  seem  to  have appeared . G ro s s  (1937) tried  
to  keep cu ltu res  o f  C eratium  tripos, C. fu su s  an d  C. fu rca . A  few  days a fte r 
iso la tion  th e  flagellates w ere m o re  active th a n  in  the orig inal p la n k to n  sam ple, 
b u t in  th e  cou rse  o f  tim e the  cu ltu res  d ied  out.

V arious m ed ia  fo r Ceratium  cu ltu res have been tried  : N a tu ra l sea w a te r w ith 
a d d ed  n u tr ie n t salts ( G r a n  1908) an d  w ith o u t (L o h m a n n  1908, P e t e r s  1929), 
M iquel sea  w ater (B a r k e r  1935) a n d  “ E rd sch re ib e r”  ( G r o ss  1937).

T s c h ir n  (1920) assum ed  th a t  the  negative results o f  his a ttem p ts  a t  cu ltiv a tin g  
ce ra tia  w ere due  to  inco rrec t illum ina tion . H ow ever, B a r k e r  (1935) in all his 
cu ltu res (n o t specifically Ceratium ) em ployed  artificial illu m in a tio n  as well as 
day ligh t w ith  equally  good  results.

G r a n  (1908) u sed  tem p era tu res  w hich w ere id en tica l w ith  th o se  o f  th e  sea 
w a te r fro m  w hich he to o k  his p la n k to n  sam ples. In  cases w here o th e r  experi­
m enters h av e  recorded  tem p era tu re  cond itions, ro o m  te m p e ra tu re  w as used 
fo r la b o ra to ry  cu ltures.

Success in  cu ltiva ting  ce ra tia  seem s to  depend  u p o n  the  h an d lin g  o f  the  cells. 
B a r k e r  (1935) o b ta in ed  successful cu ltu res by using  re latively  large  am o u n ts  
o f  w ater and  few w ashings o f  the  cells w hen s ta rtin g  cu ltu res. G r o s s  (1937) w ash ­
ed  the  cells m an y  tim es w hen s ta rtin g  cu ltu res a n d  once o r tw ice before  
tran sfe rrin g  the cells to  fresh cu ltu re  m ed ia ; the  organism s w ere tran sfe rred  
daily, bu t w ith in  a  w eek all the cells died.

II. Material and Methods

O rganism s em ployed  

T he  Ceratium  species used in the experim ents described  below  a re :

1. Ceratium  tripos var. atlanticum  (E hrenberg) O stenfeld .
2. C. fu s u s  var. seta  (E hrenberg) Jorgensen .
3. C. fu rc a  (E h renberg ) C lap arèd e  & L ach m an n .
4. C. lineatum  (E h ren berg) Cleve.

A ll species w ere iso la ted  fro m  sea w ater sam ples collected  in D ro b a k  S ound, 
O slo fjo rd .

Since the  o rig ina l cu ltu res o f  C. tripos, C. fu su s  an d  C. fu rc a  d ied  o u t, p ro b ab ly  
because o f  unchecked  h igh  tem p era tu res  in the  la b o ra to ry  d u rin g  a  heat 
p erio d , new  clones fo r these species w ere necessary. T h e  iso la tion  d ates an d  the 
life perio d s o f  the  cu ltu res are  listed  below . T h e  second C. fu rc a  cu ltu re  was 
availab le  im m ediately , as it h ad  been s ta rted  in Ju ly  1950 and  k ep t a t  th e  B io­
logical S ta tio n  in  D ro b a k  w here the  te m p era tu re  in M ay 1951 w as n o t lethal.
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F irs t C. tripos cu ltu re , Ju ly  1948 -  M ay  1951.
Second -  -  M ay  5, 1953 -  A ugust 1955.
F irs t C. fu s u s  -  Ju ly  15, 1947 -  M ay , 1951.
Second -  -  A ugust 15, 1952 -  A ugust 1955.
F irs t C. fu rca  -  Ju ly  1949 -  M ay  1951.
Second -  -  Ju ly  1950 -  Ju ly  1956.
C. lineatum  -  J a n u a ry  3, 1952 -  A ugust 1955.

(Tw o o f  th e  fo u r  species, C. fu rc a  an d  C. lineatum , a re  com para tive ly  easy to  
keep in  cu ltu re  since they  behave m o re  o r  less like  th e  o th e r m arin e  d inoflagella­
tes w hich have been k ep t in  cu ltu re . T hese tw o species, therefo re , m igh t be 
a d d ed  to  th e  list o f  m arin e  d inoflagellates su itab le  fo r experim en ta l w ork. 
T he clone o f  C. lineatum  h as  been  k ep t in  cu ltu re  fo r several years a n d  has 
p ro v ed  to  be a  tru e  C. lineatum  an d  n o t th e  “ lin e a ta ” fo rm  o f  C. tripos. T he  
la tte r  has been iso la ted  rep ea ted ly  from  C. tripos  cu ltu re  b u t th u s  fa r  w ith  no 
success in  giving subcu ltu res.)

A ll cu ltu res w ere iso la ted  fro m  sea w ater sam ples co llected  in  th e  D ro b a k  
S o u n d  o f  th e  O slofjord . In  th is  locality  C eratium  tripos is a n  all-year species, 
C. fu su s  and  C. fu rc a  a re  u sua lly  ab sen t in w in ter, w hile C. lineatum  is seldom

Table 2.
195 0

C. tr ip o s   +  +  +  +  +  +  +  4- +  +  +  +  +  +  +  +
C. f u s u s   +  +  +  +  +  +  +  +  +  —  +  +  +  —
C. f u r c a   +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
C. l i n e a tu m   +  +  —  + ----------- +  +  +
C. m a c r o c e ro s   —  —  ? —  —  +  Jr  —  —  —  +  +  +  +  4  +
C. lo n g ip es   —  —  —  —  —  4 - +  —  —  —  4- —  —  +  +  +
C. b u cep h a lu m ...................................... —  — -------------—  —  —  4- —  —  —  —  —

IX  X  X I XII

1951

C. tr ip o s   +  4 - 4 - 4 -  +  +  +  —  +  —  — ----------- + +  +  +  +  +  +
C. f u s u s   —  ? —  ? --------------------—  —  —  ? +  +  +  +  +  +  +  +
C. f u r c a   +  + -------------- -------------------- -------------------- —  +  +  +  —  +  +  +  —

C. m acroceros  . .  +  +  +  —  — -------------------— -----------—  —  —  — -------------- —
C. lo n g ip e s   +  +  4- +  +  +  +  —  + ----------—  +  4  +  +  —  4- +  +
C. b u cep h a lu m . . —  — -------------—  —  —  —  — ----------— -----------— -------------- —  —  —

1 II 111 IV V VI

fou n d  d u rin g  th e  sum m er. T ab le  2 show s the  occurrence  o f  ce ra tia  in  D ro b a k  
S ound  based  on  a  nearly  com plete  series o f  w eekly n e t tow s d u rin g  th e  period  
from  S eptem ber 1950 to  Ju n e  1951. Since the  p h y to p la n k to n  p o p u la tio n  alters
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fro m  one year to  a n o th e r  the  d a ta  in  th e  figure are  n o t exhaustive. T h e  hauls 
w ere o rig ina lly  carried  o u t to  de te rm in e  th e  o ccu rrence  o f  H alosphaera viridis 
in th is locality , so the  in fo rm a tio n  in  respect to  cera tia  is m erely  qualita tive.

C ulture media

M iquel sea w a te r ( A l l e n  an d  N e l s o n  1910) an d  “ E rd sch re ib e r”  ( F o y n  
1934) w ere u sed  as m ed ia  fo r sto ck  cu ltu res. B o th  o f  these have p ro v ed  efficient, 
b u t because th e  p rec ip ita te  in M ique l sea w a te r is tro u b leso m e in  Ceratium  
cu ltu res, “ E rd sch re ib e r” w as largely  em ployed . W here the  ch a rac te r  o f  the  
experim en t requ ired  it, the  “ E rd sch re ib e r” w as m odified  a n d  reco rded  in  the  
descrip tions o f  th e  experim ents. W hen  n o t o therw ise  specified, “ aged  sea­
w a te r” fro m  D ro b ak  S ound  w as u sed  in  p re p a ra tio n  o f  th e  cu ltu re  m edia.

L ig h t conditions

F o r illu m in a tio n  diffuse day ligh t, o rd in a ry  electric  bu lbs an d  P h ilip s’ fluore­
scent tub es w ere em ployed. A ll o f  these ligh t sources a re  su itab le  to  th e  cu ltu res, 
b u t, p ro b a b ly  due  to  th e  special re la tio n  betw een ligh t co n d itions an d  th e  d ivi­
sion p e rio d  o f  cera tia , day ligh t seem ed to  be best (B e r g h  1886, G o u g h  1905, 
A p s t e in  1910, H a s l e  an d  N o r d l i  1951). Since day ligh t is n o t sa tisfac to ry  fo r 
q u a n tita tiv e  experim ents ow ing to  th e  flu c tu a tio n  o f  its in tensity , artificial 
illu m in a tio n  w as generally  used. T he la b o ra to ry  eq u ip m en t d id  n o t p e rm it the 
use o f  day  an d  n ig h t p e rio d s o f  ligh t in  the  experim ents. T h e  co n d itio n s  are 
reco rded  fo r each  experim ent. W here  ligh t in tensities w ere m easu red , a  p h o to ­
cell was em ployed.

C ulture vessels

Je n a  a n d  Pyrex  glass flasks w ere used , various availab le  types and  sizes fo r 
s to ck  cu ltu res , an d  50 m l ex trac tio n  flasks fo r  experim ents, w hen no t otherw ise 
s ta ted . A ll g lass-w are em ployed  w as w ashed in  a  s tan d a rd  way.

M ethods fo r  starting  and  m aintaining cultures

A s s ta ted , p rev ious lite ra tu re  on th e  cu ltiv a tio n  o f  ce ra tia  has been  extrem ely  
scan t. U n til n o w  n o  safe cu ltu re  tech n iq u e  has been p resen ted , b u t m any  o f  the  
cu ltu re  a ttem p ts  rep o rte d  have y ielded in fo rm a tio n  a b o u t d ifferen t techniques. 
T he m eth o d s described  below  w ere n o t fully developed  w hen th e  v iab le  cu ltures 
o f  th is in vestiga tion  w ere first ob ta in ed . T h u s th e  descrip tio n  inc ludes experi­
ences ga ined  d u rin g  the  p e rio d  o f  cu ltu re  as well as in fo rm a tio n  o b ta in ed  
d u rin g  th e  n u m ero u s experim ents.
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F o r the  fo llow ing  reasons the  classical m e th o d s fo r o b ta in in g  clone cu ltu res 
o f  p la n k to n  algae by rep ea ted  w ashings o f  a  single cell o r  by d ilu tio n  have no t 
p ro v ed  su itab le  fo r ceratia .

1. W h en  o u tside  co n d itio n s a re  n o t carefu lly  con tro lled  cap illa ria l d ro p  to 
d ro p  tra n sfe r  to  a  slide, ow ing to  th e  lim ited  h e a t capac ity  o f  such  a  sm all 
vo lum e o f  w ate r, m ig h t cause rap id  tem p era tu re  flu c tu a tio n s in  the  so lu tion . 
A lso  th e  su b seq u en t e v ap o ra tio n  w o u ld  cause a  rap id  change in th e  salinity . 
F u rth e rm o re , th e  n a rro w  capillaries w hich  m u st be u sed  w hen w ork ing  w ith 
sm all am o u n ts  o f  w ater ap p ea r to  be in ju rious to  the  re latively  large Ceratium  
cells, especially  w hen  th e  transfers  a re  rep ea ted  several tim es.

2. B ecause num erica lly  the  ce ra tia  fo rm  such  a  sm all frac tio n  o f  the  organism s 
co n ta in ed  in a  p la n k to n  sam ple , an d  because th e  percen tage  o f  cells surviving 
tra n sfe r  fro m  sea w a te r to  th e  cu ltu re  m ed iu m  is low , the  n u m b er o f  cu ltu res 
necessary  w ith  th e  d ilu tion  m e th o d  w ould  exceed a  p rac ticab le  q u a n tity  in 
reg ard  to  b o th  p lace  an d  co n tro l. A lso , due  to  the low  div ision  ra te  o f  cera tia , 
this m e th o d  w ould  require  an  unp rac tica lly  long  p e rio d  before  any  successful 
cu ltu res cou ld  be recognized.

T o o b ta in  successful iso la tions o f  ce ra tia , 1) the  cells m u st be given extrem ely 
carefu l m echan ical h and ling , 2) only  a  m in im u m  change in tem p era tu re  and  
salin ity  sh o u ld  be allow ed, 3) co n tro l m eth o d s sh o u ld  be set u p  so th a t  the 
success o f  the  cu ltu res can  be d e te rm in ed  w ith in  a  sh o rt period . In  th is investiga­
tio n  th e  fu lfillm ent o f  these requ irem en ts w as a ttem p ted  in  d ifferen t w ays: 
th ro u g h  th e  use o f  cu ltu re  m eth o d s described  in  prev ious lite ra tu re , th ro u g h  
even tual a lte ra tio n s  o f  these m ethods, and  th ro u g h  th e  d eve lopm en t o f  new  
m eth o d s as th e  w ork  progressed .

Since ce ra tia  a re  relatively  large o rgan ism s they  can  be iso la ted  a t  low  m ag n i­
fication  u n d e r  a  d issecting  m icroscope, m ak in g  it possib le  to  exam ine a  w ater 
vo lum e o f  several m illilitres w ith in  a  sh o rt period . In  th is  inv estig a tio n  a 
P asteu r p ip e tte  w as m odified  an d  used  fo r iso la ting  (cfr. G r o ss  1937 , p . 7 5 5 ). 
T he sto ck  o f  the  glass tu b e  w as cu t an d  th e  tw o p a r ts  reco n n ec ted  a t  som e 
d istance  by m eans o f  a  piece o f  ru b b e r tu b in g ; the  open ing  fo rm erly  covered  by 
an  elastic b u lb  w as sealed. T h e  leng th  o f  th e  cap illa ry  section  w as reduced  to 
1-1-2 cm . In  th is w ay the  p ip e tte  cou ld  be m an ip u la ted  like  a  pencil, th e  p ressure  
o f  tw o fingers reg u la tin g  suc tion  w hile the  w hole h a n d  co n tro lled  its m ovem ent.

In stead  o f  th e  w atch-glasses used by  G ross, P etri dishes w ith  5 -10  tim es the  
am o u n t o f  w ater w ere em ployed . T his reduced  the  n u m b er o f  transfers necessary 
an d , to  a  ce rta in  degree, checked  th e  tem p era tu re  fluctuation . T h e  relatively  
large a m o u n t o f  w ater also  lessened th e  a lte ra tio n  o f  salin ity  th ro u g h  ev ap o ra tio n .

T o p ro v id e  a  n u tr ie n t so lu tio n  o f  p ro p e r salin ity , sea w a te r w as collected 
w here th e  p la n k to n  sam ples w ere tak en  fo r th e  iso lations. T h e  n u tr ie n t so lu tion  
was cooled to  th e  sea tem p era tu re . In  o rd e r to  ensu re  a  m in im um  difference
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betw een  la b o ra to ry  tem p era tu re  co n d itio n s a n d  those  o f  the  sea, the  iso lations 
w ere m ad e  a t  h igh sea tem p era tu res  w henever possib le. H ow ever i f  a n  o rgan ism  
w as fo u n d  only  a t  a low  tem p era tu re , la b o ra to ry  co n d itio n s w ere altered  
accord ingly .

A s th e  sm allest possib le  n u m b er o f  tran sfers  is p re fe rab le , iso la tions are 
m o st easily  d o n e  w hen th e  ce ra tia  a re  a b u n d a n t re la tive to  o th e r  organism s. 
Such  co n d itio n s a re  fo u n d  especially  d u rin g  the  sum m er. T hen  th e  ce ra tia  can 
be iso la ted  d irectly  fro m  u n co n cen tra ted  sea w ater sam ples, th u s  avo id ing  
influences fro m  filtering th ro u g h  a net.

T o  p rev en t th e  n u m b er o f  cu ltu re  flasks fro m  being im practica lly  h igh, the 
p rim a ry  iso la tion , w hich has p ro v ed  to  be the m o st critical because o f  repeated  
w ashings, w as d o n e  by co llecting  m an y  cells, p re fe rab ly  50-100, in  each  o f  
several flasks. T h o u g h  on ly  a  sm all n u m b er o f  cells survived in  these m ulticellu- 
la r cu ltu res, un ice llu la r cu ltu res cou ld  be iso la ted  fro m  th em  w ith  a  single 
tra n sfe r , an d , accord ingly , w ith  sm all risk  o f  in ju rin g  th e  cells. (In  all such 
re -iso la tio n s fro m  differen t m ass cu ltu res, positively  d ifferent clones are 
o b ta in ed .)

T h e  g row th  o f  the  cu ltu res  w as co n tro lled  in the  cu ltu re  vessels them selves. 
50 m l ex trac tio n  flasks w ere em ployed , since th e ir  co n ten ts  cou ld  be exam ined 
u n d er a  b in o cu la r d issection  m icroscope hav ing  a  sufficient w o rk ing  distance 
an d  w ide field o f  v ision . (L a te r  m odels by Leitz, S pencer an d  Zeiss fulfill these 
dem ands.) In  th is  w ay unsuccessfu l iso la tio n s could  be rejected  a fte r a  few  days, 
and  positive ones k ep t u n d e r  co n tro l w ith o u t d is tu rb in g  the  cells. B ecause o f 
th e  low  div ision  ra te  o f  cera tia , the  o rd in a ry  m e th o d  o f  exam in ing  a  sm all 
a m o u n t o f  th e  fluid w ould  have given a  dependab le  positive  o r  negative resu lt 
only  after a  m uch  longer period .

C o n tam in a tin g  o rgan ism s w ith  h igher d iv ision  ra tes  could  still be con tro lled  
th ro u g h  ex am in a tio n  o f  sm all sam ples in an  o rd in a ry  m icroscope, an d  th ro u g h  
in d ica tio n s given by a d isco lou ring  o f  the  cu ltu re  fluid.

C ontrol m ethods fo r  experim ents and  calculation o f  results

V arious m e th o d s w ere em ployed  to  determ ine  g row th  in the  experim ents:
1. C o u n tin g  o f  the  living cells in th e  cu ltu re  vessels d u rin g  th e  experim ent. By 

th is  m e th o d  a  change in d iv ision  ra te  d u rin g  th e  g ro w th  perio d  is revealed . The 
re liab ility  o f  the  m e th o d  depends u p o n  the  speed a t  w hich th e  o rgan ism s m ove, 
the  a m o u n t o f  cu ltu re  fluid an d  the  m agn ifica tion  requ ired .

2. T o ta l co u n ts  o f  p reserved  cu ltu res by m eans o f  an  inverted  m icroscope 
( U t e r m ö h l  1931). T heore tically  th is m e th o d  is free fro m  sta tis tica l e rro rs  and  
is em ployed  w hen practicab le .

3. C o u n tin g  o f  g rea te r o r lesser frac tio n s o f  the  preserved  cu ltu re , depend ing
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on cu ltu re  density . T h e  re liab ility  o f  th is  m e th o d  can  n o t be co n tro lled  in  each  
case, b u t in  th is investigation  the  n u m b er o f  cells o r the  vo lum e o f  th e  cu ltu re  
fluid w ere o f  sufficient m ag n itu d e  to  keep th e  e rro r  u n d er a  safe level.

D etails o f  th e  m eth o d s a re  given fo r ind iv id u a l experim ents. W here  the 
ch a rac te r o f  the  experim ents w as su itab le , the  re liab ility  o f  th e  resu lts  was 
tested  by  a  v arian ce  analysis acco rd ing  to  M a t h e r  (1951), an d  only  c red itab le  
results accep ted . T his analysis gave no  in fo rm a tio n  as to  w hy an  experim ent 
was u n sa tisfac to ry , b u t it w as assum ed  th a t  as a  ru le  fau lty  cu ltu re  techn iques 
w ere the  cause.

M ost o f  the  experim ents w ere ca rried  th ro u g h  w ith  several paralle ls, usually  
five, a n d  th e  average n u m b er o f  cells w as used  to  ca lcu la te  the  d iv ision  ra te . 
U n d er the  a ssu m p tio n  th a t  op tim a l co n d itio n s cause m axim al d iv ision  ra te , in 
experim ents w hich inc luded  one o r  m ore  trea tm en ts  these d iv ision  ra tes were 
used as a  crite rio n  o f  effect. S ince the  experim ent perio d s w ere o f  vary ing  leng th , 
the ca lcu la tions w ere m ad e  fo r div isions p e r  24 h o u rs  an d  w ere carried  to  tw o 
decim al places.

III. Description of experiments and investigations

T he Ceratium  cu ltu res em ployed  in  the  experim en ts described  below  were 
species-pure cu ltu res, b u t n o t bacteria-free . Such  cu ltu res could  be used  in  the 
qu an tita tiv e  experim en ts since on ly  th o se  fac to rs  were trea ted  w hich  were 
co m p arab le  to  n a tu ra l p h en o m en a  w here th e  influence o f  b ac te ria  is reg a rd ed  
as a  p a r t  o f  th e  ecological system .

A . E xperim en ta l studies o f  the culture technique

1. D ifferences between unicellular and  m ulticellular cultures.

E xperim en ts w ith  d ifferen t species an d  u n d e r various co n d itio n s w ere carried  
o u t to  d iscover w h eth er g ro w th  co n d itio n s in cu ltu res a re  co m p arab le  to  n a tu ra l 
cond itio n s. Cell m o rta lity  fro m  tran sfers  w as investiga ted  in  un ice llu lar as  well 
as m u ltice llu la r cu ltu res. Som e o f  th e  experim ents w ere a rran g ed  in  such  a 
w ay as to  give co n tro l o f  d iv ision  ra te s ; th is  will be  described  la ter.

Ceratium, tripos. 10 cells w ere in o cu la ted  in to  each  o f  six flasks co n ta in in g  
30 m l “ E rd sch re ib er” . T h e  flasks w ere p laced  in  a  n o r th  w indow , ligh t in tensity  
n o t m easured . D u rin g  th e  experim ent th e  o rgan ism s w ere co u n ted  in  th e  cu ltu re  
flasks, so th e  figures fo r th e  first few  days w hen  th e  n u m b er o f  cells w as low  are  
p ro b ab ly  m ore  d ep en d ab le  th a n  tho se  fo r the  la te r  days (T ab le  I). O n  th e  17th 
day  th e  cu ltu res w ere p reserved  a n d  th e  ex ac t cell num bers determ ined .

A  g ro w th  experim en t w ith  m u ltice llu la r cu ltu res  in  tw o series o f  five flasks, 
each  co n ta in in g  30 m l “ E rd sch re ib e r” , w as p e rfo rm ed  u n d e r artificial illum ina-
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tio n  (“ E lectric  s u n ” , P r in g s h e im i m odel). T he cu ltu res w ere n o t con tro lled  
d u rin g  th e  experim ent p e rio d , b u t w ere co u n ted  to ta lly  afte rw ard s (T ab le  II).

T h e  experim ent fo r T ab le  I I I  w as carried  o u t by  dayligh t in a  n o r th  w indow , 
ligh t in tensity  n o t m easu red . In  each  o f  five flasks co n ta in in g  30 m l “ E rd sch re i­
b e r”  one  single cell w as inocu la ted . T h e  o rgan ism s w ere co u n ted  in the  flasks 
d u rin g  th e  experim en t p erio d , a n d  accu ra te  co u n ts  w ere m ad e  a t its  te rm in a tio n .

C. fu su s . A  p re lim in ary  experim ent w ith  low  and  h igh  in itia l n u m b ers  o f 
cells w as carried  th ro u g h  (T ab le  IV). T h e  series w ith  an  in itia l n u m b e r o f  five 
cells w as co u n ted  by in o cu la tio n . In  th e  second series th e  in itia l n u m b er o f  
235 rep resen ts  th e  average  cell co n ten t in  one m l o f  th e  stock  cu ltu re ; th is was 
fo u n d  by  co u n tin g  5 one  m l sam ples w hich co n ta in ed  243, 248, 230, 234 and  
220 cells respectively. O ne cu ltu re  failed  fo r som e reaso n  an d  is o m itted  in  the  
final ca lcu la tion . A fte r all th e  cu ltu res  w ere preserved , five m l sam ples fro m  
each  o f  th em  w ere co u n ted . T h e  cu ltu res w ith  a n  in itia l n u m b er o f  five cells 
w ere co u n ted  in  to to .

A  series o f  experim en ts u n d e r artificial illu m in a tio n  w as m ad e  w ith  in itial 
cells n u m b erin g  one, ten  a n d  fifty in  each  o f  five para lle ls  o f  “ E rd sch re ib e r” . 
All th e  cu ltu res  w ere preserved  a fte r th e  te rm in a tio n  o f  the  experim ent and  
th e  cell n u m b ers  fo u n d  by co u n tin g  the  to ta l volum e. T w o o f  th e  un ice llu lar 
cu ltu res  d id  n o t g row  an d  a re  om itted  in  the  ca lcu la tio n  o f  th e  d ivision rates 
(T ab le  V).

C. fu rca . In  th e  experim ents w ith  m u ltice llu lar cu ltu res  w ere em ployed  cells 
iso la ted  d irectly  fro m  sea w a te r an d  tran sfe rred  to  “ E rd sch re ib e r”  m ad e  fro m  
n o n -sto red  sea w ater. T h e  14-day cu ltu re  w as co u n ted  in  to to , b u t th e  21-day 
an d  27-day cu ltu res w ere co u n ted  by o n e  m l sam ples (T ab le  VI).

U n ice llu la r cu ltu res  o f  C. fu rc a  w ere co n tro lled  d u rin g  th e  g row th  perio d  by 
co u n tin g  th e  cells in  th e  liv ing  cu ltu res, b u t th e ir  m ov ing  h a b it  a n d  th e  degree 
o f  m agnifica tion  req u ired  m ad e  th e  in te rm ed ia te  resu lts uncerta in . T h e  end  
resu lt, how ever, w as accu ra te ly  de te rm ined  by  a  to ta l co u n t. T h e  n u tr ie n t so lu ­
tio n  an d  th e  p re p a ra tio n  o f  th e  cu ltu res  w as as ab o v e  (T able  V II).

O w ing to  th e  difficulties w hich a ro se  in co n tro llin g  the  g ro w th  in  C. fu rc a  
cu ltu res  in  50 m l e x trac tio n  flasks d u rin g  the  experim en t p erio d , an  assay  w as 
m ad e  w ith  sm aller vessels a n d  less fluid. 40 m m  sq u are  glass sta in in g  vessels 
c o n ta in in g  tw o m l o f  cu ltu re  fluid each  w ere u sed  as cu ltu re  vessels. C losely 
fitted  glass covers p rev en ted  ev ap o ra tio n . G ro w th  to o k  p lace  in fo u r  o f  th e  six 
p ara lle ls  (T ab le  V III).

C. longipes. T his o rg an ism  w as n o t em ployed  in  o th e r  experim en ts, since it 
h as  h ith e rto  refused  all efforts o f  keeping  persis ten t s to ck  cu ltu res. T h e  experi­
m en t w as d o n e  w ith  cells iso la ted  d irectly  fro m  sea w ater. I t  is p resen ted  h ere  
because it ren d ers  m a te ria l fo r co m p ariso n  w ith  d a ta  know n fro m  n a tu ra l 
p o p u la tio n s , an d  fo r co m p ariso n  w ith  o th e r cu ltu res (T ab le  IX ).
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2. The rate o f  grow th in relation to grow th period  and  culture density.

F o r  C eratium  tripos, C. fu rc a  an d  C. lineatum , experim ents w ere m ad e  to  
a scerta in  w hether o r  n o t g ro w th  ra te  depends u p o n  g ro w th  perio d  an d  cu ltu re  
density . F o r  all o rgan ism s sto ck  cu ltu res d ilu ted  w ith  “ E rd sch re ib e r”  w ere 
used fo r experim en ta l cu ltu res, an d  th e  cell co n ten t p er m l w as co u n ted . T he 
d ilu ted  sto ck  cu ltu re  w as d iv ided in to  30 m l qu an tities  a n d  p laced  in  each  o f  
16 E rlenm eyer flasks, fo u r each  o f  50, 100, 250 an d  500 m l capacities. T o  the  
100, 250 and  500 m l flasks w as ad d ed  30, 90 an d  210 m l “ E rd sch re ib e r” 
respectively, th u s  fo rm in g  a  d ilu tio n  series w ith  cell co n ten t p e r  m l in  th e  p ro ­
p o rtio n s  1/1: 1/2: 1/4: 1/8. T hese  cu ltu res w ere g row n a t  ro o m  tem p era tu re  
u n d e r 1500 L ux illum ina tion . O w ing to  restric ted  space u n d e r even illum in a tio n  
m o re  para lle ls  co u ld  n o t be used . T h e  resu lts given by th e  coun tings, th e re ­
fore , a re  n o t to o  dependab le . T h e  differences betw een  successive coun ts, h o w ­
ever, w ere large en ough  to  ju stify  u sing  th e  m eth o d . T he cu ltu re  vo lum es used 
in d e te rm in ing  cell num bers are  specified in T ab les X , X I a n d  X II. W hen 
cu ltu res  w ere to o  dense to  co u n t, d ilu tio n s o f  1 :5 o r  1 :10  w ere m ade, o f  which 
a t least one  m l w as co u n ted  th ro u g h .

C. tripos. O ne  series o f  co u n tin g s every seven days d id  n o t cover th e  ex p o ­
n en tia l g ro w th  p hase  in  e ith e r o f  th e  flasks so  a n o th e r one  w ith  coun tings every 
14 days w as s ta rted . T he in itia l n u m b er p e r  m l in th e  30 m l cu ltu res w as 94 
cells. C ell n u m b ers  an d  div ision  ra te s  in  the  cu ltu res a fte r 14, 2 8 ,4 2  an d  56 days 
are  g iven in  T ab le  X.

C. fu rca . C u ltu res  w ere p reserved  a n d  co u n ts  m ade every seven days. Cell 
n u m b ers  an d  d iv ision  ra tes  a re  given in  T ab le  X I.

C. lineatum . T h e  sam e cu ltu re  p e rio d  as fo r  C. fu rca . Cell num bers an d  div i­
sion  ra te s  a re  g iven in T ab le  X II.

S im ilar experim en ts w ith  C. fu su s  d id  n o t give any  definite resu lts  since 
cell m o rta lity  w ith in  th e  cu ltu res  com pletely  obscu red  th e  effect o f  t re a t­
m ents.

Discussion. T he  co m p ariso n  o f  g ro w th  ra te s  in  un ice llu la r an d  m u ltice llu la r 
cu ltu res show ed th a t  u n d e r sim ilar co n d itio n s th e  fo rm er have  h ig h er d ivision 
ra te s  th a n  th e  la tte r . T h e  m ajo rity  o f  th e  experim ents, how ever, w ere p e rfo rm ed  
u n d e r ligh t co n d itio n s  w hich cou ld  n o t easily  be co n tro lled ; th e re fo re  th e  co m ­
p a riso n  betw een differen t experim en ts h as  low  significance. T he h igh  n u m b er 
o f  unsuccessfu l un ice llu la r cu ltu res, som e fro m  experim ents w hich w ere  rejected  
as a  w hole, show s th a t  a  ce rta in  m o rta lity  fro m  in o cu la tio n  m ig h t cause  m ulti- 
cellu lar cu ltu res  to  give a  low er d iv ision  ra te ; in  o th e r  w ords the  ac tu a l in itia l 
n u m b er is d ifferen t, an d  low er, th a n  th a t  u sed  in  the  ca lcu lations.

C o m p ariso n  w ith  d iv ision  ra tes fo u n d  in  m a te ria l fro m  n a tu ra l su rro u n d in g s 
show s th a t cu ltu re  co n d itio n s w ere n o t ideal, b u t w ere g o o d  en o u g h  to  be used
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in  the  investiga tions, especially  since the  relative values o f  th e  effect o f  v a rious 
trea tm en ts  w ere o f  p rim ary  in terest.

A  co m p ariso n  o f  th e  d iv ision  ra tes  in  ta b u la r  fo rm  is given below.

Table 3.

Species
Cultures M axim al values found by

M ulticellular U nicellular Gough G ran A pstein

C. tr ip o s ........................ 0 .1 1 - 0 .3 2 0 .2 4 - 0 .3 3 0 .3 7 0 .2 7 * )

C. f u s u s ........................ 0 .1 1 - 0 .1 8 0 .4 0 0 .6 2 0 .4 7 0 .1 8

C. f u r c a ......................... 0 .3 6 - 0 .4 7 0 .3 7 - 0 .5 4 0 .4 6 0 .3 2

C. lo n g ip e s ................... 0 .1 4 - 0 .2 9 0 .3 6

*) N o t  m axim al value. See text.

T he values fo r co m p ariso n  w ere tak en  fro m  G o u g h  (1905), G r a n  (1908) and  
A p s t e i n  (1910) an d  reca lcu la ted  fro m  div ision  percen tage  to  div isions p e r 24 
h o u rs . A p ste in ’s m axim al va lue  fo r C. tripos  w as n o t  used since, acco rd in g  to  
h im , i t  w as in fluenced  by  unspecified  c ircum stances. In stead , th e  average  fro m  
his m o st fav o u rab le  sam ple  w as su b stitu ted . I t  is n o tew o rth y  th a t  th is va lue  lies 
w ith in  th e  ranges o f  th e  tab le  above, fo r u n ice llu lar as w ell as m u ltice llu la r 
cultures. T h e  d is trib u tio n  o f  values fo r the  cu ltu res was ap p ro x im ate ly  th e  
sam e as th a t  fo r  n a tu ra l p o p u la tio n s.

T h ree  experim ents (T ab les I, I I I  an d  V III) w ere o rgan ized  to  co m p are  the  
d iv ision  ra te s  w ith  th e  leng th  o f  the  g ro w th  period . O w ing  to  th e  low  division 
ra tes , th e  in itia l cell n u m b ers , ra th e r th a n  th e  n earest p rev ious coun ts, w ere 
alw ays u sed  as th e  basis fo r ca lcu la tion . T he resu lts a re  given graph ica lly  in  
F ig . 1. T h e  slightly  decreasing  d iv ision  ra te  in d ica ted  by these experim ents 
p ro v ed  to  be so stead y  th a t  p e riods o f  s im ilar d u ra tio n  shou ld  give sufficiently  
re liab le  resu lts in  fu tu re  experim ents.

Unicel lular0'4

h 03 Unicel lular

c  0-2 A Ceratium tripos  
O ------" —  furca

Mul t i c e l l u l a r

0 -0
IO4 6 8 12 14 16

D u r a t i o n  of e x p e r i m e n t  in days

F ig. 1. D iv ision  rates o f  C era tium  tripos  and C. fu rc a  
in relation  to grow th period.
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I t  is generally  recognized th a t  th e  g ro w th  ra te  in  cu ltures o f  un ice llu lar p lan ts  
can  be expressed  g raph ica lly  th ro u g h  a  sigm oidal curve s ta rtin g  w ith  a  lag  phase 
an d  co n tin u in g  w ith  an  exponen tia l phase  w hich, a fte r a  p e rio d  o f  vary ing  
length , takes th e  fo rm  o f  the  a sy m p to te  and , in  an  ag ing  cu ltu re , even tually  
decreases.

E xperim en ts w ith  d ifferen t vo lum es o f  in ocu lum  w ere effected by p lac ing  an  
equal n u m b er o f  cells in  d ifferen t am o u n ts  o f  cu ltu re  flu id  (see p . 213). T hese 
w ere u n d e rta k e n  in  o rd e r to  de term ine  a t  w hich cell density  p e r  m l the  exp o n en ­
tia l g ro w th  p h ase  ends, an d  w h eth er cell n u m b ers  fro m  q u an tita tiv e  experim ents 
lie below  th is critical p o in t on  th e  g ro w th  curve.

T h e  average d iv ision  ra tes  in  cu ltu res o f  C eratium  tripos, C. fu rc a  and  
C. lineatum  a re  given g raph ica lly  in  Figs. 2, 3 an d  4, values tak en  fro m  T ables 
X , X I a n d  X II. A s g ro w th  ra te s  here  a re  expressed  in  divisions p e r  24 h ours, 
th e  expo n en tia l phase  is rep resen ted  by p o in ts  ly ing a t  the  sam e level. T he 
influence o f  a  lag  p hase  in  th e  beg inn ing  o f  th e  g row th  p erio d , an d  th e  decrease 
o f  th e  g ro w th  ra te  in  o ld  cu ltu res w o u ld  low er th e  average values. T h e  connecting  
lines shou ld  n o t be u n d e rs to o d  as rep resen tin g  a  g ro w th  curve, since each  p o in t 
rep resen ts the  value fro m  a  single cu ltu re  w ith  a  g row th  p e rio d  fro m  the  begin­
n ing o f  the  experim en t u p  to  the  day  g iven ; they  w ere ad d ed  to  fac ilita te  an  
overall im pression .

A  lag  p e rio d  cou ld  be traced  in  som e o f  th e  cu ltu res, an d  w as m ost clearly  
expressed  in  C. fu rca . N o  regu la rity  fo r th e  dependence  o f  th e  g row th  ra te  
u p o n  th e  orig inal inocu lu m  co u ld  be found . In  C. tripos th e  g rea test a m o u n t o f  
in ocu lum  gave th e  h ighest d ivision ra te ; in  C. lineatum  th e  a m o u n t o f  in itia l 
cells caused  little  difference, w hereas in  C. fu rc a  the  sm allest a m o u n t o f  in o cu ­
lu m  gave the  h ighest d ivision ra te . N evertheless the  influence o f  th e  inocu lu m  
itse lf m ay  n o t be responsib le  fo r the  d ifferen t resu lts. T h ere  is a  p o ssib ility  th a t 
the  vary ing  am o u n ts  o f  o ld  cu ltu re  fluid tran sfe rred  to  th e  su bcu ltu res co n ta in ed  
g row th  p ro m o tin g  o r  in h ib itin g  substances w hich  ac ted  in d ifferen t w ays u p o n  
th e  th ree  o rgan ism s. A lso , th e  p reh is to ry  o f  each  o f  th e  stock  cu ltu res  cou ld  
have m ad e  th e  cu ltu re  fluids m ark ed ly  d ifferent. L ittle  is k n o w n  con cern in g  the  
n a tu re  o f  such  influences, an d  th e ir  consequences to  g ro w th  ra tes a re  difficult 
to  estim ate . F o r  details a b o u t th is  sub ject, see L u c a s , 1947.

O ne source o f  e rro r  w as the  m o rta lity  w ith in  th e  cu ltu res. E x am in a tio n  afte r 
7 days (14 fo r C. tripos) fo u n d  a  n u m b er o f  th ecae  w ith  no  cell co n te n ts ; m any  
seem ed to  be m o re  o r  less d is in teg ra ted , so  the  ac tu a l n u m b er co u ld  n o t be 
ascerta ined . P a r t  o f  th is w as p ro b a b ly  due  to  th e  ce rta in  p e rcen tag e  o f  cells 
w hich alw ays die fro m  tra n sfe r  to  su bcu ltu res (see p . 210). A lso , cells fro m  a 
d ilu ted  sto ck  cu ltu re  a re  o f  all degrees o f  v iab ility , an d  conseq u en tly  are 
sub jec t to  a  h ig h er m o rta lity , w hereas single cells fo r in o cu la tio n  a re  actively 
sw im m ing o rgan ism s in good  cond ition .
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F ig. 2. D iv ision  rate o f  C era tiu m  tripos  in relation  to  grow th period  
and vo lu m e o f  m edium .
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F ig. 3. D iv isio n  rate o f  C era tium  fu rc a  in  relation  to  grow th period  
and vo lu m e o f  m edium .
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Fig. 4. D iv isio n  rate o f  C era tium  linea tum  in relation  to  grow th period  
and vo lu m e o f  m edium .

Since all th e  ca lcu la tions w ere m ad e  o n  th e  basis o f  the  ino cu lu m , th e  earlier 
coun tings w ere p ro b a b ly  affected m ore. T h e  lag  phases in d ica ted  in som e o f  
th e  cu ltu res, th ere fo re , w ere p ro b ab ly  n o t as lo n g  an d  p ro n o u n ced  as th e  figures
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suggest. (T his is in  good  acco rdance  w ith  Fig. 1 w here no  lag  p e rio d  can  be 
traced  after the  fo u rth  day.)

A cco rd ing  to  these experim en ts th e  cu ltu re  densities ly ing w ith in  th e  ex p o ­
n en tia l p h ase  th a t  can  be used  safely fo r  ex perim en ta l cu ltu res a re  500 cells 
p er m l fo r C. tripos, 1000 cells p er m l fo r  C. fu rc a ,  a n d  5000 cells p e r  m l fo r 
C. lineatum , p ro v id in g  th a t  the  in o cu lu m  is o f  a  m o d era te  am o u n t. F o r  C. fu rca , 
even after 28 days, it  cou ld  n o t be de te rm ined  w ith  ce rta in ty  th a t the  end  o f  the  
exponen tia l p hase  h ad  been reached  in the  30 m l cu ltu res. (T h e  above num bers 
a re  n o t certa in  since th e ir  s ta tis tica l b a ck g ro u n d  is un re liab le  ow ing  to  lack  o f  
para lle ls  (seep . 213). Cell n u m b ers  in q u an tita tiv e  experim enta l cu ltu res  seldom  
reach  1/10 o f  these values.)

B. The effect o f  environm ental fa c to r s  upon the rate o f  growth

1. Salin ity .

Salin ity  is one  o f  the  m ore  im p o rta n t fac to rs  in m arin e  ecology. In  oceanic 
a reas it is o f  only  ind irec t b io logical im p o rtan ce  th ro u g h  its influence u p o n  
cu rren ts  and  stra tifica tion . In  co asta l w aters an d  fjo rds its range o f  fluc tua tion  
can  be so  w ide as to  be a  d irec t fa c to r in  the  life o f  p la n k to n  organism s. 
A ttem p ts  to  ch arac terize  certa in  C eratium  species as s ten o h alin e  haloph iles 
have been  u n ce rta in  an d  in p a r t  co n trad ic to ry  (see p. 2 0 2 ), b u t som e Ceratium  
species hav e  been recognized  as eu ry h a lin e  an d  can  be fo u n d  in  neritic  as 
well as oceanic w aters. In  th is  la tte r  g ro u p  can  be p laced  all ce ra tia  d ea lt w ith  
in th is paper.

Since th e  salin ity  range in sea w a te r is n o t w ide, g row th  experim en ts w ith in  a 
w ide ran g e  o f  sa lin ity  w ere co n stru c ted  to  d iscover w h eth er o r  no t ce ra tia  have 
a  m ore  ex tended  range o f  to le ran ce  th a n  th a t covered  by n a tu ra l su rro u n d in g s , 
an d  w h eth er an  o p tim u m , if  fo u n d , lies w ith in  salin ities o f  re s tric ted  g eo g rap h i­
cal areas.

T he salin ities used  in  th e  experim ents ex tended  fro m  5 % o  up  to  4 5 % o  in 
steps o f  5 % o -  T o  p ro v id e  a  u n ifo rm  co n s titu tio n  o f  the  n u tr ie n t so lu tio n , sea 
w ater w as co n cen tra ted  th ro u g h  e v ap o ra tio n  a t 70° C  to  a  sa lin ity  betw een  45 
an d  5 0 % o - T his b rin e  w as ad justed  to  4 5 % 0 th ro u g h  a d d itio n  o f  g lass-distilled  
w ater. F ro m  th is  “ 4 5 % 0 sea w a te r”  S chreiber’s so lu tio n  an d  “ E rd sch re ib er”  
w ere p rep a red . F ro m  glass-distilled  w ater a  so lu tio n  w ith  p h o sp h a te  a n d  n itra te  
in p ro p o rtio n s  as in  S ch re iber’s so lu tio n  w as p rep ared , respectively w ith  ad ­
d itio n  o f  soil ex trac t. A fte rw ard s these so lu tio n s cou ld  be m ixed in  an y  p ro ­
p o rtio n , w ith  differences a ris ing  only  fro m  th e  co n cen tra tio n  o f  the  elem ents 
o rig ina ting  fro m  the  sea w ater, excepting  p h o sp h a te  an d  n itra te  since th e  co n ­
cen tra tio n s used  in  Schre iber’s so lu tio n  p resum ab ly  w ere h igh eno u g h  to  m in ­
is*  O IKO S 8:11. C openhagen 1957
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im ize th e  im p o rtan ce  o f  these e lem ents in  the  sea w ater used. T h e  sa lin ity  was 
co n tro lled  w ith  a  sa lin o m eter an d  titra tio n s  to  an  accu racy  o f  ±  1 % 0.

B efore th e  ex perim en ta l cu ltu res w ere s ta rted , the  o rgan ism s w ere ad a p te d  to  
th e  salin ities a t  w hich th ey  w ere to  be tested , th ro u g h  successive tran sfers  to  
the  d ifferen t sa lin ity  levels w here they  w ere k ep t in  cu ltu res u n til tw o o r m ore  
div isions h a d  ta k e n  place. W hen  necessary , in te rm ed ia te  sa lin ity  levels w ere 
used. F ive para lle ls  w ere k ep t a t  each  sa lin ity  level, and  e ither day ligh t o r 
artificial ligh t em p loyed ; specifications are  given in  the  tab les. T h e  in itia l n u m ­
ber o f  cells in  each  flask  w as tran sfe rred  w ith  a  p ip e tte  fro m  th e  ad ap tio n  
cu ltu res. T he vo lum es o f  cu ltu re  fluid exam ined  are  also  given in the  tab les.

C eratium  tripos. T h e  resu lt o f  th e  experim en t is given in  T ab le  X III. T he 
variance  analysis gave a  p ro b ab ility  o f  <  0.001 fo r tre a tm e n t an d  0 .25-0 .10  
fo r  paralle ls.

C. fu su s . R esu lts given in T ab le  X IV . P ro b ab ility  <  0.001 fo r trea tm en t and
>  0.25 fo r paralle ls.

C. furca . R esu lts  given in  T ab le  X V . P ro b ab ility  <  0.001 fo r tre a tm e n t an d
>  0.25 fo r  para lle ls.

C. lineatum . R esu lts  given in T ab le  X V I. P ro b ab ility  <  0.001 fo r trea tm en t 
a n d  0.25 — 0.10 fo r paralle ls.

Discussion. A cco rd ing  to  variance  analyses salin ity  h as  a n  influence u p o n  
g ro w th  rate.

T h e  resu lts  fro m  the  fo u r  sa lin ity  experim en ts are  given g raph ica lly  in  F ig . 5. 
A ll th e  o rgan ism s show ed m ax im al d iv ision  ra te  a t  low er salin ities th a n  fo u n d  
in ocean ic  w ater, a n d  all o f  th em  h a d  to  be charac terized  as eu ryhaline , even 
th o u g h  th e ir  ranges o f  to le ran ce  differ. T h e ir o p tim a l salin ity  w hich lies a ro u n d  
20% o is never fo u n d  in  ocean ic  w aters, b u t is frequen tly  p resen t in  f jo rd s  and  
neritic  areas. T h is is in g o o d  ag reem ent w ith  observ a tio n s fro m  n a tu ra l e n v iro n ­
m ents, ce ra tia  se ldom  being  fo u n d  in  considerab le  num bers in  th e  o p en  ocean . 
O n  th e  o th e r h an d , th e  fo u r species u sed  in  th e  experim ents, as well as a  few 
o thers, a re  o ften  a b u n d a n t in n o rth e rn  E u ro p ean  coasta l w aters o f  low  salin ity . 
(A p s t e in  1910, C l e v e  1900, G r a n  1915, S t e e m a n n  N ie l s e n  1940, O s t e n f e l d  
1913). In  th e  B lack  Sea, a n o th e r la rge  a re a  o f  surface w ater o f  low  salin ity , 
J0RGENSEN (1920) fo u n d  large  num bers o f  C. fu su s  in  the  u p p e r  layers and  
reg a rd ed  th e  occurrence  o f  C. tripos so u th  o f  th e  D ardane lles as a  sh a rp  in d i­
c a to r  o f  w ater fro m  th e  B lack  Sea.

F ro m  th e ir  relatively  h igh  d iv ision  ra tes  even a t 4 0 % 0 it is ev ident th a t  h igh 
salin ities never will exclude C. tripos, C. fu s u s  a n d  C. fu r c a  fro m  any  locality  in 
th e  sea ow ing  to  salin ity  co n cen tra tio n . In  fac t, C. fu su s  a n d  C. fu rc a  a re  fo u n d  
in  th e  G u lf  o f  O m an  a t  a  sa lin ity  o f  3 9 .14% 0 ( B ö h m  1931 a), an d , in  th e  eastern  
M ed ite rran ean , C. tripos occurs a t  38 .64% 0 an(i  C. fu rc a  a t 39 .22% 0 (J g rg e n -  
s e n  1920).
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Fig. 5. D iv ision  rates a t various salinities.

2. Tem perature

All C eratium  species dea lt w ith  in  th is investigation  are  fo u n d  over large 
a reas th ro u g h o u t the  y ear a t  tem p era tu res  ran g in g  app rox im ate ly  fro m  — 10 C 
to  29.5° C  fo r  C eratium  tripos, C. fu s u s  and  C. fu rc a ,  and  ap p ro x im ate ly  3° C 
to  21° C  fo r C. lineatum  (see p. 203). T hey  all m u st be characterized  as excessively 
eu ry therm e, b u t th e ir  n u m b ers  vary  g rea tly  w ith  p lace  an d  season. A ccord ing  
to  observ a tio n s fro m  n a tu ra l su rro u n d in g s , it is reaso n ab le  to  assum e th a t  the 
d ivision ra tes o f  these organism s are  low , som etim e negligible, a t  low  te m p e r­
a tu res. T h e  n u m b er o f  ce ra tia  is u sua lly  low  a t  tim es w hen tem p era tu re  c o n d i­
tio n s are  still w in terly  an d  the  supp ly  o f  ligh t and  n u trien t salts is sufficient to  
cause a  sp ring  b lo o m  o f  d iatom s.

O bservations on. the  occurrence  o f  ce ra tia  in D ro b ak  S o u n d  (in  th e  O slo- 
fjo rd ) show  th a t  som e species w ere lack ing  period ica lly  d u rin g  th e  w in ter an d  
sp ring  1 9 5 0 -5 1  (T able  2 , p. 2 0 7 ). In  th is  locality  w ind an d  cu rren ts  som etim es 
sw eep th e  su rface  layers ou t o f  th e  fjo rd  an d  in  th is w ay rem ove a  p o p u la tio n  
w ith a  low  ra te  o f  rep ro d u c tiv ity . I t  is less im p o r ta n t in  th is case th a t  the  su rface  
tem p era tu re  goes dow n to  0 ° C ,  since, acco rd ing  to  C l e v e ’s ob se rva tions (1 9 0 0 ) , 
all the  species are  fou n d  o u tside  the  fjo rd  and  in the  N o r th  Sea th ro u g h o u t the 
w hole w inter.

G ro w th  ra te  experim ents u n d er d ifferent tem p era tu res , th e  resu lts o f  w hich 
a re  given in  T ab les X V II-X X , w ere carried  o u t in th e rm o sta t boxes co n tro lled  
w ith  Sun vie th e rm o sta ts , type  TS1, w ith  an  accu racy  o f  i  0.5° C. T em p era tu re  
a d a p tio n  s to ck  cu ltu res fo r th e  steps u sed  w ere o b ta in ed  th ro u g h  successive 
transfers fro m  sto ck  cu ltu res a t ro o m  tem p era tu re . I t  was n o t possib le , how ever, 
to  o b ta in  g ro w th  in  experim en ta l cu ltu res a t ex trem e tem p era tu re  levels, even
O IKO S 8: II. C openhagen 1957
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w hen the  cells surv ived  in  sto ck  cu ltures. A t 5° C  all a d a p tio n  cu ltu res  co n ta in ed  
liv ing  cells, w hereas on ly  C. tripos  an d  C. lineatum  surv ived  in  experim en ta l 
cu ltu res. In  th is  series o f  experim en ts the  range o f  surv ival was n o t observed 
w ith in  as la rge  a  ran g e  as observed  in n a tu re . F u rth e r  o b se rva tions a re  given 
in the  tables.

C eratium  tripos. T he  resu lt o f  the  experim en t is given in  T ab le  X V II. V ariance 
analyses gave a  p ro b ab ility  o f  0.20 — 0.05 fo r trea tm en t an d  >  0.20 fo r parallels.

C. fu su s . R esu lts  given in  T ab le  X V III. P ro b ab ility  <  0.001 fo r tre a tm e n t 
a n d  >  0.25 fo r paralle ls.

C. fu rca . R esu lts  g iven in  T ab le  X IX . P ro b ab ility  <  0.001 fo r trea tm en t and
0.25 — 0.10 fo r  parallels.

C. lineatum . R esu lts  given in  T ab le  X X . P ro b ab ility  0.005 — 0.001 fo r tre a t­
m en t and  0.25 fo r paralle ls.

Discussion. T h e  variance  analyses show ed th a t  the n u m b er o f  para lle ls  was 
sufficient fo r a  d ep en d ab le  resu lt. H ow ever the  resu lt o b ta in ed  fo r C. tripos 
m akes the  d ep endab ility  o f  the  te m p e ra tu re  curve questionab le . T h is can  be 
seen d irectly  fro m  T ab le  X V II, w here overlapp ings betw een  single values in  
d ifferen t tem p era tu re  steps a re  fo u n d . T h is m eans th a t  th e  d ifference in  grow th  
ra te  w ith  th e  change o f  te m p e ra tu re  is to o  sm all to  ou tw eigh  th e  d is trib u tio n  
w ith in  para lle ls. T he o th e r o rgan ism s show  m ark ed  dependence  o f  g ro w th  rate  
o n  tem p era tu re .

T h e  resu lts fro m  the  fo u r te m p e ra tu re  experim ents a re  given g raph ica lly  in  
Fig. 6.

F ro m  T ab le  2, p. 207 it can  be seen th a t C eratium  tripos is the  species fo u n d  
m o st frequen tly  w hen  sea te m p e ra tu re  is low , an d  accord ing ly , it h as  a  re p ro ­
d uctiv ity  w hich can  p a rtly  co m p en sa te  fo r th e  d ilu tio n  o f  the  p o p u la tio n  by 
tra n sp o rt due  to  cu rren ts. A cco rd ing  to  C l e v e  (1900) C. tripos is com m on  in 
the  N o r th  Sea a t tem p era tu res  dow n  to  3.5° C. T he g ro w th  ab ility  o f  C. lineatum  
a t 5°C , seen fro m  Fig. 6, was n o t m ark ed  en ough  to  hav e  m ain ta in ed  a  p o p u la ­
tio n  in  D ro b a k  S o u n d  u n d e r the  co n d itio n s fo u n d  in  th e  w in ter o f  1950-51. 
T h a t C. lineatum  is n o t alw ays ab sen t fro m  th is locality  a t  low  tem p era tu res  is 
ev iden t fro m  th e  fac t th a t th e  sto ck  cu ltu re  o f  th is o rgan ism  w as iso la ted  in 
Ja n u a ry  a t 2° C  (see p. 207).

T he fac t th a t h igh  tem p era tu res  are  beneficial fo r g row th  o f  ce ra tia  under 
n a tu ra l co n d itio n s was briefly  to u ch ed  u p o n  in  the  in tro d u c tio n  to  th is  ch ap te r. 
T he te m p era tu re  o p tim a  fo u n d  in th e  experim ents show  th a t  C. lineatum , 
ap p earin g  in  O slo fjo rd  as a  cold  w ater species has a  h ig h er tem p era tu re  o p ti­
m u m  th a n  the  o th e r th ree  species. H ow ever th e  o p tim a  given can  n o t be 
regarded  as ab so lu te  values since in te rm ed ia te  tem p era tu re  in tervals have no t 
been  investiga ted  (F ig . 6). O bservations show  th a t  C. lineatum  is seldom  found  
in  the  O slo fjo rd  d u rin g  the  sum m er w hen the  tem p era tu re  exceeds 15°C
O IKO S 8:11, C openhagen 1957
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Fig. 6. D iv ision  rates at various tem peratures.

( G a a r d e r  and  G r a n  1927, B r a a r u d  an d  B u r s a  1939, B r a a r u d  1945, B i r ­

k e n e s  an d  B r a a r u d  1952). vThe absence o f  C. lineatum  in th is locality  is n o t 
in acco rdance  w ith  its  te m p e ra tu re  o p tim u m  fo u n d  in  the  experim en t, b u t p e r­
haps due to  a  co m b in a tio n  o f  o th e r  en v iro n m en ta l factors. G r a h a m  and  
B r o n i k o v s k y  (1944) re p o rt finds o f  C. lineatum  a t  tem p era tu res  u p  to  26.6° C.

T h e  g ro w th  curves o f  C. fu su s  an d  C. fu rc a  are in good  acco rdance  w ith  th e ir  
occurrence  in n a tu ra l su rround ings.

3. L igh t

Being p h o to sy n th e tic  o rgan ism s, ce ra tia  req u ire  ligh t fo r assim ila tion  and  
grow th . In  a d d itio n , they  reac t to  ligh t w ith  p h o to ta c tic  m ovem ents, a  fac to r 
w hich is responsib le  fo r the ir d iu rn a l vertical m ig ra tio n  ( H a s l e  1950), and  
w hich m ay  be o f  value to th e ir  m ain ten an ce  in th e  eu p h o tic  layer ( P e t e r s  1929).

Since d ep th  d is trib u tio n  o f  ce ra tia  in  th e  sea m ay p a rtly  depend  u p o n  the 
ligh t req u irem en t o f  th e  v a rio u s species, it  w as o f  in te rest to  de term ine  w hether 
Ceratium  species in cu ltu re  w ould  show  any  op tim a an d  w hether such  o p tim a  
w ould  be specific.

Som e p re lim in ary  experim ents on the  dependence  o f  g ro w th  ra te  u p o n  ligh t 
in tensity  w ere p erfo rm ed . T w o cu ltu re  series o f  Ceratium  tripos  w ere p laced  in a 
n o rth  w indow . O ne  o f  these series w as shadow ed  w ith  w hite  p ap er to  a  ligh t 
in tensity  th ree  fo u rth s  o f  daylight. T h e  ab so lu te  values c a n n o t be g iven ow ing 
to  the  flu c tu a tio n  o f  daylight. In  the  p e rio d  18 Ju ly  -  1 A ugust the  o rgan ism s 
in the  shadow ed  cu ltu res show ed a n  average div ision  ra te  o f  0.34 p er 24 h o u rs , 
w hile th o se  in full day ligh t show ed 0.29.

Since th e  o p tim a l ligh t in tensity  a p p a ren tly  was to  be sough t a t  a  low er level 
th an  diffuse day ligh t, a n o th e r experim en t w ith  m ore ligh t in tensity  steps w as 
s ta rted , now  w ith  C. tripos and  C. fu rca . T h e  ligh t in tensity  steps w ere ob ta in ed
OIKOS 8:11, C openhagen 1957
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Fig. 7. D iv ision  rates in th e  prelim inary experim ents with  
varying light intensities.

in the  sam e m an n e r as m en tio n ed  ab o v e ; th e  p ro p o rtio n s  w ere 1: 3 /4 : 1/2: 1/4. 
R esults o f  th e  experim ents a re  given in  T ab les X X I an d  X X II, w hich also 
include details on  in itia l num bers, etc. In  Fig. 7 th e  resu lts a re  g iven g raph ica lly  
to g e th e r w ith  th e  tw o p o in ts  fro m  th e  first C. tripos experim en t (see also  T ab le  
II). T he d iscrepancy  betw een th e  resu lts o f  th e  tw o C. tripos experim ents w as 
exp la ined  th ro u g h  differences in th e  ligh t supply , ind ica ted  by m eteoro log ica l 
d a ta  fro m  Á s1), th e  o b se rv a tio n  p o st n earest to  th e  B iological S ta tio n  a t  D ro ­
bak , w here th e  experim ents w ere p erfo rm ed . In  th e  first p erio d , 18 Ju ly  -  1 
A ugust, the  average daily  c loud  cover w as 3.89 (scale 0 -8 ), w hereas d u rin g  
the  second p erio d , 8 -20  A ugust, in ad d itio n  to  a  low er a ltitu d e  o f  the  sun, 
th e  c loud  cover w as 4.15. O verlapp ing  o f  th e  cell num bers in th e  experim en ts a t  
d ifferent ligh t in tensities m ad e  th e  results ra th e r  u n certa in . T he conclusions 
d raw n  fro m  the  p re lim in ary  experim ents are  as fo llow s:

1. L ig h t in tensity  influences the  d iv ision  rate.
2. T he ligh t in tensity  steps w ere to o  sm all.
3. D ay ligh t is n o t a  su itab le  ligh t sou rce  in co m p ara tiv e  q u an tita tiv e  experi-

In  view o f  th e  p re lim inary  experim ents, a n o th e r  series o f  g ro w th  experim ents 
w as pe rfo rm ed , b u t using  artificial illu m in a tio n  w ith  ligh t in tensities o f  10,000; 
5,000; 2 ,500; 1,000 and  500 L ux, m easu rem en ts m ad e  w ith  a  p h o to  cell. T he  
a rran g em en t o f  cu ltu res w as as show n in F ig . 8. T h e  experim ents w ere carried

P  Placed  at the author’s d isposa l by the M eteorologisk  institutt, Blindern.
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F l u o r e s c e n t  t u b e  l a m p s  i n r e f l e c t o r

f a n

10 0 0 0
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s h e l f
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5 0 0

Fig. 8. A rrangem ent o f  the  ligh t in tensity experim ent. 
(L ight levels given in  Lux.)

o u t a t  ro o m  te m p e ra tu re  an d  a n  electric  fan  used to  p ro v id e  an  a ir  cu rre n t to  
p reven t u n equa l h ea ting  o f  the  cu ltures. C o n tro l flasks w ith  th e rm o m ete rs  
w ere p laced  a t  each  ligh t level.

Ceratium  tripos. T h e  resu lt o f  the  experim ent is given in T ab le  X X III . P ro ­
b ab ility  on 0.001 fo r tre a tm e n t an d  >  0.25 fo r parallels.

C. fu su s .  R esu lts given in T ab le  X X IV . P ro b ab ility  <  0.001 fo r trea tm en t 
a n d  0.10 — 0.05 fo r  paralle ls. T w o experim ents w ith  th is  o rg an ism  failed. 
E x am in a tio n  o f  the  cu ltu res  revealed  th a t th e  cells u n d er the  h ighest ligh t in ten ­
sities g a th ered  in  th e  su rface  film  a n d  died , p ro b a b ly  trap p ed  th ro u g h  p h o to ­
tac tic  m ovem ent. In  o rd e r to  p reven t such trap p in g , the  w ater su rface h a d  to  be 
d im in ished , b o th  abso lu te ly  a n d  relatively. T h is  w as d o n e  by using  50 ml 
E rlenm eyer flasks filled to  the  neck as cu ltu re  vessels. F ro m  earlie r experim en ts 
it w as know n th a t  C. fu su s  has a  ra th e r  h igh  m o rta lity  under tra n sfe r , so a 
d ilu ted  sto ck  cu ltu re  in good  g row th  w as used  in stead  o f  a  p ip e tte  in o cu la tio n  
o f  single cells. C o n tro l co u n ts  o f  th ree  d ifferent 50 m l sam ples gave 34, 28 an d  
30 cells respectively, an  average o f  31 cells p e r  cu ltu re  flask.

C. fu rca . R esu lts  given in T ab le  X X V . P rob ab ility  <  0.001 fo r tre a tm e n t and  
>  0.25 fo r paralle ls. In  th is  an d  th e  fo llow ing experim en t d ilu ted  stock  cu ltures 
w ere used  in stead  o f  in o cu la tio n  w ith  single cells. T he stock  cu ltu res w ere so 
dense th a t  only  sm all vo lum es w ere co n tro lled , and  b o th  in itia l and  end  n u m ­
bers are  given in cells p e r m l. F o r  C. fu rca , co u n tin g  o f  th ree  d ifferen t 10 m l 
sam ples h ad  315, 312 an d  333 cells, g iving an  average o f  32 cells p e r ml.

C. lineatum . R esu lts given in T ab le  X X V I. P ro b ab ility  <  0.001 fo r trea tm en t 
an d  0.25 — 0.10 fo r paralle ls. T h ree  10 m l co n tro l coun tings o f  the  stock  
cu ltu re  gave 652, 607 an d  754 cells, an  average o f  70 cells p er ml.
O IKO S S : II, Copenhagen 1957
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Fig. 9. D iv isio n  rates at various ligh t intensities.

Discussion. V alues fo r  d iv ision rates a re  given g raph ica lly  in  fig. 9. T he L ux 
scale is log arith m ic , a n d  th erefo re  p o in ts  o f  500 an d  1000 L ux lie slightly  to  the 
left o f  th e  gaug ing  p o in ts .

T he m o st s trik in g  fea tu re  in  th e  curves is th a t C eratium  furca  w ould  n o t grow  
a t 10,000 L ux. I f  th is w ere tru e  u n d er n a tu ra l co n d itio n s in  th e  sea, C. fu rc a  
shou ld  n o t be fo u n d  in  the  su rface  layers w here ligh t in tensity  on  b rig h t days 
o ften  exceeds 50,000 Lux. H ow ever, it is fo u n d  in  m axim al n u m b ers  in  the 
u p p er few  m etres, an d  especially  in  sum m er w hen  ligh t in tensity  is h igh  and  
tem p era tu res  exceed 2 0 °C  ( B r a a r u d  an d  B u r s a  1939, B r a a r u d  1945, 
H a s l e  1954).

C. fu sus  w hich, in  the  experim en t, also show ed  decreasing  d iv ision  ra te  u n d er 
ligh t in tensities h igher th a n  2500 L ux, is fo u n d  in h igh  num bers in  the  surface 
layers o f  th e  sea. H ow ever investigations reveal th a t  its m ax im um  is n o t a t the  
very  surface and  th a t its p h o to ta c tic  m ov em en t is p ro n o u n ced  ( H a s l e  1950). 
T he d iscrepancy  betw een  th e  light to le ran ce  in  cu ltu res an d  u n d e r  n a tu ra l 
co n d itions m ay be a ttr ib u te d  to  th e  co n tin u o u s  illum ination  in the  cu ltu res, the 
effect o f  w hich  is know n to  be less fav o u rab le  th a n  d iu rn a l illu m in a tio n  
( H a s l e  an d  N o r d l i  1951).

A n experim en t on  p h o to tax is  m ad e  w ith  th e  fo u r Ceratium  species show ed 
th a t C. fu rca  h a d  the  m o st ra p id  reac tio n  to  ligh t, fo llow ed closely by C. fu su s  
an d  in  a  m uch  lesser degree by C. lineatum . C. tripos reac ted  very  slowly. T he 
a rran g em en t o f  the  experim en t is as show n in  Fig. 10. C. fu rc a  g a th e red  near 
th e  ligh t source w ith in  tw o  days, an d  w ith in  a  w eek died  o u t, fo rm ing  a  c lo t o f 
d isin teg ra tin g  cells in  th e  b en d  o f  the  tube. C. fu su s  h a d  a  d is tinc t m ax im u m  a t 
the  sam e p lace  w ith in  th ree  days, b u t survived fo r several weeks. C. lineatum
O IKO S 8: II, Copenhagen 1957
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Fig. 10. P hototactic  reactions in h orizontal tubes.

also  g a th ered  in the  h a lf  o f  the  tu b e  nea rest to  th e  ligh t source. T h is w as no t 
visible to  th e  n ak ed  eye, b u t cou ld  be seen th ro u g h  a h a n d  lens. N o  aggregation  
to w ard  ligh t cou ld  be observed  in C. tripos. T h e  m axim al ligh t in tensity  o f  the 
experim en t w as 7000 Lux.

C. fu rc a  an d  C. fu s u s  w hich, acco rd ing  to  Fig. 9  have th e ir  ligh t o p tim a  at 
ap p ro x im ate ly  2 5 0 0  L ux, p ro b ab ly  w ould  have a  h igher d iv ision  ra te  a t  h igher 
light in tensities i f  the ir m ark ed  p h o to tax is  u n d e r cu ltu re  co n d itio n s w ere no t 
un fav o u rab le . D ifficulties ow ing to  th is w ere observed  in the  experim en t w ith 
C. fu su s  (see p. 2 2 3 ). O ne u n fav o u rab le  co n d itio n  in the  cu ltu res m ay  hav e  been 
the  co n tin u o u s  illum in a tio n  w hich, except in very  high la titu d es, w ou ld  never 
occur in a  n a tu ra l env ironm ent.

A s a ru le, p la n k to n  sam ples taken  w ith  w a te r sam plers and  co u n ted  a fte r 
sed im en ta tion  co n ta in  so few  ce ra tia  th a t  th e  accu m u la tio n  in the  u p p e rm o st 
layers is n o t seen so clearly . F u rth e rm o re , the  d ep th s  generally  used  fo r sa m p ­
ling a re  to o  fa r a p a r t  fo r th is pu rp o se . Som e exam ples fro m  th e  O slo fjo rd  
( B r a a r u d  and  B u r s a  1939 , B r a a r u d  1945 , F I a s l e  1950  an d  1954) a re  ex­
ceptions.

W hen ne t sam ples are  tak en , e ither w ith  h o rizo n ta l o r  vertical hau ls, the 
d ep th s  are  so fa r a p a r i  o r  d iv ided  in  such  h igh  w ater co lum ns th a t  on ly  d is tin c ­
tio n s betw een  “ su rface”  a n d  “ sh ad e” species can  be m ad e  (S t e e m a n n  N ie l s e n  
1934 , G r a h a m  an d  B r o n ik o v s k y  1944). T h e  species d ea lt w ith  in  th is  p ap e r 
were considered  as su rface  species in b o th  investigations m en tio n ed . In  tab les 
com piled  by A p s t e in  (1 9 0 5 ) vertical ne t hau ls reveal th a t  the  u p p e rm o st five 
m etres generally  co n ta in  m any  m ore  ce ra tia  th an  any  o th e r layer, b u t th is is 
also tru e  in p a r t  fo r d ia to m s, the  bu lk  o f  w hich are  no t p rov ided  w ith  lo co m o to ry  
organs.

O bserv a tio n  m ate ria l fro m  n a tu ra l su rro u n d in g s is to o  scarce to  p rov ide  a 
basis fo r a  general d iscussion  o f  the  m icro stra tifica tio n  o f  th e  cera tia  in question  
as a response  to  ligh t in tensity .
O IKO S S: II, C openhagen 1957
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A t an  inc iden t ligh t o f  100,000 L ux w hich is regarded  an  ap p ro x im ate  
m axim um , th e  1 % level is fo u n d  to  lie below  the  ligh t o p tim a  fo r all cera tia  
tested . T h e  p o s itio n  o f  th is level in  the  sea depends u p o n  tran sp a ren cy  o f  the  
w ater. In  h a b o u r  w a te r th is  level is fo u n d  a t  a  d ep th  o f  less th a n  10 m etres, 
in  co asta l w a te r a t  ap p ro x im ate ly  25 m etres, a n d  in c lear ocean ic  w ater a t  a 
d ep th  o f  150 m etres ( C l a r k e  1933). T he sam e value as fo r h a rb o u r  w ater was 
fo u n d  in  th e  O slo fjo rd  by H a s l e  (1950). T hese d a ta  tak en  in to  accoun t, a  p ro ­
n ou n ced  m icrostra tifica tio n  o f  ce ra tia  in the  open  ocean  w ould  n o t be expected , 
w hereas such  a  stra tifica tio n  w ould  be expected , an d  in fac t is fo u n d , in coasta l 
an d  in sh o re  w aters.

4. N u trien t salts and  so il ex tract

T he investiga tion  w as perfo rm ed  only  w ith  Ceratium  fu rc a , as th is  w as the  
only  species w hich show ed sufficiently  good  g ro w th  in  oceanic w a te r to  be 
used  in  co m p ara tiv e  experim ents.

A n  experim en t series w as p e rfo rm ed  w ith  a  co n stan t a m o u n t o f  soil ex trac t, 
50 m l p er litre , vary ing  am o u n ts  o f  P +  N  o f  p ro p o rtio n s  as in  Schre iber’s 
so lu tio n , a n d  o rd in a ry  S ch re iber’s so lu tio n  w ith  vary ing  am o u n ts  o f  soil 
extract. T he fo llow ing set-up  w as used, each  x represen ting  five paralle ls, 
tho se  w ith  o rd in a ry  S ch re iber’s so lu tion  +  50 ml/1 soil ex trac t being  iden tical 
in the  tw o observ a tio n  series.

T able 4.

C oncentration o f P + N
C oncentration of soil extract

0 0.1 1 1 10

0 ......................... X

0 . 1 ..................................... X

1 ......................... X X X X

1 0 ......................... X

T he soil ex trac t w as ad justed  w ith  N aC l p. a. to  the  salin ity  o f  sea w ater so 
th a t  a d d itio n  o f  d ifferen t vo lum es w o u ld  n o t a lte r the  salin ity  o f  the  cu lture  
fluid. A n  in itia l n u m b e r o f  ten  cells in  each  cu ltu re  vessel was used.

T he resu lts o f  the  experim ents a re  given in T ab le  X X V II fo r vary ing  am o u n ts  
o f  P  +  N  an d  in  T ab le  X X V III fo r vary ing  am o u n ts  o f  soil ex trac t. V ariance 
analyses gave p ro b ab ilities  o f  <  0.001 fo r b o th  trea tm en ts  and  >  0 .20 fo r 
parallels.

Since the  experim en t w ith  d ifferent am o u n ts  o f  P +  N  revealed th a t the
O IKO S 8:11, C opsnhagen 1957
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supp ly  o f  these elem ents fro m  the  sea w a te r was sufficient, a n d  th a t  th e  a d d itio n  
o f  n u trien t salts ap p aren tly  d id  n o t affect th e  d ivision ra te , the  next experim en t 
fo r com p ariso n  w ith  oceanic w ater w as d o n e  w ith  th e  usual am o u n ts  o f  P  +  N  
acco rd ing  to  S ch re iber’s fo rm ula . T his experim en t w as perfo rm ed  w ith  sea 
w ater fro m  th e  O slo fjo rd  and  fro m  th e  ocean ic  W eath er Ship P o sitio n  “ M ” 
(66°N  2°E). T h e  v ariab le  in  th e  cu ltu re  fluid w as soil ex trac t, besides the  d iffer­
ences caused  by th e  tw o sources o f  w ate r, th e  effect o f  w hich cou ld  n o t be esti­
m ated . T h e  resu lts fro m  the  p rev ious experim en t (T ab le  X X V III) ta k e n  in to  
accoun t, the  a m o u n t o f  soil ex trac t w as reduced  an d  m o re  steps included , 
fo rm ing  a  relative co n cen tra tio n  series o f  0 : 0 .2 : 0 .5 : 1 : 2 : 4 ,  w here 50 ml/1 =  1. 
In  T ab les X X IX  an d  X X X  th e  qu an tities  are  given in  ml/1. T h ro u g h  a d d itio n  o f  
glass-distilled  w ater the  ocean  w ater w as ad justed  to  th e  sa lin ity  o f  the  O slo fjo rd  
w ater. T he soil ex trac t w as ad justed  to  the  p ro p e r  sa lin ity  befo re  ad d ition .

A n  in itia l n u m b e r o f  25 cells w as u sed  fo r  each  flask. T h e  end  n u m b e r w as 
determ ined  by co u n tin g  th e  cells in  th e  to ta l vo lum e o f  the  cu ltu re  fluid.

T h e  values fo r th e  g ro w th  in  th e  O slo fjo rd  w a te r a re  given in  T ab le  X X IX . 
A  variance  analysis gave a  p ro b ab ility  o f  <  0.001 fo r tre a tm e n t and  >  0.25 fo r 
paralle ls. T h e  values fo r g ro w th  in  th e  ocean  w a te r a re  given in  T ab le  X X X . 
P ro b ab ility : 0.005 — 0.001 fo r trea tm en t, and  0.25 — 0.20 fo r paralle ls.

D iscussion. T he  co n cen tra tio n s o f  P  +  N  used  by  S c h r e i b e r  (1927) d id  no t 
give h ig h er d iv ision  ra tes  in  a  n u tr ie n t so lu tio n  p rep ared  fro m  O slo fjo rd  w ater 
th a n  in  th e  sam e w a te r w ith  no  a d d itio n  o f  n u tr ie n t salts o th e r th a n  those  
possib ly  p resen t in the  soil ex trac t. T en  tim es th e  a m o u n t used  by Schreiber 
re ta rd e d  th e  d iv ision  ra te  significantly , in d ica tin g  an  overdosing . In  view  o f  the  
sewage co n tam in a tio n  o f  th e  O slo fjo rd  a n d  th e  co n seq u en t a b u n d a n t supp ly  o f  
n u tr ie n t salts ( B r a a r u d  a n d  R u u d  1937, B r a a r u d  an d  B u r s a  1939, B r a a r u d  

1945), it ap p ea rs  th a t  th e  co n cen tra tio n  o f  P  +  N  in  th e  la b o ra to ry  supp ly  o f  
aged sea w ater fro m  th e  O slo fjo rd  w as sufficient to  p ro v id e  as g o o d  a  g ro w th  
as th e  cu ltu re  co n d itio n s w ere ab le  to  render.

N o  investiga tion  w as m ad e  h ere  concern ing  th e  co m position  o f  th e  soil 
e x trac t used , since these experim en ts w ere to  asce rta in  on ly  w h eth er soil 
ex trac t can  a lte r ocean  w ater to  a  so lu tio n  m o re  like neritic  w ate r, w hich is 
k n ow n  to  co n ta in  a  h ig h er n u m b er o f  p h y to p la n k to n  o rgan ism s. In  th e  experi­
m en t, the  resu lts  o f  w hich a re  given in T ab le  X X X III , th e  om ittance  o f  soil 
ex trac t caused  negative cu ltu res w hereas its a d d itio n  gave m o re  o r  less th e  sam e 
resu lts as fjo rd  w ater. Soil ex trac t o r  any  su b stitu te  fo r it, therefo re , ( N o r d l i  

1957) seem s to  be necessary  to  m ak e  ocean  w a te r su itab le  as a  cu ltu re  m ed ium  
fo r Ceratium  fu rca . F jo rd  w ate r, an d  p ro b ab ly  co asta l w a te r to  a  lesser degree, 
co n ta in s  substances w hich, to  a  ce rta in  ex ten t, p erm it th e  om ission  o f  soil 
ex trac t. In  general, how ever, such  w ater does n o t seem  to  c o n ta in  e lem ents o r 
co m p o u n d s w hich  can  rep lace  tho se  co n ta in ed  in  soil ex trac t. A  defin ite  o p tim al
O IK O S 8:11, C openhagen 1957
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q u an tity  o f  soil ex trac t c a n n o t be given since th e  sources o f  soil differ from  
ba tch  to  ba tch  an d , in p a r t  also  in  th e  m e th o d  o f  p re p a ra tio n . In  m o st cases, 
how ever, a  red u c tio n  o f  the  u su a l 50 ml/1 by a t  least h a lf  seem s advisable.

Ceratium  tripos, C. fu su s  an d  C. lineatum  d id  n o t g row  in  ocean  w a te r -j- soil 
e x trac t w ith  c red itab le  en ough  resu lts th a t  g ro w th  curves cou ld  be ca lcu lated . 
Som e o f  th e  cu ltu res  grew  so w ell, how ever, th a t they  supplied  m a te ria l fo r an  
investiga tion  o n  the  in te rd ep en d en ce  o f  leng th  d is trib u tio n  an d  cu ltu re  co n d i­
tio n s, w hich will be described  on  the  fo llow ing  pages.

C. The effect o f  environm ental fa c to r s  upon fo rm  variation

1. L ength  variation

A n in vestiga tion  o f  leng th  d is trib u tio n  u n d e r  vario u s co n d itions was u n d e r­
ta k e n  fo r  C eratium  fu s u s , C. fu rc a  a n d  C. lineatum , the  leng th  o f  w hich  can  be 
m easu red  in  a  co n stan t, w ell-defined way. M ate ria ls  w ere supp lied  fro m  experi­
m en ts m ad e  fo r o th e r p u rp o ses  as well as fro m  cu ltu res g row n especially  fo r 
th is analysis. S am ples fo r  co m p ariso n  cam e fro m  n a tu ra l su rro und ings. E ach  
leng th  d is trib u tio n  d iag ram  is based  o n  100 m easu rem en ts, the  values o f  w hich 
are  subd iv ided  in to  classes o f  10//. T he few  exceptions are  ind icated .

a. D ifferences between cultures and  natura l populations. C u ltu res  alw ays seem  
to  have sh o rte r  cells an d  a  n a rro w er range o f  leng th  v a ria tio n  th a n  sam ples 
fro m  natu ral, p o p u la tio n s. Since m ateria l fo r  the  p rim ary  iso la tions o rig inated  
fro m  D ro b a k  S ound , m a te ria l o f  n a tu ra l p o p u la tio n  fo r co m p ariso n  w as also 
tak en  in  th is locality , an d  supp lem en ted  w ith  co n tro l m a te ria l fro m  an  oceanic 
sta tio n , W ea th e r Ship  P o sitio n  “ M ” (66°N  2°E). L en g th  m easu rem en ts fo r 
C. fu su s  a re  given in  Fig. 11. T h e  tw o differen t cu ltu re  clones gave app rox im ate ly  
the  sam e values, w hereas th e  tw o n a tu ra l p o p u la tio n s  fo rm ed  th e ir  ow n ind iv i­
du a l d iag ram s, w ith  a  range o f  leng th  v a ria tio n  app rox im ate ly  tw ice th a t fo u n d  
in  cultures.

C. fu rc a , F ig . 12, a n d  C. lineatum , F ig . 13, gave m easu rem en ts sim ilar to 
th o se  o f  C. fusus, nam ely , sh o rte r  cells in cu ltu res th a n  in n a tu ra l p o p u la tio n s. 
C. fu su s  a n d  C. fu rc a  f ro m  n a tu ra l p o p u la tio n s  h a d  longer cells in ocean ic  th an  
in  neritic  w ater.

In  these  investiga tions o n  th e  differences betw een  n a tu ra l p o p u la tio n s  an d  
cu ltu res, v a ria tio n  in  tem p era tu re , d iv ision ra tes  an d  p o p u la tio n  densities 
w ere n o t  tak en  in to  co n sidera tion . T h e  sam ples fro m  n a tu ra l su rro u n d in g s 
w ere tak en  w ith  a net ; ne ith er th e  densities o f  th e  p o p u la tio n s, n o r  th e  d iv ision 
ra tes, th ere fo re , a re  know n. T h e  te m p e ra tu re  in  the  sea w hen  th e  n e t sam ples 
w ere tak en  w as ab o u t 12° C  fo r C. fu su s  a n d  C. fu rc a  a n d  a b o u t 6° C  fo r C. 
lineatum . A ll th e  cu ltu res  w ere g row n a t ro o m  tem p era tu re , 18-20° C.

b. The influence o f  tem perature variations. In  o rd e r to  de te rm in e  w hether
OIK.OS 8: II, Copenhagen 1957
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F ig . 11. L ength distribution  diagram s for C era tium  fu s u s  from  tw o c lo n e  cultures 
and tw o natural popu lation s.
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I Q _  F r o m  n a t u r a l  p o p u l a t i o n ,  o c e a n i c
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Fig. 12. L ength d istribution  diagram s for C era tiu m  fu rc a  from  o n e  c lo n e  culture  
and tw o natural popu lation s.

varia tions in  tem p era tu re  cause  any  a lte ra tio n  in  leng th  d is tr ib u tio n  o f  ce ra tia , 
rep resen ta tive  sam ples fro m  th e  tem p era tu re  experim ents given in  T ab les  X V III , 
X IX  an d  X X  w ere m easu red  an d  leng th  d is trib u tio n  d iag ram s co n stru c ted .
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Fig. 13. L ength d istribution  diagram s for  C era tiu m  linea tum  from  clo n e  culture 
and natural popu lation .

D iag ram s fo r leng th  d is trib u tio n  o f  C. fu su s , C. fu rc a  an d  C. lineatum  u n d er 
tem p era tu res  o f  25°, 20°, 15°, an d  10°C  a re  given in  Figs. 14 an d  15. C. fu su s  
an d  C. lineatum  show  increasing  leng th  w ith  decreasing  tem p era tu re , w hereas 
C. fu rc a  does n o t show  th is  tendency  in  any  m ark ed  degree. A  co m p ariso n  
betw een n a tu ra l p o p u la tio n s  an d  cu ltu res o f  C. fu rc a  revealed th e  sam e leng th  
d im inishings u n d er cu ltu re  co n d itio n s as in  th e  o th e r tw o species. I t  ap p ears , 
therefo re , th a t  te m p e ra tu re  differences co u ld  n o t be th e  only  cause  fo r  the  
d ifferen t leng ths fo u n d  in  th e  cu ltu res an d  n a tu ra l p o p u la tio n s . T h a t the  d ivision 
ra te s  a re  n o t  responsib le  fo r  th e  leng th  differences is ev iden t fro m  th e  fac t th a t 
th e  average  leng ths decrease g rad u a lly  fro m  25° C  to  10°C, w hereas th e  d ivision 
ra te s  hav e  m ax im a a t  15-20° C.

c. The influence o f  culture density . T he  leng th  d is trib u tio n  in  cu ltu res  o f  
v ary ing  densities w as investigated . A ll th e  cu ltu res w ere s ta rted  w ith  a  few  cells 
a n d  g row n to  th e  densities specified. S am ples fo r m easuring  w ere ta k e n  o u t  o f  
th e  cu ltu res d u rin g  the  cu ltu re  p e rio d  an d  th e re fo re  w ere n o t o f  th e  sam e d en ­
sities fo r  th e  d ifferen t species. Even th e  th in n es t cu ltu re  h a d  a  low er average 
cell leng th  th a n  an y  fo u n d  in  n a tu ra l p o p u la tio n s  w here densities a re  o ften
O IKO S 8:11, C openhagen 1957
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F ig . 14. Length d istribution  diagram s fo r  C era tium  fu s u s  grow n under 
various tem peratures.

p ro p o rtio n a te  to  th e  low est cu ltu re  values ( H a s l e  1950 a n d  1954, N o r d l i  
1951). In  th e  experim ents th e  cell lengths o f  all th e  o rgan ism s decreased  w ith  
increasing  cu ltu re  densities. D iag ram s, w ith  th e  cu ltu re  densities, a re  given in  
F ig . 16.

d. The influence o f  w ater sources. A  co m p ariso n  o f  th e  len g th  d is trib u tio n s  o f  
the  th ree  species g row n in  c u ltu re  m ed ia  p rep a red  fro m  differen t sources o f  sea 
w a te r w as u n d e rtak en . T h e  tw o  w a te r types w ere  neritic  w a te r fro m  the  O slo-
16 O IKO S S : II, Copenhagen 1957
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C E R A T I U M  L I N E A T U M

F ig. 15. L ength  d istribution  diagram s for  C era tium  fu r c a  and C. linea tum  
grow n under various tem peratures.

f jo rd  a n d  o cean  w ater fro m  W eath e r Ship  P o sitio n  “ M ” (66°N  2°E). T h e  ocean  
w ater w as ad ju sted  to  th e  sam e salin ity  as th e  neritic  w ater. F ro m  th e  first type 
“ E rd sch re ib e r”  w as p rep a red , an d  fro m  th e  second  o rd in a ry  S ch re ib er’s so lu tio n  
w ith o u t soil ex trac t. A ll cu ltu res  w ere g ro w n  a t  id en tica l te m p era tu re  a n d  ligh t 
c o n d itio n s, 18°C  a n d  1500 Lux. D iag ram s fo r  leng th  d is trib u tio n  o f  th e  th ree  
species in  th e  tw o  n u tr ie n t so lu tio n s (F ig . 17) a re  based  on  m easu rem en ts o f  
200 cells fo r  each  d iagram .
O IKO S 8:11, C openhagen 1957
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Fig. 17. L ength d istribution  diagram s for C era tium  fu su s , C. fu rc a  and  C. 
linea tum  grown in nutrient so lu tion s prepared from  different sea w ater sources.

Discussion. F ro m  th e  investiga tion  on  length  d is trib u tio n  som e ra th e r  well- 
fo u n d ed  conclusions can  be d raw n :

1. T h e  average  cell leng th  is sh o rte r in cu ltu res th a n  in  n a tu ra l p o p u la tio n s , 
b u t th is  d ifference can  n o t be ascribed  solely to  th e  d ifferent tem p era tu res  to  
w hich these  tw o p o p u la tio n  types com m only  a re  sub jected . M easu rem en ts o f  
C eratium  fu su s , the  largest o f  th e  o rgan ism s in  qu estio n , revealed a  m ark ed  
difference in  leng th  d is tr ib u tio n  a t  id en tica l tem p era tu res  in  the  tw o b io topes. 
In  C. fu rc a  an d  C. lineatum  the  re la tio n sh ip  is m o re  obscure , p e rh ap s because o f  
th e  inefficiency o f  th e  m e th o d  o f  d istingu ish ing  tem p era tu re  effects fro m  o th e r
O IKO S 8: II, Copenhagen 1957
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effects, o r because the  observ a tio n  m ateria l w as to o  scanty  an d  th e  m easuring  
m e th o d  fo r such  sm all o rgan ism s is ra th e r  rough .

2. Cell lengths decrease w ith  increasing  cu ltu re  density . A s the  cu ltu res 
em ployed  w ere n o t bacteria-free , an d  as the  d ivision rates o f  bac te ria  a re  m uch  
m ore  ra p id  th a n  the  d iv ision  ra tes  o f  the  o rgan ism s investigated , th e  o ld  dense 
cu ltu res w ere m ore  co n tam in a ted  th a n  th e  fresh  ones. Such  co n tam in a tio n  
m igh t hav e  been responsib le  fo r th e  decrease in leng th  o f  th e  o ld  cu ltu re  cells. 
T he accu m u la tio n  o f  m e tabo lites  fro m  the  te s t o rganism s them selves also  m ight 
have been responsib le , b u t h o w  these  substances ac t is ra th e r  obscure  a t  p resen t 
desp ite  th e  n u m ero u s observ a tio n s concern ing  the  p ro b lem . (F o r  lite ra tu re , see 
L u c a s  1947.)

3. W ith  increasing  tem p era tu re  cell lengths decrease p ro n o u n ced ly  fo r C. fu su s  
and  C. lineatum , an d  in  a  lesser degree fo r  C. fu rca . T h a t d iv ision  ra te  is no t 
responsib le  fo r th is  ap p ears  fro m  the  fac t th a t th e  cu ltu res w ith  a  low  division 
ra te  a t 2 5 °C  p ro d u ce  sh o rt cells; tho se  a t  10°C  p ro d u ce  long  cells, w hile those  
w ith  h igher d ivision  ra tes p ro d u ce  cells o f  in te rm ed ia te  leng ths w hen  a t  in te r ­
m ed ia te  tem p era tu res . T he consequence o f  b ac te ria l g row th , w hich is m ore 
rap id  a t  h igher tem p era tu res , shou ld  n o t be overlooked .

T he experim ent co m p arin g  oceanic an d  neritic  w ater d id  n o t ren d er any  
in fo rm atio n  as to  the  reaso n  fo r th e  leng th  differences in th e  tw o types o f  w ater. 
C u ltu re  density  a t  first m igh t be assum ed  responsib le  in  th e  case o f  C. fu s u s  an d  
C. lineatum , b u t th e  m easu ring  results fo r C. fu rc a  c o n trad ic t such  a  view. 
P ro b ab ly  a  com plex  o f  in te rac tin g  fac to rs no t d istingu ished  by the  investiga­
tio n  m eth o d  is responsible.

V arious au th o rs  have d em o n stra ted  th a t cell leng ths m ay  vary  am ong  lo ca l­
ities. S te e m a n n  N ie ls e n  (1934) fo u n d  th a t  C. fu s u s  fro m  oceanic s ta tio n s  show ed 
a  sh o rte r average leng th  th a n  cells from  neritic  s ta tions. T h e  m easu rem en ts  
given in Fig. 11 w here cells fro m  neritic  w ater a re  fo u n d  to  be sh o rte r th a n  those  
fro m  ocean ic  w ater do  n o t c o rro b o ra te  S teem ann  N ielsen ’s findings. I f  S tee­
m an n  N ielsen ’s m easu rem en ts a re  extensive en o u g h  to  ju s tify  th e  conclusion  
th a t Ceratium  specim ens fro m  neritic  w aters a re  longer th an  tho se  fro m  oceanic 
w aters, th e  p resen t experim en t sh o u ld  ind ica te  th a t in co n stitu tio n  w a te r fro m  
the  O slo fjo rd  is m o re  closely re la ted  to  “ E rd sch re ib e r”  th a n  to  o rd in a ry  neritic  
w ater. T h is m ay  be due to  a n  a b u n d a n t supp ly  o f  n u tr ie n t salts an d  o th e r 
substances o rig ina ting  fro m  sew age supp ly  in  th e  in n erm o st p a r t  o f  the  fjo rd .

M easu rem en ts o f  C. fu s u s  f ro m  th e  ocean ic  W eath er S hip  P o sitio n  “ M ” 
disp lay  a  leng th  d is trib u tio n  sim ilar to  th a t fo u n d  by S te e m a n n  N ie ls e n  (1934) 
a t 26° C  a t  St. 1213 in  th e  G u lf  o f  P an am a  w here he reco rded  th e  grea test 
average leng th  o f  his sam ples. T h e  average leng th  o f  C. fu su s  f ro m  th e  coasta l 
w aters fro m  H o n g  K ong  to  S hanghai ( tem p era tu re  22.5° — 26 .9°C  given by 
Böhm  1931 b) a re  sim ilar to  tho se  fou n d  in th e  O slo fjo rd  a t  10°C.
O IK O S 8: II, C openhagen 1957
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C. fu rc a  f ro m  P o sitio n  “ M ” show ed  a  g rea te r average len g th  th an  th a t  
reg istered  by S te e m a n n  N ie ls e n  (1934), an d  w as ap p ro x im ate ly  100// lo n g er 
th a n  the  large  fo rm  rep o rte d  by Böhm  (1931b). C. fu rc a  fro m  th e  O slo fjo rd  also  
h ad  a  g rea te r average leng th  th a n  B öhm ’s la rg e  form . F ro m  the  sam ple co llected  
a t  P o sitio n  “ M ” on ly  50 C. fu rc a  cells w ere m easu red , ow ing to  the  scan tiness 
o f  m ateria l. T he sam ple  co n ta in ed  to o  few  C. lineatum  specim ens to  fo rm  a  
basis fo r a  dependab le  leng th  d is tr ib u tio n  series.

F ro m  th e  sparse  m a te ria l availab le  fo r  co m p ariso n , it ap p ea rs  th a t  C. fu su s  
an d  C. fu rc a  fo u n d  in  th e  N orw eg ian  Sea an d  the  O slo fjo rd  d isp lay  g rea te r 
average lengths th a n  th e  sam e species in w arm er seas. T his m ay  be due  to 
te m p era tu re  an d  o th e r en v iro n m en ta l co n d itio n s , o r  to  geno typ ica l v a ria tio n s 
o f  the  species. T h e  C. fu rc a  specim ens co llected  a t  P osition  “ M ” m ay  belong  
to  the  subspecies Berghii, w hereas tho se  fro m  th e  O slo fjo rd  m ay  be subspecies 
eugram m um . A cco rd ing  to  J o r g e n s e n  (1 9 1 1 ) the  la tte r  shou ld  be ra th e r  co m ­
m o n  in  a ll w arm er seas, b u t in  sm all num bers. In  the  O slo fjo rd , how ever, this 
subspecies is fo u n d  in  dense p o p u la tio n s. I t  h as  n o t been possib le  to cu ltivate  
e ither o f  th e  tw o species fro m  ocean ic  w aters. A  co m p ariso n  o f  th e  cu ltu re  
m ateria l o f  o cean ic  an d  neritic  fo rm s o f  these tw o species, therefo re , h as  no t 
been  possible.

I t  m ay  n o t be in co rrec t to  ascribe  leng th  v a ria tio n s in these C eratium  species 
to  differences in genetic  fac to rs , as B öhm  does (1931 b) fo r  C. fu rc a , b u t p resen t 
know ledge o f  env ironm en ta l influences seem s to  m ake such  a n  in te rp re ta tio n  
questionab le .

2. O ther fo r m  variations

E ver since C eratium  tripos w as described  by O. F . M ü l l e r  (1776) u n d e r the  
n am e Cercaria tripos, an d  S c h r a n k  (1793) gave th e  nam e Ceratium  to  th e  genus, 
a  large n u m b er o f  species have been  described. J g rg e n s e n  (1911), in  h is m ono- 
g rap h y  on  th e  genus Ceratium  com piled  a  system atic  descrip tion  w hich h as  n o t 
been essentially  a lte red  since.

A s th is  p a p e r  deals w ith  only  fo u r species o f  the  genus, no  genera l discussion 
on  system atic  p o sitio n  will be p resen ted  here. W ith  a  few exceptions, only  
m ateria l fro m  c lo n e  cu ltu res will be trea ted , and  exam ples o f  th e  variab ility  
w ith in  such  u n ifo rm  m ateria l will be show n.

a. Variability in “ norm al” cells.1) Ceratium  tripos. T he  c lone  cu ltu re  was 
sta rted  fro m  a  C. tripos f. atlantica  O stenfeld  specim en, so the  m a jo rity  o f  the

0  A cell is regarded as “ norm al” when the right number of horns is present and the different 
parts of the cell, horns, thecae etc. bear the characteristics of the species, regardless o f measure­
ments, proportions and horn directions.
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cells in  all th e  su bcu ltu res possess characteristics o f  th is  fo rm  (PI. I /) .  Som e 
o f  th e  o rgan ism s, how ever, dev ia te  ra th e r  considerab ly  fro m  f. atlantica, an d , 
th o u g h  they  c a n n o t b e  classified as o th e r fo rm s, exh ib it charac teristics resem b­
ling  o th e r fo rm s o r  subspecies. PI. 1 a, d , f  an d  h illu s tra te  som e fo rm  v aria ­
tio n s ; a  show s fea tu res  in  com m on  w ith  subsp . balticum  S chü tt, an d  w ould  
p ro b a b ly  be best classified as an  in te rm ed ia te  fo rm  betw een f. atlantica  an d  
subsp . balticum . T his fo rm  w as n o t u n co m m o n  in th e  cu ltu res; d , / a n d  h show  
v aria tio n s in  th e  d irec tions and  bend ing  o f  h in d  h o rn s ; d  resem bles C. leptoso­
m um  Jo rgensen  (1911 Fig. 167) in  fo rm  an d  d irec tion  o f  ho rns. T he h o rn  lengths, 
how ever, a re  typ ical o f  C. tripos. A  ce rta in  resem blance  to  a fo rm  described  
by Böhm  (1931 c Fig. 26) is also  p resen t. B öhm , how ever, does n o t decide w hether 
th is  specim en sh o u ld  be considered  defo rm ed , d  also displays som e fea tu res in 
co m m o n  w ith  C. batavum  P au lsen  (1907 Figs. 33 a  an d  b). J o rg e n s e n  (1911) 
will n o t accep t th e  la tte r  as a  species, a n d  supposes th a t  the  specim ens are  
d ev ia ting  fo rm s o f  C. interm edium  an d  C. longipes. N o  fo rm s sim ilar to  ƒ  have 
been  described  fro m  n a tu ra l su rro und ings. H in d  h o rn s  resem bling  C. bucepha­
lum  a re  fo u n d  in the  specim en show n in h. T h e  fo rm  o f  th e  h y p o th eca , how ever, 
is th a t  o f  C. tripos.

T he sm all cells in PI. I  i a re  truncata  fo rm s o f  C. tripos. T hey  com m only  occu r 
in  dense cu ltu res  an d , w hen  iso lated , will survive fo r a  perio d  u p  to  a m o n th  
long . L ittle  is k n o w n  o f  th e ir  significance in  th e  life cycle o f  C. tripos. A  d iscus­
sion  o f  th e ir  o ccu rrence  in cu ltu res h as  been  given by H a s le  and  N o r d l i  (1951).

C. fu su s , C. furca  an d  C. lineatum . T he  fo rm  v aria tio n s o f  “ n o rm a l”  cells in 
these species a re  lim ited  to  v a ria tio n s in  leng th  an d  tran sd iam ete r. In  PI. I I b 
d ifferen t tran sd iam ete rs  w ith  eq u a l cell leng ths a re  show n  fo r C. fusus', I I a 
show s the  sam e fo r C. lineatum . I t  is easily  seen fro m  PI. I le  th a t  size differ­
ences a re  n o t due  to  incom plete  g ro w th  a fte r  fission since th e  ep itheca  as well 
as th e  h y p o th eca  and  tran sd iam e te r  in th e  sm all cell a re  all p ro p o rtio n a lly  
sm aller th a n  in th e  large  cell. A n  incom plete  re s to ra tio n  a fte r fission w ould  have 
d im in ished  th e  len g th  o f  e ith e r th e  ep itheca  o r  th e  hypo theca .

b. Supernum erary horns. C ells w ith  su p ern u m era ry  h o rn s  a re  n o t ra re  in  
cu ltu res. In  m o st cases one  h o rn  is d u p lica ted , b u t a p a r t  fro m  th is  th e  cells 
ap p eared  q u ite  n o rm a l and  h ad  m o tility  like n o rm a l cells.

In  Ceratium  tripos cu ltu res th e  co m m o n est d u p lica tio n  is o f  th e  left h in d  
h o rn  (PI. Ig ). In  an  a d a p tio n  cu ltu re  a t  25° C  th is  fo rm  w as fo u n d  in  a  ra tio  o f  
a b o u t 20% . T his cu ltu re  w as th e  hea lth iest lo o k in g  a n d  th e  qu ickest g row ing  o f  
five para lle ls, th o u g h  it  w as n o t dense (429 cells in  30 m l). T h e  dup lica tio n  
seem ed to  be effected by a  sp litting  o f  the  h o rn . S im ilar cells have been  rep o rted  
fro m  n a tu ra l su rro u n d in g s (G o u g h  1905, F ig . 2 ; H a s le  an d  N o r d l i  1951 
F ig . 4 a ). W here th e  rig h t h in d  h o rn  w as d u p lica ted , tw o d istin c t h o rn s  w ere
O IK O S 8:11, Copenhagen 1957
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Plate I. V ariability in C eratium  tripos  cells (a -i).
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Plate II. V ariability in C eratium  fu s u s  (b), C. fu rc a  (d and e) and  
C. linea tum  (a and c) cells.
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observed. (PL le ) . T h is  type has also  been rep o rted  fro m  n a tu ra l su rro u n d in g s  
( H a s l e  an d  N o r d l i  1951 Fig. 4b). O ne  fo rm , the  p ara lle l o f  w hich has n o t been 
observed  in  th e  sea, is th a t  sh o w n  in  PI. I  b. W h e th e r th e  ap ical h o rn  w as sp lit 
o r tw o d istin c t h o rn s w ere p re sen t is n o t know n.

O ccasionally  tw o fully developed  h in d  h o rn s  w ere fo u n d  o n  C. fu su s . W hen 
m o re  th a n  th e  o rd in a ry  n u m b er o f  h o rn s  w as p resen t, th e  cells w ere usually  
defo rm ed  in  o th e r w ays to o . Such  fo rm s will be trea ted  later.

S u p ern u m era ry  h o rn s  o n  C. fu rc a  w ere se ldom  fo u n d  e ither in  cu ltu re  o r  
in th e  sea (PI. I I d. H a s l e  an d  N o r d l i  1951, p. 12, note).

In  C. lineatum  su p ern u m era ry  h o rn s  w ere never observed  a p a r t  fro m  on  
heavily  deform ed  cells. W hen the  cell bodies w ere defo rm ed  beyond reco g n itio n , 
they  o ften  h a d  excessive h o rn s. In  such  cases the s tru c tu re  o f  p la tes  o n  the  cell 
body  proper  w as in d is tin c t; som etim es th e  cell seem ed to  lack  p la tes  com pletely , 
fo rm ing  ju s t  a  lu m p  o f  p ro to p lasm . T hese cells d id  n o t m ove in  th e  o rd in a ry  
w ay, as d id  th e  o therw ise  n o rm a l ap p earin g  cells h av ing  an  ex tra  h o rn . T he 
heavily  defo rm ed  cells sun k  to  th e  b o tto m  o f  the  cu ltu re  flask and  m oved  on ly  
occasionally . T hese  a b n o rm a l fo rm s w ere n o t u n co m m o n  in  C. tripos  and  
C. fu su s  cu ltu res, b u t w ere ra re  in  C. lineatum  cu ltu res and  never observed  in 
C. fu rc a  cu ltures.

S tain ings w ith  B elling’s m e th o d  w ere m ad e  in o rd e r to  exam ine the  nu c lear 
co n d itio n s in  th e  defo rm ed  cells. T h is m e th o d  gives on ly  th e  fo rm  an d  size o f  
th e  nuclei p resen t. In  th e  defo rm ed  cells th e  fo rm  (Fig. 18) a n d  n u m b er (F ig . 19) 
o f  the  nuclei w ere a b n o rm a l. A  n o rm a l Ceratium  cell co n ta in s  one  m o re  o r  less 
g lo b u la r nucleus in  the  resting  stag e ; a fte r n uc lear fission, b u t before  cell 
fission, tw o nuclei a re  p resen t. C o n tra ry  to  this, th e  C. fu s u s  cell in Fig. 19 
d iv ided  even th o u g h  the  d au g h te r cells w ould  n o t p a r t  un til new  h o rn s  were 
p a rtia lly  g row n o u t. C. lineatum  (PI. I le )  w as n o t subjected  to  nu c lear sta in ing  
since it w as fo u n d  in  m a te ria l a lready  p reserved  w ith  an  agen t u n su itab le  fo r the  
s ta in in g  m e th o d . In  cells w ith  su p ern u m era ry  h o rn s  b u t o therw ise n o rm al in  
app earan ce , the  nuclei w ere as in  n o rm a l cells.

Discussion. In  p h y to p la n k to n  m ateria l fro m  various areas, cells w ith  dev ia ting  
form s a re  occasionally  fo u n d . F o rm s  sim ilar to  som e o f  these w ere observed  in 
cu ltu res, a n d  cu ltu re  co n d itio n s m ay  to  som e ex ten t give a  clue to  the cause  o f  
th e ir  occurrences.

H a s l e  an d  N o r d l i  (1 9 5 1 ) describe dev ia ting  fo rm s o f  C eratium  tripos an d
C. fu su s , suggesting  th a t  cells w ith  su p ern u m era ry  h o rn s  p lu s an  o therw ise m ore  
o r less d iso rd ered  fo rm , m ay  be due  to  a  failing  in th e  m echan ism  o f  cell 
d iv ision , caused  by any  u n fav o u rab le  co n d itio n  in cu ltu res o r  heav ily  c o n tam in ­
a ted  n a tu ra l su rro und ings. A cco rd ing  to  the  resu lts o b ta in ed  by  n uc lear 
s ta in ing  o f  th e  d iso rd ered  cells, it  seem s p ro b ab le  th a t  d e fo rm atio n s o rg in a te  
fro m  fau lts  in  th e  n u c lea r d iv ision  m echan ism , an d  th a t  fu r th e r  g ro w th  is 
co n tro lled  by  ab n o rm ally  co n stitu ted  o r ab n o rm a l n u m b ers  o f  nuclei. K a l l io

O IK O S 8:11, Copenhagen 1957



E x p e r im e n ta l  S tud ies  o n  C e ra t ia 2 4 1

Fig. 18. A b n orm al C era tium  tripos 
cell w ith  abnorm al nucleus.

F ig. 19. Three-horned C eratium  fu s u s  
cell w ith  tw o nuclei.

(1 9 5 1 ) rep o rts  a lte ra tio n s  in the  shape  o f  M icrasterias  cells resu lting  fro m  a lte r­
a tio n  in  th e  n uc lear m ateria l. Som e o f  his a b b e ra n t fo rm s w ere resu lts o f  te m p e r­
a tu re  shocks.

T h e  n o rm al p e rio d  fo r C eratium  cell d iv ision  is d u rin g  th e  n ig h t, consequen tly  
in  darkness (B e r g h  1886 , G o u g h  1905 , A p s t e in  1910). C u ltu res , how ever, are 
com m only  rea red  u n d er co n s ta n t illu m in a tio n . Since a b b e ra n t cells a re  fo u n d  
m o re  frequen tly  in such  cu ltu res  th an  in cu ltu res g row n u n d e r d iu rn a l illum ina­
tio n  and  in  p la n k to n  sam ples fro m  th e  sea, it seem s to  be obv ious th a t  ca rb o n  
d ioxide assim ila tion  d u rin g  the  p e rio d  o f  nu c lear fission p roduces d iso rd e r in its 
n a tu ra l p rogress ( H a s l e  an d  N o r d l i  1951).

Influences d ifferen t in n a tu re  a n d /o r  in tensity  fro m  th o se  fo u n d  in  the  sea 
are  b o u n d  to  be p resen t in  cu ltu res. Such influences m ay  be due  p a rtly  to  th e  
cu ltu re  m eth o d s com m only  used , th e  h igh co n cen tra tio n  o f  n u trien t salts, the  
increasing  a m o u n t o f  b ac te ria  an d  m etabo lites, an d  cell densities u p  to  1000 
tim es tho se  com m only  fo u n d  in  n a tu ra l su rro und ings. In  som e cases, as in the  
experim ents w ith  vary ing  salin ities, ex trem e influences are  in ten d ed ; deviating 
fo rm s occu r m o re  frequen tly  u n d e r  such  c ircum stances th an  in  o rd in a ry  stock  
cu ltu res  (p. 237).

D ev iating  fo rm s w ith in  c lonal cu ltu res, w hich genetically  are  un ifo rm , show  
th a t  a  ce rta in  v a riab ility  w ith in  a  species is alw ays p resen t, an d  th a t  th e  bo rders 
betw een n a tu ra l v a rian ts  an d  ab n o rm a l fo rm s are  in d istinc t. In  investigations 
o f  n a tu ra l p o p u la tio n s  th is fo rm  v ariab ility  m u st be kep t u n d e r co n sid e ra tio n  
to  p rev en t b o rd e rs  o f  tax o n o m ic  un its  fro m  being to o  narro w ly  draw n.

W ith  the  exception  o f  N octiluca , w here ligh t is em itted  fro m  sca tte red  g ra n u ­
les w ith in  th e  cy top lasm , n o th in g  is k n ow n  ab o u t the  m echan ism  o f  light
O IKO S 8: II. C openhagen 1957
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p ro d u c tio n  in d inoflagellates. I t  is supposed , how ever, th a t  in regard  to  p h o sp h o ­
rescence th e  sm aller d inoflagellates are  o rgan ized  in  th e  sam e w ay as N octiluca  
( H a rv e y  1952, p. 130).

T h e  lum inescence o f  ce ra tia  in cu ltu res has never been subject to  investiga­
tio n , a lth o u g h  net sam ples o f  these  o rgan ism s w ere u sed  in experim ents on  
lum inescence m o re  th a n  h a lf  a  cen tu ry  ago  (R e in k e  1898). T his m ay  be because 
cu ltu res o f  these o rgan ism s a re  req u ired  if  a  th o ro u g h  s tu d y  o f  d inoflagellate 
lum inescence is to  be u n d e rta k e n  ( H a rv e y  1952, p. 124).

A m o n g  th e  ligh t p ro d u c in g  p ro tis ts  in th e  sea C eratium  tripos is k n ow n  to  be 
a  p red o m in an t species. Som e cu ltu res o f  th is  species being on  h an d , a  few 
experim ents to  test its lum inescen t ab ility  w ere p erfo rm ed . Since ligh t em ission 
fro m  lum inescen t o rgan ism s takes p lace  th ro u g h  ox ida tio n  o f  luciferin , the 
tests w ere m ad e  w ith  oxygen -  deficient m ateria l by  b u b b ling  a ir th ro u g h  
cu ltu res w hich h a d  s to o d  in darkness fo r  a  sufficient tim e, usually  over night. 
I t  is possib le  th a t the  m ax im al in tensity  o f  lum inescence passed  d u rin g  the  d a rk  
period  used. H a x o  an d  S w een ey  (1955) fo u n d  in  experim ents w ith  Goniaulax  
polyedra  th a t  th e  m axim al capacity  fo r lum inescence w as reached  a fte r a  d a rk  
perio d  o f  6 -8  h o u rs . A fte rw ards the  ligh t em ission decreased.

T h e  cu ltu re  to  be tested  w as p laced  in a  b u re tte , th e  low er end  o f  w hich was 
connected  to  a  ru b b e r tu b e  lead ing  fro m  a  sm all a q u a riu m  p u m p  fo r a ir  supply. 
A  screw  clip  w as a tta ch ed  to  the  tu b e  fo r a ir  regu la tion . T h e  a p p a ra tu s  can  be 
seen in  Fig. 20. Tests w ere m ad e  in com ple te  darkness, a n d  only  visual con tro l 
w as used.

C. tripos, C. fusus, C. fu rc a  an d  C. lineatum  w ere tested , an d  except fo r 
C. fusus, no  ligh t em ission w as found . Since th e  C. fu su s  cu ltu re  w as th e  densest, 
co n ta in in g  ap p ro x im ate ly  one m illion  cells p e r  litre , it  w as assum ed  th a t  any  
phosphorescence  fro m  th e  o th e r cu ltu res w as p ro b a b ly  to o  fa in t to  be seen. T he 
experim en t w as repeated  w hen the  cu ltu res grew  dense, co n ta in in g  tw o to  fo u r 
m illion  cells p er litre , b u t gave th e  sam e negative result.

T h e  questio n  aro se  as to  w hether th e  C. fu sus  cells them selves w ere p h o sp h o ­
rescent o r  w hether the  ligh t cam e fro m  ligh t bac te ria  co n ta in ed  in the  cu ltu re  
fluid. A n o th e r C. fu su s  cu ltu re , still lum inescen t w hen  tested , was filtered 
th ro u g h  a  G  3 Je n a  glass s in tered  filter w ith  pores o f  15 — 40 ,u in w hich cera tia  
w ould  be re ta in ed  w hile th e  b ac te ria  passed  th rough . T h e  filtrate w as tested 
in  th e  u su a l m an n er, w ith  a  negative result. I f  ligh t bac te ria  were responsib le  
fo r the  lum inescence, th ey  m u st have been  sym bio tic  and  non-lum inescen t 
w hen  sep ara te  fro m  the  Ceratium  cells.

C u ltu res  o f  C. tripos, C. fu rc a  an d  C. lineatum  w ere in jected  w ith  a  few  ml 
o f  the  filtered  cu ltu re  flu id  fro m  th e  lum inescen t C. fu su s  cu ltu re . A fte r this 
trea tm en t, and  rea rin g  the  cu ltu res to  a  p ro p e r density , the th ree  non-lum inescen t 
species w ere again  tes ted  in  th e  usual m an n er, giving th e  sam e negative resu lt as
O IKO S 8:11, Copenhagen 1957
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Fig. 20. A pparatus for  testing o f  lu m inescent abilities.

before. I f  ligh t b ac te ria  w ere responsib le , it w ould  be expected th a t  C. tripos  a t 
least, w hich  is k n ow n  to  be p h o sp h o rescen t in  the  sea, w ou ld  hav e  acqu ired  
ab ility  to  em it light. L igh t bac te ria  in  such  a  case w ould  be a tta ch ed  to  th e  su r­
face o f  th e  flagellates, since d inoflagella te  lum inescence o rig in a tin g  fro m  cy to ­
p lasm  is k n o w n  to  be no n -b ac te ria l. T h ere fo re  the  possib ility  th a t  th e  lum ines­
cence in the  C. fu su s  cu ltu re  w as due to  ligh t b ac te ria  p ro b ab ly  can  be excluded.

T he th ree  C eratium  species w hich  d id  n o t show  lum inescence w ere tested  by 
som e o f  the  m e th o d s described  by R e in k e  (1 8 9 8 ) , viz. e th an o l, I - K I  an d  D irect 
C u rren t. T h e  te s t w ith  electric ity  w as p e rfo rm ed  in  th e  a p p a ra tu s  show n  in 
F ig . 20, w ith  the  ru b b e r  tu b e  d e tached  and  th e  e lectrodes p laced  in e ith e r end 
o f  th e  b u re tte . T h e  cu rren t w as supp lied  fro m  a  4.5 V an d  a  22.5 V d ry  battery . 
T he o th e r tests w ere p e rfo rm ed  in  test-tubes. A ll th e  experim en ts em ployed  
cells ta k e n  d irectly  fro m  sto ck  cu ltu res as w ell as fro m  cu ltu res w hich  h a d  been 
subjected  to  a  d a rk  period . Several co n cen tra tio n s o f  chem icals w ere used . N o  
lum inescence w as fo u n d  in  any  o f  th e  experim ents.

Since it w as o ff season  fo r  ce ra tia  in  the  sea w hen  these experim en ts w ere 
p erfo rm ed , the  m e th o d s co u ld  n o t be tried  on n a tu ra l p lan k to n . R e in k e  (1 8 9 8 ) 
used  ne t sam ples d ilu ted  w ith  sea w a te r to  a  b row nish  c o lo u r, an d  his Ceratium  
sam p 'es  p ro b a b ly  co n ta in ed  m any  tim es th e  n u m b er o f  cells used  in th e  experi­
m ents described  here.
O IKO S 8 : II. C openhagen 1957



2 4 4 E rl ing  N o rd l i

I t  is likely th a t  the  C. fu su s  cu ltu re  possessed  the  sam e p h o sp h o rescen t ab ility  
exhib ited  by  ce ra tia  in th e  sea, a n d  th a t  th e  o th e r th ree  cu ltu res  w ere non- 
lum inescen t clones. U n fo rtu n a te ly  th e  lum inescen t C. fu su s  cu ltu re  d ied  ou t 
th ro u g h  an  acciden t so fu rth e r  experim en ts cou ld  no t be u n d ertak en .

IV. Actual seasonal occurrence and geographical distribution 
compared with the experimental results

In  a  co m p ariso n  betw een the  experim en ta l resu lts  an d  th e  geograph ica l 
d is trib u tio n  o f  th e  ce ra tia  it  sh o u ld  alw ays be k ep t in  m ind  th a t  the  experim ents 
are  pe rfo rm ed  w ith  c lone  cu ltu res. N a tu ra l p o p u la tio n s  a re  n o t o f  such  genetic 
un ifo rm ity , a n d  even differen t subspecies m ay  be p resen t in  the  m a te ria l w ith  
w hich com p ariso n s a re  u n d e rtak en . T h e  reliab ility  o f  the  resu lts have to  be 
regarded  accordingly .

In  prev ious ch ap te rs  (pp. 217-226) it  is show n  th a t  th e  fo u r species Ceratium  
tripos , C. fu s u s , C. fu rc a  a n d  C. lineatum  re ac t to  v a ria tio n s  in  salin ity , te m p e r­
a tu re  a n d  ligh t in tensity  by  chang ing  th e ir  d iv ision  rates. T he beneficial influence 
o f  neritic  w ater u p o n  g row th  o f  p h y to p la n k to n  organism s is discussed on 
p. 227.

F ig. 5 show s th a t  th e  op tim a l salin ities fo r the  Ceratium  species in questio n  
lie fa r below  th o se  com m only  fo u n d  in  th e  sea. Fig. 6 show s th a t  tem p era tu re  
o p tim a  fo r th e  sam e species lie a t a  level w hich in h igh la titu d es is fo u n d  only  
in restric ted  areas.

T he an n u a l a m p litu d e  o f  su rface te m p e ra tu re  a n d  salin ity  is relatively  large 
a long  th e  N orw eg ian  co as t an d  in  th e  T ra n s itio n  A re a 1) w here sum m er tem p er­
a tu res reach  a  m ax im u m  o f  18-20° C  an d  sa lin ity  a  m in im u m  o f  less th a n  
18°/oo- A t th e  en tran ce  to  the  B altic  th e  sa lin ity  m ay  go dow n  to  7 % 0. T he 
m ap s in  Figs. 21 an d  22 give th e  average  A u g u st su rface  iso therm s a n d  isohal- 
ines fo r  th e  so u th e rn  p a r t  o f  these  areas. (M ap s based  on  v a rious sources, 
m ain ly : “ A tlas  de te m p é ra tu re  et sa lin ité  . . . ”  1933.)

1. The distribution o f  ceratia  in relation to salinity  
distribution in the B altic

F ro m  Fig . 5 it can be seen th a t  Ceratium  tripos has co n siderab le  g ro w th  a t  a 
salin ity  o f  I0 °/Oo w here th e  o th e r species in  q u estio n  w ill n o t grow . C o rre sp o n d ­
ing to  th is , in  su m m er C. tripos  is com m only  reco rd ed  eastw ard  to  R ügen , an d  
sm all n u m b ers  are  fo u n d  fa r th e r  east (A pstein  1905). C. fu su s , C. fu rc a  and

!) N a m e  ad op ted  by “ T he International C ou n cil for the E xp loration  o f  th e  Sea”  for the D anish  
sou n d s and adjacent waters.
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F ig. 21. A verage A u gu st surface isotherm s.

C. lineatum  a re  se ldom  fo u n d  in e ith e r o f  these  areas w hen  sa lin ity  is a t  its 
m in im um . S t e e m a n n  N ie l s e n  (1 9 4 0 , T ab . 1 7 -2 2 )  reco rd ed  no  c e ra tia  w here 
salin ities on ly  occasionally  exceeded 1 0 % 0. A u r iv il l iu s  (1 8 9 6 ) m en tio n s th a t 
C. fu su s  decreases m o re  rap id ly  eastw ard  in  th e  B altic  th a n  C. tripos does. 
C. fu s u s , as well as C. fu r c a , a re  never reco rd ed  as fa r  eastw ard  as C. tripos. 
I t  ap p ears , th erefo re , th a t  th e  to le ran ce  fo r low  sa lin ity  fo u n d  in  th e  experim en t 
co rresp o n d s very  well to  th e  p o w er o f  invad ing  b rack ish  w a te r w hich  h as  been 
disp layed  by these th ree  species. R eac tions to  te m p e ra tu re  hav e  n o t  been  tak en  
in to  acco u n t since d a ta  fo r  co m p ariso n  a re  to o  sparse.

2. The Transition A rea

S o u th  o f  th e  D an ish  islands ce ra tia  are  a b u n d a n t in  sum m er a t  low  salin ities 
an d  m ed iu m  to  h ig h  tem p era tu res , th e  p o p u la tio n s  rem ain in g  a t  h igh  levels 
w hen  th e  te m p e ra tu re  decreases in  au tu m n . N e a r  K ie l (N o v em b er 1, 1905) 
L o h m a n n  (1 9 0 8 , p. 2 7 6 ) reco rd ed  C. tripos in a  n u m b e r o f  1 3 ,0 0 0  cells p e r  litre. 
In  th e  T ra n s itio n  A rea  B r o c h  (1 9 0 9 ) fo u n d  th a t  C. tripos has a  g ro w th  o p tim u m  
in  sum m er a t ap p ro x im ate ly  2 0 % o  S a n d  h ig h  w ater tem p era tu re , a n d  p ro b ab ly  
a n o th e r  o p tim u m  a t  ap p ro x im ate ly  3 0 % o  S a n d  low  tem p era tu re . T his second
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F ig . 22. A verage A u gu st surface isohalines.

op tim u m  m ig h t be responsib le  fo r  th e  re latively  h ig h  cell n u m b e r in  th e  deep 
layers d u rin g  the  sum m er. T h is h igh  sa lin ity  p o p u la tio n  m ay  rep lace  th e  low  
sa lin ity  one  w hen  h y d ro g rap h ic  co n d itio n s becom e w in try . A p s t e i n  (1910) 
rep o rts  m ax im al n u m b ers  o f  C. tripos a n d  C. fu su s  in  sam ples fro m  K ieler 
B ucht (34° 30£ ' N , 10° 21 ' E) in  a u tu m n , sa lin ity  a n d  te m p e ra tu re  n o t given. 
O s t e n f e l d  (1913) fo u n d  th a t  th e  occu rrence  o f  cera tia  in  D an ish  w aters show s 
a  yearly  cycle w ith  a  m ax im u m  in  la te  su m m er a n d  a u tu m n , w hen  especially  
C. tripos can  be a  d o m in an t species in  th e  p h y to p lan k to n . In  la te  w in ter and  
sp ring  th e  ce ra tia  a re  very  ra re  o r lacking. In  K ieler F ö h rd e , T s c h i r n  (1920) 
fo u n d  th a t  C . tripos an d , to  a  ce rta in  degree, C. fu s u s  w ere ab u n d a n t. W a t t e n -  

b e r g  an d  M e y e r  (1936) reco rd ed  dense p o p u la tio n s  o f  ce ra tia  (species no t 
specified) in  a u tu m n  a t sa lin ities rang ing  fro m  1 0 % 0 to  1 8 % 0. In  th e  T ran sitio n  
A rea  S t e e m a n n  N i e l s e n  (1940, T ab les 5-16) com m only  fo u n d  ce ra tia  in  co n sid ­
erab le  n u m b ers  a t  sa lin ities rang ing  fro m  11 % o  to  30% o o r  m ore . In te rp re ta ­
tio n  o f  the  im p o rtan ce  o f  th e  tem p era tu re  d a ta  is com plica ted  due  to  th e  special 
h y d ro g rap h ic  co n d itio n s in  th e  area. A s a  ru le, how ever, the  g rea test num bers 
o f  cells a re  observed  a t  re la tively  h ig h  tem p era tu res  a n d  a t m ed iu m  salinities, 
w ith  m ax im al n u m b ers  a t 4200 cells p er litre , species n o t specified.
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3. The O slo fjord

In  th e  O slo fjo rd  ce ra tia  are  fo u n d  in  im m ense n u m b ers  d u rin g  the  sum m er 
w hen sa lin ity  is low  an d  tem p era tu re  h igh , som etim es in p o p u la tio n s  so dense 
as to  cause “ red  w a te r” . Such a  case w as rep o rte d  w here C. fu rc a  an d  Goniaulax  
po lyedra  m ad e  up the  m a jo rity  o f  th e  p lan k to n  w ith  num bers o f  171,000 and 
159,000 cells p e r  litre  respectively ( N o r d l i  1951). O w ing to  differences in size 
betw een these tw o organ ism s, C. fu rc a  m u st be th e  d o m in an t species in co lo u rin g  
the  w ater. In  th e  in n e rm o st p a r t  o f  the  fjo rd  th e  w ater is o ften  co lou red  by 
p h y to p la n k to n  o rgan ism s, b u t sm aller d inoflagellates o u tn u m b er th e  ce ra tia  by 
m any  tim es. T h e  n u m b er o f  ce ra tia , how ever, is so h igh (C . tripos  exceeding 
33,000, C. fu sus  100,000 an d  C. fu rc a  10,000 cells per litre  H a s l e  1954, N o r d l i  

1953) th a t these species m ig h t be responsib le  fo r a  considerab le  p a r t  o f  the  
w ater co louring . Such h igh n u m b ers  o f  ce ra tia  in  th is locality  a re  n o t only  
fo u n d  in observations o f  recen t da te . G r a n  (1915) rep o rted  a  co llection  oí 
13,860 cells p e r  litre  o f  C. tripos on  O cto b er 20th, 1907. Since the  o rd e r o f  
m ag n itu d e  w as th e  sam e as th e  m o st recent observ a tio n s to  date , the  difference in 
n u m b er m ig h t be ascribed  to  local v a ria tions. O n  th e  o th e r h an d , in  view o f  
the  increasing  co n tam in a tio n  o f  the  fjo rd  fro m  sew age ( B r a a r u d  an d  R u u d  

1937, B r a a r u d  1945) th e re  m ig h t be a  real increase  in cell n u m b ers  as well.

4. S ka g erra k  and  the N orth  Sea

In  S kagerrak  in the  p e rio d  M arch -Ju n e  1912, G ran  (1915) fo u n d  increasing  
num bers o f  C. tripos  an d  C. fu s u s  w ith  increasing  tem p era tu re  an d  decreasing 
salinity . A  sim ilar increase in th e  n u m b er o f  ce ra tia  w as also  fo u n d  in  Ju n e  in 
the  s ta tio n  series fro m  the  S co ttish  coast to  th e  v icinity  o f  th e  N orw eg ian  coast, 
w here the  n u m b ers  again  decreased  w hen the  su rface  layers becam e unstab le .

5. The waters o f f  the Norw egian west coast

G ran  (1902) subdiv ided  th e  N orw eg ian  Sea and  ad jacen t w aters in to  different 
p lan k to n  reg ions : T he a rea  a lo n g  th e  N orw eg ian  w est co ast, acco rd ing  to  him , 
fo rm s the  “ T rip o s-R eg io n ” an d  is ch arac terized  by  tem p era te  A tlan tic-O cean ic  
p la n k to n  elem ents, am ong  w hich C. macroceros, C. tripos an d  C. fu s u s  a re  
lead ing  species. C a lcu la tio n s o f  m ean  sum m er su rface tem p era tu res  a n d  sa lin ­
ities reveal th a t  th is  reg ion  is m ore  o r  less b o rd e red  o n  the  w est by th e  3 5 % 0 
isohaline  an d  the  12° C  iso therm , w ith  w arm er an d  less saline w ater n ea re r  the  
N orw egian  coast.

In  a  la te r  investiga tion  o u tside  th e  R o m sd a lsfjo rd  G ran  (1928) fo u n d  an  
increase  o f  C. tripos f ro m  M arch  to  June . T h e  average n u m b er o f  cells p er litre  
was 5 in M arch , 51 in June. T h is increase  in n u m b er w as ascribed  to  a  tem per-
17 O IKO S 8 : II, Copenhagen 1957
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a tu re  increase o f  ap p ro x im ate ly  4° C  fo r the  su rface  w a te r in  the  o u te r  sta tions. 
A t th e  sam e sta tio n s the  decrease in su rface sa lin ity  w as 1 .6 5 % 0.

In  all-year o b se rva tions a t fo u r  s ta tio n s  o ff the  N orw eg ian  w est coast, 
B r a a r u d , G a a r d e r  an d  N o r d l i  (1957) fo u n d  ce ra tia  a t  vary ing  tem p era tu res  
an d  salin ities th ro u g h o u t th e  year, w ith  m ax im a in sum m er an d  au tu m n  at 
relatively  h igh  tem p era tu res . T h e  sa lin ity  ranged  fro m  20% o  to  34°/0o w ith  the  
co m m o n est values 3 0 -32°/00. M ax im al values p er litre  w ere 300 fo r C. tripos, 
600 fo r C. fu su s ,  1200 fo r C. fu rc a  and  920 fo r C. lineatum.

6. Oceanic areas

Q u an tita tiv e  values fo r ce ra tia  fro m  the  open  ocean  are scarce. F o r  com parison  
w ith  the num bers given above fo r co as ta l w aters, th e  fo llow ing d a ta  a ie  given 
fro m  tw o oceanic s ta tio n s. In  th e  F a ro e -S h e tlan d  C hannel (Ju n e  1912) the  
n u m b er o f  ce ra tia  w as sm all (20 cells p e r  litre) an d  in  m o st sam ples no cera tia  
w ere p resen t ( G r a n  1915, T ab le  V II). In  his a ll-year p h y to p la n k to n  investiga­
tio n  fro m  W eath e r Ship P o sitio n  “ M ” (66° N  2° E) H a l l d a l  (1953) found  
ce ra tia  in  sm all n u m b ers  w ith  80 C. tripos  an d  C. fu su s  an d  40 C. fu rc a  an d  C. 
lineatum  cells p e r  litre  as m ax im al values. A lth o u g h  som e o r a ll o f  th e  species 
w ere lack ing  in  m any  o f  th e  w a te r b o ttle  sam ples, m o st o f  th em  w ere recorded  
in  net sam ples th ro u g h o u t the  year.

D u rin g  a  n u m b er o f  investiga tions la rg er s tan d in g  c ro p s o f  p h y to p lan k to n  
o rgan ism s have  been reco rd ed  in  co as ta l a reas th a n  in oceanic areas. A s is 
seen fro m  th e  p reced ing  pages th is  is especially  tru e  fo r  ce ra tia  w hich  a re  m uch 
m o re  n um erous a lo n g  the  S cand inav ian  coasts  th a n  they  a re  in the  o p en  ocean , 
in ce rta in  localities th e  difference being  as m uch  as IO5. T h e  fac to rs  responsib le  
fo r th is a re  several an d  com plicated . F o r  th e  m ass occurrence  o f  c e ra tia  it 
seem s ju stifiab le  to  assum e th a t  low er sa lin ity  an d  h igher tem p era tu res  in  the  
a rea  discussed are  im p o rtan t. W ith  the  above in m ind , th e  fo llow ing co n c lu ­
sions are  p ro p o sed  :

1. G r a n ’s “ T rip o s-R eg io n ”  (1902) is a  b iogeograph ica l a rea  lim ited  by 
sum m er tem p era tu re  an d  sa lin ity  bo rders.

2. T h e  localities fo r  m ass occurrences o f  ce ra tia  in th e  O slo fjo rd  a n d  so u th  
o f  th e  D an ish  islands a re  areas w hich in  sum m er a n d  a u tu m n  offer nearly  
o p tim a l tem p era tu re  an d  salin ity  co n d itions fo r  grow th .

3. T h e  low  sa lin ity  in  th e  B altic  fo rm s a  d is trib u tio n  b o rd e r fo r ce ra tia  w hich 
varies fo r  th e  species acco rd ing  to  th e ir  to le ran ce  to  b rack ish  w ater.

T h e  im p o rtan ce  o f  ligh t is n o t easily d e te rm in ed  fro m  in vestiga tion  in  n a tu ra l 
su rro u n d in g s since s im u ltaneous o b se rva tions o f  ligh t in tensity  a n d  p h y to ­
p la n k to n  p o p u la tio n s  are  n early  com plete ly  lacking. A n o th e r con fusing  fac to r 
is th a t  in th e  a reas  discussed fluc tua tions o f  ligh t in tensity  d u rin g  th e  year
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p aralle l the  fluc tua tions o f  salin ity  an d  te m p e ra tu re  to  a  ce rta in  degree. D ivision 
ra tes  o f  the  cera tia  in  qu estio n , how ever, a re  h igh  enough  a t low  lig h t in tensities 
to  p rov ide  fo r a  consid erab le  g ro w th  even in  la te  au tu m n .

A cco rd ing  to  o b se rva tions fro m  th e  sea C. lineatum  is com m only  rep resen ted  
in to o  low  q u an titie s  fo r any  m ark ed  co rre la tio n  w ith  ex perim en ta l d a ta . 
D esp ite  its ab ility  to  th riv e  a t low  sa lin ity  a n d  h igh  tem p era tu re  a n d  ligh t in te n s­
ity  a t  seem ingly fav o u rab le  n u tr ie n t co n d itio n s, it is never reco rded  in  such 
im m ense n u m b ers  as are  C. tripos, C. fu su s  an d  C. furca.

V. Summary

1. T h e  o rgan ism s used in th e  experim en ts w ere C eratium  tripos, C. fu su s , 
C. fu rca  a n d  C. lineatum .

2. T h e  m eth o d s fo r cu ltiva tion  are  described  in  deta il, th e  m o re  im p o rta n t 
p o in ts  o f  w hich are  : C e ra tia  m u st be h an d led  m o re  carefully  th an  o th e r d ino- 
flagellates ow ing to  th e  size an d  shape. T hey  shou ld  n o t be sub jected  to  te m p e r­
a tu re  o r salin ity  shocks d u rin g  iso la tio n  a n d  o th e r transfers.

3. T h e  g row th  ra te  in  un ice llu la r an d  m u ltice llu la r cu ltu res w as investigated  
to g e th e r w ith  the  effect o f  cu ltu re  density  u p o n  g ro w th  ra te . T h e  d iv ision ra te  
in cu ltu res was fo u n d  to  lie w ith in  th e  ranges fo u n d  in n a tu ra l p o p u la tio n s , an d  
the  C eratium  cu ltu res behaved  m o re  o r less like o th e r cu ltu res w ith  exponen tia l 
g ro w th  phases.

4. T h e  op tim a l salin ity  fo r the  C eratium  species in question  w as fo u n d  to  lie 
a t 15 -2 5 % o  w ith  a  fa irly  la rg e  to le ran ce  range.

5. T h e  o p tim a l tem p era tu re  lay  a t  15-20°C , bu t th e  to le ran ce  fo r low er 
tem p era tu res  varied  considerab ly  w ith  th e  species.

6. T h e  o p tim al ligh t in tensity  w as fo u n d  to  lie a t  ap p ro x im ate ly  5000 L ux 
fo r C. tripos an d  C. lineatum , a n d  2500 L ux  fo r C. fu su s  a n d  C. fu rc a ,  in te rm e­
d ia te  values n o t investigated . O w ing  to  th e  u n ch eck ed  effects o f  p h o to tax is , th e  
values given m ay  be m o re  o r less erroneous.

7. E xperim ents w ith  ocean ic  an d  neritic  w a te r fo r  cu ltu re  so lu tio n s revealed 
th a t  ocean  w a te r is n o t sa tisfac to ry  fo r  p re p a ra tio n  o f  S ch re iber’s so lu tio n . 
T his m ed ium , how ever, w as considerab ly  im p ro v ed  by an  a d d itio n  o f  soil 
ex tract. T h is w as also  tru e  w ith  neritic  w ater. In  aged w ater fro m  the  O slo fjo rd  
the  a d d itio n  o f  P  +  N  did  n o t im prove  the  so lu tio n , ind ica tin g  th a t  th is  w a te r 
co n ta in s  en ough  o f  these elem ents fo r p h y to p la n k to n  g row th .

8. A n  investiga tion  o n  th e  v a r ia tio n  o f  th e  leng th  o f  cells g row n u n d e r  
d ifferent cu ltu re  co n d itio n s  show ed th a t  th e  average cell lengths o f  C. fu su s ,  
C. fu rc a  a n d  C. lineatum  w ere sh o rte r  in  cu ltu res th a n  in  n a tu ra l p o p u la tio n s , 
decreasing  w ith  increasing  te m p e ra tu re  a n d  cu ltu re  density . T h e  cell leng ths 
w ere also  sh o rte r  in neritic  th a n  in ocean ic  w ater.
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9. T he v a ria tio n  o f  cell fo rm s in  clone cu ltu res w as d em o n stra ted , w ith 
exam ples given ind ica ting  th a t  a b n o rm a l n uc lear fission is ch arac teris tic  o f  
a b e rra n t cell form s.

10. A n o b se rv a tio n  o f  b io lum inescence in Ceratium  fu su s  cu ltu res was re ­
p o rted .

1 1 . A  co m p ariso n  o f  te m p e ra tu re  an d  salin ity  experim ents and  observations 
f ro m  N o rth e rn  E u ro p ean  co asta l w aters w as u n d ertak en . T h e  results su p p o rt 
th e  assu m p tio n  th a t:  1) in the  Baltic low  salin ity  restric ts th e  d is tr ib u tio n  o f  the  
Ceratium  species in  q u es tio n ; 2) th e  m ass occurrence  o f  ce ra tia  in the  O slo fjo rd  
in  sum m er p a rtly  m ay  be ascribed  to  the  fav o u rab le  tem p era tu re  an d  salin ity  
co n d itio n s in th is loca lity ; 3) the  N orw eg ian  coasta l w aters, G ra n ’s “ T ripos- 
reg io n ” , is a  b io g rap h ica l a rea  w hich  offers ce ra tia  b e tte r g row th  co n d itions 
th a n  the  co lder an d  saltier oceanic w ater to  the  west.
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T able I. C era tium  tripos.

D aylight. R o o m  tem perature. 4 -21  July 1949. “ E rdschreiber” .

Parallels
Initial num ber 

of cells

N um ber o f cells after n  days

3 4 5 7 8 10 12 14 1 17
I 10 2 2 3 0 34 4 8 51 7 0 93 1 12 136

II 10 17 2 6 34 51 56 68 115 155 2 0 3

111 10 16 2 2 2 4 33 33 4 6 57 77 95

IV 10 16 3 0 31 53 6 0 77 112 134 159

V 10 7 2 4 26 52 55 82 116 145 190

VI 10 ? 14 18 2 9 23 5 4 5 4 61 6 9

Sum 60 71 146 167 2 6 6 2 7 8 3 9 7 5 4 7 6 8 4 851

O ne cell has m ultiplied  to 1 .7 8 2 .4 3 2 .7 8 4 .4 3 4 .6 3 6 .6 2 9 .1 2 1 1 .4 0 1 4 .1 8

N u m ber o f  d iv is io n s .. .  . 0 .8 3 1 .2 8 1 .48 2 .1 5 2 .2 1 2 .7 3 3 .1 9 3 .5 1 3 .81

N um ber o f  d iv isions per
2 4  h o u r s........................... 0 .2 8 0 .3 2 0 .3 0 0 .3 1 0 .2 8 0 .2 7 0 .2 7 0 .2 5 0 .2 2

C ounted  in th e  culture vessels during the experim ent. 
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T able 11. C era tium  tripos.

“ Electric su n ” . R o o m  tem perature. “ E rdschreiber” .

7-12 Aug. 1948. 300 W bulb. 14 A ug.-13 Sept. 1948. 200 W bulb.

Parallels
Initial num ber 

o f  cells
End result Parallels Initial num ber 

o f  cells
E nd  result

1 10 21 I 5 28
11 10 15 II 5 33

III 10 16 III 5 52
IV 10 12 IV 5 14
V 10 19 V 5 77

S u m 50 83 25 204

O ne cell h a s  m ultiplied  t o ............ 1.67 — _ 8.04
N um ber o f  d i v i s i o n s .......................... 0.74 - - 3.09
N u m ber o f  d iv isions

per 24 h ou rs.................................. 0.15 - - 0.11

T able III. C era tium  tripos.

D aylight. R oom  tem perature. 25 Ju ly-12  A u gu st 1950. “ E rdschreiber” .

Parallels Initial number Number of cells after n days
of cells 3 7 j 10 15 18

I 1 2 4 7 12 17
II 1 1 5 8 14 16

III 1 3 6 17 30 40
IV 1 2 3 3 6 9
V 1 2 4 10 14 14

S u m ........................... 5 10 22 45 76 96

O ne cell has m ultip lied  t o ........................... 2 .00 4.40 9.00 15.20 19.20
N um ber o f  d iv isio n s....................................... 1.00 2.14 3.17 3.93 4.26
N um ber o f  d iv isions per 74  h o u rs............ 0.33 0.31 0 .32 0.26 0.24
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T able IV. C era tium  fu su s .

D aylight. R oom  tem perature. “ Erdschreiber” .

22 Ju ly -12 Aug. 1948 14 Aug. ' 0  Sep. 1948

Parallels Average initial num ber 
of cells End result

Initial number 
o f  cells End result

I 235 3400 5 173
II 235 2500 5 130

III 235 2350 5 182
IV 235 1460 5 177
V (235) (110) 5 85

S u m ................................ 940 10610 25 747

One cell has m ultip lied  to . 11.24 - 29.88
N u m ber o f  d iv isions. 3.50 - 4 .90
N um ber o f  d iv ision s per 24 h ou rs................. 0 .17 0.18

T able V. C era tium  fu su s .

300 W bulb. R oom  tem perature. “ E rdschreiber” . 3 -1 7  March 1949.

Parallels
In itial number 

of cells
End result

Initial number 
o f  cells

End result
In itial num ber 

of cells
End result

I 1 25 10 33 50 180
11 1 79 10 42 50 126

III (1) _ 10 61 50 255
IV 1 45 10 1 1 50 114
V (D - 10 50 50 74

S u m ................. 3 149 50 197 250 749

O ne cell has m ultiplied to  . . 49.67 _ 3.94 _ 3.00
N u m ber o f  d iv isio n s...............
N u m ber o f  d iv isions per 2¿

5.63 - 1.98 1.59

h o u r s .......... 0 .40 - 0.14 — 0.11

T able VI. C era tium  fu rca .

D aylight. R oom  tem perature. “ E rdschreiber” . Ju ly -A u gu st 1949.

G rowth period
Initial num ber 

of cells
End result One cell has 

multiplied to
N um ber of 

divisions

N um ber of 
divisions per 

24 hours

14 d a y s .................................. 8 523 65.38 6.03 0.43
21 -  .................................. 10 9750 975.00 9.93 0.47
27 -  .................................. 5 4350 869.80 9.77 0.36
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T ab le  V II. C era tium  fu rc a .

D aylight. R oom  tem perature. “ Erdschreiber” . 24 Ju ly -9  A ugust 1949.

„  ,, ¡ In itial number 
Parallels „ „ o f  cells

N um ber of cells after n  days

7 13

I 1 11 52
II 1 16 47

S u m ........................  2 27 99

One cell has m ultiplied  t o ................. 13.50 49.50
N u m ber o f  d iv is io n s ............................. 3.76 5.63
N u m ber o f  d iv ision s per 24 hours. . 0 .54 0.43

Table VIII. C era tium  fu rc a .

F luorescent tubes, 900 Lux. 2  ml “ E rdschreiber” in sta in ing vessels. 25 Jan.- 1 2  Feb. 1952.

Parallels
Initial 

number of 
ceils

Number of cells after n days

1 1 3 4 6 1 7 ! 8 10 11 j 12 13 15 18

I 1 1 3 4 8 8 13 26 33 44 62 77 147
II 1 1 2 4 7 7 11 18 18 27 27 44 69

III 1 1 2 4 8 12 16 29 30 41 49 49 79
IV 1 1 4 4 4 9 12 17 26 41 41 53 102

S u m .......... 4 4 11 16 27 36 52 90 107 153 179 223 397

O ne cell has m ulti­
plied  t o   I 2.75 4 .00 6.75 9 .00 13.00 22.50  26.75 38.25 44.75 55.75 99.25

N um ber o f  d iv ision s. 0  1.46 2 .00  2.75 3.18 3 .70 4 .50  4 .74  5 .26 5.48 5 .80 6.63
N um ber o f  d ivisions

per 24 hours  0.49 0 .50 0 .46 0.45 0 .46 0.45 0.43 0.44  0 .42 0 .39 0.37
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T able IX . C era tium  longipes.

D aylight. R oom  tem perature. “ E rdschreiber” . 9 -3 0  M ay 1951.

Parallels Initial number Number of cells after n days
of cells 7 14 21

I 1 4 19 35
II 1 2 23 62

III 1 2 24 69
IV 1 2 22 62
V 1 3 22 60

VI 1 1 12 22
VII 1 2 12 26

VIII 1 1 6 25
IX 1 2 19 51

X 1 1 9 27

S u m ................................ 10 20 168 439

One cell has m ultiplied  to  . 2.00 16.80 43.90
N um ber o f  d iv isions. 1.00 4.07 5.46
N um ber o f  d iv isions per 24 h o u rs........................ 0.14 0.29 0.26

T able X. C era tium  tripos.

F luorescent tubes, 1500 Lux. R oom  tem perature. 3 Sep.-2 9  Oct. 1953.

Initial number 
o f  cells per ml

N um ber o f  cells per m l (a) and division ra te  per 24 hours (b) after n  days

M l o f fluid 14 28 42 56

a b a b a b a b

30 32 132 0.15 535 0.15 2024 0.14 1700 0.10
60 16 69 0.15 208 0.13 846 0.14 1550 0.12

120 8 18 0.08 58 0 .10 114 0.09 167 0.08
240 4 7 0.06 45 0.12 57 0.09 59 0.07

M l c o u n t e d  . . . 30 10 10 1 I

T able XI. C era tium  fu rc a .

F luorescent tubes, 1500 Lux. R o o m  tem perature. 22 Jan.-1 9  Feb. 1953.

M l o f  fluid Initial number 
o f  cells per ml

N um ber o f  cells per m l (a) and division ra te  per 24 hours (b) after n days

7 14 21 28

a b a b a b a b

30 28 48 0.11 146 0.17 641 0.22 1715 0.21
60 14 32 0.17 99 0.20 283 0.21 870 0.21

120 7 18 0.20 57 0.22 208 0.24 838 0.25
240 3.5 8 0.17 41 0.26 170 0.27 693 0.27

M l cou n ted  . . 30 10 10 1 1
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T able X II. C era tium  lineatum .

F luorescent tubes, 1500 Lux. R o o m  tem perature. 18 N o v .-1 2  D ec. 1953.

Ml of fluid Initial number 
of cells per ml

Number of cells per ml (a) and division rate per 24 hours (b) after n days

7 14 21 28

a b a b a b a 1 b
30 132 443 0.25 1380 0 .24 5480 0.26 8120 0.21
60 66 191 0.23 790 0.26 3700 0.28 4700 0.22

120 33 90 0.21 271 0.21 1815 0.28 5110 0.27
240 17 47 0.21 174 0.24 768 0.26 635 0.31

Ml cou n ted  . . . 10 2 1 O.l 0.1

T able X III. C era tium  tripos.

D aylight. R oom  tem perature. “ E rdschreiber” . 9 -3 0  Sep. 1949.

Initial number °/o S
of cells 10 ! 15 20 25 30 35 40

I 10 36 351 657 87 108 77 143
II 10 37 309 577 267 111 29 30

III 10 - 346 529 120 24 7 46
IV 10 73 342 253 291 - 70 66
V 10 58 265 1380 411 168 205 58

S u m ................... 50 204 1713 3396 1176 411 388 343

O ne cell has m ultip lied  t o ............ 5.01 34.26 67.95 23.52 10.85 7.76 6.86
N u m ber o f  d iv is io n s........................ 2.33 5.10 6.09 4.56 3.44 2.96 2.78
N um ber o f  d iv isions per 24 hours 0.1 1 0.24 0.29 0.22 0.16 0.14 0.13

C ou n ted ............ T otal

T ab le X IV . C era tium  fu su s .

D aylight. R oom  tem perature. “ Erdschreiber” 29 Ju ly-17  A ug. 1947.

Parallels Initial number °/o S
of cells 10 15 20 25 30 35 40

I 25 _ 307 1009 2340 484 420 75
11 25 - 341 2950 2230 455 147 82

III 25 - 92 2980 1082 785 81 262
IV 25 - 226 2000 2120 974 122 47
V 25 - 352 2270 927 671 73 293

S u m .................... 125 - 1318 11209 8699 3369 843 705

O ne cell has m ultiplied  t o ............ _ 10.54 89.70 69.60 26.95 6.76 5.64
N um ber o f  d iv is io n s........................ - 3.40 6.49 6.12 4.75 2.76 2.50
N um ber o f  d iv isions per 24 hours 0.18 0.34 0.32 0.25 0.15 0.13

C o u n ted ............ T otal
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T able X V . C era tium  fu rca .

D aylight. R oom  tem perature. “ E rdschreiber” . 27 A u g .-1 6  Sep. 1949.

Parallels
Initial num ber 

o f cells

°/00 S
10 J 15 20 25 30 35 40

! 10 425 1497 1473 1083 357 112
11 10 410 1890 2202 1161 213 41

l i i 10 261 1644 2031 1260 291 106
IV 10 531 2664 1518 1356 897 128
V 10 593 1173 1479 1425 501 156

S u m ................... 50 2220 8850 8721 6285 2259 543

O ne cell has m ultiplied  t o ............ 44.40 177.00 174.40 125.70 45.18 11.00
N u m ber o f  d iv isio n s........................ 5.47 7.47 7.45 6.97 5.50 3.46
N um ber o f  d iv isions per 24  hours 0.26 0.36 0.36 0.33 0.26 0.17

C ou n ted ............ T otal 10 ml Total

T ab le X V I. C era tium  lineatum .

F luorescent tubes, 800 Lux. R oom  tem perature. “ E rdschreiber” . 3 -1 6  M arch 1952.

Parallels
In itia l number 0loo S

of cells 10 ! 15 20 25 30 35 40

I 10 320 571 282 20 9 _
11 10 530 385 174 24 26 -

III 10 312 807 251 129 19 -

IV 10 414 528 268 45 25 -

V 10 285 254 267 37 29 -

S u m ................... 50 1861 2446 1242 255 108 -

One cell has m ultip lied  t o ............ 37.22 48.92 24.84 5.10 2.16 _
N um ber o f  d iv isio n s........................ 5.22 5.61 4.63 2.33 1.11 -

N um ber o f  d iv isions per 24 hours 0.40 0.43 0.36 0.18 0.08 -

C ou n ted ............ T otal
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T able X V II. C era tium  tripos.

Flourescent tubes, 800 Lux. T herm ostate. “ E rdschreiber” . 3-21 April 1954.

Initial number °c
of cells 5 10 15 20 25

I 25 543 605 636 1176 276
II 25 516 504 501 1098 117

III 25 504 549 663 951 366
IV 25 531 603 609 531 354
V 25 477 492 717 768 426

S u m ........................... 125 2571 2751 3126 4524 1539

One cell has m ultiplied  t o ........................... 20.57 22.01 25.01 36.19 12.31
N u m ber o f  d iv is io n s ....................................... 4.36 4.46 4.64 5.18 3.62
N um ber o f  d iv isions per 24 h o u rs............ 0.24 0.25 0.26 0.29 0.20

C ou n ted .................... 10 ml

T able X V III. C era tium  fu su s .

F luorescent tubes, 800 Lux. T herm ostate. “ E rdschreiber” . 1-21 D ec. 1952.

Parallels Initial number °c
of cells 5 10 15 20 25

I 25 _ 262 1040 656 281
II 25 - 268 1622 816 108

III 25 - 234 1430 522 144
IV 25 - 248 1080 424 299
V 25 - 306 2680 276 230

S u m ........................... 125 - 1354 7852 2694 1062

O ne cell has m ultiplied  t o ........................... _ 10.83 62.82 21.55 8.50
N um ber o f  d iv is io n s....................................... - 3.43 5.97 4.43 3.09
N u m ber o f  d iv isions per 24 h ou rs............ - 0 .17 0.30 0.22 0.15

C ou n ted ................... Tota! 15 ml T otal
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T a b le  X IX .  Ceratium furca.

F luorescent tubes, 800 Lux. T herm ostate. “ Erdschreiber” . 15 M a y -1 0  June 1952,

Parallels
Initial number °c

o f  cells 5 10 15 20 25

I 10 _ 49 1074 3252 234
II 10 - 48 888 4737 732

III 10 - 47 1383 5052 705
IV 10 - 38 1812 3821 516
V 10 - 56 2025 4836 552

S u m ........................... 50 - 238 7182 21708 2739

One cell has m ultiplied  t o ........................... _ 4 .76 143.64 434.16 54.82
N um ber o f  d iv isio n s ....................................... - 2.25 7.17 8.76 5.78
N um ber o f  d iv isions per 24 h ou rs............ - 0.07 0.28 0.34 0.22

C ou n ted ................... T otal 10 ml Total

T ab le X X . C era tium  lineatum .

Fluorescent tubes, 800 Lux. T herm ostate. “ Erdschreiber" . 28 M arch-18 A pril 1952.

Parallels
In itial number °C

o f cells 5 10 15 20 25

I 10 11 98 270 1632 305
II 10 22 134 281 1120 877

III 10 23 168 352 266 409
IV 10 17 119 57 676 905
V 10 18 82 242 3120 615

S u m ........................... 50 91 601 1202 7314 3111

One cell has m ultiplied  t o ........................... 1.82 12.02 24.04 146.28 62.22
N um ber o f  d iv is io n s ....................................... 0 .86 3.59 4.59 7.19 5.96
N um ber o f  d iv ision s per ~>A h o u rs............ 0 .04 0.17 0.22 0.34 0.28

C o u n ted ................... T otal 15 ml T otal
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T able X X I. C era tium  tripos.

D aylight. R oom  tem perature. “ E rdschreiber” . 8 -2 0  A ug. 1949.

In itial num ber Relative light intensity

of cells 1/4 1/2 3/4 l / i

1 10 4 5 168 185 2 3 6

II 10 58 105 2 3 6 1 7 2

III 10 165 133 177 181

IV 10 180 185 149 1 8 7

S u m ................................ 4 0 4 4 8 591 7 4 9 7 7 6

One cell has m ultiplied  to . 1 1 .2 0 1 4 .8 0 1 8 .7 0 1 9 .4 0

N um ber o f  d iv isions. 3 .4 9 3 .8 9 4 .2 2 4 .2 8

N u m ber o f  d iv isions per 24 h ou rs................. 0 .2 9 0 .3 2 0 .3 5 0 .3 5

C ou n ted ....................................................................  T otal

T ab le X X II. C era tium  fu rca .

D aylight. R oom  tem perature. “ Erdschreiber” . 8 -2 0  A ug. 1949.

Initial num ber Relative n&ht ¡«‘« « ity

1/4 1/2 3/4 1/1

I 10 2 2 101 187 1 54

11 10 5 2 103 71 2 2 3

III 10 27 - 55 1 42

IV 10 39 6 0 118 1 78

S u m ................................ 4 0 140 2 6 4 431 6 9 7

O ne cell has m ultiplied  to  . 3 .5 0 8 .8 0 1 0 .7 8 1 7 .4 2

N um ber o f  d iv isio n s............ 1 .8 0 3 .1 4 3 .4 3 4 .1 2

N u m ber o f  d iv isions per 2 4 h o u rs............ 0 .1 5 0 .2 6 0 .2 9 0 .3 4

C o u n ted .................................... T otal
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Table X X III. C era tium  tripos.

F luorescent tubes. R oom  tem perature. “ Erdschreiber” . 1-17 Sep. 1953.

Initial num ber 
Parallels ,  „ 

o f  cells

Lux

500 1000 2500 5000 10000

I 10 16 6 4 63 140 58

II 10 18 30 53 121 127

III 10 10 50 33 81 61

IV 10 10 13 4 7 102 139

V 10 16 28 151 166 5 8

S u m ........................... 5 0 7 0 185 3 4 7 6 1 0 4 4 3

O ne cell has m ultiplied  to 1 .4 0 3 .7 0 6 .9 4 1 2 .2 0 8 .8 6

N um ber o f  d iv isio n s............ 0 .4 8 1 .8 9 2 .7 9 3 .61 3 .1 5

N um ber o f  d iv isions per 2 4  h o u r s ............ 0 .0 3 0 .1 2 0 .1 7 0 .2 3 0 .2 0

C ou n ted ................... Total

T ab le X X IV . C era tium  fu su s .

F luorescent tubes. R oom  tem perature. 50 ml “ E rdschreiber” in 50 m l E rlenm eyer flasks.
18 M a y -2  June 1953.

Parallels
Initial num ber 

of cells

Lux

500 1000 2500 5000 10000

I 31 1 40 6 8 5 1 4 2 0 5 0 0 4 7 0

II 31 2 2 0 7 1 5 1 4 9 0 7 9 5 3 3 5

III 31 2 3 0 8 2 0 1 1 3 0 5 7 0 4 5 5

IV 31 3 2 0 5 4 5 1 3 8 0 505 5 6 0

S u m ........................... 124 9 1 0 2 7 6 5 5 4 2 0 2 3 7 0 1 8 2 0

One cell has m ultiplied  t o ........................... 7 .3 4 2 2 .3 0 4 3 .7 1 19.11 1 4 .6 8

N um ber o f  d iv isio n s....................................... 2 .8 8 4 .4 8 5 .4 5 4 .2 5 3 .8 8

N um ber o f  d iv isions per 2 4  h ou rs............ 0 .1 9 0 .3 0 0 .3 6 0 .2 8 0 .2 6

C ou n ted ................... 10 ml
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T able X X V . C era tium  fu rca .

F luorescent tubes. R o o m  tem perature. “ Erdschreiber” . 3 -1 7  N o v . 1952.

Parallels Initial number 
of cells per ml

Lux

500 1000 2500 5000 10000

1 32 38 139 1051 118 _

II 32 40 374 1156 155 -

III 32 59 443 1130 155 -

IV 32 99 283 1601 126 -

V 32 137 117 1516 119 -

S u m ........................... 160 373 1356 6454 673 -

O ne cell has m ultiplied  t o ........................... 2.33 8.48 40.34 4.21 _

N um ber o f  d iv isio n s....................................... 1.22 3.08 5.33 2.07 -
N um ber o f  d iv isions per 24 h ou rs............ 0.09 0.22 0.38 0.15 -

C o u n ted ................... 1 m l

T ab le X X V I. C era tiu m  lineatum

F luorescent tubes. R oom  tem perature. “ E rdschreiber” 17 N o v . -2  D ec. 1952.

Initial number Lux
of cells per ml 500 1000 2500 5000 10000

I 70 988 2650 5400 7450 2280
II 70 1044 2570 5510 10210 -

III 70 954 2110 5420 7410 1258
IV 70 1092 2400 5930 10260 1214

V 70 963 1830 5350 10820 1490

S u m ........................... 350 5041 11560 27610 46155 6250

One cell has m ultiplied  t o ........................... 14.40 33.03 78.89 137.87 17.86
N um ber o f  d iv is io n s ....................................... 3.85 5.05 6.30 7.03 4.16
N um ber o f  d ivisions per 24 h o u rs............ 0.26 0.34 0.42 0.47 0.28

C o u n ted ................... 1 ml 1 m l o f  culture dilu ted  1:10 1 ml
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2 6 4  E rl ing  N o rd l i

T able X X V II. C era tium  fu rc a .

F luorescent tubes, 800 Lux. Sea w ater with so il extract and  w ith  varying concentrations o f  P +  N.

9 -2 3  June 1952.

Parallels
In itial number C oncentration of P + N

o f cells 0 0.1 i 10

I 10 476 515 538 15
II 10 569 426 475 42

III 10 354 291 561 76
IV 10 475 458 385 72
V 10 492 593 425 67

S u m ................................ 50 2366 2283 2384 272

O ne cell has m ultip lied  to . 47 .32 45.66 47.68 5.44
N um ber o f  d iv isions. 5.56 5.51 5.58 2.33
N um ber o f  d iv isions per 24 h o u rs................. 0.40 0.39 0.40 0.17

C o u n ted ..................................................................... T otal

Table X X V III. C era tiu m  fu rc a .

Fluorescent tubes, 800 Lux. Schreiber’s so lu tion  w ith  varying concentrations o f  so il extract.

9 -2 3  June 1952.

Parallels Initial number Concentration of soil extract
of cells 0 0.1 i 10

I 10 176 177 538 62
II 10 224 235 475 31

III 10 128 96 561 20
IV 10 110 144 385 29
V 10 116 191 425 40

S u m ............................. 50 754 843 2384 182

O ne cell has m ultip lied  to . 14.08 16.86 47.68 3.64
N um ber o f  d iv isions. 3.82 4.08 5.58 1.86
N um ber o f  d iv isions per 24 h o u rs................. 0 .27 0.29 0.40 0.13

C o u n ted ...................... T otal
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E x p e r im e n ta l  S tud ie s  on  C e ra t ia  2 6 5

T able X X IX . C era tium  fu rca .

F luorescent tubes, 800 Lux. Schreiber’s so lu tion  with varying concentrations o f  so il extract.

10 N o v .- 2  D ec. 1952.

Parallels Initial number 
of cells

Neritic Sehr.+ ml/1 soil extract

0 10 25 50 100 200

I 25 187 279 736 666 792 107
II 25 107 111 320 124 900 63

III 25 188 A l l 372 442 870 72
IV 25 158 670 367 992 1004 83
V 25 45 480 346 142 712 73

S u m ........................ 125 685 2670 2737 2366 4338 395

O ne cell has m ultip lied  t o ................. 5.48 20.88 17.10 18.93 34.70 3.18
N um ber o f  d ivisions 2.45 4.38 4.10 4.24 5.12 1.67
N um ber o f  d iv isions per 24 hours. . 0.1 1 0.20 0.19 0.19 0.23 0.08

C o u n ted ...................................................... T otal

T able X X X . C era tium  fu rca .

F luorescent tubes, 800 Lux. Schreiber's so lu tion  with varying concentrations o f  so il extract.

10 N O V .-2  D ec. 1 9 5 2 .

Parallels
In itial num ber 

o f  cells

Oceanic Sehr. +  ml/1 soil extract

0 10 25 50 100 200

I 25 _ 159 4 8 6 2 3 3 5 3 6 25

11 25 - 5 9 8 2 2 4 8 4 6 7 8 6 4 4

III 2 5 - 5 7 4 2 4 8 1 14 6 7 0 6 9

IV 25 - 5 7 0 2 8 4 9 9 4 8 7 2 38

V 25 - 4 4 4 3 0 6 6 0 0 4 0 0 2 9

S u m ........................ 125 - 2 3 7 5 1 5 4 8 2 7 8 7 3 2 0 4 2 0 5

One cell has m ultip lied  t o ................. _ 1 8 .5 2 1 2 .3 8 2 2 .3 0 2 5 .6 3 1 .6 4

N u m ber o f  d iv is io n s ............................. - 4 .2 7 3 .6 3 4 .4 8 4 .6 8 0 .7 1

N u m ber o f  d iv isions per 2 4  hours. . - 0 .1 9 0 .1 7 0 .2 0 0.21 0 .0 3

C ou n ted ................. T otal
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N O TIC E TO CO N TR IB U TO R S

Please read this notice carefully before preparing manuscripts.
M anuscripts should be in English, G erm an o r French. They should be 

addressed to  the banch editor in the au th o r’s hom e country advising him 
who has checked the style from  a  linguistic po in t o f view. Foreign authors 
should send their m anuscripts to the m anaging editor.

Papers should no t exceed 32 printed pages, if o f greater length they m ay be 
printed as supplements to the journal.

Titles should be brief, w ithout unnecessary introductions. The institute a t 
which the w ork has been carried ou t or the address o f  the contributor must 
be stated under the title.

MSS should be typewritten, well spaced, and  entirely ready for publication. 

Nothing  should be underlined except Latin  names o f  genera and species. 
Corrections against the MSS will be charged on the author.

Footnotes should be avoided. W ithin the text references should be m ade 
with au th o r’s nam e and the year o f  publication. Tables, illustrations, and 
graphs should be subm itted on separate sheets. Legends to figures should be 
written on  one o r m ore separate sheets, which may contain all legends ap ­
propriately indexed. T he approxim ate place for illustrations should be indicated 
in the margin o f the MS.

Papers should norm ally contain a  summary, which m ust no t exceed about 
5 % o f  the length o f  the whole paper.

References to  literature should be placed after the article with the surnames 
o f  the authors in alphabetic order, followed by the year o f  publication, as in 
the present issue. The names o f  the journal should be abbreviated according 
to  ‘W orld List o f  Scientific Periodicals’.

Proofs should be returned immediately to the managing editor.
C ontributors will receive 100 reprints free o f charge. A dditional copies may 

be purchased if  ordered when first p ro f is returned. N o fees are paid for 
original papers.

F or reviews the editors can pay a  m oderate fee, bu t no free reprints will be 
given. Books for review should be sent to  the m anaging editor who will 
distribute them  to  specialists.



C O N T E N T S

J o h n  l e  G a y  B r e r e t o n : The D istribution o f W oodland Isopods . . . . 85 
J . M o r t o n  B o y d : Com parative Aspects o f  the Ecology o f  Lumbricidae

on G razed and U ngrazed N atural M aritim e G ra ss la n d ............................. 107
A l f  G. J o h n e l s : The M ode o f Terrestrial Locom otion in Clarias. . . . 122 
J . R. L e w i s : An Introduction  to  the Intertidal Ecology o f  the Rocky Shores

o f  a  H ebridean I s l a n d ...........................................................................................130
F. B. O ’c o n n o r : A n Ecological Study o f the Enchytraeid W orm  Population

o f  a  Coniferous Forest S o i l ..................................................................................161
E r l i n g  N o r d l i : Experimental Studies on  the Ecology o f Cer a t i a . . . .  200 
R e v ie w s ......................................................................................................................... . 2 6 6

ANDEISBOSTRÏKKERIET I 00ENSE


