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Ogac Lake i s  t h e  landkscked head of a n  i n l e t  on 
B a t f i n  I s l a n d  at66S05S'FT and 6?-'ZIi:i9 w i t h  a  r e l i c t  popula-  
t i o n  of' A t l a n t i c  cod,  Gadus morhua, The Sake has  t h e e  msr- 
p h o m e t r i c a l l y  and hyd rog rapk ica l l y  d i s t i n c t  baskns s e p a s a t e d  
by s i l l s ,  The Lake i s  s a l t  and s t r o n g l y  meromist ic .  L t  
r e c e i v e s  p r e d i c t a b l e  amounts of  t l d a l  w a t e r ,  varyang i n  
s a l i n i t y  and t empera tu re ,  du r ing  h i g h e s t  t i d ë s  i n  surnrner. 
L'hese more than r e p l e n i s h e d  s a l t  l o s t  by f r e s h e n i n g  i n  2.957. 
The l a k e  i s  auch warrner t han  t h e  s e a  and i t s  annua l  h e a t  
budget exceéds t h a t o f  n  cicomparable fseshwater  l a k e ,  eiadia- 
t i o n  i s  s e s p a n s i b l e  f o r  a lmos t  a 9 1  hen t inp  down t o  about  30 m e  
'ihe p e n e t r a t i o n  o r  co ld  t i d a l  water  of  i n t e r m e d i a t e  d e n s i t y  
causes  s t r i k i n g  and s t a b l e  t empera ture  minima, Oxygen i s  
a b s e n t  below 25  m e  En t h e  lower ,  30 m e  i n  t h e  middle and 32.5 
a .  i n  t h e  upper ba s in ,  t h e  d i f f e r e n c e s  being due t o  bas in  mos- 
phone t ry*  Seasonal  changes i n  oxygen a r e  c o r r e l a t e d  w i t h  
~ l a n k t o n  c y c l e s ,  and d i s t i n c t  minina a t  10-12 m .  i n  two basins  
a r e  t r a c e d  t o  l a r e e  nuabers  of  çopepods at thoçe depéhs.  The 
holoplanktor i ic  zooplankton e o n s i s t s  of a  depaupesated s e l e e t i o n  
of common n a r i n e  forms,  w i t h  no brack ish  dominants By  f a r  the 
moç t coninon r e - i  . .?ents a r e  t h e  c ~ p e p o d s  ~ s e u d o c a l a ~ u ç  minutus 
and Cjithona dusa and t h e  
chae togna th  A l  t on  i s  ill- 
adapted  t o  t h e  l ake  and e l i n i n a t e d  soon a f t e r  being bsought 
i n  by t h e  t i d e s  . Ihe  composi t ion and abundance o f -  phytoplanktora 
d i f f e r e d  narked ly  i n  t h e  t k e e  b a s i n s ,  due t o  i n t e r a c t i o n s  o f  
n u t r i e n t - ; ,  b a ~ i n  morphometry and t h e  t i d e s .  Reproduct ion and 
growth of  rJe  nilnutu; weae dependent on t h e  dintom Chaetoceros ,  
and t h e  product ion c y c l e s  ( annua l )  and r e p r o d u c t i v e  c y c l e s  
( e i t h e r  annual  o r  s h o r t e r )  d i r f e r é d  accosd ing ly  i n  t h e  t h r e e  
baçiriç,  '!&JO broods of  some 30 eggs eaeh were spawned by each 
fernale, CntopeneLkc deocent  began a t  eopepodi te  111 and was 
ç t r o n p l y  af 'fected by t empera tu re ,  S i ze  of  copepodbtes was 
governed by fooc! kn t h e  l a k e a  5 i z e  and egg numbes a r e  knlawn 
t o  be i nc rea sed  by low te!npi-rature,  and i t  i s  sugpes ted  t h a t  
v e r t i c a l  m i r r a t i o n  t o  c o o l  dcp ths  may be  a  dev ice  f o r  i n c s e a s i n g  
f e c u n d i t y .  'The prowth and annua l  r ep roduc t ive  c y c l e  of  2 ,  
s i m i l i s  were u n r e l a t e d  t o  Chaetoceros;  a d u l t s  may have f e d  
p a r t l ÿ  on d e t r i t u s ,  b u t  t he  Young seemed dependent on nanno- 
p l a n k t o n i c  dia toms,  A 1 1  o l d e r  s t a g e s  tended t o  l i v e  Ln t h e  
wara s u r f a c e  w a t e r s ,  Adult 3 ,  eould Peed on l a r g e  
copepods, b u t  t h e i r  y o u n ~  wese n t  on n â u p l i i ,  The 
c y c l e s  t h e r e f o r e  d i f f e r e d  i n  t h e  bas ln s ,  b u t  wese e s sen t i a l2 .y  
annua l  w i t h  a  sma%J second t k s n ,  Adults  were ha%f as  
l a r g e  a a  a r c t i c  marine 3 ,  , i n  apparen t  respoase t o  
h igher  temperat t i res ,  07d L ,  I i ved  deepes i n  t h e  second 
basin  then  t h e  bulk o f  i t ç  p r  t h i s  seemed Lo cause grsa% 
overwin te r  nisrta1 i t y  .Ln m i d d l é  atid wpper b a s i n s e  S ~ ~ v i v i 3 1  W ~ P S  
vi r tuua l ly  eonple te  i n  t h e  o,ha%Sow Lswer bas in ,  where J e  
was " forced"  t o  l i v e  amids l  p r e y ,  I'he t i n i e s t  Young zf 



may have e a t e n  phytoplankton b u t  f u r t h e r  growth depended on 
younp copepods. T'here was an a l t e r n a t i o n  of a  l a r g e  s u m e r  
generat ion w i t h  a small  overwintering one i n  middle and upper 
basins ,  b u t  l a r g e  animâls seemed compet i t ive ly  excluded from 
the  lower basin by Ç. elepans.  l'he srnall s i z e  of a d u l t  A. 
d i p i t a l e  i n  t h e  lake  and aarked v e r t i c a l  d i f f e rences  i n  gonad 
development a r e  ecophenotypic e f f e c t s  of temperature. From 
circumstances i n  the  lake i t  i s  a r rued  t h a t  evolu t ionary  
O-por tun i t i e s  may e x i s t  f o r  the  development of a  spec ia l i zed  
brackiçh zooplanktsn,  b u t  t h a t  slow growth and the  compressed 
season of p r lmary  production, both of which seem unavoidable 
r e s u l t s  of ~ h y ç i c a l  cond i t ion? ,  çevere ly  l i m i t  the  number of  
n i ches  i n  a r c t i c  seas .  
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Kany ind iv idua l s  and organiza t ions  aided i n  t h i s  

study. The F i s h e r i e s  Research Board of Canada supported t h e  

f i e l d  work and my educat ional  leave a t  Yale Univers i ty ,  

Among col leagues a t  the  Arc t ic  Unit of t h e  F i s h e r i e s  Research 

Board 1 am e s p e c i a l l y  g r a t e f u l  t o  t h e  D i r e c t o r ,  D r ,  H. D. 

F i s h e r ,  who cared f o r  s o  many of the  exped i t ion ' s  needs when 

i t  was i n  t h e  f i e l d ,  D r .  E. H. Grainger,  whose wide knowledge 

of a r c t i c  marine faunas was o f t en  h e l p f u l  t o  me, and M r ,  A.  S ,  

Bursa, who gave va luable  advice on t h e  phytoplankton, The 

Misses 13. 3 a r r y  and B. Cleaver gave t e c h n i c a l  a s s i s t ance .  

?he enthusiasm of Professor M. J. Dunbar of McGill 

Univers i ty  on discovering Ogac Lake, on my f i r s t  t r i p  nor th ,  

and h i s  cont inuing i n t e r e s t  were i n  l a r g e  measure r e spons ib le  

f o r  my r e t u r n  i n  1/57. 

Residents  of Frobisher Bay, e s p e c i a l l y  O u r  dog-team 

d r i v e r s  Simonee and Kalowak, extended every courtesy,  Heli- 

cop te r  p i l o t s  of t h e  U.S.A.F. provided a welcome l i n k  with t h e  

t 'outside" on s e v e r a l  occasions during t h e  season. 

Captain Pul len ,  h i s  o f f i c e r s  and men of H.M.C,S. 

"Labradort', no t  on ly  performed the  v i t a l  funct ions  of 

resupplying u 3  i n  J u l y  and evacuating u s  i n  ûctober ,  but d id  

so w i t h  g r e a t  e f f i c i e n c y  and food humor. 

A t  Yale Univers i ty ,  my Dlrector  of S tudies ,  Professor 

G ,  E. Iiutchinson, and members of my Cornmittee, Professors  3, S. 

Deevey and C, A ,  I i i l ey  have given mueh knowledge and under- 

s tanding.  D r .  G .  B. Deevey made her knowledge of the  zooplankton 



f r e e l y  ava i l ab l e  t o  me, 

LastPy 1 am most o f  a l 1  indebted ts my wife, Bernice, 

who was m y  s o l e  c~mpanion and a s s i s t a n t  a t  Qgac Lake, and who 

heEped make t h a t  season uniquely eker i shed  among severa l  i n  

t h e  n s r t h ,  Hel csnt inuing a s s i s t a n c e  has extended t o  t h e  

t y p i n f  of t h i s  thesis, 





SNTRQBUCTION 

That l a r g e  cûdfiâh e x i s t e 9  i n  a lake a %  the  head of 

an i n l e t  of Frobisher  Bay had long been bown t o  Eskimos and 

sumoured arnong whi te  r e s i d e n t s  and v i s P t o r s  t o  southesn Baff in  

Is land ,  There i s  no record of a  v i s i t  u n t i l  1927, when t w s  

speeirnenç of codf i sh  were c o l l e c t e d  frorn t h e  lake  by the  

Rawson-MacMillan Expedition of 1927-28 and deposi ted i n  the  

Fie ld  Museum, Chicago (Museum Nos, 38974, 30975). The museum 

l a b e l s  imply t h a t  t h e  f i s h  were taken from a l ake  a t  t h e  head 

of " G r i f f i n  Bay", b u t  no mention of them i s  made i n  âny 

s c i e n t i f i e  r e p o r t ,  In  1939? C e  He Ney es tab l i shed  a  gesde t i c  

bench mark on t h e  shore of t h e  k n l e t  which now bears h i %  name, 

Ney Harbsur. Codfish were taken from a  lake  a t  the  head of 

t h i s  % n l e t ,  and t h e  Eake appears i n  laber  maps a s  "Ogac Lake", 

being t h e  Eskirno word f o r  codf ish ,  The p o s i t i o n  of t h i s  

lake a t  6 2 ' 5 2 ' ~  and 67O2Lvv i s  shown on Figure le "Gr i f f in  

Bay" i s  appl ied  t o  a d i f f e r e n t  i n l e t o n  sontemporary rnaps) and 

i t  appears c e r t a i n  t h a t  Ogac Lake wi th  i t s  codf i sh  i s  unique 

along t h i s  c o a s t ,  

I n  9951 M/v "Calanus" o f t h e  F i s h e r i e s  Research Board 

of Canada c a r r i e d  ou tmuch  of i t s  work i n  t h e  Frobisher Bay 

a rea ,  under t h e  l eader sh ip  of M ,  J, Dunbar. On August 4 a 

par ty  from t h e  "Calanus" took t h e  s h i p e s  dinghy over the  

threshold i n t o  t h e  l ake  and spent  a Êew hours studying what 

turned out  t o  be a msst unusuak eco log iea l  s i t u a t i o n ,  A br ie^  

account of t h a t  s h o r t  susvey has been publisbed (Canada, 19521, 

The lake was found t o  be f s e s h  a t  t h e  s u r f a c e ,  b u t  g u i t e  

s a l i n e  ( u p  t o  2 7 ' / s o )  a t  depth,  It waç mueh warmer than the  





sea and devoid oF oxygen i n  i t s  deeper wate rs ,  I t  was obvious 

f r o a  t h e  s e tL ing  of t h e  Pake t h a t  t h e  h i g h e s t  t i d e s  eouEd f l sw 

i n ,  r e p l e n i s h i n g  i t s  ç a l i n f t y  a l thou-h  such an inf low was not  

w i tnes sed ,  A number o f  c s d f i s h  were taken and confirmed a s  

Gadus morhua L e ,  t h e  A t l a n t i c  eed,  The f i s h  averaged much 

larger  (one of' 1-28 @ m a )  tban  t h e i r  n e a r e s t  marine e o u n t e r p a r t s ,  

whheh m i p ~ a t e  n e r t h  t o  t h e  mouth of Hudson Ç t s a l t .  No co6 

have been taken i n  F rob i she r  Bay, and t h e i r  presenee Fs 

hydrograph ica l ly  u n l i k e l y ,  Fsom t h e  c i rcumstanees  i t  seemed 

e e r t a f n  t h a t  t h e  F ish  w e r e  r e l i e t g  presumably from some warmer 

p o s t g l a c i a l  tirne, 

Fur ther  ç tudy  of t h i s  remarkâble Lake and i t s  codfish 

was obvious ly  c a l l e d  f o r g  and an expsdltisn was asranged  by 

M a  J, D u n b a ~  u n d e ~  t h e  ausp ices  of  t h e  A r e t i c  I n s t i t u t @  of 

North Arnerica ts v i ç i t  t h e  %ake i n  1952& A ,  D a  Dawson and 

R a  S, McCal? wess taken t h e r e  aboard M/V 'BCalanusu on Su%y 16 

and picked up on August 22, They e o l l e c t e d  c o n s i d e r a b l e  

m a t e r i a l  on t h e  eod,  p lankton  and benthos s F  t h e  l a k e ,  made 

r e g u l a r  hydrographie s t a t l o n ç ,  and were f o r t u n a t e  enough ts 

wi tnes s  t h e  e n t r y  of the h ighes t  t i d e s  of éhe i r  month? sçtay, 

An examinatien of t h e  p l ank ton ic  and benthsnic  m a t e r i a l  of 

1952, çeme of which haç appeared i n  t he  çys t ema t i c  and d i s -  

t ~ i b u t i a n a l  aoeoun tg  of the  ''(Jal~ilnlaal~ esl leet io-as $ revealed 

t h a t  i t  e o n s i s t e d  of a s a t h e r  depauperated s e l e c t i s n  of marine 

forms eommon o u t s i d e #  1% was c lea r  t h û t  t h e  g r e a t e s t  i n t e r e s t  

of t he  l a k e  was n o t  f a u n i s t i c ,  b u t  e c o l o g i c a l ,  and t h a t  a  much 

more ex t ens ive  s t u d y  wnç  d e s i r a b l e ,  p r e î e r a b l y  from t h e  



beginning of  the  b io log ica l  season b e k o e  t h e  breakup of the 

i c e  

Having seen t h e  Lake b r i e f l y  i n  1951 and 1952, t h e  

author  a a i n t a i n e d  a  cons iderable  enthusiasm f o r  a more 

i n t e n s i v e  s tudy ,  b u t  an expedi t ion  was not  poss ib le  u n t i l  

1957. On June 1 of %ha% yeâr t h e  author  and h i %  wife  were 

brought by Eskimos t o  t h e  Eake a f t e r  a  Lhree-day t r i p  by dsg 

team from t h e  a i s p o r t  a t  Koo jesse  I n l e t  near the  head of 

Frobisher Bay, 120 kn. from Ogac Lake. They were plcked up 

by s h i p  and re turned  t o  the  a i r p o r t  on October 4, a f t e r  four  

f u l l  months a t  t h e  l a k e o  

Clea r ly  t h e r e  were l i m i t a t i o n s  on the  a c t i v i t i e s  

of an expedi t ion  a s  small  and i s s l a t e d  a s  the  p ~ e s e n t  one. 

A l 1  t h e  equipment necessasy f o r  l i v i n g  and working i n  t h e  

period before t h e  shipping season had t o  be taken i n  on two 

dog s ledges  Irnmediately a f t e r  breakup, only  a  small  rubber 

boat was a v a i l a b l e  t o  sample fsom, b u t  important needs,  

including a powered canoe, were brought by s h i p  on Ju ly  23, 

The season up t o  earLy August was punctuated by oceas ional  

v i s i t s  by m i l i t a r y  h e l i c o p t e r s ,  but t h e r e a f t e r  no ou t s ide  

contac ts  were made. Breakmges and shor tages  wese ssmetimes 

hampering, and improvisation necessasy, In  gsnera l  t h e  

program as  planned was more os l e ç s  c a r r i e d  s u t ,  b u t  i n ev i t ab fy  

problems suggested themselves i n  t h e  F i e l d  whick wers beyand 

the scope of the  a v a i l a b l e  m a t e r i a l s  and equipmente 

The mate r i a l  presented i n  Lhis t h e s i s  i s  on1y p a r t  

o f  t h a t  c o l l e c t e d  i n  1957, The hydrographie and plankton 



cycles  were followed by r e g u l â r  sampling Ln the  Eake and i n  

the  sea  o u t s i d e ,  the  benthos was c o l l e c t e d  quantltatively and 

q u a f i t a t i v e l y ,  and mueh time was spent  on the  eodfiisk, O f  the  

s e v e r a l  p a r t s  of the  çtudy,  t h e  hydrsgraphy and zooplanktsn 

biology appeared $0 have some coherence, and we-e aeeordingly  

chosen f o r  p r  e s e n l a t i s n  here  , 

Genaral Hydrographie Chasacter of Bgae Lake 

Ogae Lake 1s a  mernber of a cbass of waters  vhieh  

Strhm (1936) has s tud ied  ex tens ive ly  i n  Norway, Oecurrlng 

a s  they  do i n  lands rebsunding frorn g l a c i a t i o n ,  a who1e 

sequence of types  can be found, from çomewhat badEy v e n t i l a t e d  

f i o r d s  ts lakes  we%% above s e â  l e v e l  which contain trapped çea 

water i n  t h e i r  depths ( Strhm, 1961) , 

The south c o a s t  of Frobisher  Bay, which still haç 

two srnaIl i c e  caps ( s e e  F i g e  1) ssme 68 ka, t o  the  southeas% 

of Qgac Lake, i s  almost c e r t a i n l y  s t i S P  r l s f n g ,  perhaps 

q u i t e  r a p i d l y ,  Mescer (1956) found univërça l  â t rand l i n e s  

along t h i s  coas t  a t  about 26 m a  A ,  T,, b u t  was convinced of 

the  presence of much higher ones,  up t o  435 m e  Other pa r t s  

of the  Canadian a r c t i c  a re  thsught  ts be r i s i n g  a% 1-2 m, per  

century (S im,  19601, Ogac Eake i s  poised a t  a p a r t i c u l a r l y  

i n t e s e s t i n g  s tage  i n  i t s  i soLa t i sn  frsm t he  see ,  f o r  o n l y  the  

h ighes t  sp r ing  t i d e ç  of t h e  open-wates çeason c a r r y  sea water 

i n t o  t h e  Lake, Many o the r  sueh semf-isolated waters  r e e e i v e  



t h e i r  sea water i r r e g u l a r l y  or  even c a t a s t r o p h i c a l l y ,  but t h e  

l a r g e  amplitude of  t h e  t i d e s  i n  Frobisher Bay i s  respons ib le  

f o r  a r e g u l a r ,  measurable and p red ic tab le  amount of inflow 

during the  season. 

Since Ogac Lake l i e s  i n  t h e  drainage of  a  small  

r i v e r ,  t h e r e  i s  much freshwater  inf luence  a t  i t s  sur face .  

The upper 1-3 m. may be completely f r e s h  a t  t imes,  b u t  below 

t h i s  t h e  water becomes inc reas ing ly  s a l i n e  wi th  depth. Ogac 

Lake i s  i n  f a c t  meromictic, wi th  t h e  many a t t endan t  pecu l i a r i -  

t i e s  of hydrography, and i s  an example of c o a s t a l  ectogenic 

meromixis i n  t h e  terms of Hutchinson (1957) 

Much more f i e l d  work would be requ i red  before any- 

th ing  approaching a  complete hydrographic d e s c r i p t i o n  and 

a n a l y s i s  of Ogac Lake could be made, Since t h i s  body of water 

m u s t  be changing i t s  cha rac te r  r a t h e r  r a p i d l y ,  hbs tor icaf  

s t u d i e s  e s p e c i a l l y  a r e  c a l l e d  f o r ,  What fol lows can be 

considered a s  a necessary framework f o r  more p a r t i c u l a r  

hydrographic s t u d i e s ,  and a  background f o r  some of the  

b io log ica l  mat ters  discussed i n  t h e  second p a r t  of  t h i s  study. 

Morphometry 

I t  w i l l  become abundantly c l e a r  i n  the  appropr ia te  

sec t ions  t h a t  t h e  morphometry of Ogac Lake has important 

e f f e c t s  on i t s  hydrography and plankton biology. A reasonably 

thorough p lane- table  survey was made i n  August from which t h e  

bathymetric c h a r t s  (Figs .  2 ,  3) a r e  drawn up. The shore l ine  

d e t a i l  i s  drawn from an enlarged,  v e r t i c a l  a i r  photo. 



Figu re  2, Bathymetric ckenrt of Ogac Lake, Dspth In rr,etri;sa 



Figure  3. Avaflable soundings from t h e  v ic i a i i ty  of the sZBls in Ogac h k e  
ting the upper an2 m i d d l e  baçins (a) and lower and middle 
(b) . Depths i n  metres.  The l i m i t s  of the  ice-worked 



The lake has t k e e  d i s t i n c t  basins, which afforded 

i n t e r e s t i n g  hydro$og%cal and b io log iea l  csmpasisons, The 

lswér and middle basinç a r e  separated by a  si11 w i t h  a 

minimum f r e e  passage of about 7 m e ,  while t h e  t b e s h o l d  

depth between the  middle and upper basin i s  l e ç s  r e l f a b l y  

estirnated a t  a b o u t  12 rn, (sec F i g ,  3 ) ,  

The whe1e l ake  hâs an a rea  of about 1,481,000 m. 2 

9 (148 h a , ,  60 ac re s )  and  a volume of çsme 34,360,000 m. . 
Severa l  rno~phometric parameters a r e  l i s t e d  s e p a r a t e l y  f o r  

sach basin of t h e  lake i n  Tabke 1, The development of volume 

i n  the  upper basin 2s greater  than i n  the  o t h e r  two. The 

Figure 4, as it haç important hydrs log ica l  csnsequences a 

The t i d e s  i n  Frobisher  Bay a r e  

among the  idor ld9s  l a rges%,  with a maximum range of absut 12 

meters@ Qgac Lake reselves  on ly  the hiahest t i d e s  during the 

open-water season, 1% was no t  poss ib le  t o  keep records  of the 

t i d e s  i n  1957, swing t o  the  l a s k  of an accura te  tirnepiece and 

s u i t a b l e  ma te r i a l s  h r  seasusing %ides  of large amplitudea 

gfowever , thdes have been anakysed i n  t h e 8  l o c a l i t i e ç  (shown 

on Fig,  1) i n  Frobisher  Bay and t h e  s e s u k t s  a r e  a v a i l a b l e  a s  

he ight  eorrectkons on t h e  psedie t ion  f o r  Diana Bay, Hudson 

S t r a i t  (Canada, 19% and annual ly s ince )  The l a t e s t  

es t imates  have k indly  been made a v a i l a b l e  by Mr, N a  G, Gray, 

Dominion Hydsographe r ,  and  a r e  S i s t ed  i n  Table II, The 



T a b l e  1, Important morphometrie parameters of the  t h r e e  
ba s in s  of Ggac Lake. 

Development 
S u r f a c e  Rean Xaximum of 

Basin a r e a  Tio lume volume 
2 a m m a  n b  3 

low es  186,900 2 9(P20 ,OC@ i0,8 28,O 1.15 

rn idd le  698,200 15,700,000 22.5 60,5 1.12 

u p p e r  596,109 16,630,000 29-53 50 .O 1.67 



F i g u r e  4, Relatianship between area asithirn depth eon t su r s  
azd d e p t h  i n  the t k e e  bas ina  o f  Qgac Lake, " 
(as a percentage of surface  a r ea ,  A,) and depth i n  
the th ree  basins of Ogac Lake, 



Table I I ,  l i d a l  h e i g h t  co r rec t ion5  f o r  t h r e e  l o c a l i t i e s  i n  Frobisher Bay, t o  be app l i ed  
t o  a i ana  Eay pred ic t ions  (Canada 1/56), The higher  high-water l e v e l s  a t  Diana 
Eay a r e  28.0 f e e t  f o r  mean t i d e s  and 34.3 f e e t  f o r  l a r g e  t i d e s ,  'he lower 
low-water l e v e l s  a r e  7.2 and 0,5 f e e t  f o r  mean and  large t i d e s  r e ~ p e c t i v e l y *  

Correct ions f o r  Correc t ions  f o r  Height o l  h igh  water 
nean ticles l a r g e  t i2e.s above Iower l s w  water 

of mean t i d e ç  
highes lower higher  2swer 
h i e h  low high l o w  

Loca l i tg  Lat. Lonp- water water wzter  wa t e r  aean tides l a rpe  tldes 

fee t  f e e t  f ee t  f e e t  f e e t  rn* Teet  m e  

Frobisher  8 s  
Far thes  t 61°29* 68V02~ 72-4 O +2,8 -0,3 2 3 - 2  29-9 9.12 

Koo jesse 
I n l e t  6304j1 68°310 73.4 70-5 



csr-eet ions - Ive heights basad sn %seal  datum, b u t  when 

reduced ts hekght above mean low water,  high $ides a r e  

skown t o  b s  almoçt equ iva l en t  i n  the  ébree r a g i o n s  of 

Frobisher  Bay, T t  i s  sa" t%o suppose t h a t  t h e  $ ide  a$ Ney 

H a r b s u - ,  56 $:cm, down t he  Bay frsm '&iskukun, w i l Z  be  a f  

absut the  %âme r ange ,  

Another co r rec t ion  i s  needeà befsre the Diana Bay 

predic t ions  ean b e  used t o  apprsximate the  t i à a l  cyc le  a t  

Ney Harbsur, The age of t h e  sem%diurnal $ i d e  d i f f e r s  by 

about 10 degrees a$ the  t w s  b o c a l i t i e s ,  and the  spr lng  t i d e  

should faIl asound %O h o w s  e a r l i e r  a t  Ney aférrbour ( N e  G e  Gray, 

i n  l i t t * l e  -- 
Heights of successive h igh  t fdes  a$ Ney Narbour in 

1957 baçed on the  above cor rec t ions  a r e  pfo t ted  i n  Figure 5 ,  

There i s  on ly  s f i g h t  i n e q u a l i t y  between t h e  semidfusnal tides, 

b u t  t h e  wew-moon spr ing  t k d e s  may exeeed the  f u l l  maon tidea 

by over 1,s meters and t h e  equ inoc t l a l  t i d e s  i n  September may 

be higher than Lhoçe of t h e  June s o l s t i c e  by more than a 

meter. Figure 5 shows exce l l en t  accord between t h e  hypo- 

t h e t i c a l  t i d â l  cyc le  and t h e  observed entsy  of water i n t o  

Ogac Lakee A few d i r e c t  meaçurements of successive hfgh- 

t i d e  marks i n  June and September suggesé t h a t  the t i d a l  range 

a t  Ney E h s b s u r  i s ,  i f  anything,  a  % I % t l e  greater  %han sbown 

i n  Figure 5, 

Amount ofLnf$owe T i d â l  water en ter ing  Ogae Lake 

must corne i n  t k o u g h  â na-row gap  of some 20  meters, Outside 

t h i s  gap the  water way reach  more than a meter a b ~ v e  lake  



F i g u r e  5 .  Calculated height  of high t i d e s  i n  Bey Harbour 
between June 1 and Becenaber 1, 19576, Eâck senidiuri?al s e r i e s  
i s  p l o t t e d  separa te ly .  Closed c i r c l e s  r ep resen t  t i d e s  which 
entered the lake ,  and O en c i r c l e s  those which did no t .  Tides t not  seen a f t e r  October , b u t  a r e  presumed not  t o  have entered 
the lake i n  l a t e  Movernber because of i c e  b a r r i e r s .  



% e v e l  a t  t h e  he ight  s"th tt$dee 'The exact s e l a t i o n s h i p  

between t h e  predi.c%ed o r  obçerved he ight  of  t h e  Lide and t h e  

amount of water en te r ing  t h e  lake m u s t  be e m p i r i s a l l y  determinede 

Attempts were made I n  Augus% and September t o  measure 

t h e  amsunt of L n f l s w  d i r e c t l y  wi th  a  cusrent  meter,  The high 
-A.. v e l o e l t y  of the  stseam (up t o  2 , l  m e  sec ,  i n  i t s  wides t  

s e c t i o n )  and  t h e  i r s e g u l a r  channe% bot  tom were severe  problems , 
and t h e  s e s u l t s  a r e  of l i t t l e  value.  

I t  i s  muck s lmp le r  ts determine the  amount of inflow 

ârom change of lake  l e v e l ,  The increase  of lake  l e v e l  immediately 

a f l e r  inîPow can on ly  de r ive  Ê r o m  two sources--the t i d a P  inflow 

and freshwaler  drainage Lnto the  l ake ,  After  t h e  çpr ing  runof f ,  

t h e  freshwâtes drainage i n t s  the  Lake i s  very smal1. I n  

August, $952,  rough es t ima les  of cur rent  v e l o c i t y  and depth 

were made every 5 rn, a c r a s s  a 42-me s e c t i o n  of t h e  e f f l u e n t .  
- % These revealed a discharge r a t e  of about 0,3 m e 3  sec .  , or 

about %,LOO m a 3  h~.-', This would r e s u l t  I n  a r i s e  of lake 

LeveX of sn9y abou t  0,7 mm, per  hour % A  the  s u t l e t  wese 

bïocked, a s  when the  % i d e  f u e n e e r i n g ,  In  the  summer of 1957 

t h e  fPow i n  the  deep p a r t s  of t h e  o u t l e t  waç tao slow ts tu rn  

a metes, b u t  i n d i c a t i o n  of  the  maximum probab le  con t r ibu t ion  

of î r e ç h a t e r  influents wâç  gained i n d i ~ e e t % y  %rom observat ions  

during t h e  late-September % i d e s ,  Surfaee waters of t h e  lake  

were ineompletely discharged i n  the  twelve-and-a-ha%f hsurs  

between s u c c e s s i v e  t i d e s ,  and immediately a f t e r  t h e  k ighes t  

t i d e  on September 25 ,  the  l ake  had reaehed a maximum of about 

6 1  cm, above the  datum of  t h r e e  dayç e a r l i e r ,  before t h e  t i d a l  



s e r i e s  began t o  e n t e r ,  Tkius i t  was poss ib le  t o  measure t h e  

r a t e  of f a l l  o f  t h e  l ake  l e v e l  from d i f f e r e n t  he ights  during 

t h e  t i d a l  s e r i e s ,  and t h e  following values were obtained on 

r a i n l e s s  days : 

Av. h t ,  above datum Rate of f a11  

23 cm. 6 mm. h r .  -1 

QZ cm. 12 mm. hr. - 1 

43 cm. 22 mm. hr. - 1 

The datum l e v e l  i n  l a t e  September was very low, and t h e  con- 

t r i b u t i o n  of f r e s h  water t o  t h e  l ake  perhaps even smaller  

than t h a t  recorded i n  August, 1952 (above).  The l a r g e s t  

recorded i n c r e a s e  i n  lake l e v e l  a f t e r  r a i n s  i n  the  summer 

of 1957 was about 11 cm., although s l i g h t l y  g rea te r  inc reases  

might w e l l  have gone unrecorded. C lea r ly  the  maximum con- 

t r i b u t i o n  of f r e s h  water t o  the  r i s e  of  t h e  lake during 

t i d e s  can s a f e l y  be concluded t o  be l e s s  than 2 or  3 mm, per 

hour, and s i n c e  t h e  o b s e r ~ e d  r i s e  of  t h e  lake  a f t e r  t i d a l  

inflows va r i ed  between about 5 and 105 mmb per hour, t h e  con- 

t r i b u t i o n  of non- t ida l  water t o  t h e  r i s e  can be ignored i n  

summer, When t h e  water eu t  through t h e  i c e  blocking t h e  o u t l e t  

on June 17 t h e  l ake  was about 0.5 m. above the  summer l e v e l ,  

and dropped by about 0.3 m. on June 19. However, s u m e r  

l e v e l s  were no t  reached u n t i l  a f t e r  t h e  la te-June t i d e s .  I t  

is  poss ib le  t h a t  the  con t r ibu t ion  of  f r e s h  water t o  the  r i s e  

o f  t h e  lake was much g rea te r  during t h i s  season of melt ing,  

perhaps of t h e  order  of 10 mm, per heur, 

During t h e  1957 season, due t o  pressure of o the r  



@o;$9k9 the Increase o f  l ake  levsL was sbsersved only  o-t 29 of the 

40 occasions when t i d a l  water en té red ,  K t  i ç  important  to 

know the  amount ~ M i n f l l o w  on occasions when it was n o t  

monitsrede me relationshkp bétween p r e d i c l e d  h e i g h t  of t he  

t i d e  and  the sbservéd  r i a e  of l a k s  l e v e l  i ç  givew in F i g u r e  fie 

The s c a t t e r  is quite large, and P t  % s  ev iden t  t ha t  much of the 

e r ro r  i s  due  to metesrolsgical d i s t o r t i s n  o f t h e  t i d e s ,  f o r  

t h e r e  Ls l e s s  dev%at%sn on days which were reeorded as ca la  

OP ne82 calm, 

Records were a l ç s  k e p t  of the d u r a t i o n  of t i d a l  

i n f l o w ,  çornetirnes when the r i s e  sf lake  Sevel  was n s t  measuredo 

St rnight b e  expected that the relationship between ubserved 

duration and o b s e ~ v e d  lncrease of lake %eve l  w s u l d  be close, 

but Y i g u r e  7 shows even greater sea t t e r  than F i g u r e  6, Pre -  

wumably, whi l e  almost a l 1  t h e  wates whieh aetua1l.y entess the 

labe  does so  at Lbe he ighé  o f  t i d e  when thers $ 3  a l a rge  head 

of water in t h e  f l o ~ d  outsi.de, the du ra t aon  of inf low b s  

e a s i l y  inf luenced by such f ac to r s  as l a t e  %eveEl F i g u r e  7 

indkeates  Lhat the duration o f  %nf%ow was p e s s i s t e n t l y  

ç h s r t e s  in t h e  kate-June t l d e s ,  even on t h e  one cala  o e ~ a s i o n ~  

This may be a t t r i b u t c d  to thé ve ry  high l ake  Seve l s  t hen ,  

although P t  s h s u l d  aLss be  no t ed  from F i g u r e  6 t h a t  t h e  fresh- 

wster inflow In June does n a t  seem t o  have g r e a t l y  a b e t t e d  

t he  s i s e  o f  the lake d u r l n g  the t i d e s ,  

The amount of LnfLsw has beew ca lcu la ted  frsm 

Figure 6 for 1% $ i d e s  In Auguçt and September when i t  was 

no$ measured; 7 o f  t hese  wese on calm days,  s u i t a b l e  f o r  s ther  



aa LATE JUNE - EARLY JULY 
@ O  LATE JULY - EARLY AUGUST 
+O LATE AUGUST 
8 O LATE SEPTE MBER 

OPEN SYMBOLS, CALM OR NEAR CALM 

M. 8.0 8.2 8.4 8.6 8.8 9.0 
I l 8 

8 
9.2 

8 

26 Ft. 27 28 29 30 
PREDICTED HEIGHT OF TlDE ABOVE M.L.W. 

Figure 6 .  Relatlonship between predicted height of  tide and observed r i s e  of lake l eve l .  



280 
M M  

r a UT& dUNE- EARLY 4ULY 

240 @ O  LATE JUkY - EARLY AUGUST 

@O LATE AUGUST 

LATE SEPTEMBER 
J 
les OPEN SYMBOLS, CALM OR NEAR CALM 
> 200 
&LB 
J 

W 
r 1633 
4 
J 

&, iao 

Brl 

"O 
k+: 

46 

O 

Figure 7, Rela t ionsh ip  between observed dura t ion  of t i d a l  inflow and observed r i s e  
of lake l e v e l .  



work, and t h e  es t imates  should be q u i t e  r e l i a b l e ,  The l a t e -  

October t i d a l  he ights  have l ikewise  been converted t o  amount 

of inf low,  with l e s s  assurance  of accuracy* The observed o r  

c a l c u l a t e d  r l s e  of the  l ake  i ç  simply mul t ip l ied  by the  apea 
2 of t h e  lake (1,480,000 m e  ) t o  give volune of inflow, The 

volumes enter ing  t h e  lake  i n  t h e  open seaçon of 1957 a r e  

l i s t e d  i n  Table III. About 8,400,000 m.', o r  about one-quarter 

of t h e  l a k e g s  volume, en tered  i n  1957, most of i t  during the  

August and Çeptember t i d e s e  

. The q u a l i t y  

of t h e  t i d a l  inflow i s  juç t  a s  important a s  the q u a n t i t y  i n  

maintaining the  marine cha rac te r  of Qgae Lake. The seasonal  

~hMq?e3 of s a l i n i t y  a n d  tempesature i n  the  near-surface water 

of Key Harbour a r e  l i s tec l  i n  Table IVe Rot only 23  t h e r e  a 

decrease i n  s a l i n i t y  a n d  inc rease  of temperature i n  summer, 

b u t  t h e  su r face  waters a r e  much more s t rong ly  s t r a t i f i e d  

then. We might expect t h a t  the s a l i n i t y  and temperature of 

the  water en ter ing  the lake when Ney Harbour i s  s t r a t i f i e d  

would Vary with the  he igh t  of the t i d e &  

Figure 8 shows t h a t  the threshold s a l i n i t y  of a l a r g e  

Inflow on June 30 conside~ably exceeded t h a t  sf a saa l l e r  In- 

flow t h e  next day, while i n  l a t e  September, when su r face  water 

was no t  a s  markedly s t r a t i f i e d ,  the  s a l i n i t y  of a  smal l  t i d e  

d i f f e r e d  l i t t l e  from t h a t  of  a l a r g e  one. Since l i t t l e  water 

a c t u a l l y  en te r s  the lake  near t h e  beginning or  end of an 

inf low,  i t  seems s a f e  t o  use average threshold values o r  

even s i n g l e  observat ions from nid  t i d e  as ind ica t ions  of the 



Table 111, The amounts, s a l i n i t i e s  and temperatures of t i d a l  water e n t e r i n g  C ~ a c  Lzke during 
1957- &ch sp r ing  t i d e  s e r i e s  i s  divided i n t o  cornponents where t h e  d e n s i t i e ç  
of  d i f f e r e n t  t i d e s  f e l l  i n t o  more than one d i s t i n c t  r roup  (wi th in  7 u n i t s  of ct' . 
Ranges bracketed a f t e r  means, 

T i d a l  Volume O$ inflow S a l i n i t y  ïenpera t u r e  3 e n s i t y  
S e r i e s  m" O / ~ O  OC Cf 

June 28 p.m, 6 
-07 x I O 6  4.4 (4.0 - 4.8) 0.82 (0.80 - 8.5) 3.5 (3 .1  - 3.8) 

t o  -23  x 106 21.5 ( 1 8 , ~  - 23.8) -0.51 (-0-45 to -0.551 17-3 (14-9  - 19-11 
July I p.m, -17 x 10 30.0 -0.60 2 4 - 1  

S e p t ,  22 a - m ,  
to 

Sept. 28 alm. 

6 2,36 x 10 no records  no records no records  

no records  no r ecords  no records  





F i g u r e  8. S a l i n i t i e s  of  l a r g e  and smal2 t i d a l  inflows i n  
e a r l y  summer and i n  autumn. 



s a l i n i t y  o r  temperature of t h e  whsle i n f  low. Such values 

a r e  used t o  show t h e  r e l a t i o n s h i p  between volume of inflow and 

i t s  temperatuse and s a l i n i t y  i n  Figure 9. From these  observa- 

t i o n s  it  i s  obvious t h a t  t h e  September t i d e s  s e n t  i n  f a r  more 

h ighly  s a l i n e  water than  t i d e s  e a r l i e r  i n  t h e  season. The 

curves i n  Figure 9 have been used t o  c a l c u l a t e  the  average 

temperatures and s a l i n i t i e s  of each t i d a l  inflow of t h e  spring- 

t i d e  periods of l a t e  June, l a t e  Ju ly  and l a t e  September. These 

t i d e s  have been grouped i n t o  major components on t h e  bas is  of 

t h e i r  dens i ty ,  and a r e  l i s t e d  i n  Table III .  Unfortunately 

p e r t i n e n t  observat ions  were not made f o r  t h e  August t i d e s .  

The d e n s i t y  of the inflow determines i t s  f a t e  i n  

t h e  lake.  After  los ing  some s a l i n i t y  by mixing a t  en te r ing ,  

t h e  t i d a l  water flows i n t o  an equivalent  dens i ty  s t ratum i n  

the  lower basin. I f  t h i s  s t ratum i s  shallower than about 7 m. ,  

then t i d a l  water can be forced over the  s i 1 1  i n t o  the middle 

basin and seek i t s  equiva lent  dens i ty  l aye r  t h e r e ;  i f  t h i s  

l a y e r  l i e s  above about 12 a,, then t i d a l  water can continue 

on and penet ra te  the  upper basin ( see  Fig.  3) .  Since the  

d e n s i t y  i s  overwhelmingly determined by s a l i n i t y ,  the  ex ten t  

and l e v e l  of t i d a l  pene t ra t ion  can most e a s i l y  be determined 

by marked temperature changes i n  the  lake.  This w i l l  be 

shown i n  the  d i scuss ion  of the  thermal regime (gp. 48-53). 

Meromixis and t h e  S a l i n i t y  Balance 

The e f f e c t  of f r e s h  water running i n t o  Ogac Lake 

i s  compsnsated by t i d a l  infaowl Figure 16 dep ic t s  a s e r i e s  



@ LATE JUNE - EARLY &LY 

A LATE JULY - EARLY AUGUST 

O LATE SEPTEMIBER 

VOLUME OF IMFLOW - MILLION 

Figure  9 ,  Rela t ionsh ip  between volume of infîow and i t s  
temperature  and s a l i n i t y  dur ing  d i f f e r e n t  
t i d a l  s e r i e s .  



Figure  10, V e r t i c a l  d i s t r i b u t i o n  of s a l i n i t y  i n  Ogac Lake during the  1957 season-  
Some measurements from below 20 m. i n  rnid June a d d e d  t o  " e a r l y  June". 



of s a l i n i t y  curves $rom t h e  t h r e e  basins  t h a u g h  t h e  season,  

The s a l i n i t i e s  a r e  baçed on hydrameter measusements, v i t h  

occas iona l  checks by t i t r a t e d  sâmplea, and some impression 

of t h e  i naccu rac i e s  of t h e  da t a  1s given by t h e  s c a t t e r  of' 

po in t s  i n  deep water  i n  e a r l y  and mid June. 

The downward rnixing of f r e s h  wâter tends t o  i n c r e a s e  

t h e  s t a b i b i t y  of t h e  wate rs  j u s t  below the  sus face  dur ing t h e  

s u m e r ,  Temperature haç a  srnaller e f f e c t ,  b u t  l ikewise  

i nc reases  s t a b i l i t y  dusing t h e  warming season,  Sinee t i d a l  

inf lows seek t h e i r  own d e n s i t y  l a y e s ,  they do n s t  eause much 

v e r t i c a l  mixing. I t  i s  c l e a r  from the  s e l e c t e d  dens i ty  (Ct) 

curves i n  Figure  P l  t h a t  t h e  lake  %s p e r s i s t e n t l y  merornictic, 

Except f o r  an upper meter o r  two of  f r e s h  water p r e s e n t  dur ing 

p a r t  of t h e  surnmer, no holomFctic l aye r  was f ~ u n d  i n  t h e  1957 

The changes of ç a l i n i t y  t h o u g h  t h e  season ean gave 

a  rneasure of t h e  amaunt of  s a 2 t  whieh i s  Zsst from t h e  s u r f a c e  

wate rs  by mixing and r e s t a r e d  by t h e  t i d a l  in f lows ,  'The ç a l i n i t y  

of  t h e  i c e  cover was no t  determinede Water a t  the  s u r f a e e  of  

an i c e  ho le  i n  t h e  middle basin  on June 4 befsxe any mePt 

water  had en te red  was about 9 probably t h e  i e e  was 

almost  f'reshened by t h e  f r e e z i n g  grosesse A t  any r a t e ,  since 

i t s  s a l i n i t y  was not  determined,  and s lnce  t h e  sus face  wates 

was s u b j e c t  t o  shor t - term s a l i n i t y  changes9 t h e  a n a l y s i s  whieh 

fol lows dea l s  on ly  w i t h  wates  2 m e  and deeper* 

Freshening below 2 m e  by l a t e  J u l y  and e a r l y  Auguçt 

was probably almost  completedB The %ides  of l a t e  Ju ly  a f â e c t e d  
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t he  ç a l i n i t i e s  i n  a% l e â ç t  the  9sw-r bas in ,  and  measurements 

a re  not  a v a i l a b l e  from the  upper and middPe basins juçL p r i o r  

t o  the  late-August t % d e s e  By i n t e g r a t i n e  the  depth-speei f ic  

volumes and reduetiowç of s a l l n i t i e ç  a t  1 - m .  %nts rva%s ,  the 

l o s s  of s a l t  can be ea lcu la ted  as 27,30",000 kg,  i n  upper ,  

30,800,680 kg, i n  the a i d d l e ,  and 3,408,080 kg, i n  éhs lower 

basin,  In losses  per u n i t  sur face  a r ë a  these  become a%most 

equiva len t  st 45.8 kg. *lem2 i n  t he  upper  and  44.2 kg. m. -2 

i n  the  rniddle b a s i n ,  b u t  a much smaller  18.4 kg. m a m 2  i n  t h e  

lower basin,  Alrnost a l %  the  f r e sh  water cornes from the Qgac 

River en te r ing  a t  the  head of t h e  uppes b a ç l n ,  The middle 

basin r ece ives  only  a minsr f r e s h e t  a t  iQs lower end, and  

can be expeeted t o  depend on the same r a t e  of exchange of f r e sh  

wates a t  i t ç  s u r f a c e ,  The lowes basfn sece ives  two small b u t  

permanent strearnç, ye t  does not çeem ts be a f f e c t e d  by t h i s  

increase  of f r e s h  watesd  No dsubt t he  d i f fesences  i n  loçç 

of s a l i n i t y  a r e  due t o  wind expoçure of t h e  t h e e  baslns ,  The 

lower basin e e r t a i n l y  does not  o f l f e ~  as much reach  fo r  the 

wind, e s p e e i a l l y  the  s t r eng  winds  which tend t o  fol lsw the  

axes of the  f i o r d  and the  upper and middle baçinç, 

I t  should be poss ib le  t o  d e r i v e  c o e f f i c i e n t s  of eddy 

d i f f u s i v i t y  frsm the  dswnward mixing of f r e s h  water,dthesugh 

the measurements a r e  widely spaeed âL c r i t i c a l  depths f o r  

accurate  e s t ima tes ,  Fur the r ,  t h e r e  i s  evidence t h a t  l a t e s a l  

t r anspor t  rnight render  the  r e s u l t s  spur ious ,  F i g u r e  $0 

i nd ica tes  t h a t  s ign i f ' i can t ly  g rea te r  seductksn of a a k i n i t y  

occurred a t  10 m e  and perhaps deeper i n  t h e  middle baçin. 
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t h e  s c a t t e r  of  e a r l i e r  measurements i s  ra thep  l a rge ,  t h e r e  

seems t o  have been a d i s t i n c t  reduet ion  o h a l i n i t i e s  

following the  late-September t i d e s ,  Here again  water in a 

pos i t ion  t o  be d isp laced  over t h e  s i % %  ( a t  about 2.2 m e )  had 

a  s a l i n i t y  of about 25 i n  the  middle bas in ,  s s  t h a t  the 

freshening e f f e c t ,  i f  ~ e a % ,  demands an exg lana t i sn ,  Only one 

rnechanism wouPd appear t o  account f o r  t h i s ,  and t h a t  i s  a 

t u r b i d i t y  cu r ren t .  In  the  f i r s  t p lace ,  the  v e r t i c a l  s a l i n i t -  

gradient  i n  the zone centered on the  2 S 0 / s o  l e v e l  i s  l e s s  

s t e e p  and the re fo re  l e s ç  s t a b l e  i n  t h e  upger bas in ,  Also, 

although soundings a r e  not  a s  complete as might be wished 

(F ige  31, t h e r e  i s  càome bathymetric support  f o r  a t u r b i d i t y -  

cur rent  hypotheçiç,  Water spi%Eing over t h e  si11 i n t o  the 

upper basin would sun down a  considerably s t eeper  ç lope  i n  

seeking i t s  own d e n s i t y  l e v e l  than would water s p i l l i n g  i n t o  

the  middle basin.  A t  Seas t  some of t h i s  flow csuld  have 

picked up bottom m a t e r i a l  a s  w e l l  a s  f r e shes  water from the  

shallows, and i t s  sediment load and momentum could have cappied 

i t  t o  depths below 25 m . ,  where the bottom appears  ts %eve% off 

i n  the  upper basin. 

After  the  t i d e s  of l a t e  September the re  waâ s t i l l  

a  d e f i c i t  i n  the  s a l t  balance of the lake.  Again by i n t e -  

g r a t i n e  volumes and s a l i n i t y  changes between ea-%y dune and 

the  end of September, t h e  Loss of s a l t  below 2 m. san Be 

ca lcula ted  a s  14.9 kg. m e m 2  i n  the  upper, 2.2 kg. m.-2 i n  t h e  

middle, and 8.1 kg. m e m 2  i n  t h e  lower basin.  I t  cannot be 

exac t ly  ca lcula ted  Lo what ex ten t  the s a l i a i t y  would be 



recovered through t h e  unwitnessed late-October t i d e s *  'de can 

s a f e l y  assume t h a t  t h e i r  s a l i n i t y  would be the  same a s  i n  t h e  

late-September t i d e s  ( a l s o  c l o s e  t o  water fmmediately under the  

i c e  of Ney Harbour a t  the end of winter--Table I V ) .  The pre- 

3 d ic ted  amount of inflow (1,800,000 m. ) wsuld d i sp lace  water 

a t  about 3.3 m. up t o  the  2 m. kevel. From the  da ta  on Figure 

10 i t  can be ca lcu la ted  t h a t  t h i s  water. would have an average 

s a l i n i t y  of about 14.6 ' / , O ,  which can be considered d isp laced  

by incoming water wi th  a  s a l i n i t y  of 32 .0° /~0 t o  give a  p o s i t i v e  

ç a l i n i t y  balance,  with some 19,400,000 kg. o r  13.1 kg. m.-* more 

s a l t  p resen t  i n  the  lake  than i n  e a r l y  June. Aetual ly  i t  i s  

un l ike ly  t h a t  the t i d a l  water would be thus evenly d i s t r i b u t e d  

over t h e  l ake ;  much of the t i d a l  water a f t e r  rnixing wi th  t h e  

shallower l ake  water probably would have flowed over t h e  l a y e r s  

a l r eady  made dense by the  late-September t i d e s ,  and thus tended 

t o  e n t e r  t h e  upper basin,  where t h e  s a l i n i t y  d e f i c i t  was 

g rea tes  t. 

Doubtless the  s a l i n i t y  cycle  v a r i e s  from year t o  

year ,  according t o  the timing of t h e  higk t i d e s ,  the  amount of 

runoff  e a r l y  i n  the  season, and the  e f f e e t ç  of sporadic  

p r e c i p i t a t i o n  on the  s a l i n i t y  of t h e  t i d a l  water en te r ing  

the l ake .  No marked t rend i s  shown i n  comparksons of s a l i n i t i e s  

from 1951, 1952, and 1957 (Table 711, although over the  longer  

term t h e  lake  i s  presumably f reshening ,  

Thermal Regime 

Ceneral c h a r a c t e r i s t i c s ,  The temperature curves of 



Table V ,  Coaparison of ç a l i n i t i e s  i n  Gcac Lake i n  loyl a n d  1952 w i t h  s a l i n i t i e s  i n  
l a t e  July o r  e a r l y  Augus t  1057.. 

1951 1.52 1.57 
l a t e  July - 

A U ~ .  4 JUIY 22 ~ u l y  28  AU^, 4 HUE. II 18 e a r l y  ~ugust 
O  

O / O O  O / O  3 a / O O  Q / O O  
O  

/ O 0  
O Lower B a s  i n  100 / O O  

a) 

10 m, 26.99 26-5e 26-35 26.53 26,7i 26.49 25*3 
4 

17 m e  27-95 27-66 27-72 E-4 27-59 27*45 2%-S 

Middle  Basin 

26 O 7% 26-20 26 -49 26,5 
4 45 ni* 
E-+ 



Figure 12 r e v e a l  t h e  s t r i k i n g  d i f f e r e n c e s  between t h e  thermal 

p roper t i e s  of  Ogac Lake and those of  t h e  sea ou t s ide  and of a  

nearby freshwater  lake.  The higher temperatures of the  lakes  

a r e  o f  course  due t o  t h e i r  small s î z e  and landlocked na tu re ,  

while the  ex t raord ina ry  ver t i c a l  d i s  t r i  bution of temperature 

i n  Ogac Lake i s  an e f f e c t  of  t i d a l  inf lows,  preserved by the  

g rea t  v e r t i c a l  s t a b i l i t y  of the  lake.  

Each basin of Ogac Lake i s  hydrographical ly  d i s t i n c t  

and f a i r l y  uniform below t h e  l e v e l  of the  si11 separa t ing  i t  

from i t s  neighboring basin (Fig.  13) a The lower basin,  which 

i s  most inf luenced by t i d a l  inf low,  maintains  colder  tempera- 

t u r e s  than t h e  o the r  two, 

The o rd ina ry  d i f f i c u l t i e s  of following temperature 

changes i n  lakes  a r e  compounded i n  t h e  h igh ly  s t r a t i f i e d  Ogac 

Lake. When changes of temperature w i t h  depth a r e  very r a p i d ,  

s l i g h t  e r r o r s  i n  determining depth lead  t o  l a r g e  e r r o r s  of 

temperature measurement . changes of l ake  l e v e l ,  f o r  example, 

were only i r r e g u l a r l y  recorded. Fur the r ,  i t  i s  very l i k e l y  

t h a t  i so thermal  su r faces  were a f f e c t e d  by i n t e r n a 1  se iches ,  

and therg i s  perhaps a h i n t  of t h i s  i n  Figure 13, Unfortunately,  

these  problams were no t  s tud ied  Sn 1957, and the su r face  of t h e  

lake m u s t  be  taken a s  datum f o r  t h e  s e r i e s  of v e r t i c a l  tem- 

pe ra tu re  r ecords ,  

T o t a l  energy de l ivered  i n  t h e  1957 season. In  the  

a n a l y s i s  o f  the  thermal p roper t i e s  of  Ogac Lake i t  i s  important 

t o  have a t  l e a s t  rough es t imates  of t h e  t o t a l  inc iden t  r a d i a t i o n  

during var ious  per iods of the  1957 season,  No ins t rumenta l  



Figure  12. V e r t i c a l  d i s t r i b u t i o n  o f  temperature  i n  Ney Harbour , 
t h e  t h r e e  bas ins  of Ogac Lake, and i n  a nearby 
f reshwater  l a k e ,  a t  t h e  end of  win.ter ( e a r l y  June in 
Ogac Lake and Bey Harbourg J u l y  10 i n  the  fseshwater 
lake) and a t  the height  of  çummer warrning (August 17 
i n  Ogac Lake, August 11 in t he  freshwater l ake ,  and 
Septernber 6 i n  Ney Harbour) . 



Figure  13. Temperature s e c t i o n  through Ogac Lake, Septeruber 21, 19570 



observat ions were made, b u t  approximations ean be der ived 

from t h e o r e t i c a l  f i g u r e s  of clear-day i n s o l a t i o n  correc ted  

f o r  cloud cover* 

The most s a t i s f a c t s r y  es t imates  of t o t a l  i n c i d e n t  

r a d i a t i o n  on c l e a r  days appear t o  be those of  Mateer (19551, 

who maps mid-month i s o p l e t h s  for  a l 1  of Canada, His e s l ima tes ,  

e ç p e c i a l l y  f o r  June and J u l y ,  considerably exceed those from 

o thes  r e c e n t  sources ( L i $ %  L9$1, Woden 1.3"flmyda Iqsq),  b u t  

must be considered r e a l l s t i s  f o r  the  present  ç t u d y ,  s ince  ssme 

pes t i n e n t  measurementç were avai la  bPe to  Matee- from Frs  bisher  

Bay, 120 km, from Ogac Lake, 

Records of  ckear and overcas t  days were kegt ,  b u t  

the types of o v e r c a s t g  from which q u i t e  aecura te  co r rec t ions  

can be der ived ,  were only recsrded oceas ional ly ,  Mateer (1955a) , 
without dea l ing  wi th  cloud type,  r e l a t e s  average cloudiness 

( f r a c t i o n  of daytime çky obscured by cloudl t o  p e ~ c s n t a g e  

reduc tZon of i n s o l a t i o n  a O the- r e l a t i o n s h i p s  between çunshine 

and i n s o l a t i o n  were no t  a v â i l a b l e  t o  him from the  a r ~ t i c e  

S t r i c t l y  speaking Mateergs  analyç is  should apply t o  çynogtie 

records which inc lude  par t i aE  cloucl-csver , t he  e x t e n t  of which 

was not o f t e n  noted a t  Ogac Lakeo B u t ,  s i n c e  the e f f e c t  of 

open cloud on i n s o l a t i o n  may be p o s i t i v e  o r  negat ive ,  p s o b a b l y  

l i t t l e  bias is introdueed by LreaLing days o r  por t ions  of days 

as  e i t h e r  c lea r  os  overcas t ,  and d e r i v i n g  the  average ç%oudines% 

f o r  each day accordingly ,  The curveç given by Mateer f o r  

Aklavik ( l a t ,  68O) and ChuschilP (late 5 9 O )  a re  q u i t e  c%oçe, 

and the co r rec t ion  f o r  Frobisher Bay ( l a t e  65O) can be taken 



a s  in termedia te ,  I n  t h i s  manner the  t o t a l  i n c i d e n t  r a d i a t i o n  

a t  Ogac Lake has been eçtfmated bstween e a r l y  June and l a t e  

September, The d a i l y  e s t ima tes  a r e  unl ike ly  t o  be a s c u r a t e ,  

b u t  probably combine t o  g i v e  q u i t e  acceptable  f i g u r e s  of  

amounts of r a d i a t i o n  de l ive red  b e b e s n  s e r i e s  of tempesature 

measurements ( u s u a l l y  about 2 weeks aparé) , Theçe amounts a r e  

l i s t e d  i n  Table V I ,  The i n s o l a t i o n  of June and Julywas w e l l  

above average f o r  t h e  Frobisher  Bay a rea  (comparable wi th  

expecta t ions  i n  c e n t r a l  Baf f in  I s l a n d ) ,  while the  August 

average was s l i g h t l y  low and t h e  Segtember high,  judging from 

maps i n  Nateer ( 1 9 5 5 ~ ~ ) .  

Some of the  i n c i d e n t  r a d i a t i o n  w i l l  be r e f l e c t e d  

and c o n t r i b u t e  no h e a t  t o  t h e  l ake ,  From Roden (3.959) t h i s  

v a r i a b l e  quan t i ty  i s  considered to  average 7.5% f o r  t h e  l a t i t u d e  

of Ogac Lake, and t h e  r a d i a t i o n  en te r ing  thé lake iç determined 

from t h i s  c o r r e c t i o n ,  

'&en observat ions  were 

begun i n  e a r l y  June the  daytime temperatures were j u s  t beginning 

t o  r i s e  above f reez ing*  Thus changes of lake temperature from 

t h i s  time u n t i l  t he  he ight  of summer warrning, co r rec ted  f o r  the 

rnelting of i s e ,  S ~ O U L ~  giv6 t he  annue l  heat  b u d g e t  with some 

claim t o  accuracy* 

There a r e  some p e c u l i a r i t i e s  of the  Pake which 

r e q u i r e  cons idera t ione  F i r s t ,  al tkough deeper waters  continued 

t o  warm i n  the  l ake  (due t o  i n s o l a t i o n ,  t o  be discuased below) 

a f t e r  t h e  middle of A u g u s t ,  the  su r face  waters were a t  t h e i r  

warmes t then, and the  h e a t  content  of the %ake was a t  i t s  



Table V I ,  To ta l  incorning r a d i a t i o n  a t  Ogac Lake during t h e  1057 season, 

- - Lower 3as in  Yiddle Basin Upper Basin 

To ta l  Av, per Total  Av, per  Tota l  Av, pe r  
Dates 1 anergy day Dates Znergy da y Dates 5nergy day 

cal.cm-2 c a l ,  cm -2 c a l .  cme2 c a l .  cm-2 eal.crn-2 cal,ern 
-2 

June 4 June 4 Sune 4 
P- 2 @O 10,400 631 to $y500 606 to ,797OQ 542 

June 20 June 18 Jragle 18 

June 20 June 18 June 18 
2-3 t o  8,200 629 160 9,300 664 $0 lO,100 634 

J u l y  3 Jea-hy 2 Ju1y 4 

Aug* 1" 
6-7 to 5 7 000 

Aug. 31 

Aüg. 31 
311 t O 6,500 

Sept ,2% 

Aug. 3 
3 2b to 4 f, 500 324 



g r e a t e s t .  Secondly, although no c o r r e c t i o n  iç normalky made 

f o r  the  temperature of i n f l u e n t s  i n  the hea t  budgets of l a k e s ,  

t i d a l  water flowing i n t o  Ogac Lake ha% an important e f f e c t  i n  

reducing the  temperature O£ the Sake water ,  

The temperature changes between e a r l y  June and mid 

August a r e  shown i n  Figure 12,  By i n t e g r a t i n g  these  and volumes 

a t  one meter depth i n t e r v a l s ,  hea t  budgets f o r  the  water have 

been deterrnined as  7>500 c a l .  cm.-2 f o r  the  upper, 8,140 

c a l .  cmaa2 f o r  t h e  rniddle, and 6,040 ca l .  meœ2  f o r  t h e  

lower basin,  To these  must be added about 1,280 c a l ,  cm. -2 

f o r  t h e  rnelting of Lee, which avesaged 148 cm, i n  th ickness  on 

two basins and on the  f i o r d  ou t s ide  before being a f f e c t e d  by 

melt ing,  and wkich can be eionsidered f r e s h  (pS'I) ,  The l a t e -  

June t i d e s  had l i t t l e  thermal e f f e c t ,  as water very s l i g h t 1 y  

below O* merely d isp laced  Zce-wates from the  su r face ,  I n  l a t e  

Ju ly  t i d a l  water wi th  a temperature of about 1.6' (Table I I I )  

displaced about 0,8 m e  of su r face  wates ,  which avesaged about 

9,4* between July 27 and  A u g u s t  3. Alrnoçt a l %  the  e f f e c t  was 

i n  the lower bas in ,  and f ~ o m  these  va lues  I t  can be ca lcu la ted  

t h a t  about  670 ca l .  cmem2 should be added  t o  t h a t  basin. No 

cor rec t ion  ean be mada f o r  the  k e a t i n g  of sediments os  for  the 

warming of t h e  i c e  s h e e t  p r i o r  t o  mel t ing ,  b u t  the annual h e a t  

budget as c a l c u l a t e d ,  which arnounts t o  sorne 8,950 c a l 8  cma -2 

f o r  t h e  whole l a k e ,  ean be compared wi th  those a v a i l a b l e  from 

most l akes  (Mutchinson 1959, Table 53) 

I t  is  of i n t e r e s t  t o  compare the hea t  budget of t h e  

meromictic Ogac Lake wi th  t h a t  of a freçhwater Pake. Temperatures 



were recarded and a p lane- tab le  çurvey made o h  a % m l l ,  

unnamed k e t t l e  lake  about 5 0 G  m, upstream f r ~ m  thé  upper  

basfn  on the  Ogac R i v e r ,  This Lake i s  qu i t e  comparable %O 

the lswer basin of Ogae Lake, bsing çomewhat smaller (109,OOQ 
2 m e 2  t o  187,000 m. , shallower (maximum and mean depths of 

24 and  8,/ m e ,  ts 28 and 10,8 m, r e s p e c t i v e l y  in t he  lowes 

bas in ) ,  and very s imi las  i n  form (develspment of volume l,Ll 

i n  the smal l  lake and l e 1 5  i n  the  I s w e s  basin o f Q g g a  Lake) , 

' f i e  i c e  thickness on the  freshwater lake was n o t  

measured, b u t  we can presurne it %O have been t h e  çame a s  on 

Ogac Lake. Temperatures wepe not tâken before July 10, 

when the  %ce was waning r a p i d l y ,  t o  diçappeas on Ju ly  3.7, 

Wost of t he  hea t  p r f o r  t o  Uuly 10 waç psobably taken up  by 

melting i c e ,  and the  water temperatures below a few meters 

the re fo re  almost â t  w i n t e r  minimum, P ~ s m  t h e  summer tem- 

peratuses  ( F i g e  L2), t h e  fresl1b~ater lake  iç t o  be c l a s s s d  

a s  subpalar  and  probably dirnictic (Rutch inson ,  E"S7), I t  

i s  poss ib le  i n  f a c t  t h a t  the  lake  mixed i r r e g u l a r l y  during 

the seasan ,  I t s  hea t  con ten t  waç gsea te r  on Augus% h l  

(bottom 6,6L0) than on Ju ly  26 (bottom 5,41°) and  Ssptember 2 

f bottsm T , 5 B 0 )  , b u t  had increased again on September $7 

(bot ton  6,13O) before the low of Bctobe- 1 (bottom 4 ,48" ) ,  

However, we w i J l  not be  p a r  wrong i n  considering the tew- 

pera tuses  on A u g u ç t  $9 ts have been maximalo Prom theçe 

cons idera l ions  an annuaL h e a t  b u d g e t  f o r  the freshwater %ake 

-2  has been est imated a t  about 4,830 c a l ,  cm, T h i s  f i g u r e  

may be taken a s  minimal., b u t  it Es c l ea r  t ha t  thé advantage 



which the r e l a t i v e l y  uns t r a t i f i e d  freshwater  lake  has i n  

mixinr hea t  t o  depths i s  counteracted by i t s  g r e a t e r  tendency 

to  l o s e  hea t  gained near  t h e  sur face .  

Radia t ion  hea t inn .  From the  s e c t i o n s  on meromixis 

and the  s a l i n i t y  c y c l e  i t  w i l l  be c l e a r  t h a t  Ogac Lake i s  

h igh ly  r e s i s t e n t  t o  downward mixing, M i l e  no at tempt  was 

aade t o  der ive c o e f f i c i e n t s  of downward t r a n s p o r t  a t  var ious 

depths i t  was suggested t h a t  l i t t l e  or  no f r e s h  water was 

mixed from the  s u r f a c e  t o  depths below 5 m. i n  the  lower, 

15  m. i n  the  n i d d l e ,  and 10 m. i n  the  upper basin (Fig.  10) .  

Ro doubt v e r t i c a l  exchange occurs t o  a  smal l  degree between 

deeper s t r a t a ,  b u t  t he  impl ica t ion  i s  t h a t  much or  a l 1  of the 

warming which took p lace  i n  deeper water was due t o  r a d i a t i o n .  

Unfortunately,  no 3ecchi d i s c  readings  were made 

during the  1957 season,  b u t  an ind ica t ion  of t h e . c l a r i t y  of 

the  l ake  i s  given by  t h e  f a c t  t h a t  a  plankton n e t  (wi th  a  

white canvas mouth) was noted t o  disappear a t  about 14 m. i n  

the  middle and  19 m. i n  t h e  upper basin on August 3. I f  

c e r t a i n  i d e a l  cond i t ions  ob ta in ,  then the re  a r e  two f u r t h e r  

ind ica t ions  t h a t  r a d i a t i o n  i s  the  s o l e  source of hea t ing ,  

F i r s t ,  i f  water above a  given plane can be considered 

o p t i c a l l y  uniform i n  t ime, then the amount of energy passing 

through the  plane w i l l  be d i r e c t l y  r e l a t e d  t o  the  amount of 

r a d i a t i o n  absorbed a t  the sur face .  Figure 14 i n d i c a t e s  a q u i t e  

s a t i s f a c t o r y  r e l a t i o n s h i p ,  a t  l e a s t  f o r  t h e  deeper water of  the 

middle and upper basins .  The lower basin,  being most d i s -  

turbed by t i d e s ,  and having the  l a r g e s t  and most var ied  



Figure 14. Relat ionship between câ l cu la t ed  energy p e n e t ~ a t i n g  
t h e  su r face  durlng four per isds  i n  t h e  open wates 
season and observed hea t  increment helow given  
depths i n  t h e  three  basinse The f o u r  periods chose i~  
were undisturbed by t i d a l  inflows 



plankton crops,  was l e a s t  l i k e l y  t o  f u l f i l l  the condi t ions of 

o p t i c a l  homogeneity. h l so ,  even although no f r e s h  water was 

apparent ly mixed below 5 m. between e a r l y  Sune and l a t e  Ju ly ,  

v e r t i c a l  exchange of heat  across  t h i s  shallow plane l a t s r  i n  

the  season was c e r t a i n l y  more l i k e l y  than across  t h e  deepes 

planes of the o ther  two basins ,  

A second ind ica t ion  of r a d i a t i o n  heat ing can be 

gained from an examination of temperature changes wi th  time 

a t  d i f f e r e n t  depths,  Without d i r e c t  measurements of energy 

penet ra t ion  or  knowledge of hor i zon ta l  ex t inc t ion  c o e f f i c i e n t s ,  

a  d e t a i l e d  explanat ion of v e r t i c a l  temperature changes would be 

presumptuous, Kevertheless,  i t  i s  believed t h a t  such changes 

can be accounted f o r  i n  a  q u a l i t a t i v e  way. 

Figure 14 implies t h a t  about 11.5% of su r face  energy 

reached 10 m. and 65 reached 15  m. i n  the lake.  Such penetra- 

t i o n s  a r e  q u i t e  c lose  t o  those f o r  l'average ocean water" given 

by Sverdrup & (1942) , who a l s o  t abu la te  heat ing due t o  
d 

absorpt ion of  r a d i a t i o n .  I t  can be seen from Figure 15 t h a t  

the heat ing curves for  l'average ocean water" do not  f i t  the 

observed increments a t  a l 1  we l l ,  I f  the  hypothesis t h a t  no 

v e r t i c a l  exchange of heat  occurred below 18 or  1 5  m. is t o  be 

maintained, then these deviat ions mus t  be explained, 

I n  the  f i r s t  p lace ,  i t  i s  t o  be noted t h a t  the 

heat ing curves apply t o  a boundless ocean, A g r e a t  d e a l  af  

energy enter ing  Ogac Lake must be captured by the bottom, and, 

unless a  s t rong d i f f e r e n t i a l  can be maintained, some or  most of 

t h i s  energy must De de l ivered  t o  t h e  water*  The only  d i r e c t  



Figure 15, Temperature changes i n  the  t h r e e  basins during the  
open-water season and t h e o r e t i c a l  increments based 
on r a d i a t i o n  heat ing,  ( ç e e  text> 



evidence f o r  sueh an e f f e c t  i s  from bathythermograph records 

of temperatures i n  deep and shallsw water made on Septembes 21 

(Fig.  16), The evidence from these  curves i s  t h a t  the re  i s  

s t rong l o c a l  warming over suf f i c i e n t l y  shallow bottoms, which 

means t h a t  hea t  i s  not i n  f a c t  evenly d i s t r i b u t e d  by hor izon ta l  

exchange, However, a s  an ind ica t ion  of the  maximum e f f e c t ,  t h e  

hea t ing  curves of Figure 1 5  a r e  shswn a s  correc ted  on t h e  assump- 

t i o n  t h a t  & hea t  del ivered t o  the  bottom a t  a  given depth i s  

d i s t r i b u t e d  throughout the water a t  t h a t  depth, I t  can be seen 

t h a t  these curves too f a i î  t o  descsibe s a t i s f a c t o r i l y  the  ob- 

served temperature inc reases ,  al though they may help aecount 

f o r  the  somewhat g rea te r  heat ing of the  water column i n  the  

middle and lower bas ins ,  where r a t i o s  of bottom a rea  t o  water 

volume a r e  l a r g e r  There i s  no j u s t i f i c a t i o n  f o r  assuming 

t h a t  there  a r e  d i f f e rences  i n  the  extent  of hor i zon ta l  exchange 

a t  var ious depths,  The t h e o r e t i c a l  heat ing curves of Figure 15 

would apply i n  o p t i c a l l y  uniform water ,  b u t  i t  i s  probable 

t h a t  there  a r e  s t rong v e r t i c a l  d i f f e rences  i n  the  absorpt ion of 

r a d i a t i o n ,  i h a t  i s  needed i s  very c l e a r  water near the  surface 

t o  permit maximum penet ra t ion  of r a d i a t i o n  t o  the  next  few 

meters,  followed by more t u r b i d  water t o  absorb most of the  

remaining energy, followed by increas ingly  absorbent water t o  

capture the  l a s t  of the  r a d i a t i o n  between 20 and 30 m e ,  a t  l e a s t  

i n  the  middle and upper bas inse  This almost c e r t a i n l y  descr ibes  

the  condi t ion of water i n  Ogac Lake, where the f r e s h ,  co lo r l e s s  

and l i f e l e s s  su r face  waters must t ransmit  almost as pure water ,  

and where the  increasing spacllty with depth  i s  r e f l e c t e d  i n  the 



F i g u r e  16. Evidence of l o c a l  r a d i a t i o n  heating over the  
bottom, September 21. 



v e r t i c a l  d i s t r i b u t i o n  of chlorophyPP, w%th t h e  ve ry  kigh 

va lues  below 20 m ,  probably açsocia led  witk fasge amounts of 

suspended d e t r i t u s  (p ,71) ,  As an i n d i c a t i o n  of t h e  amount sf 

hea t ing  whish courd oceu- i n  t ransparent  shallowes water*  the  

hea t ing  curve f o r  " c l e a r e s t  ocean weteru (Sverdrup L942), 

cor rec ted  f o r  hea t  frsm t h e  bottom, i s  shswn %or the  middle 

basin i n  F igu re  l S a  

RadiaLiari. alone cannot 

account fo r  the  h igh ly  anomalous temperatuse c w v s s  i n  Ogac 

Lake, PossibPy s l i g h t  maxima and minima might rssult i n  a 

s t r a t i f i e d  system frsm e l e a r  and t u r b i d  zone% in the water ,  or 

by h o r i z o n t a l  t ransmission of hea t  from bottoms of varying 

s l o p e s ,  However, t h e  s t rong  inversions found i n  t h e  lake a r e  

e a s i l y  explained'  by r e f e r e n c e  t o  the  t i d a l  inflows. 

The temperature e f f e c t  of each t i d e  i s  shown graph ica l ly  

on Figure l 7 a ,  b S  and c. Except fo r  the  late-August %ides ,  

temperatuse recorda a r e  a v a i l a b l e  fsom i m e d i a t e l y  before and 

a f t e r  each s e r i e s  of inf lows,  Since the dens i ty  of an inf lsw 

i s  overwhelmingly a  fune t ion  of sak in i t - ,  ço t h a t  i t  tends to 

seek  i t s  own ç a l i n i t y  l e v e l  i n  the  $ake, the  temperatuse 

e f f e c t s  of the t i d e ç  a-e q u i t e  s t a r t l i n g ,  

The q u a n t i t y  of  t h e  inf lsw i n  l a t e  June was agpasent ly 

i n s u f f i c i e n t  t o  have a no t i ceab le  efAect even i n  t h e  lower 

bas in ,  I n  l a t e  J u l y ,  t h e  t i d a l  wczter appearç t o  have entered 

a t  two l e v e l s  (not  çeemingly equivalent  t o  t h e  l a r g e  and smabl 

components of the t i d e  on T a b l e  III), The e f f e c t  was s l i g h t  

i n  t h e  middle and n s t  d iscernable  i n  the  rzpper basin,  l k e  



F i g u r e  19, Ver t i ca l  d i s t r i b u t i o n  of temperature i n  the  Power, 
m i d d l e  and upper basfns  before and a f t e s  eaeh 
t i d a l  s e r i e s ,  



l a rge  August inf low caused a  d i s t i n c t i v e  invers ion  below 5 m e  

i n  the  lower bas in ,  Water flowing over t h e  7-m. s i l l  en tered  

the second basin a t  about 10-15 m e  t o  expand v e r t i c a l l y  t h e  

ex ten t  of the  temperature minimum. The e f f e c t  i n  the  upper 

basin,  a s  might be expected, was muoh smaf ler ,  and l i t t l e  net 

temperature r educ t ion  occurred 

The l a t e  September inflow was c ~ l d  and dense,  and 

had a  complex i n f l u e n c e l  q u i t e  unl ike  t h a t  of preceding t i d a l  

s e r i e s  The depths of the lower basin were f i l l e d  with colder  

water ,  but water flowing over the  3-m. s i i l  seems t o  have 

entered  a  number of s t r a t a  i n  t h e  middle and upper basins .  

To expla in  such an e f f e c t ,  one must assume t h a t  flow i n t o  t h e  

basins was i n t e r r u p t i v e  and of varying q u a l i t y .  I n  l a t e  August, 

al though some non- t ida l  water was undoubtedly displaced from 

below, t h e  main p a r t  of the  inflow found i t s  l e v e l  a t  about 

7 m . ,  whence i t  had the oppor tuni ty  of flowing smoothly i n t o  

the middle bas in ,  In  September the  inflow was denser ,  and 

flowed i n t o  and mixed with t h e  water of ,the lower basin,  t o  

" f i l l t l  it .  from t h e  bottom up, Each success ive  t i d e  m u s t  have 

displaced denser water ,  and the  temperatures of these  d i s -  

placements must have var ied  markedly, judging from condit ions 

sround 7 rn, en Septembe~ 2% ( F i g u r e  %?a) , AQtsr the deegss 

water of t h e  lower basin had been made denser ,  t i d a l  water had 

the  oppor tuni ty  of flowing over t h i s  water and i n t o  the  middle 

basin,  Perhaps t h i s  was most l i k e l y  a t  the beginning and end 

of an  inf low,  when the water was s l i g h t l y  l e s s  dense. 

The complicated v e r t i c a l  p a t t e r n  of temperature 



changes i n  t h e  rniddle and upper bas ins  i s  csmpsundsd by 

h o r i z o n t a l  d i f f e r e n e e s  ( F i g e  181 ,  Sn g e n e r a l ,  t h e  f u s t h e r  

away from t h e  lower baâin ,  t h e  l e â s  marked a r e  t h e  ansmaaies 

and changes i n  t he  temperatuse cixrves, Presumably whât began 

a s  a  laminar flow a c r a s s  t he  s i l l  fsom t h e  lower basin  would 

have l o s t  much of i t ç  c h a r a s t e r  and momentum a s  I t  progressed 

up t h e  lake  a t  i t s  own d e n s i t y  l e v e l ,  

The ef f e c t  of t h e  unsbserved lâte-October t i à e s  

would be most e r i t i c a l  i n  t h e  thermal regime of t h e  l a k e e  1% 

has been suggested i n  the  s e c t i o n  an s a l l n i t y  t h a t  much of  the 

t idaL water then prsbably  fPowed over t h e  I aye r s  i n  t h e  Pawer 

basin  a k e a d y  made dense by t h e  late-âeptember t i d e s ,  and 

thus  pene t r a t ed  the  s t h e r  twa baçins ,  Because of s a l i n i t y  

d i f f e r e n c e ç ,  t he  water  wauld pene t r a t e  deeper I n  t h e  upper 

bas in ,  Such a rnechanism would lead t a  tempesature curveç 

s i m i l a r  t a  thaâe  a t  the  beginning of the  1957 season ( F i g e  î 2 ) &  

Although back r a d i a t i o n  and l imi t ed  conves t ive  mixlng i n  wintes  

could l ead  t o  neas -sur face  c a s l i n g ,  the s t r o n g  g rad ien t  a %  

10-15 m e  i n  t he  middle and about 15 m, i n  t h e  upper basin  m u s t  

have r e s u l t e d  Pssm t h e  p e n e t r a t i o n  of eo ld  t i d a ?  water  %O t h e s e  

depthç i n  t h e  autumn a f  1956* 

Since i t  appears  ( p ,  32) t h t  t h e r e  w â s  l i t t l e  d i f -  

f e r ence  i n  t h e  s a l i n i t y  s t r u c t u r e  of t h e  Lake between 19Qa, 

1952 and 1957, i t  i s  probable  t h a t  the same s o r t  of t i d a l  

p e n e t r a t i ~ n  occurç r e g u l a r l y  eacb saassn ,  and %ha$ the mar ked 

temperature  minimum d u r i n g  sumer i n  the  m i a d l e  and upper 

bas ins  i s  perpe tua ted  a s  an  i n t e r a c t i o n  of s ~ l a r  r a d i a t i o n  and 



Figure 18. Vertical distribution of temperature a t  several 
stations i n  the lake on September 29, after  the 
t ides  , Vert ica l  l i n e s  1°C apar t  



autumnal t i d e  i n f l u x .  UnfortunaLely, temperature records  

from 1951 and 1952 a r e  too widely spaeed i n  depth t o  t e l l  u s  

anything of t h e  shape of the  temperature curve,  

Oxygen 

V e r t i c a l  d i s t r i b u t i o n ,  Meromixis i s  normally 

accompanied by marked e f f e c t s  on the  v e r t i c a l  d i s t r i b u t i o n  of 

oxygen. Figure 19 dep ic t s  oxygen curves a t  the end of winter  

i n  the t h r e e  basins.  The fa11  of oxygen with depth was g r e a t e s t  

i n  the  lower and l e a s t  i n  the  upper basin,  Qxygen was absen t  

a t  a l 1  times below 32.5 m. i n  the  upper and 30 m ,  i n  t h e  

middle bas in ,  and was very nea r ly  absent  a t  25 m. i n  the 

r e s t r i c t e d  "deep" of the  lower basin,  

I t  seems l i k e l y  t h a t  the e x t e n t  of oxygen reduc t ion  

with depth i s  r e l a t e d  t o  the morphometry of the  th ree  basins .  

More of the  oxid izable  ses ton  from t h e  trophoganic layer  w i l l  

reach the  bottom a t  shallow and in termedia te  depths i n  t h e  

lower and middle basins than i n  the  ugper basin ( see  F ige  4) , 

I t  i s  of i n t e r e s t  i n  t h i s  r e spec t  t o  poin t  out  t h a t  much of  the 

bottom above the  depth a t  which the  water column became 

anaerobic was fou1 and devoid of rnacrobenthos. (Sometimes 

a  t h i n  oxidized zone over l a id  reduced mud a t  q u i t e  shallow 

depths,)  The minimum depths a t  which fou1 bottoms were noted 

were 20 m ,  i n  the  lowes, 25 m e  i n  t h e  middle, and 27 m e  i n  

the  upper basin.  PresumabZy water jus t above these  botLoms 

was anaerobic ,  b u t  samples were not  taken t o  confirm t h i s .  The 

reduced sediments no d o u b t  r e s u l t  frorn t h e  oxidat ion of captured 



9 LOWER BASIN 

ir MIDDLE BASIN 

A UPPER BASIN 

Figure 19. Vert ical  d i s t r i b u t i o n  of oxygen i n  t h e  three 
basins  i n  ear ly  June. 



ses ton ,  and i n d i c a t e  the means by wkrieh oxygebs $9 desreersed 

a t  çhallow and in termedia te  depthhs by morphornetric f a c t o r s ,  

As usua l  when oxygen i s  lacking i n  seawater,  the  

s u l f a t e s  a r e  reduced, and f o r  t h i s  reason l a r g e  amounts of 

hydrogen s u l f i d e  a r e  found below the  ae rob ie  l e v e l s  of the  

lake.  Ko s p e c i f i c  s tudy of the  d i s t r i b u t i o n  of H2S was made, 

b u t  i t  could e a s i l y  be smelled even i n  t h e  water a t  the  

boundary of  t h e  anaerobic  layer  . 
The annual cyc le  of oxygen is 

ou t l ined  on Figure 20, Since the re  i s  very  l i t t l e  downward 

mixing from t h e  s u r f a c e ,  oxygen changes below a few meters 

m u s t  be considered l a r g e l y  biogenic. These productive and 

consumptive changes w i l l  be dlscussed i n  a  genera l  way he re ,  

b u t  c e r t a i n  d e t a i l s  w i l l  p e ~ i o d i c a l l y  be r e f e r r e d  t o  again 

when plankton cycles  a r e  d e a l t  wi th ,  

I n  a l 1  bas ins ,  oxygen concent ra t ions  remained more 

or  l e s s  unchanged through Yune, The oxygen frsm a l p a l  popula- 

t i o n s ,  which developed under the  i c e  i n  a l 1  bas ins ,  was 

apparent ly  eonsumed by the  increase  of numbers and poss ib ly  

a c t i v i t y  of the  zooplankton, In  the  uppes basin,  where the  

diatom f lowering waç smal les t  (p .  74) , t he  production of young 

plankton predators  was a l s o  considerably çornalles (pp, 12Ej,a7) ; 

t h i s  may account f o r  the maintenance of higher oxygen values 

the re .  There was l i t t l e  change i n  oxygen i n  the  middle and 

upper basins i n  e a r l y  Ju ly ,  although net-phytoplankton dwindlsd 

and l a rge  numbers of n a u p l i i  of the  dominant grazing p lank te r ,  

Pseudocalanus minutus, began t o  develop then.. Suçtained a l g a l  



O X Y Q L N  

Figure 20. Seasonal cyc le  of oxygen i n  t h e t h r e e  basins. 



production i n  the  Lswer basin,  no% y@% matshed by the F B ~ P O ~ U C -  

t i o n  of gsaz ing  Resms ( f i  87 ) 9 C I I ~ B ~ S  tc., have bem a-eclponsible 

f o r  t h e  inc rease  of oxygen Ln deeper waters of the  bas in ,  

Aftes  mid J u l y e  t h e r e  wa% a g r ea t  d r o p  i n  sxygen,  t r a c e a b l e  t o  

t h e  seproduct%on and grow$C;B% of the  varia$ous zoop%ankB;on species  

and decrease O-psimary p r s d u c l i s n b  The fowe- basin sus ta ined  

much la rge-  q u a n t i t i e s  of zosplankton at t h i s  tirne, but t h i s  

waç apparently compensated by the  continuin- high phytoplankton 

p o p u l a t i o n s  f o r  the  sxygen àecrease was âess s s v s ~ e  t k @ r e d  

F i n a l l y  t h e  slow recovery  of sxygen a f t e r  e a r l y  August @an be 

tsaced t o  mor ta l i ty  of zsoplankton as wel l  as t he  i n c r e a s e  of 

phytaplankton, p a s t i c u l a ~ l y  d ins Î l age l$a tes  and âmaller species 

of diatoms Primasy production, however I s w  , apparent ly  kept  

ahead of oxygen csnsumption i n  the l a t t e r  p a r t  of the  open- 

water season, b u t  r e s p i r a t i o n  a%sne m u s t  have proceeded alowly 

d u r i n g  t h e  winter if values comparable wi th  tkoçe found i n  ea r ly  

June were r e a t  $ainede 

% 

Oecursences of metallmnstic minima of sxygen a r e  we l l  h o w n  i n  

freshwates l akes ,  Often they  may be a"%"c-ibutsd ts lescâ%%zed 

s x i d a t i o n  of P a l l l n g  s e ç t o n ,  o r  %o morphometric ef f e c t s  

(IIutchinson, 1.57) , Recentlly Shapi ro  (1968) has given ample 

evidence t ha t  such a min imum i n  Lake Washington resul ts  from 

r e s p i r a t i o n  by l a r g e  populat ions  o m o w - m i g r a t i n g  cepepods ,  

I n  Ogac Lake, d i s t i n c t  minima sceu r r ed  a t  PO m b  i n  

the  m i d d l e  basin and 12 m a  in the  uppe r  basin  i n  e a r l y  and  m%d 

A u g u s t .  A sma l l e r ,  short- term minimum secur red  a t  about 5 a, 



i n  t h e  lower basin on August 4 (Fig. 20) Reference t o  Figure 

12 w i l l  r e v e a l  t h a t  marked temperature minima were found a t  

exac t ly  10 and 12 m. i n  t h e  middle and upper basins respec- 

t i v e l y ,  The c a u s a l i t y  i s  obviously i n d i r e c t ,  and i t  appears 

c e r t a i n  t h a t  t h e  oxygen minimum i n  Qgac Lake r e s u l t s  from 

zoopkankton a c t i v i t i e s  , Pseudocalanus a i n u t u s  ( see  p. 101) , 
t he  most irnpor t a n t  hes bivore,  i s  l a r g e l y  respons ib le  The 

spec ies  appears t o  respond t o  temperature a s  such, and not  t o  

any l a r g e  a l g a l  supply a t  the  l e v e l  of t h e  temperature minimum, 

which might o therwise  have cornpensated f o r  oxygen r e s p i r a t i o n .  

The epherneral notch i n  the  lower basin i s  no t  a s  r e a d i l y  

explained. I t  may be r e l a t e d  t o  t h e  i n f l u x  of t i d a l  water a t  

about 7 and 2.5 m. during l a t e  July (Fig.  l 7 a ) ,  on e i t h e r  s i d e  

of the  minimum. 

ZOOPLANKTOK BIOLOGY 

General Character of the  Plankton and Scope of t h i s  Study 

Although most of the  plankton c o l l e c t i o n s  of 1957 

have been q u i t e  f u l l y  analysed, only a por t ion  i s  d e a l t  wi th  

i n  t h i s  study. The m a t e r i a l  c o l l e c t e d  f a l l s  n a t u r a l l y  i n t o  

s e v e r a l  c l a s s e s ,  sach  one of whiok might bear bonsidsrable study. 

Most zooplankton spec ies  encountered i n  t h e  lake a r e  

r e s i d e n t s ,  and c a r r y  out  t h e i r  e n t i r e  l i f e  cyc les  t h e r e  i n  

i s o l a t i o n  from the  s e a ~  LTnlike many e s t u a r i e s ,  ttpondstt and 

lagoons of temperate and t r o p i c a l  r eg ions ,  i n  Qgac Lake t h e r e  

i s  no spec ia l i zed  brackish fauna t o  dominate the  zooplankton, 



a l tkough  r a s e  brackish  elements may accu-, The zoaplanktsn 

c o n s i ç t s  o . f a  asalher impoveriçhsd çe lec tbon 0% a r e t i c  marine 

forms, ssme w i t k  a wide d i s t r i b u t i o n  i n  t he  s e a ,  Among the 

eopepods, t h e  c a l a n o i d  Pçeudoealanus ---- minutus and t h e  e y c l ~ p o l d  

Oitkona s i m i l i s  - a r e  sverwhekmingly the  most cornmon, A feu 

specimens of M e t r i d i a ,  C and L w 0  O r  t h r e e  h a r p a ~ t i c ~ f d s  

(p r sbab ly  epibenthie) seealed ts reproesent r a r e  eopep~jd  residen$çs 

The chaetognath e mos t important  predacissuâ 

form, but the medusâ was q u i t e  cornmon, Another 

hydrsmedusan, Nelicerturn - - s c t s c s s t â t u g ,  was r a r e ,  and t h e  l a rge  

scyphszsan a l t h s u g h  seen regula-3.y i n  t h e  l a k e ,  was 

r a r e l y  çampled by t h e  n e t s ,  Qtber than these s p e c i e ç ,  a few 

p r s t ~ z o a n s  and r o t i f e w s  of the  pcnus synchaeta made u p  t he  

autochthenous,  h s lop lank ton ic  zooplanktsn,  

Although n o t  a l 1  spec i e s  have been f u l h y  i d e n t i f i e d  as 

y@%, t h e r e  appearç t o  b e  little of systematic or  zoogeographic 

i n t e r e s t  i n  t h e  ho lop lankton ,  mere Ls  no %rue  r e l i c t  i n  the 

sense  of t h e  residen"c:A$lantlc c s d  (p. 31,  w i t h  t h e  p o s s i b l e  

except ion of t he  medusan !je M ~ l a ^ u m ,  which has n s t  hiéhe-to 

been recorded fsom t h e  Canadian a r c t i c ,  b u t  wkich i s  we$l kgaaown 

from bsackish f i o r d s  Ln Norway and Tram Uest Greenland, and 

which may be an essentially braekish spec ies  frsm more southern 

waters  (3ussePP, 9953), Some o f  t he  q u a l i t a t i v e  c o l l e c t i o n s  

from j u s t  over t h e  bottom may conLain more of tax~nemie 

i n t e r e s  t e  

mere appsars Lo have been no "esk~water zsoplankton 

i n h a b i t i n g  t h e  susface OP t h e  l ake  in 1957, Since the  fireçkwatsr 



l aye r  was no t  always p resen t ,  and was only 1-3 m e  t h i c k  a t  

most, t h i s  l a c k  i s  no t  s u r p r i s i n g .  

There i s  a l s o ,  of course ,  a  l a r g e  meroplankton, Since 

t h e  benthos,  too ,  i s  l imi ted  i n  s p e c i e s ,  t h e  l ake  o f f e r s  an i d e a l  

medium f o r  the  i d e n t i f i c a t i o n  and s tudy of l a r v a l  s t a g e s ,  There 

i s  much of b io log ica l  i n t e r e s t  i n  t h i s  ma te r i a l ,  inc luding  s t rong 

b u t  unprecedented evidence t h a t  v e l i g e r  la rvae  (probably o f  

Sexicava) spend almost a  year i n  the  plankton i n  these  warm 

and unproductive waters .  The meroplankton has l a r g e l y  been 

analysed ,  b u t  cannot properly be d e a l t  with s e p a r a t e l y  from t h e  

parent  benthos, and so  i s  not  considered here.  

A t h i r d  c l a s s  of zooplankton i n  t h e  lake  i s  

al lochthonous.  Each t i d e  i n  1957 brought i n  numbers of spec ies  

which were not  represented  i n  t h e  r e s i d e n t  plankton. Large 

Crustacea--Mysis o c u l a t a ,  Themis t o  l i b e l l u l a ,  and s e v e r a l  

gammarids--fell prey t o  the  voracious codf ish  which schooled 

a t  the  o u t l e t  a t  high t i d e s ,  and were never taken i n  t h e  

plankton n e t s  i n  t h e  lake.  Others ,  l i k e  Ctenophora, were found 

dead o r  i n  fragments a f t e r  t h e  t i d e s .  S t i l l  o t h e r s ,  l i k e  

Calanus g l a c i a l i s ,  o f t e n  t h e  most common animal i n  t h e  inf lows,  

appeared i n  some numbers i n  plankton hauls  taken immediately 

a f t e r  the  t i d e s ,  b u t  had l a r g e l y  disappeared two weeks a f t e r -  

wards ; probably Calanus was i n t o l e r a n t  of low s a l i n i t i e s  a t  

l e a s t  (Marshall  and Orr, 1955). Only Pseudocalanus minutus of 

of t h e  spec ies  i n  the  l ake  was w e l l  represented i n  t i d a l  

inf lows,  and w i l l  be discussed f u r t h e r  (p.  106). The a l loch-  

thonous zooplankton c e r t a i n l y  mer i t s  cons idera t ion  i n  t h e  



economy of the  hake, even i f  onLy as food sr general  organic  

emichment. B u t  sinee a f u l l  analysis would involvs  refersnce 

t o  plankton and t h e i r  cycles  Ln t h e  waters outsi.de, such a d i s -  

cussion i s  deferred.  

A s  s t a t e d  above, four  spec ies  dominale , the zoo- 

plankton--Pa minutus, 2 ,  similis, s, and _ ,  

and o f f e r e d  a  l a rge  m a t e r i a l  f o r  s t u d y a  A l %  a r e  widespread i n  

a r c t i c  and o the r  s e a s ,  and have a considerable  I i t e r a t u r e .  

Advantages of studying these  animaEs i n  the  lake  inehude t h e  

ease of tak ing  complete sarnples (betwesn the  anassobic l e v e l  

and the  su r face )  , physica l  and b i o l o g i c a l  d i f f e rencés  between 

t h e  t h r e e  bas ins ,  t h e  slow gsowth of  the  animals,  and the  

genera l  s i m p l i c i t y  of the  ecosystem, Ogac Lake i n  f a e t  i s  a  

n a t u r a l  l abora to ry  f o r  the  s tudy of  t h e  l i f e  h i s t o r y ,  t roph ic  

r e l a t i o n s ,  and o ther  f e a t u r e s  of these  animals i n  g r e a t e r  d e t a i l  

and aceuracy than i ç  poss ib le  i n  t h e  s e a l  The âtudy of t k e s e  

four  animals Ls the  core of the  t h e s i s ,  

The phytoplankton was $nadequaLely sampled and has 

not  been f u l l y  i d e n t i f i e d ,  I t  i s  presented i n  t h i s  s tudy t o  

t h e  e x t e n t  necessary f o r  background t o  the  ~ 0 0 p f a n k t ~ n  biology, 

Some of t h e  phytoplankton spec ies  a r e  brackfçk and some s u b m c t i e  

or borea l  ( A ,  S, Bursa, pers .  corn.)  and the re  may be i n t e r e s t i n g  

taxonomic p o s s i b i l i t i e s  i n  the  Pake. The bs ief  account of 

phytoplankton given below eonta lns  s e v e r a l  h i n t s  on poss ib le  

con t ro l s  of succession and p roduc l iv i ty ,  I t  i s  planned t o  

g ivs  primary psoduct lv i ty  Susther a t t e n t i o n  i n  the  f i e l d .  

An ult irnate aim of the  s t u d y  of Ogac Lake w i l l  be t o  



express exchanges w i t h i n  t h e  e n t i r e  plankton ecosystem i n  

ene rge t i c  terms* The s e c t i o n s  which fol low w i l l  make c l e a r  

t h a t  such an aim i s  n o t  unreasonable i n  t h e  l a k e ,  wi th  Its 

l i m i  t ed  populat ion of s low-growing zooplankton. However , 
before any such a n a l y s i s  i s  commenced, c o l l e c t i o n s  of speci-  

mens s u i t a b l e  f o r  c a l o r i f i c  ana lys i s  , d i r e c t  measurements of 

primary production, and perhaps assessment of the  r e s p i r a t o r y  

a c t i v i t i e s  of the  zooplankton, would be necessary,  This f i e l d  

work i s  planned f o r  t h e  f u t u r e .  

Sampling Methods 

Since sampling was t o  begin weLl before the  departure  

of i c e ,  i t  was necessary  t o  devise a  program of r egu la r  plankton 

c o l l e c t i o n  by v e r t i c a l  ne t  hauls .  The marked phys ica l  and 

b io log iea l  s t r a t i f i c a t i o n  of the lake l ikewise  ind ica ted  t h a t  

on ly  sampling of a l 1  depths,  a s  wi th  v e r t i c a l  hau l s ,  would be 

r e p r e s e n t a t i v e .  

Although a  metered Clarke-Bumpus plankton sampler 

was a v a i l a b l e ,  i t  was decided t h a t  r e g u l a r  sampling was best  

c a r r i e d  out  wi th  n e t s  30 cm. i n  diameter ,  both f o r  l a r g e r  

catches and t o  ensure the  capture  of l a r g e r  and more a g i l e  

p lankters .  Since ve ry  fine-mesk mets, e s p e e i a l l y  when clogged, 

a r e  of low and v a r i a b l e  e f f i c i e n c y  of f i l t r a t i o n ,  a  mesh of 

No. 6 (ape r tu re  0.239 mm.) was chosen f o r  t h e  s tandardized 

v e r t i c a l  hauls ,  I t  i s  doubted t h a t  the  plankton was ever 

s u f f i c i e n t l y  t h i c k  t o  a f f e c t  the e f f i c i e n c y  of t h i s  n e t  by 

clogging. The q u a n t i t a t i v e  bas is  t o  the  c o l l e c t i o n s  was given 



by a cons tant  haul ing rate of 0.5 rn, sec,-', u s u a l l y  e s t ima ted  

by c sun t fng ,  Every e f f o r t  was made not  $0 change the  rats of 

raising t h e  n e t  t b o u g h  d i f f e r e n t  s t r a t a ,  even i f  tks r a t e  waç 

f e b t  t o  be s b i g h t l y  f a s t  sr slow, The hew hauls  which deviated 

from t h e  s tandard h a u l i n g  r a t e  by more than 0.1 m. sec.-' were 

discarded and r e p e a l e d ,  

5ihiSe the No, 6 net r e t a i n s  l a r g e s  p lankters  

adequately,  many srnaller forms may pasç though I t s  mesheç, 

m e s e  were sarnpled w l t h  a  38-cm, n e t  o f  Ho, 20 mesh (aper ture  

0.076 mm.). ITo n e t  is adequate f o r  the  phytoplankton o r  smaller 

holozoic forrnç, b u t  t h i s  mesh i w  g e n n r a l l y  behievsd t o  s e t a i n  

the  çrnalleçt copepsd nauplii, benthonic la-vas,  and s thers  of 

comparable s i z e ,  

The v e r t i c a l  haulç were made biweekly  fssm e a r l y  June 

t o  Sate  September i n  the  cen%er of  the  Iswer basin  and i n  the  

deepeçt pa r t s  of the  m i d d l e  and  u p p s r  b a s i n ç a  Each s e r i e s  i n  

a l 1  basins consiçted first of Lws combined hauls with the No, 6 

net and two with t h e  No, 20 n e t ,  from 20 m, t-, the  s u r f a c e e  

One or two eombined k a u l ~  wi th  the  Mo6 6 n e t  wese made a% the 

same times %rom belou the  anaersbic  I e v e l  t o  the  surface  i n  

the middle and upper bas ins ,  excep$ unfo r tuna te ly  d u r i n g  t h e  

f i r s t  ç e r i e s  i n  June, Due ts l â e k  of b o t t l e s  it was n s t  pose 

s i b l e  t o  take fine-mesh sainples d u r i n g  the I a s t  s e r i e s  on 

Septembes 29 ,  

AStheugh d e e p  klauls were made r e g u l a ~ * % y  w i t h  the 

eoarse-mesh n e t ,  t h e  e n t i r e  w a t e r  coPumn o f t t h  em$dd%e and 

upper basins was not nssrnally sampled by the fine-mesh n e t  



except on two occasions i n  t h e  middle basin,  P r i o r  ts the  

1957 expedi t ion ,  i t  was noted from glankton samples taken i n  

1952 t h a t  the Lake was r e l a t i v e l y  l i f e l e s s  below about  20 m. ,  

and p a r t i c u l a r l y  lacking  i n  herbivorous zooplankton, Since one 

of t h e  concerns i n  1959 was phytoplankton-zooplankton r e l a t i o n -  

s h i p s ,  i t  was imagfned tha t  àeeper hauls  might g i v e  a f a l s e  

impression sf t he  food a v a i l a b l e  by sampling ungrazed popula- 

t i o n s  of phytoplankton, This r a t i o n a l e  seems somewhat l e s 3  

v a l i d  i n  r e t r o s p e c t  and,  except f o r  a shortage of sample 

b o t t l e s ,  a ç e r i e s  of deep hauls  wi th  the  fine-mesh n e t  should 

have been taken as w e l l d  I'iowever , t he  1959 season d id  produce 

ample conf i rna t lon  t h a t  the  smalP and young forms of zooplankton 

were almost a l l  found above 20 m , ,  and the re fo re  w e l l  sampled 

by t h e  fine-mesh n e t o  

Sixty-seven plankton samples fsom the  r e g u l a r  s e r i e s  

were analysecl, The whole coarse-net samples wese f i r s t  searched 

f o r  l a r g e r  organismç (mainly 4,  9 ,  S. and l a r g e  

bottom larvae)  which were mêasured when p e r t i n e n t  and removed. 

Subsamples were taken from these  thoroughly mixed samples by 

a large-bore suc t ion  p i p e t t e  and volumes determined i n  small  

graduated c y l i n d e r s a  The s i z e s  of subsamples were var ied  

according t o  the  makeup of the  sample, b u t  were u s u a l l y  g r e a t e r  

than  10% and never l e ç s  than 6$, Csmplete counts were attempted 

of a l 1  zooplankters i n  thsse  subsamples under  t h e  d i s s e c t i n g  

microscope ., Sometimes t h i s  sequi red  sub-subsampling f o r  small  

and a bundant formç A r  b i  t r a r y  subsamples were removed from the  

f ine -ne t  samples. hgain a cornplete accounting a f  t h e  contents  



u s u a l l y  involved furthex- subçampling , Prsps r  tiens of naupPiar 

s t a g e s  and counts  of  t h e  smal.bes"c,orms were determined by 

c o n c e n t r a t i n e  subçamples, then p i p e t t i n g  we$L mixed f r a c t i o n s  

onto  s l i d e ç  f o r  a n a l y s i s  under t h e  eompsund microscope,  F i n a l l y ,  

phytoplankton waç açsesçsd under the  compound mic~oscope, 

r e l a t i v e  t o  t h e  p r e v i s u s l y  counted n a u p l i l  and o t h e r  srnalx 

forms appeasing on t h e  s l i d e s ,  I t  Ps welP Wswn t h a t  sampling 

e r r o r  i ç  g r e a t l y  i ncseased  by p a r t i a l  o r  " f i e l d t 3  counts  of 

samples under t he  microscope,  and t h i s  p r a c t l c e  was s n l y  

r e s o r t e d  t o  when eount ing phytoplankton a t  i t ç  peaks of 

abundance, An a t t empt  waç made ts i d e n t i f y  a l 1  s p e c i e s  of 

zooplankton,  b u t  the  phytsp lanktsn  waç ea t ego r i zed  i n  l a r g e r  

groups,  down t o  generâ i n  some cases .  

A l l  t h e  l a r g e r  organiçrns were measured îrsm t h e  

whole samples,  and t h i r t y  o r  more i n d i v i d u a l s  îrom t h e  pes- 

t i n e n t  s p e c i e s  o r  s t a g e s  i n  t h e  subsampPes were measured when 

p o s s i b l e .  The measurements taken a r e  g iven  i n  t h e  d i scuss ions  

of  each s p e e i e s  which ÎoPLow, 

The fine-mesh n e t  was a h â y s  used i n  con junc t ion  w i t h  

t h e  s t anda rd i zed  v e r t i c a l  hau l s  OS t h e  coarses  n e t ,  t hus  

a f f o r d i n g  a  means of  g e t t i n g  q u a n t i t a t i v e  e s t i m a l e s  o f  smalber 

orpanisms. To d~ t h i s ,  we must assume t h a t  anima%s of an 

in t e rmed ia t e  s i z e  and a g i l i t y  a r e  a d e q u a b l y  c e l l e c t e d  by boék 

f i n e  and coasse  n e t s ,  I n  Ogac Lake, t h e  o l d e r  copspodi tes  and 

a d u l t s  of Pseudscalanus minutus seemed of a s u i t a b l e  s i z e  and 

abundance t o  a c t  a s  i n t e r m e d i a r i e s ,  Thefr s u i t a b i l i t y  wâs 

verif ' ied a s  foklows, Y h e ~ e  counts  in the  subsataagiles wex-e 



s u f f i c i e n t l y  l a r g e  (30 or  more), the niimba~s of a given stage 

from t h e  fine-mesh subsample were expre+,;ed a s  a proport ion of 

t h e  number eounted from both n e t s .  By t e s t s  of s i g n i f i e a n c e  

of d i f f s r e n c e  between proport ions i t  was found t h a t  while  

copapodite s t a g e s  I V ,  V and  V I  ( a d u l t s )  wese  sometimes sampled 

t o  a s igni f iacant ly  d i f f e r e n t  e x t e n t  $y the  caarss and fine- 

mesh n e t s ,  the re  was no b i a s  t o  sugges t  t h a t  stage I V  was re- 

ta ined  l e s s  than V, or V l e s s  than V I  by t h e  coasse n e t .  

Stage I I I  showed perhaps a  s l i g h t  tendency t o  $e undessampled, 

b u t  t he re  was a  p e r s i s t e n t  and invar lnb ly  s i g n i f i e a n t  undes- 

sarnpling by t h e  coarse n e t  o f  s t a g e  IL and 1 copepodites. For 

these  reaçons cornbined nurnbers of - P. minutus s t ages  I V  through 

V I  were considesed çafe  t o  make counts of çmaller forms i n  t h e  

fine-mesh n e t  euuivalent  t o  counts of l a r g e r  forms i n  the  

coarse-mesh n e t .  Usually q u i t e  l a r g e  numbers were a v a i l a b l e :  

of 24 conversions,  11 were based on counts from both n e t s  of 

over 100, 12 on counts of over 56 (çornetimes the whole sample) 

from the  f i n e  and over POO i n  t h e  coarse n e t ,  and one involved 

the  e n t i r e  f ine -ne t  sample of 32 ind iv idua l s  of P. minutus. 

The sarnpling e r r o r ç  were thus  kept reasonably small ,  

I t  rernains only &O convest numberç i n  the  s tandardized  

v e r t i c a l  hau l  t o  numbers per u n i t  a r e a  ( t h e  propes u n i t  when 

the  e n t i r e  water column can be aecounted $ o s ) ,  Although 

smala-rnouthed ne t s  (of t he  "bJisconsin" or "Hensen" s o r t )  of  

Go, 6 mesh a r e  known t s  be $005 e f f i c i e n t  i n  f i l t e r i n g  a  water 

column when towed a t  0.5 m. sec.-' (Ricker ,  1.381, a  c o n i c a l  

n e t  l i k e  thoçe used a t  Ogac Lake was t e s t e d  from M/V  "Calanus" 



i n  September 1960, i n  southern Hudson Bay and fsund %O be less 

e f f i c i e n t .  Hese too the  n e t  was no$ l i k e l y  t o  be a f f e c t e d  by 

clogging, rfhe No. 6 ne t  t o  be standardized was suspended adjacent 

t o  a Clarke-Bumpus sampler, modified and open fo r  v e r t i c a l  use, 

and f i t t e d  with the  same rnesk, The wkole u n i t  was lowered 

slowly (so  t h a t  no back-revolutions on the  sampPer could b e  

seen i n  t h e  f i r s t  few me%ess of descent) t o  50 m e  The padred 

n e t s  were sa içed  v e r t i c a l l y  a t  a constant  speed, and the  whole 

opesat ion repeated seven %imese The samples thus obtained from 

the  "same" eolumn of wates were examined f o r  numbers of l a r g e r  

(IV - V I )  - P. minutus and Calanus, ne i the r  of which w i % l  pass 

through the  No, 6 mesh ( see  above). From t h e  quan t i t a t ive  

Clarke-Bumpus samales we @an determine the numbers of these  

copepods per u n i t  volume o r  a rea  of the "-m. water columnp 

and the re fo re  the number expected t a  be captured by a  ~ 0 0 % -  

e f f i c i e n t  n e t  of the same diameter a s  the  s o r t  used, Qbviously 

the s c a t t e r  revealed i n  F i g u r e  2 1  makes such est imates  of l imi ted  

accuracy, b u t  i t  seems s a f e  t a  conePude t h a t  the e f f i c i e n c y  of 

a  n e t  r a i s e d  a t  0.5 m. sec.-' w i l l  be of the  order of 60%. All 

the samples taken a t  Ogac Lake and expressed ln numbers per  m. 2 

a r e  correc ted  accordingly,  

The biweekly s e r i e s  of plankton hauls  was supplemented 

by i r r e g u l a r  samples, An important grsup was co l l ec ted  on 

August 21 from 10 depths i n  the  middle basin by hor izon ta l  tows 

with the  Clarke-Bumpus sampler f i t t e d  with a KoB 10 n e t  and 

bucket. Further s e r i e s  were begun $0 determine the extent  of 

v e r t i c a l  migrat ion,  b u t  were tàlwarted by instrument t roubles ,  





Mater samples of ce, were taken from s e f e e t e d  

depths between l a t e  June and l a t e  September and s u e t i o n  

f i l t e r e d  t h o u e h  f i n e  pape- f i l t e r s ,  The samples wePe storecl 

f rozen f o r  over 2$ years  a f t e r  r e t u r n  from t h e  Aiead before 

being acetone-extracted and read  an the  Klett-Summerson photo- 

meter. The r e s u l t s  may these fo re  give only r e l a t i v e  va lues  of 

chlosophylla  - through the  season. 

Phytoplankton 

The assessrnent of phytsplankton was u n s a t i s f a e t o r y ,  

p a r t i c u l a r l y  a s  no d i r e c t  measurement of primary produetion 

was made. We must r e l y  on n e t  c o l l e c t i o n s  and Pimited 

chlorophyl l  da ta .  However , t he  m a t e r i a l  co l l ec ted  i s  s u f f i -  

c l e n t  ts s u t l P n e  the p h y t o p l a n k t ~ n  cycle ,  in which the  qua l i -  

t a t i v e  a spec t s  prove t o  be of s ign i f i canee  t o  the zooplankton 

biology which i s  the  main concern of t h i ç  study. 

Phytoplankton haç been s tud ied  i n  landlocked f i o r d  

waters of Norway ( e e g e ,  Braarud and Hope, 2.9521, b u t  i n  these  

s e t t i n g s  aklochthonous phytsplankton and o ther  csmpfieations 

have t o  be reckoned wi th ,  and t h e  wsrk has l i t t l e  d i r e c t  

bearing on the  circurnstances of Qgac Lake, 

., The seasonal values of c h b r s p h y l l g  are  

l i s t e d  i n  Table VII. The %amples a r e  too widely spaced i n  both 

time and depth t o  present  an  a c c u r a t e  p i c t u r e  of primary 

production through the  season, 

Chlorephyll  values were r e l a t i v e l y  g r e a t e r  tkrougkout 

the open-water season i n  the  lower basin,  e s p e c i a l l y  a %  20 m e  



Table VII. Seasonal  ch lorophyl la  con ten t  o f  v a r i o u s  dep ths  i n  Ggac Lake and i n  the f i o r d  
outsi.de between l a t e  June and l a t e  September. Values i n  r g .  per l i t r e .  

June 24 J u l y  2-4 Xup. 17 AUE. 31 Sept .  15  Sept. 29 

Lower 

Ney 
Harbour De th 7E-J 

~ u p .  20 S e p t .  6 S e p t .  25 J u l y  21  June 23 



I n  the  upper and middle basans t h e r s  was a dec l ine  a f t e r  the 

beginning of  J u l y ,  and perhaps a ç l i g h t  recovery towards the  

end of t h e  season,  %he values i n  t h e  f i o r d  ou t s ide  reached 

t h e i r  maximum i n  earky August, r a t h e r  higher  than a t  shallow 

depths i n  t h e  lake .  

One i n t e r e s  t i n g  f  ea tu re  deserves cornent . Chlorophyll  

values from t h e  middEe and upper basins  a t  30 m e  a r e  a t  l e a s t  

an order  of magnitude g rea te r  than a t  any o the r  depth. Any 

phytoplankton at 30 m, wou%d probably be absve the  compensa- 

t i o n  point  i n  these  c l e a r  waters ( s e e  p, 42 ) b u t  would be a t  02 

below the  anaerobic  l e v e l .  The populations of grazfng zoo- 

plankton decreased below 20 m e  (ppe10P9aLsS), b u t  t h e ~ e  i s  no 

suggestion of much g rea te r  phytoplankton q u a n t i l i e s  i n  two 

fine-mesh hauhs fssm befsw the  a n a e ~ o b i c  I e v e l  ( see  p. 76 ) . 
This combined with the  r e l a t i v e l y  smal l  changes Ln oxygen belaw 

20 m. i n  t h e  middle a n d  upper basins ( s e e  Fig. 20) suggests  

t h a t  the high values a t  30 m. r e p r e s e n t  t'dead" chlorophyll ,  

s inking out  of  the  trsphogenic layer* The decl ine  i n  q u a n t i t y  

between e a r l y  Ju ly  and e a r l y  A u g u s t  probably r e f l e c t s  the  

decreasing production in t he  trophogenic layer  as w e l l  as 

sinking from and degradation En the  a n a e ~ o b i c  l ayer ;  the  last 

process might be q u i t e  slow4 

f t  was hoped t h a t  the chlorophyl l  values even i f  

r e l a t i v e  would serve  %O give çome measure of  absolu te  primary 

productionp i n  combination wl th  the f a i r f y  we l l  p l o t t e d  

changes of oxygen i n  the  l ake*  Nswever i t  ha% become q u i t e  

obvious on a n a l y s i s  t k a t  eh lo r sphy l l  values fsom a  few depths 



a r e  not  s a f e l y  i n t e g r a t e d  t o  give values f o r  the  whole water 

column. The importance of  marked v e r t i c a l  d i f f e r e n c e s  i n  

primary production i n  t h e  sea  has r e c e n t l y  been s t r e s s e d  by 

Sorokin (1960) , and such v e r t i c a l  d i f f e rences  a r e  doubt less  

much g rea te r  i n  t h e  h i g h l y  s t r a t i f i e d  Ogac Lake. 

Net-phytoplankton cyc les ,  With a l 1  t h e i r  d e f i c i e n c i e s ,  

t h e  n e t  samples undoubtedly r i v e  a much more f a i t h f u l  account of 

t h e  cycle  of phytoplankton production i n  Ogac Lake than do 

chlorophyl l  values.  

Figure 22 d e p i c t s  counts of phytoplankton between 

e a r l y  June and rnid September. There a r e  s t r i k i n g  d i f fe rences  

i n  t h e  composition and abundance of the  phytoplankton of t h e  

t h r e e  basins . 
I n  the  lower bas in  t h e r e  was a l a r g e  f lowering of 

Nitzschia commencing i n  rnid June and extending through e a r l y  

Ju ly .  F r a g i l l a r i a  spp. ( inc luding  poss ib ly  o t h e r  ribbon- 

shaped genera) followed w i t h  a peak i n  e a r l y  Ju ly .  Only then 

did Chaetoceros become t h e  dominant diatom, whose numbers were 

sus ta ined  a t  a high l e v e l  throughout Ju ly  and August. Other 

diatoms, mostly of smal l  s i z e ,  were not taken i n  very  l a r g e  

numbers* A few s i l i c ~ f l a g e l l a t e s  were taken a t  t h e  he ight  of 

the  Chaetoceros, and l a r g e  d i n o f l a g e l l a t e s ,  p a r t i c u l a r l y  Ceratium, 

were s i g n i f i c a n t  a f t e r  J u l y o  There was recovery i n  t h e  mixed 

diatom population a t  the  end of A u g u s t ,  a f t e r  t h e  dec l ine  of 

Chaetoceros . 
I n  the  middle basin Nitzschia was all but absen t ,  

b u t  Chaetoceros was p resen t  i n  enormous numbers i n  mid June, 
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Figure  22. Counts o f  phytoplankton c e l l s  taken by t h e  No, 20 
mesh n e t  i n  v e r t i c a l  hauks fsom 20 m e  t o  t h e  
s u r f a c e  i n  t h e  t b e e  bas ins ,  



and almost f in i shed  by mid Ju ly .  A population of  smal l  pennate 

and c e n t r i c  diatoms accompanied t h i s  maximume The t i n y  

s i l i c o f l a g e l l a t e ,  Distephanus, probably mostly passed through 

t h e  meshes, but was u n l i k e l y  t o  have been a  s i g n i f i c a n t  

primary producer . There was a marked increase  of d i n o f l a g e l l a t e s  

i n  mid Auguste Although Ceratium did not  take  p a r t  i n  t h i s  

i n c r e a s e  above the  20 m. l e v e l ,  i t  was the only  phytoplankter 

which was much more abundant i n  deep water i n  August ( see  

below), There i t s  population may have matched t h a t  of  t h e  

lower basin,  Other diatoms, mostly small  pennates among which 

A s  t e r i o n e l l a  was prominent , recovered a f t e r  the  beginning of 

August, and a  d i s t i n c t  maximum of  Chaetoceros followed upon the 

l a t e  August t i d e s .  

The cycle  i n  the  upper basin was i n i t i a t e d  by a  b u r s t  

of Chaetoceros, This may have reached a  peak before June 18, 

f o r  many spores were present  then,  but a t  any r a t e  was of con- 

s i d e r a b l y  lower amplitude and s h o r t e r  dura t ion  than t h e  

Chaetoceros flowering of t h e  middle basin. Phytoplankton was 

s p a r s e  i n  e a r l y  August but t h e r e  was a  development of smal l  

"o ther t '  diatoms from t h e  middle t o  t h e  end of Augus t .  

The e a r l y  peaks and dec l ines  of Chaetoceros i n  t h e  

upper and middle basins were matched by the  drops i n  chlorophyl l  

a f t e r  e a r l y  Ju ly  (Table V I I )  . Simi la r ly  t h e  sus ta ined  

Chaetoceros population i n  J u l y  and August p a r a l l e l s  the  per- 

s i s  t e n t l y  higher ch lorophyl l  values i n  the  lower basin i n  

summer, In  each basin,  a l s o ,  t h e  dec l ine  i n  oxygen (p.  56 , 
Fig. 20) follows t h e  r educ t ion  of t h e  major spr ing  flowerings 



of Nitzschia-  i n  t h e  lower basin and Chaetoceros 

i n  t h e  middle and upper bas insa  The seasonal  low i n  primary 

production appears t a  have been i n  mid t o  l a t e  J u l y ,  The 

recovery of  oxygen a f t e r  t h e  beginning of August may be p a r t l y  

a t t r i b u t e d  t o  increases  of d i n o f l a g e l l a t e s  and "other" diatoms. 

This l a s t  category was c e r t a i n l y  undersampled by the  n e t s ,  as 

i t  cons i s t ed  l a r g e l y  of a v a r i e t y  of small  pennate diatoms. 

However, i t  seems from these  comparisons t h a t  the  fine-mesh 

n e t ,  a l though by no means expected Lo r e t a i n  a l %  p lan t  c e l l s  

equal ly  w e l l ,  d i d  not miss any major compsnent of t h e  phyto- 

plankton cycle .  The importance of the  nannoplankton has 

r e c e n t l y  been reviewed by Yentsch and Ryther ( l 9 5 9 ) ,  who s t r e s s  

t h e  i n s u f f i c i e n c y  of n e t  samples i n  Vineyard Sound, There i s  

genera l  b e l i e f  t k a t  the  percentage of phytsplankton biomass 
I caught by a fine-mesh n e t  i s  g r e a t e r  i n  nortkqrn waters ,  Tiny 

diatoms r a t h e r  than f l a g e l l a t e s  made up the  major por t ion  of  

the  nannoplankton sampled by Yentsch and Ryther,  and the  same 

seems t r u e  of  Ggac Lake8 

Although the re  i s  a 

marked c o r r e l a t i o n  between production of t h e  dominant herb ivore  

P. minutub and the  flowerings of - (see ppa 82-99), 
grazing i n  i t s  t u r n  does not  appear t o  have besn g r imar i ly  

respons ib le  f o r  the  dee l ines  of phytoplanktan, I n  the  f i r s t  

p lace ,  grazing by - P b  minutus f a i l s  LQ account fo r  t h e  maintenance 

of Chaetoceros i n  the  lower basin and i t s  rap id  dec l ine  i n  t h e  

o ther  bas ins ,  Also, many of the  Chaetoceros a f t e r  the  peaks i n  

the rniddle and upper basins were spores ,  i n d i c a t i v e  of i n i m i c a l  



condit ions f o r  f u r t h e r  growth. F i n a l l y ,  w i t h  one o r  two 

exceptions t h e  p l a n t  crops were not  notably  l a r g e r  below 20 m. 

following the  Chaetoceros Peak i n  t h e  middle basin (Table VIII) 

although i t  w i l l  be shown t h a t  herbivosous zaopbankton was much 

sca rce r  below t h i s  depth,  Most of t h e  Chaetoceros below 20 m. 

on Ju ly  17 were s p o r e s ,  and c e r t a i n l y  not  i n  numbers approaching 

the  e a r l i e r  peaks. Ceratium was much more common a t  depth 

(apparent ly  matching the  population i n  t h e  lowes b a s i n ) ,  but 

t h i s  l a rge  f l a g e l l a t e  r a r e l y  f a l l s  prey even t o  Calanus 

(Marshall and Grr, 1955) and i s  the re fo re  un l ike ly  t o  have 

been kept grazed down by t h e  smal l i sh  herb ivores  i n  t h e  upper 

waters  of t h e  lake .  

Xut r i en t s ,  morphometry, and the  e f f e c t  of t i d e s .  A s  

a  r u l e  the  a r c t i c  diatom succession cons i s t ç  of two major modes-- 

an e a r l y  peak of "shade" Pennatae, adapted t o  low i l luminat ion  

and probably high n u t r i e n t s ,  and o f t e n  developing under the  i c e ,  

followed by open-water Centriceae (Bursa, 2 press )  . The dino- 

f l a g e l l a t e s  u s u a l l y  appear i n  the  open-water season. 

I n  Ogac Lake the  succession i n  t h e  lower basin,  where 

t h e  pennates Nitzschia  and F r a g i l l a r i a  develoged under the  i c e  

and were succeeded i n  summer by the  c e n t r i c  Chaetoceros, most 

resembles the  usua l  a r c t i c  marine pa t t e rn .  In t he  middle and 

upper basins t h e  pennate mode was absent ,  and Chaetoceros 

f lour i shed  e a r l y  under t h e  i c e .  While phytoplankton cycles ,  

i n  view of demonstrations of minor metabol i tes ,  a n t i b i o s i s ,  

and o the r  complexi t ies ,  a r e  not t o  be explained l i g h t l y ,  i t  

may be t h a t  the main d i f fe rences  between t h e  successions i n  t h e  



Table V I T I .  The numberç of phytoplankters  c o l l e c t e d  on two da tes  i n  t h e  middle basin 
by s e q u e n t i a l  hauls  w i t h  the  20. 20 ne t  r a i ç e d  from 35 m. and 20 m. 
r e spec t ive ly .  

Date Depth Rurnber per m 
2 

Other 
Chaetoceros F r a g i l l a r i a  Diatoms Distephanus Feridirium Ceratium 



l ake  have a  simple b a s i s ,  The lover  baçin r ece ives  t h e  most 

s e a  wa te r ,  s f f e r s  t h e  g r e a t e r  oppor tun i t i e s  f o r  n u t r i e n t  

recuvery  (see below) and i s  almost e e r t a i n l y  r i c h e r  i n  nut~isnts 

a t  t h e  end sf' wintas  than t h e  o the r  more i s o l a t e d  and stable 

bas in s e  and may have been pesmitted t h e i r  

normal development tk-ough t h i s  more marine q u a l i t y  of  t h e  Lswer 

bas in ,  On the  o thes  hand, t h e  i c e  was th inner  and wasted 

e a r l i e r  i n  the  middle and upper basins ,  and l i g h t  pene t ra t ion  

m u s t  have been s u f f i c i e n t  t o  support  t h e  "open-wâter" Chaetoceros 

i n  these  gresumably more nut r ien t -poor  wa te r s& 

h i l e  Nitzschia  way be precluded from t h e  upger and 

middle basins because of shor tage  of n u t r i e n t s  i n  s p r i n g ,  i t  

appears  t h a t  the dec l ine  of Chaetoceros i n  i t s  tusn  may be a 

r e s u l t  of n u t r i e n t  dep le t ion ,  The d i r e c t  evidenee f o r  t h i s  is  

l i m i t e d .  Phosphate was measured i n  1952 (Table IX) b u t  the 

r e s u l t s  a s  absolu te  f i g u r e s  a r e  considered unacceptable,  due t o  

t e c h n i c a l  t roubles  ( D r ,  A ,  De Dawson, pers .  comme). 'While t h e r e  

i s  no t rustworthy i n d i c a t i o n  t h a t  phosphate was Zimiting i n  the  - . 

upper waters ,  i t  i s  i n t e r e s t i n g  t o  note t h a t  the  va lues  were 

p e r s i s t e n t l y  s e v e r a l  times higher i n  t h e  deepsr ae rob lc  waters 

o f  the  lake.  PrasumabJy s i t h e r  phasphate vas no$ as Î u l l y  uasd 

a t  these  depths or  wa% b e i n g  regenerated from f a l l i n g  ç e s t s n  

before the l a t t e r  was beyond rec%aitaa i n  the  mnaerobic water ,  

That n u t r i e n t  m a t e r i a l  is l o s t  from the  aerobie  l e v 4  as i n  

a l 1  meromictic lakes i n  which i t  has been s tud ied ,  1s f u r t h e r  

i n d i c a t e d  by t h e  high values of c h l o r ~ p h y l l  a t  30 m ,  i n  t h e  

middle and upper bas ins ,  where i t  does n s t  l ikeEy repsesen t  



Table I X .  Measurements of dissolved inorganic  phosphate 
( i n p g .  a t .  1.- > from Ogac Lake i n  l a t e  J u l y  
and e a r l y  August, 1952. 

Low e r  
Basin 

Middle 
Basin 

U P P ~ ~  
Basin 



l i v i n g  p l a n t s  ( p ,  71 , 

The lower basin net only  ~ e e e i v e s  more i n v i g o r a t i n g  

w a t e ~  from t h e  s e a 9  b u t  rnay have d i s t i n c t  morghometric advan- 

tages  f o r  t h e  maintenance of prlmary prsduct8ana The basin 

i s  sha l lower ,  and t h e  water i s  aerobic  elmost t o  t h e  deepest 

p a r t s ,  Whether t h e  r educ t i sn  of t h e  sedimsnts underlying 

oxygenated water ( p .  5 3 )  a i d s  t h i s  procesç or  not  (Hayes and 

PhiSLips, 3.958) n u t r i e n t s  , and even v i a b l e  c e l l s ,  have much 

more oppor tuni ty  of being brought baek i n t o  the  water column 

of t h e  lower basin by l a t e r a l  exchange* $"xi% l a t e r a l  r e e i r c u l a -  

t i o n  nay w e l l  have psevented the alarly decltilae 0%' Chaetoceros 

found i n  t h e  o tke r  two bas inse  

Ct'kaile the  %ower basira reeeives t he  m o s h s e  water and 

supports  t h e  most sus ta ined  production of phytoplankton, t h e r e  

i s  a seerning con t rad ic t ion  i n  t h e  i m e d i a t e  e f feeés  ~f  t h e  t i d e s  

of l a t e  Augus t  and Eate Septemberc On A u g u s t  31 these  was a 

d i s t i n c t  maximum of i n  the middle b a s i n ,  b u t  n s t  i n  

the  o t h e s  two basins ,  On September 29, although the fine-mesh 

n e t  was nst used, appea-ed abundantly i n  t h e  csarse-  

ne t  samples from a l 1  basins,  The samples eannot bé made 

g u a n t i t a t i v e l y  squfvalent  t g  t h e  net-phyloplankton cycle i n  

Figure 22, b u t  the  popu la t i on  was de f in i t eby  larger  i n  tas 

middle bas in ,  a s  i n  l a t e  Aufuste This e f f e c t  a l s o  rnay have a 

morphometric explanât ion ( s e e  F%g,  2 )  Mater enles ing  t h e  lake 

from Xey Harbour flows down a s t eep ,  boulder-strewn s lope ,  

almost Jacking i n  ssft  sediments, Lo e n t e r  the  Iower basin a t  

the  appropr ia t e  dens i ty  l e ~ e l ~  Mâte- csnt inuing on Lo t h e  



middle basin must flow over a f a i r l y  extensive a r e a  of t h e  

si11 and down a shaflower,  muddy s lope  i n  seeking i t s  d e n s i t y  

l e v e l .  Such a flow could recoves much n u t r i e n t  m a t e r i a l  and 

v i a b l e  c e l l s ,  and de l ives  them t o  t h e  water colurnn, Nater 

flowing i n t o  t h e  upper basin would a l ready have been enr iched,  

b u t  might have gained l i t t l e  from the  s teeper  s1ope a t  the  

threshold  of the  upper basin ( t h e  pu ta t ive  dens i ty  c u r r e n t  dis- 

cussed on p. 31 wouid have c a s r i e d  s l s p e  ma te r i a l  below t h e  

depth where i t  could have been used) . This explanat ion of the 

g r e a t e r  p o s t - t i d a l  develspment of  Chaetoceros i n  the  middle basin 

has t h e  f u r t h e r  advantage of not  de t rac t ing  from t h e  argument 

t h a t  the  lower basin was morphometrically more s u i t a b l e  f o r  a 

sus t a ined  n u t r i e n t  r e c i r c u l a t i o n ,  

I t  i s  c l eas  t h a t  the  s inking  of ma te r i a l  from t h e  

trophogenic l aye r s  of the  middle and upper basins can r e s u l t  

i n  permanent l o s s  of n u t r i e n t s  t o  the  anaerobic depths,  The 

spr ing  flowering of Ckaetoceros i n  these  basins may indeed be 

1argeî.y supported by n u t r i e n t s  resaptured and d i s t r l b u t s d  by 

t h e  l a t e s t  inflowing t i d e s  of t h e  season (presumably l a t e  

October i n  1957). A t  t h a t  time of year ,  and under t h e  new i c e ,  

the  phytoplankton populations wou ld  no doubt be too l i g h t -  

s t a rved  t o  take advantage of the  n u t r i e n t  suppLy, which would 

remain u n u t i l i z e d  u n t i l  s p r i n g ,  The lower basin,  whi le  

r ece iv ing  a çmaller supply of n u t r i e n t s  f r o a  t h e  bottom f o r  

irnmediate use,  would bui ld up a higher n u t r i e n t  supply i n  

win te r ,  both through slow recovery from the bottom, and through 

degradation of the  organic  content  of the  Larger amount of sea  



water which i t  r e c e i v e s  i n  autumn. 

The Biology of  Pseudocalanus minutus (Qrdyer) 

Seasonal abundance of t h e  s i x  naup l i a r  

and s i x  copepodite s t a g e s  of 2, minutus i n  %he Lhree basins is 

given i n  Figure 23. The copepodite and a d u l t  cyc le  i s  given i n  

g r e a t e r  d e t a i l  i n  F igure  24, wkich inc ludes  data  from the  las t  

day of sampling (September 29) whén t h e  coarse n e t  used s u f f i c e d  

t o  ca tch  the  o l d e r  s t a g e s  ( s e e  p. 66 ) ,  

A e lance  a t  Figure 23 w i l l  a t  once r e v e a l  marked d i f -  

ferences between the  t h r e e  bas inse  Egg production and the  

ensuing development of n a u p l i i  a r e  remarkably weP1 c o r r e l a t e d  

with phytoplanktan condi t ions i n  t h e  t h r e e  bas ins ,  s p e c i f i c a l l y  

wi th  net-sampled , as shown c l e a r l y  i n  Figure 25, 

However , t h e r e  a r e  a numbes of f u r t h s r  s u b t l e t i e s  which demand 

an inqui ry .  

I t  i s  known t h a t  ind iv idua l  female Calanus rnay produce 

s e v e r a l  c lu tches  of  eggs wi th  i n t e r v a l s  between, and i t  has 

been suggested by Marshall (1949) t h a t  minutus may a l s o  

spawn more than once* However the  Limes of  such spawnings 

over lap  i n  t h e  çea ,  and the  r e s u l t a n t  broods ( a  term which 

l o s e s  value i n  t h e  l i t e r a t u r e  by being used a s  equivalent  to  

"generation") eannot be t raced .  I n  Ogae Lake, where populations 

a r e  slower developing and r e l a t i v e l y  synchronous, such broods 

seem q u i t e  apparent .  The eggs of p, minutus may be found 

a t t ached  i n  ov i sacs  t o  the  females os f r e e ,  a s  groups or  

ind iv idua l  eggs,  i n  t h e  sample. I L  rnay b e  t k a t  a s i n g l e ,  
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undisrupted ovisac  c o n s t i t u t e s  a brood, but i t  i s  not  known 

i f  t h e  eggs became detached from the  females i n  t h e  n e t ,  o r  

i n  t h e  waters of t h e  l ake .  I t  i s  assumed t h a t  t h e  eggs,  i f  

f r e e ,  do not  s i n k  ou t  o f  t h e  upper 20 m. of  t h e  lake  before 

hatching,  and a r e  f u l l y  sampled by the  fine-mesh n e t .  

The cycle  was most advanced i n  t h e  upper basin,  where 

t h e  f i r s t  brood appeared i n  mid June a s  a  high d e n s i t y  of eggs, 

some of which were e n t e r i n g  the  naupl ia r  s t a g e s .  This was i n  

response t o  the  h ighes t  recorded count i n  t h a t  basin of Chaetoceros, 

which was probably i n  dec l ine  by then ( see  p ,  74 1. This same 

f i r s t  brood appeared two weeks l a t e r  a s  an abundance peak i n  

naupl ius  V I  and copepodite 1. I n  t h e  meanwhile, a  second 

spawning produced t h e  mode a t  nauplius I I I ,  and t h e r e  was a  

smal l  peak of naupl ius  1 which poss ib ly  r e p r e s e n t s  a  t h i r d  

brood i n  e a r l y  J u l y  ( s t a g e  1 i s  q u i t e  ephemeral, and quickly 

develops t o  I I I ,  where growth slows down i n  most calanoid 

copepods, so must r e p r e s e n t  a  contemporary hatching)  , I.dhile 

food had been s u f f i c i e n t  t o  produce two broods and a  poss ib le  

smal l  t h i r d  (food s t o r a g e  probably a i d s  t h e  a d u l t  females) ,  it 

was by no means s u f f i c i e n t  t o  continue support ing t h e  broods. 

The f i r s t  brood developed slowly through J u l y  and August, but 

metamorphoses of t h e  second brood appeared h a l t e d ,  and i t s  

numbers decreased s h a r p l y  through J u l y  and August, O f  t he  

t h i r d  brood, t h e r e  was not  a s ign.  I t  would seem t h a t  the 

o l d e r  f i r s t  brood was much b e t t e r  f i t t e d  t o  surv ive  i n  t h e  

condi t ions  of depleted food. 

In  the  middle basin the  broods i n i t i a l l y  were much 



l a r g e r ,  a t t r i b u t a b l e  t o  t h e  l a r g e r  adul% populat ion,  b u t  

probably not t o  food ( see  below) The height  of f i r s t  

spawning m u s t  have been between mid June and eas2.y J u l y g  

expressed i n  the  large mode a t  naupliuâ I V  on Ju ly  2.  The 

recorded Chaetoeeros peak i n  mid June may thuç have been 

c l o s e  t o  the  a c t u a l  peak of t h e  flowering, A second brood 

of n a u p l i i  was imminent on J u l y  2 ,  judging from t h e  enormous 

number of eggs p resen t ,  In  mid Ju ly  the  f i r s t  brood appeared 

a s  a  mode a t  copepsdite 11, and the  g rea t  egg number of J u l y  2 

had come down t o  a r a t h e s  p a l t r y  peak a t  nauplius I I I .  If 

t h e r e  was a t h i r d  brood between e a r r y  and mid J u l y ,  it was 

o b l i t e r a t e d .  Further development i n  t h e  food-poor waters  

followed the  p a t t e r n  of t h e  upper basin--slow growth of t h e  

f i r s t  brood and a t t e n u a t i o n  of the  second. 

In the  lower basin egg numbess increased more slowly, 

and d i d  not  approach a  maximum u n t i l  earby July.  Ki tzschia ,  

which was present  i n  l a r g e  numbers i n  mid June, d id  not  appear 

t o  s t imula te  egg production. This would seem t o  be good 

i n d i r e c t  evidence f o r  s e l e c t i v e  feeding,  and i t  i s  i n t e r e s t i n g  

t o  note  t h a t  Harvey (19.371, i n  an e a s l y  demonsération of 

s e l e c t i v e  feeding,  found t h a t  l l l i tzschia" '  was poorly f i l t e r e d  

by Calanus. Gnly a few n a u p l i i  were present  i n  e a r l y  J u l y ,  and 

t h e  nunberç of eggç then repreçented t h e  f i r s t  brood, and 

apparen t ly  developed i n  sesponse t s  r ecen t  increase  i n  Chaetoceros, 

The f i r s t  brood appeared next  with a  mode a t  nauplius  III i n  

mid Ju ly .  A second brood waç expressed a s  a peak of naupl ius  

' Possibly b u t  of the  same genesal  s i z e  and form 
a s  Nitzschia ,  



III  i n  e a r l y  August. A t h i r d  brood appears not t o  have developed. 

Both f i r s t  and second broods i n  t h i s  basin continued t o  grow 

through mid August, i n  response t o  t h e  maintained supply of  

Chaetoceros. - 
The c o r r e l a t i o n  between t h e  timing of egg production 

and food supply a s  w e l l  a s  t h e  e f f e c t  of continuing food on 

s u r v i v a l  of t h e  young i s  w e l l  known i n  marine P. minutus. 

However, t h e r e  a r e  c e r t a i n  i n t r i n s i c  f a c t o r s  i n  reproduct ion 

which have no t  been c l e a r l y  revealed  i n  the  s e v e r a l  s t u d i e s  

of the  marine form. 

I n  the  f i r s t  p l ace ,  only  two broods ( t h e  t h i r d  i s  

c e r t a i n l y  smal l ,  i f  i t  e x i s t s )  appear t o  be spawned by each 

female of t h i s  spec ies  i n  Ogac Lake. A t  f i r s t  glance t h i s  

might be a t t r i b u t e d  t o  t h e  f a i l u r e  of the  food supply a f t e r  

l a t e  June or  e a r l y  J u l y  i n  the  upper and middle bas ins ,  but 

t h e  same phenomenon appears i n  t h e  lower basin,  where food was 

a v a i l a b l e  a f t e r  the  spawning of the  second brood. The limita- 

t i o n  i s  i n t r i n s i c ,  and the  second spawning i s  followed by t h e  

death of t h e  females and t h e i r  replacement by i n i t i a l l y  non- 

fecund females of t h e  f i r s t  brood. Reduction of numbers of 

females of t h e  o ld  generat ion i s  shown by e a r l y  August i n  t h e  

upper and middle basin,  and mid August i n  the  lower basin 

(Fig.  24) . The females of the  new generat ion averaged smal ler ,  

and c l e a r l y  had a l 1  b u t  rep laced  t h e  o l d  generat ion rnid 

August i n  a l 1  basins (rip. 20 ) .  

A second l i m i t a t i o n  appears t o  be the  number of eggs 

produced by a  female. Without more f requent  c o l l e c t i o n s ,  t h i s  



F i g u r e  26, Size  (eephalotbesax l eng th )  distPibution of s tage  
VI QQ E, m i n u t u s  between e a r l y  June and mid AugusL 
i n  t h e  t h r e e  basins ,  



couad no% be d e t s ~ m i n e d  sxaotEg, but  ~ s u g k  apg~oxla&t$on@ of 

calcula ted  n a t a l i t y  a re  s e t  au% i n  Table X e  Ths minimal 

stages between bsood modes have theI r  numbsrs d i v i d e d  equal ly  

between the  two broods, Apart from e r r o r s  o h a m p l i n g b  whiek 

a r e  obviously  largee t h e  f i g u r e s  a r e  fur the-  l imi ted  by t h e  

f a c t  t h a t  the  broods have su f fe red  varying awounts of mor ta l i ty ,  

and one ( e g g ~  i n  t h e  middle basin an J u l y  2) may n s t  have been 

compZetedD Wowever, these  iç no i n d i c a t i o n  i n  Table X t h a t  the 

l a r g e r  Chaetsceros peak i n  t h e  middle basin Q- t he  sus ta ined  

flowesing i n  the lower basin supported a  h ighes  natal-l tye I n  

Calanus (Marshal l  and Orr, 1955)  t h e r e  i s  gosd l abora to ry  

evidence f o r  asymptotes i n  both s a t e  of Saying and s i z e  of the  

whole production of eggs when food i s  incseâsede  Marshall 

(1949) made observat ions  on 5 minutus i n  Loch S t r i v e n  which 

bear on t h i s .  Ey counting eggs per undisrupted egg sac  she 

found t h a t  the  h ighes t  nurnbess (around 35-40) p e r  female 

occurred during t h e  çpring diatom maximum, Secondary diatom 

maxima had l i t t l e  i f  any d i r e c t  e f f e c t  on egg number, which 

declined s t e a d i l y  t o  about 10 per sac i n  autumn. Rather ,  egg 

number was c o r r e l a t e d  h igk ly  s i g n i f i c a n t l y  wi th  female s i z e  

a s  such, I L  i s  i n t e r e s t i n g  t h a t  the  ca lcu la ted  n a t a l i t y  

(average of Table X) i n  Ogac Lake was 27,  q u i t e  comparable 

with t h e  maximum of 35-40 eggs per ovisac i n  loch S t r iven ,  and 

not merely 10 ,  t h e  number produeed by Loch Çtr iven P. minutus 

of comparable si,ze ( c a ,  0.85 me), Further  a spec t s  of sEze 

w i l l  b e  discussed separa teky ( p e  102). 

Although Fish ( 1 9 3 6 )  has suggested t h a t  each female 



Table X, Caleulated n a t a l i t y  i n  t h e  two braods of  Pseciiocalanus a inu tus ,  I~Turnbers 
of naup l i i  or eggs wi th in  each brûod (del imited a s  explained i n  t ex t )  
divided by number of f eaa les  present  a% same tirne, Counts from sub- 
samples of fine-mesh net  h a u l s ,  Trox 20 rn, to t he  sur face ,  

Basin F'irst I3r00d Second Brood 

" O ,  Young 
Brosd  ?Ys, R'o, in Pe- Brood ??O, P b ,  in Ka, Young 

Date Mode qg brood fernale Date Node 88 brood per fernale 

Lower JuHy 67 N 111 43 2,884 49 Aug, 4 PZ III 37 1,002 27 

Middle  J u l y  2 IV 94 l,9%8 20 J u l y  2 eggs 94 1,507 17 

Upper J u l y b  K V I - C I  39 1,070 27 J u l y  4 ?t I h h  39 1,734 45 



P, minulus i n  t h e  Gulf aof Maine must produes severa l  hundred - 
eggs t a  scesunt  for the  numbers o f  f ree  eggs  in the  wa te r ,  hi% 

sampldng was l e s% c r i t i c a l  than Marsha%19s (19491, and in f a c t  

h i s  tabula ted  data s u g g e s t  no such h i g h  n a l a l i t y ,  E t  would  be 

of value ts h o w  i f t h e  d o u b l e  b r o s d  i s  found I n  a l l  populations 

regardleas  of the number o f  eggs which make up 

these  broods a 

The f a t e  of t h e  two broods i n  A u g u s M a -  been aseribed 

ts food conditions, The second brood a l 1  but d i s a p p e a r e d  in the 

midd le  and uppes baslns, whlle the o%der fLrst b r o s d ,  seduced 

i n  numbers, began %O enter  adul thoad bshs-s n i d  August, In 

the  loaser basin, where t h e  c y c l e  bsçaa-a Pater b u t  was wel l  

sus la ined,  both brsodç  su rv ived ,  the  o l d e r  b s f n g  samewhat l e s s  

advaneed i n  m i d  A u g u s t  Lhan Lhsse oF t h e  a ther  b a s i n s .  

At the  end o f l u g u s t ,  kowever, changes occursed which 

seem ne t  t o  have been  p a r t  sî Lkis simple progression ( P i g s ,  

2 3 ,  24). In t he  lowe~. b a s i n  both b s s ~ s d s  w e r e  drasticcally 

decreased, b u t  the  older e o p s p o d i t e s  and aduPLw suffered con- 

s iderab%- greater  rnsrtal l ty,  Ln the midd le  bas in  t he l e  was 

an increase of ysung n a u p l i i  b u t  the o lde r  copepsdi tes  and 

adults of the f i r s t  brood w e r e  disproportlonalely e l imins ted ,  

I n  the  u p p e r  basin  the  o lde r  bsood maintained 1Lss$f, while  a 

grsup  of new n a u p l i i  appearsd--as i n  the  middlé basin,  

ObviausLy these changes demand explanatl~ns~ 

I n  the  Power b a s i n  t h e  end 0% the  produe- 

t i s n  a f t e r  m i d  Acdgust QFiga 25) c e r t a i n l y  W O U L ~  s s s u l t e d  

in the s e d u c t l o n  of  bath b ~ s a d s ,  especkaZEy Lhs second, as in 



t he  o t h e r  basinç.  The f i r s t  brood presumabky had i n s u f f i c i e n t  

time t a  develop i n t o  fecund fernales befose t h i s  slowing down of 

i t s  growth- I n  t h e  upper and middPe basins the  f i r s t  broods 

were cons iderably  o lde r  and more developed i n  wid August, and 

some of t h e  adulé  fernales must have produeed the  young n a u p l i i  

found on August 31, 

B u t  what then explains  t h e  marked reduct ion  of  o2.der 

copepodites and a d u l t s  i n  t h e  lower and middle basins and t h e  

s t a t u s  i n  the  uppes basin? The late-Auguat t i d e s  seemingly 

o f f e r  t h e  onLy poss ib le  meehanism, These t idea  had marked 

e f f e c t s  on t h e  lower and middle bas ins ,  but L i t t l e  in f luence  

i n  upper basin (Pig ,  17as b 9  c)  Purther  support  f o r  t h i s  

cause ks i nd ica ted  by the  f a c t  t h a t  the t l d a l  i n f l u x  penetsa ted  

t h e  middle basin a% exac t ly  t h a t  LeveP (18 m.)  where l a r g e  

numbers o f  o l d e r  copepodites and a d u l t s ,  but very few younger 

s t a g e s ,  concentrated i n  l a t e  Augus% (see  p. lQJ_). me n a t u r e  

of t h i s  in imiea l  e f f e c t  can only be guessed a t ,  and t h e  ques- 

t i o n  w i l l  be re turned  t o  i n  connection with the  e f f e c t s  of  t h e  

late-September t i d e s  (below) , 

The d i f f e r e n t i a l  m o r t a l i t y  OS theçe oPder s t a g e s  i n  

the  t h r e e  basins has secondary e f f e s t s  on t h e  ensuing n a t u r e  

of t h e  c y c l e s ,  Reference should f i r s t  be made t o  the  phytoplankton 

condit ions (Pig,  221, Qnly the  middle basin showed a d i s t i n c t  

maximum of  Chaetoceros on August 31, although a l l  basins showed 

recovery of  o the r  diatom populations i n  A u g u s t e  

Xn the  lower basin t h e r e  was s l i g h t  growth of t h e  

decirnated f i r s t  and second brosds of the  aumer  genesat ion,  



There wâs perkaps soma augmentation of young naupliim-a new 

generationm- but pkytoplanktsn was s p p a ~ s n k l y  i n s u f  f $cien% %o 

support  much growth or maturat ion o f  the  population4 

In  the  middle basin the  ohanges i n  mid Ssptsmber 

wese c u r i s u s b  Msse t h e r s  wsre ver- f ew  o ldgr  b o p ~ p o d i t e ~  i n  

l a t e  Au'gust, t hese  waç a d i s t i n c t  mede a t  copepodite I V  t w ~  

weeks l a t e r ,  Ttlo o t h e r  m&des a t  naupl ius  I V  and copepodite 

I were conspicususa %t  would seem t h a t  the  

noted only i n  t h i ç  basin on Augus t  31 extsnded i n t o  e a r l y  

Çeptember and permit ted growth QÎ  a second genera t ion  a t  

t h a t  tirne, The mode a t  copepodite I V  mus$ have developsd 

r a p i d l y  âroa t h e  sa-$y nauplii whieh susvived t he  August 

t i d e s  i n  t h e  surface w a t e ~ s  above the  i n f l u x 8  The requi red  

r a t e  of develspment exceeds any modal r a t e  noted. f o r  the  

broodç i n  çprfng,  but t h e  auturnn young had two advantages 

not given t o  most of those prsdueed i n  sp r ing :  they  were 

present  as young naugPii  befs re  the  diatom max%mum, and t h e i r  

vesy âmall nurnbers may hâve prevented l o c a l  dep le t ion  of f ~ o d  

during develogment, !The modes a t  nailplius S V  and copepodite 

E seern be%t  i n t e r p r e t s d  as th@ two broods prodused by femal@s 

which survived and maéured a f t a ~  the  l a t e  August t ades ,  Tkae 

develspment r a t e  of  theçe two bsoads i n  t h é  two-week periad 

a f t e r  l a t e  August i ç  comparable wi th  t h e  modal r a t e s  during 

the  s p r i n g a  The srnaal s i z e  of t h e  bsaods appears t a  have 

been due t o  the  paue i ty  of mature fernales psesent ;  adu l t ç  

had increased by mid Septeaber (Pig, 241, b u t  the  egg dens i ty  

waç s t i l f  Iow (F ig ,  251, The fernales of t h i s  genera t i sn  



averaged smalfer than those of the  s p r i n g  ( F i g e  261, but 

t h e  n a t a f i t y ,  wkich may have been lower (as i n  Loch S t r i v e n ,  

discussed above),  i s  i n c a l c u l a b l e ,  as  we cannot assume t h a t  

a l l  a d u l t  females were gravid ,  

I n  t h e  upper bas in ,  q u i t e  another s e t  of  ciscumstances 

p reva i l ed ,  There the  population was spared the  e f f e c t s  of the 

l a t e  August t i d e s ,  and females eantinued t o  mature and build 

up a considerable  supply of eggs (Fige  25) However , t h e  

growth of the  f i r s t  brood psoduced i n  spr ing  was on the  whole 

n e g l i g i b l e  (mode unchanged from copepoclite I V ) ,  and t h e  

development of second-generation broods was slow, The brooa 

a t  naupl ius  I I I  on August 31 appeared very much reduced a t  

copepodite I on September 15, while a new brood appeared wi th  

a mode a t  nauplius II, a s t a g e  which i n d i c a t e s  e i t h e r  very 

r e c e n t  hatching or thwarted growth, Apparently t h e  low food 

supply was s u f f i c i e n t  t o  support  reproduct ion of t h e  matured 

females,  b u t  n s t  the  development of t h e i s  broods, 

Unfortunately t h e  fine-mesh ne t  was not  used i n  t h e  

s e r i e s  following t h e  lale-Septernber t i d e s ,  The coarse n e t  

sampled o lde r  copepodites and, by using conversion f a c t o r s  

from t h e  th ree  previous s e r i e s  i n  each bas in ,  t h e  numbers of  

copepodites 1 and II have been estimated a s  weEl (Fig,  24). 

I n  the  lower basin t h e r e  was a decsease of s l d e r  

copepodites and adu l t ç  comparable with t h a t  e f f e c t e d  by t h e  

late-August t i d e s .  Chaetoceros increased s l i g h l l y  i n  mid 

September ( F i g ,  2 3 )  and may have supported t h e  development of  

what appears t o  be the  second breod produced i n  J u l y  (centered  



a t  naupl ius  I V  i n  mid Septeaber) éo a  mode a %  copepodite II, 

A second genera t ion  of n a u p l i i  might kave been prsducsd by the 

few remaining a d u l t s  of the  S i r s t  brsad u t i l k z i n g  the  Chaetaceros 

of' l a t e  Septembss9 b u t  i t  i s  u n l i k e l y  t h a t  Lhoss would kave 

advanced much before o r  survived we l l  a"$e- the  onss t  of 

win tes ,  The second brood produeed Ln spr ing  Ln t k i s  bas ia  was 

probably the-efose t h e  major source of the  a d u l t  populat ion 

the  fol lowing sp r ing ,  and the  reproduct ive  cycle  i s  e s s e n t i a l k y  

annual,  

I n  the  middle basin a d u l t s  apparent ly  died o f f ,  but 

o the r  than t h i ç  t h e r e  was P i t t l e  c h n g e  between mid and l a t e  

Septeaber ,  presumably because of l s w  food supplg (Pig ,  23). I n  

t h i s  basin t h e  cspepodite populat ion of the  following sp r ing  

would be desived alrnost e n t i r e l y  from t h e  second generat ion 

i n  t h e  çummer--the o lde r  from a  brood hatched before t h e  l a t e -  

August t i d e s ,  and the  younger from n a u p l i i  katched a f t e r  those  

t i d e s ;  thus  two generat ions were prsduced during the  year.  

No Chaetoeercss peak waç noted u n t i l  a f t e s  the  I a t e -  

September %ides  and the re  was accordingly  l i t t f e  change i n  the  

copepsdi te  population of the  upper  basin,  except %or a  dying 

o f f  of  a d u l t s .  I t  i s  poss ib le  t h a t  the  unwitnessed l a t e -  

October Lides,  whieh probably penet ra ted  the  upper basin much 

more s t r o n g l y  (pe 3 2  hh% a more sevelne e f f e e t  i n  reducing 

the  o l d e r  eopepodkté population t h e r e .  A t  any r a t e ,  a l though 

a  few membess of the  f i r ç t  brsod prsduced by fernales bosn i n  

sp r ing  might have gained enough grswth $rem feeding on the  

Chaetoceros of the  late-September t i d e ç  t o  winter  over ,  i t  i s  



clear t h e t  %os% of t h @  adu l t s  i n  s p r i n g  a rs  d-sived fsom Young 

born the  previsus  wp-in-8 t h e  ~sproduetive eyc l s  is essentially 

annual 

The cause  o f l d e a $  hof the  obd-r copepoditeg and 

a d u l t s  as a r e s u l t  0% the  late-August and late-Çeptembes 

t i d e s  remafns abçeuree  %L might be  speeula ted  t h a t  the rapld  

t e m p e ~ a t u ~ e  changes common t o  bath %ides  were respons ib le*  

The Sate-Augus% t i dew ~ e d u c e d  temperalurss i n  a t h i n  s t ratum 

areund JO m s  i n  t h e  middle basin,  whers adu%ts  and shder  

copepodites were concentratead. The late-Septembear" inf laws ,  

a l though r e s u l t i n g  i n  grea ter  n e t  temporature ~ e d u c t i o n ,  

entered t h e  m i d d l e  basin more s r s a t l c a l l y  a t  s e v e r a l  l e v e l s  

(Lige l 7 b ,  18), The temperature changes therefore  may n s t  

have been as sudden a t  any given d e p l h ,  whfch may account for 

t h e  g rea le r  s u r v i v a l  of c spepod i t e s  a The temperatura leeduction 

i n  t h e  lower bas in  was more profound, and msy have been 

respans ib le  f o r  t h e  g-eates m s ~ t a l i t y  there  ( P i g  a 24) , APthough 

t he  tempesature changes implicated i n  t h i s  m o r t a l i t y  a r e  very 

smafE ( 2 ' C ,  or  Eess) i t  i s  nsteworthy t h ~ t  the v e r t i c a l  d i s -  

t r i b u t i o n  of - P, minutus i s  s t r o n g l y  affiecled by temperature 

d i f f e rences  09" t h e  same orde r ,  a s  r a i l %  be  h o w n  below (p,  1 0 9 ~  

The a d u l t s  çeem p a ~ t i c u l a r l y  s e n s i t i v e  t o  these  t i d a l  e f f e c t s  

'dhere there  is a breeding h ia tus  in v i n t e r ,  eveh i n  mase 

sau lhe r ly  waters (@c; t ve6 t9  19551 , e x i s t s  mafnXy as 

s l d e s  ~ o p s p o d i l e s ~  1t wauld appsar t h a t  adultksod Ps 

e n e r g ê t i c a l l y  a l a r g e  s t e p ,  and  t ha t  i t  aPso may e n t a i l  c e r t a i n  

s a c r i f i c e s  of metabolis s t a b i l i t y ,  



The k i f e - h i s t o r y  of  2, i n  Qgac Lake high- 

Pights  t h e  d i s t i n c t i o n  between seproduct ive and production 

cycles .  Although two genera t ions  per year accur  i n  the middbs 

basin and e s s e n t i a l l y  one; Ln the  a the r  basbina, ths geak of 

production i s  annual i n  response t o  the  major diatom flowering 

i n  a l 1  t h r e e  basins ,  and probably Largeçt i n  the  reproducl lve ly  

annual  population of t h e  kower basin,  

In  genera l  t h e  descr ibed reproduct ive cyc les  of 

P. minutus i n  the  a r e t i c  a r e  amuak ,  and most resembke t h e  - 
p a t t e r n  found i n  the  kower basin of the  Lake, a l though two 

broods have not  been demonstrated i n  the  sea.  A çmaller 

second s u m e r  gene-ation i s  suggasteà fo r  s e v a s a l  l a e a l i l l e s ,  

most conspicususly Ln s u b a r e t l e  Ungava Bay (Fontaine,  195518 

i t  i s  unlikeky t h a t  t h i s  generat ion supplants  t h e  e a r l i e r  one 

t o  e s t a b l i s h  a  cyc le  of two generat ions pes year as i n  the  

middle basin of Qgac Lake, I n  the  %igh a r c t i c  (Digby 1954, 

Grainger l 959 ) ,  ind iv idua l s  from t h i s  second genera t ion  i n  

summer may overwinter a s  vesy young s t a g e s ,  develop a s  l a rge r  

copepodites i n  t h e  food-r ieh s u m e r ,  and pââs a second winter  

t~ bread when 2.b years  o l d *  Digby found n a u p l i i ,  apparent ly  

born i n  l a t e  a u t u m  or  win tes ,  i n  small  numbers thrpough the  
9. 

winter  i n  East Greenland* There l ç  no suggestion t h a t  n a u p l i i  

overwinter i n  Ogac Lake, where thsse  fsund i n  e a r l y  June 

(F ig ,  23) a r e  c e r t a i n l y  young and r e c e n t l y  producede 

V e r t i c a l  d i s t r i b u t i o n ,  Nidespread observat ions  

( s u m a r i z e d  by Marshall ,  1949) on the  v e r t i c a l  d i s t r i b u t i o n  

of - P,  minutus suggest t h a t  i t  is not  genera l ly  found i n  t h e  



deepeçt waters ,  but t h a t  the  o%der stages e s p e e i a l l y  avoid the 

waraer su r face  waters  Wiborg ($944) sb ta ined  c r i t i c a l  evidenee 

from h i s  s tudy of t h e  landloeked Rsrwegian F i o r d ,  Nord&svatn. 

!The s u t e r  basin of t h i s  f i o r d  i s  f a i r $ y  w e l l  v e n t i l a t e d ,  but 

oxygen i s  seaso-ially absent  below 20 m ,  i n  the  inner  basin,  En 

both basins the  n a u p l i i  and usual ly  t h e  younger espepodites  

were found i n  the  su r face  l a y e r s ,  but d i s t i n c t  seasonal  d i f -  

ferenees occur i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of a d u l t s  and 

older  eopepodites,  which a r e  described but n o t  sxplained by 

Wiborg, Eater work on p%%ytop%anktsn e o l l e c t e d  a t  t h e  sanie 

time (Braarud and Hope, $952) makes i L  q u i t e  ebeas t h a t  the  

times when a d u l t s  and s l d e r  eopepodites a r e  concentrated near 

t h e  su r face  were a l s s  tirnes when t h e r e  wese diatom maxima t h g r e s  

@stved t  (1955) deser ibed the  annual v e r t i c a l  migrat ion of t h i s  

spee ies  between extreme depths (600 in,) and t h e  upper 50 a, of 

t h e  Norwegian Sea, The r e t u r n  $0 the  surface coincided wi th  

the  spr ing  diatom maximum, and f ls tvedt  believed i t  ts be a 

spawning migration, 

Unîortunately,  evidsnce on çeaçonal changes i n  t h e  

v e r t i c a l  d i s t r i b u t i o n  of pPankLon i n  Ogac Lake i s  lacking ,  

b u t  a  s e r i e s  of h o r i z o n t a l  t sws  with t he  Clarke-Bumpus samples 

was -made on August 21, 1% can be seen Prom Figure 27 Lhat 

while the  highEy s t r a t i f i e d  Ogac Lake P i t t l e  resembles t he  

usual  marine snv i~onment ,  t h i s  very st~atif$ca$ion $ives oon- 

s ide rab le  i n s i g h t  % n t 8  Lhs fac tors  c o n t r s l l i n g  v a r t i c a l  d i s -  

t r i b u t i o n  i n  the spec ies  a The upper and lower l i a i  t a  ( % , 5  and 

28 m . ,  where no specimens w e r e  taken) were sbvious ly  estabXished 



F i g u r e  27,  Vertical d i s é s l b u t i o n  of P, m i n u t u s  in the middle basin on Auguçt 21, - 



by Low s a l i n i t y  and Qxygen lack r e spee t fve ly ,  Retwesn these 

limits, temperatuse seemsd t o  show considerable  c o n t r o L  

The n a u p l i i  were presumably l a r g e l y  bsrn a t  depth,  

where the  ma j o r i t y  of fernales and t h e  h ighes t  egg numbers were 

found, (Eggs and a t  l e a s t  e a r l y  n a u p l i i  were a l l  o r  almost a l 1  

of the  second generat ion a t  t h i s  date--see p.93). Qu i t e  i n  

keeping wi th  t h i s ,  most of t h e  deeper n a u p l i i  were youngerb me 
n a u p l i i  moved surfacewasds, b u t  were seemingly bafked by the 

s t rong  negat ive  temperature g rad ien t  fsom 15-20 m e  The f i s s t  

two copepodite s tages  apparent ly  developed with no change i n  

r e a c t i o n  i n  the  upper few h e t e r s  but a d e f i n i t e  tendency t o  go 

deeper appears  i n  s t age  111, iikiether the  descent i s  controlxed 

by p h o t o t a c t i c  or  geo tac t i c  responses cannot be s a i d ,  A t  any 

r a t e g  i t  does not  appear t o  be pass ive ,  f o r  e i t h e r  t h e  low tem- 

pera ture  a t  10 m ,  suppresses the  downward movement, o r  t h e  

higher temperature jus t  below t h i s  i s  a ba r r i e r  t o  f u r t h e r  

descent ;  t h e r e  i s  evidence t h a t  the  l a t t e r  e f f e c t  i s  respon- 

s i b l e  f o r  the  d i s t r i b u t i o n ,  S ize  diffesences ( p ,  106) suggest  

t h a t  exchanges of copepods between s t r a t a  a r e  Limited, The 

oxygen minimum a t  10 m. was f i r s t  noted on A u g u s t  3 and was 

s t i l l  p resen t ,  somewhat l e s ç  prenouncecl,in mid A u g u â t  (Fig.  20), 

I t s  appearance thus coincided wi th  t h e  advent of numbers of o l d e r  

copepodites of the  new generat ion (Fig ,  231, Propor t ionate ly  more 

copepodite V than I V  and more V I  than V were found below t h e  15-m.  

l e v e i ,  and more of the  fernales a t  deptk were gravide  These f a c t s  

together  suggest  t h a t  t h e  deeper population averaged o lde r  and t h a t  

the p o s i t i v e  thermal gradient  from 10-15 m, was a b a r r i e r  which 



took time or  p e r s i s t e n e e  t o  penet ra te  i n  t h e  downward aovement, 

I t  i s  t o  be noted t h a t  the i n i t i a t i o n  of t h e  descent 

i n  s t a g e  XII i s  incomplete,  The bimodal d i s t r i b u t i o n  of stage 

III i s  q u i t e  d i f f e r e n t  from bimsdal d i s t r i b u t i o n s  of t h e  o lder  

s tages  and cânnot be explained wi th  r e fesence  t o  phys icâ l  con- 

d i t i o n s  a l o n e n  The population of capepodite III appears 

dimorphic i n  sesponçe,  b u t  whethér t h i s  i s  due t o  d i f f e rences  

which a r e  psesent  a t  the  beginning of t h i s  s t a g e  os  a s i s e  

during i t  eannot be s a i d *  

DoubtLesç t h e  o lde r  copepodites and a d u l t s  , i f  

unimpeded by thermal g rad ien t s ,  would continue t o  descend, 

and t h e i r  behavlour i n  Ogac Lake may be compared with l a r g e r  

s c a l e  seasonal tnovements i n  the  s e a l  The posshb%e s e l e c t i v e  

value of t h i s  aeseent  w i l f  be diseussed i n  r e l a t i o n  t o  o ther  

f e a t u r e s  of the  l i f e  h i s t o r y  (pe189) ,  

Size.  The c o r r e l a t i o n s  between food, temperature 
w 

and t h e  s i z e  of s e v é r a l  çpecies of copepods have been given 

f i rm expression r e c e n t l y  by Deevey (1960a)e She s tud ied  the  

seasonal  length v a r i a t i o n s  of a d u l t  female 2,  minutus from 

l o c a l i t i e s  where t h e r e  Is more-or-less continuouç breeding 

through the  year ,  and where s i z e  i s  t h e r e f o r e  an expression 

o f  i m s d i a t s  or r s c e n t  s s n d i l i o n s ,  En $bang I s l and  Soundp 

where phytoplanklon was nevèr minimal f o r  growth and reproduc- 

t i o n ,  the  s i z e  of z, minutus was s t r o n g l y  c o r r e l a t e d  with t h e  

widely ranging tempesatures a Ln Loch S t r i v e n ,  wkere the  

temperature range was much narsower , phytsplankton and tem- 

pe ra tu re  together  were i n f l u e n t l a l n  Copepods f'rom a r c t i c  



waters ,  where development i s  slow, were no% s u i t a b l e  f o r  t h e  

correbat ions ext rac ted  by Deevey, b u t  she supports e a r l i e r  

views t h a t  phytoplankton condit ions should be the  primary 

determinant of s i z e  i n  waters of sueh narrow temperature 

range. 

The seasonal range i n  average cephalothorax length  

of a d u l t  female E .  minutus was much smaller i n  Ogac Lake than 

i n  any of the  populations analysed by Deevey, However, the  

r a t h e r  s u b t l e  seasonal v a r i a t i o n s ,  a s  we l l  a s  d i f ferences  

between the basins do seem expl icable  i n  Lerms of phytoplankton 

and perhaps temperature ( see  F i g .  28). 

30th old and new generations of a d u l t  females a r e  

we l l  represented i n  the samples. Their average length increased 

i n  the  upper and middle basins i n  mid June, a s  r e e r u i t s  were 

nurtured by the  contemporary Chaetoceros flowerings.  The 

increase  i n  s i z e  was noted two weeks l a t e r  i n  the lower basin,  

co r re la t ed  wi th  the  l a t e r  Chaetoceros increase  the re .  The 

major i ty  of the  old generat ion were presumably dead by mid 

A u g u s t ,  and the  break i n  s i z e  appears obvious i n  both Figures 

26 and 28. 

Only the o lder  copepodites of the  o ld  generat ion 

were s u f f i c i e n t l y  sampled i n  e a r l y  and mid June, and these  

showed t h e  expected increase  i n  average s i z e  i n  the middle and 

upper basins ,  and maintenance of s i z e  i n  the  lower basin. 

Of the  new-generation copepodites,  al1 s tages  i n  

the  middle and upper basinç showed decl ines  i n  s i z e  a f t e r  t h e  

Chaetoceros peaks of June and e a r l y  July.  The o lde r  copepodites 



JUNE J U LY AUGUST SEPTEMBER 

Figure 28. Seasonal variations in mean cephalothorax length of copepodites 
1 to VI in the three basins. Open symbols represent mean of C30 
specimens. Old and new generations separatce b y  gaps in lines. 



i n  t h e  lower basin s tayed genera l ly  constant  i n  s i z e  between 

mid Ju ly  and rnid August, i n  apparent response t o  cont inuing 

food supply. O f  t h e  new generat ion i n  the  Power bas in ,  only  

s t ages  1 and I I  were s u f f i e i e n t l y  cornmon t o  measure i n  e a r l y  

J u l y ,  and it i s  not c l e a r  why they were l a r g e r  than i n  mid 

J u l y ,  a s  food condit ions were seemingly no b e t t e r  on t h e  

e a r l i e r  da te .  Poss lb ly  hese we have an e f f e c t  of temperature,  

f o r  the  su r face  waters warmed up considerably during the  

wasting of i c e  a t  t h i s  Lime. 

There was a  d i s t i n c t  recovery i n  s i z e  of t h e  younger 

copepodites a f t e r  e a r l y  August i n  the  upper and middle basins.  

This appears cos re la t ed  wi th  recovery of the  "other"  diatoms 

(Fig.  2 2 ) ,  some o r  which may have su f f i ced  the  rnuch reduced 

copepodite populat ions.  

The cons i s t en t  s u p e r i o r i t y  of s i z e  of t h e  younger 

copepodites i n  the  kowes basin over those of t h e  rniddle, and' 

those of the  middle over those of the  upger basin is almost 

e l iminated by the  end of September, The end of the surnmer 

Chaetoceros production i n  t h e  lowes basin is probably involved 

i n  t h i s  equa l i za t ion ,  which would corne about more çlowly i n  the 

slower-developing o lder  copepodites , An increase  i n  s i z e  f s 

e s p e c i a l l y  pronounced i n  the  middEe bas inp  where Chaetoceros 

f  lourished a f t e s  the  Jate-August t i d e ç .  

I t  i s  apparent  t h a t  the  seasonal  changes i n  Ogac 

Lake are a l t r i b u t a b l e  t o  p h y t o p l a n k t ~ n ~  If t h e ~ e  a re  any 

e f f e c t s  of temperature d i f fe rences  ( ê e g e ,  the  Iower basin was 

c o n s i s t e n t l y  coolers a t  depth) thëy seern t o  be masked by e f f e c t s  
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of food, mis supportç Deevey" ( ~ 9 6 0 a )  v i e w  t h a t  food is 

pr imasi ly  r e s p a n s i b l e  fo r  ç i z e  difl"e-enceç when temperature 

ranee i s  narrow, 

The marked anomalies i n  v e r t l e a l  d i s t r i b u t i o n  of" 

P ,  m i n u t u s ,  discussed absva, a r e  malshed by d i s l i n e t ,  although - 
l ess  s p e c t a e u l ~ r ~  d i f î e senees  i n  t h e  s i z s  of copepodi tes  a t  

d i f  fersent depths ( F i g e  291, mers was a gsneral inc rease  of" 

s i z e  wi th  depth amsng the  oLder cspepodiles ,  whieh averaged 

s i g n i f  i c a n t l y  l onge r  near t h e  lower l i m i t  than near t h e  sur face, 

There were, fur thermsre ,  d i s t i n c t  s i z e  minima a% 5 e 7 9  9 e 7 ,  and 

19.5 m e  It i s  tempting ts a s s o c l a l e  the srnaller s i z e s  a t  9,7 

and 19,s na wi th  erowding and r e s u l t a n t  food dep le t ion ,  a l thougk 

t h i s  doeç no t  apgear t o  a p p l y  a t  5 7  m, That s tage %.II d i d  no t  

appear t o  show the  same p a t t e r n  as t he  a l d e r  copepodites is 

reasonable,  ç ince a11 molted $rom s t a g e  II which was concen- 

t s a t e d  a$ about the same depth near t h e  su r face ,  and t h e r e a f t e r  

migrated downward. These c o n s i s t e n t  s i z e  d i f f e rences  suggest  

t h a t  exchanges between d i f f e r e n t  depths of s l d e s  copepodites 

were i n  some degsee l i m i t ê d ,  and  I t  ma- be auppoçed t h a t  çome 

or even most of the  lnd iv idua l s  a% a given d e p t h  had molted a t  

t h a t  depth,  

Each t i d e  broughl  in 

populations of z, minutus ^rom Ney H a r b ~ u r ,  !This was the  on ly  

one of t h e  four dominant s p e c i e s  %o r ece ive  any s u b s t a n t i a l  

add i t ions  from the  seaa  A complete aceount would r e q u i r e  

a n a l y s i s  of t h e  annual cyc le  I n  t h e  waters  ou t s ide  (no$ d e a l t  

wi th  h e r e ) ,  b u t  a br i e f  r e f e r e n s e  t o  theçs  a%%ochthonouâ 



F i g u r e  29. Cephalothorax length (mean and two standard e r r o r s  of t h e  mean) of 2,  minutu% 
copepodites a t  d i f f e r e n t  depths i n  t h e  middle basin. Ver t i ca l  l i n e s  0.01 m. apapt .  

" 



animals seews des i rab le .  

The ou t s ide  copepodites alwayç averaged much longer 

(from about 20-4 57) than those O$ t he  %ake, and t h e  ranges of 

s i z e  only barely overlapped Once9 aaong s t age  I eopspsdltes a t  

the end of Septeabers  Nauplil eould %%kewise e a s i l y  be d is -  

t ingulshed,  but a s  these  were no$ always measured, the  twa 

praups were not  separated i n  the  caunts ,  

The allschthonous l e  minutus were of course most 

abundant i n  t h e  lowea basin b m e d i a t e l y  a f t e r  each t i d a l  

s e r i e s .  I m e d i a t e l y  a f t e r  the  late-June t i d e s  , hefsre  the  smala 

r e s i d e n t  population had begun much reproduct ion,  20% of  the  

copepodite population had corne %rom ou t s ides  A t  no s t h e r  time 

d i d  they exceed 4% of the  population, 

More important than the  numbers brought i n  was t h e i r  

f a t e ,  The plankton i n  the lowes basin waç usual ly  sampled 

about two weeks a f t e r  eaek t i d e ,  by whieh t i a e  the  f s sa ign  

copepods had abrnost e n t i s e l y  disappeared, e o n s t i t u t i n g  a t  most 

about 5% of t h e  numbers estimâted J u s t  a f t e ~  the  Lides. The 

few speciaens taken were a l l  s tages  1, II or I I I  copepodites 

and, although i n  no case lying wPthin the s i z e  range of the 

indigenous s t a g e s ,  they were invar i ab ly  smaller than the  

smal les t  allochthanous farms measused two weeks e a r l i e r s  me 

conclusion i s  i n e v i t a b l e  t h a t  these animal3 had msultsd i n  the 

l a k e ,  with I t s  higher Lernps~ature and poorer fsbd supply. 

b t  could be argued %kat  some of the  alloehthonous 

s tages  had moulted severa l  tirnes t o  become indls t inguishabPe 

i n  s i z e  from the  equivalent indigensus s t a g e s e  B u t  i t  seerns 



f a r  more l i k e l y  t h a t  the  ou t s ide  P a  minutus were i n  some way - 
i l l - a d s p t e d  t o  the  l ake ,  and died o f f ,  There i s  perhaps a 

c l u e  t o  t h i s  mor ta l i ty  i n  the  middle basin,  Tida l  water 

penet ra ted  the  upper l e v e l s  of t h a t  basin i n  l a t e  Ju ly ,  and a 

few allochthonous copepodites of a l 1  s t ages  wese c o l l e e t e d  

t h e r e  on August 3 ,  and fewer i n  mid A u g u s t ,  I n  the  h o r i z o n t a l  

s e r i e s  of Aupust 2 1  a t o t a l  of El .  o l d e r  ( I V - V I )  l a rge  copepodites 

were taken ,  _I_ a t  24 .5  m . ,  below t h e  bulk of lake E e  minutus. 

I t  appears t h a t  Ogac Lake d i d  not s a t i s f y  the  depth or tem- 

pe ra tu re  requirernents of t h e  marine P a  rninutus, b u t  whether t h i s  - 
d i f fesence  waç g e n e t i c a l l y  or on togene t i ca l ly  con t ro l l ed  can 

only b e  guessed a t ,  

t i o n  i n  P e  m i n u t u s a  The l i t e r a t u r e  on d i u r n a l  

and annual  v e r t i c a l  migrations (summarized f o r  the Crustacea 

r e c e n t l y  by Bainbridge, 1.61) i s  enosmous, cornplex, and f u l l  

of c o n f l i c t i n p  yenera l iza t ionç  One must be wary of new 

penera l iza t ionç  , b u t  i t  i s  believed t h a t  observat ions i n  Ogac 

Lake and c e s t a i n  sefesenceç t o  t h e  bekaviour of 1. m i n u t u s  

elsewhere suggest an adap t ive  r e l a t i o n s h i p  between v e r t i c a l  

P ,  minutus was one o r  the  copepods exh ib i t inp  d iurnaf  
a. 

migrat ions i n  the  Barents Sea, b u t  no t  during periods of 24-hsur 

day l igh t  (Bogorov, %946),  This i s  i n  agreement with t h e  

genera l  b e l i e f  t h a t  the immediate s t imulus t o  migration i s  

l i g h t  0 

Other observat ions (summarized on p ,  99 ) do not 



i n d i c a t e  ânything f u r t h e r  of t h e  na ture  of d i u r n a l  migrat ions,  

b u t  su rees t  t h a t  t h e  surnrner genesations of 2. minutus a r e  

genera l ly  near t h e  s u r f a c e ,  notably when diatoms a r e  abundant 

t h e r e ,  but t h a t  o lde r  copepodites and a d u l t s  avoid warm sur face  

waters ,  a t  l e a s t  during daytime. Animals of' t h e  overwintering 

generat ion,  whether the  l a s t  produced i n  s u m e r  ( a s  i n  more 

southern waters)  OP t h e  only  one of an e s s e n t i a l l y  annual cycle  

(as i n  Oeac Lake or  t h é  F:srwegian Séa) descend as soon a s  they 

reach  an o lder  copepodite s t age .  This descent  occurs we l l  

before the  hydrographie winter .  

I t  has been suggested t h a t  these descended copepodite 

s t ages  a r e  consesving t h e i r  energy, and P. minutus (Idstvedt, 

1/55) and o ther  s p e c i e s  a r e  even s a i d  ( w i t h ~ ~ t  phys io logica l  

evidence) t o  be "hibernaLing" by some a u t h o r s e  h%ere the  

b io loe ica1  cycle  ( s p e c i f i c a l h y ,  diatom production) i s  essen- 

tially annual,  t h e  dangers o f  poer t i m i n g  seem obvious,  I n  

Ogac Lake, wkere the  pesfod of Chaetsceros production i s  very  

circumscribed, t h e  second çpring bsoodç of - P. minutus i n  the  

upper and rniddle bas ins ,  l a i d  perhaps a  week a f t e r  t h e  f i r s t ,  

f a i l e d  u t t e r l y o  Furthesrnoreg the a d u l t s  seem metabol ica l ly  

more subjec t  t o  m o s t a l i t y ,  even when they have ne t  produced 

eggs ( p .  97 ) Anirnals continuing t o  l i v e  neas the  su r face  

a f t e r  the major diatom production was f i n i s h e d  might achieve 

matur i ty ,  acce le ra ted  by warm temperatures,  on ephemeral 

diatom f lowerings,  b u t  the  f a t e  of t h e i r  o f f s p r i n g  would be i n  

doubt. The s e l e c t i v e  advan-tage would âppear t o  l i e  w i " c  those 

animals which r e t a r d  matur i ty  by seekfng t h e  c s l d  depths. The 



notable  v e r t i c a l  descent  of g ,  i n  t h e  Norwegian %ea 

((bstvedt,  1955) c a s r i e s  almost a % l  the  copepodites below 608 m., 

a t  which depth the  b-eak i n  the  temperatwe eurve o e e w s  ( a t  

around O°C,) 

!The se%at ionsh ips  betweégn tp_t%ap@ratur&re) s i z e  aaYl r n d t b u r h n -  

t i o n  a r e  w e l l  doeumented, but the r e l a t l ~ n s h i p  betwean s i z e  and 

fecundi ty  has perhapç no t  reeeived the  f u l l  a t t e n t i o n  L t  deserves4  

I n  - P, minutus t h e  c o r r e l a t i o n  between fernale s i z e  and number of 

eggs i n  "ce oviçae wâs shorrsn by iLaarshall (2.949) t o  be h ighly  

s i g n i f i c a n t  ( 0 ,98 ;  30 p a i r s  of observat ions) ,  Her tabula ted  

da ta  demonstrate a  l i n e a r  increase  of egg number per ovisac from 

about 10 i n  females of  6,90 mm, t o  3'7 i n  females E a % O  mm, long, 

I f ,  a s  suggested above ( p ,  881, two broodç (ov i sacs )  c o n s t i t u t e  

the  maximum output  of t h i ~  specieç then,  a l 1  o t h e r  thingç being 

equal ,  l a rge  s i z e  wouEd confer an ensrmous s e l e e t i v e  advantage, 

Doubtleçs t h e r e  i s  csnsfderab%e geograghical adap ta t ion  i n  the  

r e l a t i o n s h i p  between s i z e ,  fecundity and tempera tme,  a s  ind ica ted  

by the  f a e t  t h a t  females i n  Ogae Lake comparable i n  s i z e  wi th  the  

smal les t  females i n  Loch S t r iven  produce much l a sge r  broods ( p ,  90).  

B u t  we can presume t h a t  l a rges% s i z e  and fecu-adity w i l l  be f s s t e s e d  

by the  co ldes t  temperatuses wi th in  the  range %O which the local 

populations a r e  adapted,  

One of the  adapt ive  va lues  of v e r t i c a l  migrat ion,  

whether annual o r  seasona l ,  might therefore  b e  itç e f f e c t  on 

fecundi ty*  men  food bs  sca rce  and susfiace waters warm, tken 

fecundity and t imel iness  rnight bes t  be ensured by leaving tkese  

sur face  waters a l t o g e t h e r ;  perhapç t h i s  c s u l d  be i n i t i a t e d  



by n u t r i t i o n a l  condi t ions .  When diatoms a r e  abundant i n  

warm s u r f a c e  waters ,  then s i z e  and fecundi ty  may be increased  

by a s s i m i l a t i n g  food captured near  t h e  su r face  i n  the  cooler  

depths.  I n  some c o a s t a l  l o c a l i t i e s  ( including Ogac Lake) 

v e r t i c a l  descent rnay o f f e r  l i t t l e  or  no advantage of  lower 

temperatures.  I t  can be supposed t h a t  t h i s  very widespread 

behavior i s  g e n e t i c a l l y  conservat ive ,  and doubly d i f f i c u l t  to  

modify l o c a l l y  i n  waters which a r e  i n  continuous communication 

with t h e  sea a t  l a rge .  

I t  i s  obvious t h a t  t h i s  hypothesis cannot i t s e l f  

account f o r  many of t h e  anomalies and v a r i a t i o n s  i n  v e r t i c a l  

migrat ion of o ther  marine animals ,  B u t  the  f a c t s  t h a t  tem- 

pe ra tu re  i s  known t o  be i n t e r r e l a t e d  wi th  s i z e ,  maturat ion 

and fecund i ty  i n  many poiki lotherms,  and t h a t  su r face  waters  

a r e  almost un ive r sa l ly  warmer than deeper waters ,  a r e  suggest ive.  

The Biology of Oithona s i m i l i s  Claus 

The only  o the r  copepod of any productive consequence 

i n  Ogac Lake i s  Oithona s i m i l i s .  Like P. minutus it i s  common 

i n  a l 1  northern seas .  

Annual cycle .  Yhe eggs of 2. s i m i l i s  a r e  c a r r i e d  i n  

b i l a t e r a l  ovisacs ,  which may or may not be found a t t ached  t o  

the g e n i t a l  segments of t h e  females i n  t h e  samples. Ovisacs 

were g e n e r a l l y  undisrupted,  b u t  when t h i s  had happened, 

i n d i v i d u a l  eggs were e a s i l y  i d e n t i f i e d .  The egg counts i n  

a l 1  t h r e e  basins were g r e a t e s t  two weeks a f t e r  the  recorded Peak 

(or near  peak i n  the  lower basin)  of Chaetoceros (compare 



Figs ,  30 and 221, The number of eggs per  h m l e  and t h e  number 

per ovisac  a l s o  lagged somewhat, The l a g  was g r e a l e r  i n  t h e  

number of eggs per female; t h i s  no doubt r e s u l t e d  frsm t h e  f a c t  

t h a t  the  a d u l t  fernale populat ion a t  the begiming of t h e  season 

contained many reeen t  r e c r u i t s  ( see  F i g e  311, which w e ~ e  

presumably not  ye t  f u l l y  mature, 

Fmm Figure 38 i t  can be sean t h a t  the relatively 

l a t e r  increaçe  of egg production i n  the  lower basin (high 

numberç reached by mid JuLy) vas  r e f l e e t e d  by the  pauc i ty  of 

n a u p l i i  i n  t h a t  basin u n t i l  t h e  begiming of Augusta There 

were, on the  other  hand, smaEl but d i s t i n c t  incseases  of  

n a u p l i i  i n  the  upper and rniddle basin,  beginning i n  e â r l y  Ju ly ,  

Two or  t h r e e  modes may be followed i n  theçe basins ( F i g *  31) 

i n d i c a t i n g  q u i t e  sapid  r a t e  of grswth& B u t  the  numbers of 

n a u p l i i  by no means aatched the  egg nuabers present  i n  e a r l y  

Ju ly :  obviously these  was enormous mor ta l i ty  of t h e  ea r ly -  

produced n a u p l i i  i n  the  rniddle and upper basinç,  and a  l e s s  

severe  reduct ion  of those prsduced l a t e r  i n  the  lewer basin,  

En the  rniddle of J u l y ,  these  waâ a sharp &op i n  

egg number i n  the  rniddle and uppe r  basins ,  al though the  

number of females was genesa l ly  maintainede The decrease of 

eggs seemed t a  stem rnostly frsm a reduet ion of the  proport ion 

of females which were g r a v l d ,  butaaEso from a smaPler average 

egg numbes i n  the  ovisiàcs, miia decreaaea was Solfowsd by a 

recovery i n  e a r l y  August i n  t h e  upper  bas in  and probably i n  

the  middle basin ( t h e  lowered absolu te  egg number i n  t h e  

rniddle basin may be a r e s u l t  of sampling e r r o s ,  as the  wumber 
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Figure 30. Reproductive s t a t u s  and s i z e  of a d u l t  female 
Oithona similis, and t h e  numbers of n a u p l i i  
through t h e  season i n  t h e  t h r e e  basins ,  
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of eggs per female and per s v i s a c  both increased ,  a s  i n  the  

upper bas in ) ,  

The f i n a l  dec l ine  i n  egg number i n  t h e  tlbree basins 

seems t o  have r e s u l t e d  l a r g e l y  from a  decreasing proport ion of 

gravid females, only  s l i g h t l y  abe t t ed  by a drop i n  numbers of 

eggs i n  t h e  ovisacs  of those females which continued f e r t i l e .  

Curiously,  t h e  egg numbers i n  t h e  lower bas in ,  which increased 

l a t e s t ,  declined a t  about the  same tirne a s  i n  t h e  o t h e r  two 

basins .  In  the  lower bas in ,  t h e  dec l ine  seems wholly a t t r i b u -  

t a b l e  t o  a  decrease i n  the  number of gravid females ,  a s  here 

the  number of epps per ov i sae  waç maintained. 

The decrease of gravid females i n  i t s  t u r n  apparent ly  

r e s u l t e d  from t h e  dea th  of the  o ld  generat ion and i t s  replace-  

ment with the  new, Changes i n  s i z e  can be used t o  i n d i c a t e  

the recrui tment  of smaller  females of the  new generat ion (Fig. 

30) .  - 0. s i m i l i s  i n  Ogac Lake averaged smaller  than t h e  minimal 

seasonal  s i z e s  recorded by Marshall (1949) i n  Loch S t r iven  or 

Digby (1954) i n  3 a s t  Greenland. The seassna l  range of s i z e  of 

Ogac Lake was a190 very Pimited. I)war% specimens , noted by 

Wiborg (1944) i n  Nordasvatn and by Fontaine (3.955) i n  Ungava 

Bay, s l s o  occurred i n  Ogac Lake. For some reason a l a r g e r  

number of these  foseçhorlened animals were sampled i n  the  lower 

basin i n  mid Ju ly ,  which expla ins  t h e  tempsrary but marked 

drop i n  s i z e  the re .  Otherwlse the  seasonal  changes i n  s i z e ,  

al though s l i g h t ,  follow a  f a i r l y  cons i s t en t  p a t t e r n  i n  the  

t h r e e  basins ,  The replacement of the o ld  genera t ion  seems 

from s i z e  changes t o  have oceurred f i p s t  i n  the  lower basin,  



and t h i s  i s  supported by numerical changes i n  a d u l t s  and o lde r  

copepodites (Fig.  31) .  Since the  number of eggs per ovisac  

d i d  not  dec l ine  i n  those few gravid females i n  t h e  lower basin 

which p e r s i s t e d  (Fig .  3 0 ) ,  t he  i n t e r e s t i n g  p o s s i b i l i t y  i s  

r a i s e d  t h a t  the  e x t i n c t i o n  of the  o ld  genera t ion  was acce lc ra ted  

by t h e i r  sus ta ined  higher reproduction. Females i n  t h e  o ther  

basins may have, con t ra r iwise ,  continued egg production longer 

a t  a  lower and decreasing r a t e .  

The ques t ion  of the  number of broods and t o t a l  egg 

production by t h i s  spec ies  cannot be answered s a t i s f a c t o r i l y .  

Since each female c a r r i e d  two ovisacs ,  and s i n c e  the  number of 

eggs per fernale never exceeded the  q u a n t i t y  which could be 

c a r r i e d  i n  about 1 . 5  ov i sacs ,  i t  seems probable t h a t  each 

f e a a l e  c a r r i e d  her  eggs f o r  some time and t h a t  the re  was a  gap 

between the production of batches of eggs. B u t  unl ike P .  minutus, 

i n  which d i s t i n c t  modes of abundance arnong s t ages  of the  second 

generat ion were preserved f o r  weeks, wi th  o r  without growth, 

C e  s i n i l i s  developed a  considerable  "b lur r ing"  between modes - 
which seemed c l e a r  e a r l y  i n  the season. For example, two 

modes appeared i n  t h e  upper basin on July 4, perhaps th ree  on 

Ju ly  20, and two on Augus t  3. Then t h e e  much l a rge r  modes 

could be noted on August 17, but t h e ~ e a f t e r  only one was d i s t i n c t .  

140 connections can s a f e l y  be i n f e r r e d  between modes of successive 

dates .  Fur ther ,  i f  we attempt to  c a l c u l a t e  n a t a l i t y  i n  the 

lower basin,  where high egg production was c l o s e l y  followed by 

high naupl ia r  product ion,  and where m o r t a l i t y  can thesefore  

be presumed minimal, we ge t  unsa t i s fac to ry  r e s u l t s .  Both the  



" f i r s t  broodtt centered a t  naupl ius  II on August 4 and t h e  

" t h i r d  broodw on August 17 (presuming the  f irst  ta be now a t  

copepodite V and the  second st copepodits I I )  a r e  c a l c u l a t e d  to 

be roughly twice a s  l a rge  (36 and 26) a s  the  mean oontents of 

two ovisclcs ( 2 6 )  a t  t h a t  time (Table X I ) ,  '14iis seems i r recon-  

c i l a b l e  on present  evidence,  but a t  l e a s t  suggests  t h a t  s e v e r a l  

p a i r s  of ovisacs  were produced by the  females of g b  s i m i l i s .  

F i s h  (1936a) s t a t e s  t h a t  i n  the  G u l f  of Maine i n  

August the  l a r g e  number of l a r v a e  (ca .  35,000 m b o 3 )  and few 

fernales (ca .  3,000 m e œ 3 )  i n d i c o t e s  t h a t  seve ra l  egg s a c s  must 

have been produced by each remalel  F ish  does not  g ive  t h e  

number of eggs per s a c ,  b u t  t h e  r a t i o  of a d u l t s  t o  young given 

could be accounted fo r  by a s i n g l e  pa i r  of ovisacs  wi th  the  

contents  found i n  Ogac Lake. Marshall (1949) obtained counts 

of number of eggs per ovisac  through the  season i n  Loch 

S t r i v e n b  As i n  r. minutus, t h e r e  was s i g n i f i c a n t  c o r r e l a t i o n  

between number of eggs and female s i z e ,  although s i z e  i t s e l f  

was seasonably l e s s  v a r i a b l e .  The minimum egg number per 

ov i s sc  ( c a b  6 )  occurred i n  Januasy, when the  median female 

s i z e  (0.52 mm) was stL11 longer than the  l a r g e s t  seasonal  mean 

s i z e  (0.44 mm,) i n  Ogac Lake The sumer maximum egg number per 

ovisac  ( c a b  18) f a r  exceeded t h e  maximum (ca l  8) noted i n  Ogac 

Lake. 

The younger n a u p l i i  produced i n  the  Sumer  i n  a l 1  

t h r e e  basins seemed t o  grow e s p e c i a l l y  r a p i d l y ,  and from t h e  

end o f  August  t he re  was b u t  a s i n g l e  mode, centered a t  copepodite 

I I  o r  I II  i n  a l 1  basins by mid September (Fig. 311, 'i'hose females 



Table X I .  Calculated n a t a l i t y  wi th in  p u t a t i v e  broods 
of Oithona similis i n  the  lower basin.  
Counts from subsamples of fine-mesh n e t  
hauls  from 20 m. t o  the  sur face .  Calculated 
a s  i n  Table X. 

Puta t ive  "Brood" No. of Ko. i n  No. young 
Brood Date Mode Q9 llBrood" per 99 

F i r s t  Aug.4  N 11 89 3,170 36 

Third Aup. 17 ?? I V  62 1,640 26 



which reached adulthood during t h e  summer do not  appear t o  

have been notably  reproduct ive ,  and egg number showed a s t eady  

dec l ine  i n  a l 1  basins .  The few p e r s i s t e n t  egg producers may 

have been l a r g e l y  members of t h e  o l d  generat ion i n  the  upper 

and middle basins (see above),  but the  s l i g h t  inc reases  of egg 

numbers per ovisac  and per m.2 i n  t h e  lower basin i n  mid 

September ( l i g .  28) a r e  probably a t t r i b u t a b l e  t o  the  new genera- 

t i o n .  The reproduct ive  cycle  was however e s s e n t i a l l y  annual i n  

a l 1  bas ins ,  and i t  i ç  doubt fu l  t h a t  the re  was even a smal l ,  

a t t enua ted  second generat ion produced l a t e  i n  the  season. 

Feeding, I t  i s  c l e a r  from what has been s a i d  t h a t  

O.  s i a i l i s  cannot be dependent on t h e  same s o r t  of food a s  - 
P. minutus, bk i l e  egg production a n d  s i z e  increase  of t h e  - 
females folfowed by about two weeks the  i n i t i a l  Chaetoceros 

peaks i n  each bas in ,  the  females continued t o  produce eggs 

a f t e r  the  v i r t u a l  disappearance of Chaetoceros, and n a u p l i i  

t h r ived  through August and September when t h e  young of 2. minutus 

su f fe red  reduct ions  i n  numbers and slow growth (compare, e.g., 

Figs .  31 and 23). 

There i s  evidence t h a t  o. similis was feeding on a t  

l e a s  t p a r t  of t h a t  phytoplankton f r a c t i o n  whicii was undersampled 

by t h e  ne ts - - the  small  diatoms included under "other diatomstl 

on Figure 22. ' I n  t h e  middle and upper bas ins ,  a l though l a r g e  

numbers of  eggs were p resen t ,  t h e  development of n a u p l i i  was 

subjec ted  t o  1 k  months of suppression u n t i l  mid August. 

Rauplii  appeared abundantly i n  e a r l y  August i n  the  lower 

basin,  two weeks a f t e r  eggs becam* common. I n  a l 1  basins the  



naupl iar  b u r s t s  coincided with marked inc reases  of the  "otherW 

diatoms, This seems s trong circums t a n t i a l  evidence tha t the  

n a u p l i i  were a b l e  t o  feed on the namoplankton,  which i s  

under-represented i n  the  "other" diatom f r a c t i o n  ( s e e  p.  7 5 ) .  

The r e l a t i o n s h i p  of small  d ia tons  wi th  growth and 

egg production by the  a d u l t s  i s  l e s s  c l e a r s  There seems t o  

have been a  s u b s t a n t i a l  population of smal l  diatoms a t  the  

appropr ia te  tirne i n  the  middle bas in ,  b u t  few i n  the  upper 

basin.  The "other"  diatoms of the  Iower basin do not seem 

t o  have acce le ra ted  reproduct ion the re  , The d i s t i n c t  minimum 

of number of eggs per female and per ovisac  i n  mid Ju ly  (Fig. 

28) o e r t a i n l y  coincided with the  seasonal  nadi r  o f  any s o r t  of  

primary production. 

Since the re  was a Lag of about two weeks between the  

major spr ing  flowerings and the  growth and egg production by 

fernale 2, çimi l i s  i n  a l 1  bas ins ,  the  p o s s i b i l i t y  t h a t  they 

could feed on the  d e t r i t a l  r e s idue  of such flowerings might be 

considered. I t  i s  not des i rab le  on such s lender  evidence t o  

dea l  wi th  the  whole quest ion of t roph ic  r e l a t i o n s  of the  zoo- 

plankton, or r ev ive  the  ideas of Put te r  (1.09) even i n  the  more 

soph i s t i ca ted  form of Fox (1957) and h i s  a s s o c i a t e s a  B u t  i t  

has been h in ted  i n  the l i t e r a t u r e  t h a t  Oithona spp. can u t i l i z e  

ma te r i a l  o ther  than phytoplarlkton. CJiborg (1944) poin ts  out  

t h a t  although "no copepods have been found which a r e  exc lus ive ly  

saprophi le" ,  Oithona spp. and c e r t a i n  o the r  small  forms inc rease  

i n  sewage-rich waters of JJorwegian f i o r d s  . Lebour (1922) found 

diatom remains , b u t  Marshall (1.49) found only  ind i s t ingu i shab le  



d e b r i s  i n  t h e  guts  of 2, s i m i l i s  females. Other au thors  have 

commented on the  maintenance of 2. s i m i l i s  i n  apparent  phyto- 

plankton s c a r c i t y ,  such a s  through the  a r c t i c  winter  (Digby, 

1354). I t  seems l i k e l y ,  however, t h a t  i n s u f f i c i e n t  a t t e n t i o n  

has been paid t o  the  nannoplankton a s  a  source of food, e s p e c l a l l y  

a s  small  diatoms may be much l e s s  v a r i a b l e  i n  q a a n t i t y  through 

t h e  season (Yentsch and Ryther , 1959). 

Ver t i ca l  d i s  t r i b u t i o n .  The l i t t l e  information ava i lûb le  

on t h e  v e r t i c a l  d i s t r i b u t i o n  of t h i s  spec ies  sugges ts  t h a t  i t  

i s  e s s e n t i a l l y  a  near-surface forme I t  i s  the  most abundant 

copepod i n  the upper 50 m .  of  the Norwegian Sea i n  win te r ,  and 

remains cornmon near t h e  su r face  i n  summer a f t e r  t h e  migrant 

spec ies  r e t u r n  from t h e  depths (%stvedt ,  1955). Both Ussing 

(1938) and Digby (1954) a t t r i b u t e  the  surnmer r educ t ion  of young 

s t a g e s  i n  the  su r face  waters  of Sas t  Greenland t o  grazing 

r a t h e r  than v e r t i c a l  descent ,  Bogorov (1946) l i s t s  t h i s  a s  

one of  the  species  which does not  make d i u r n a l  migrat ions i n  

the  Barents Sea, even i n  tirnes of a l t e r n a t i n g  day l igh t  and 

darkness . 
Figure 32 shows t h e  v e r t i c a l  d i s t r i b u t i o n  of the  var ious 

s t ages  on August 21  i n  t h e  middle basin.  The p a t t e r n  was q u i t e  

d i f f e r e n t  from t h a t  exh ib i t ed  by 2 .  m i n u t u s .  On t h e  whole, 

O .  s imilis of a l 1  s t a g e s  had t h e i r  maxima near t h e  s u r f a c e ,  and - 
t h e i r  d i s t r i b u t i o n  i n  deeper water seemed l e s s  sha rp ly  a f f e c t e d  

by temperature 

The n a u p l i i  showed sur face  and deep maxima, both i n  

warm l e v e l s .  The mesh used (Eo. 10) on t h e  plankton sampler 



Figure 32. Vertical distribution of O. similis in the m i d d l e  basin on August 21. - 



probably f a i l e d  t o  r e t a i n  t h e  youngest n a u p l i i  adequately,  

b u t  there  was no suggest ion t h a t  the deeper n a u p l i i  averaged 

younger, a s  was found i n  P. minutus; s e p a r a t e  naupl ia r  s t ages  

a r e  the re fo re  n o t  shown i n  Figure 32. There i s  perhaps a  s l i g h t  

suggestion of r e a c t i o n  change between copepodite II and I I I ,  t h e  

deeper maxima of t h e  l a t t e r  and o lder  s t ages  being found a t  the 

warm l e v e l ,  This can be cont ras ted  wi th  P. minutus (p.lOU, - 
i n  which s t a g e  III  and o lder  copepodites descended from t h e  

sur face  and occupied cold depths.  

The Biology of S a p i t t a  elegans V e r r i l l  

This s p e c i e s ,  the  dominant predator  i n  Ogac Lake, i s  

very widely d i s t r i b u t e d  i n  coas ta l  and oceanic waters of t h e  

northern hemisphere. I n  the  Canadian a r c t i c  i t  i s  the  only 

chaetognath normally met with.  

'ihe m a t u r i t y  s t ages  used i n  t h i s  s tudy a r e  the  t h r e e  

defined by R u s s e l l  (1932). Z s s e n t i a l l y ,  gonads a r e  not  v i s i b l e  

i n  s t a g e  1, II  have small  eggs, and III  a r e  mature. Animals 

which had p a r t i a l l y  or  wholly discharged t h e i r  eggs were 

included under s t a g e  III.  Kramp (1939) counted f u r t h e r  s u b -  

d iv i s ions  among mature and near-mature animals,  but h i s  s tages  

did not  appear t o  shed any more l i g h t  on t h e  e s s e n t i a l s  of the 

reproduct ive cycle  i n  Ogac Lake. A s  t h e  animals were somewhat 

more t r ansparen t  than usual  i n  marine 2. elegans ,  i t  was found 

unnecessary t o  heighten the  v i s i b i l i t y  o f  the  gonads by s t a i n i n g ,  

a s  p rac t i sed  by a nurnber of au thors .  Lengths were measured t o  

the nea res t  0.15 mm., and excluded the  t a i l  f i n .  



a The cycle? i s  s h o w  i n  Figure 33. 

Cnfortunately deep hauls  were not made i n  the  upper and middle 

basins u n t i l  mid June, and older  animals tended t o  be bebow 

20 ni, (see below) Iiowever reprsduet ion was jus t  beginning 

i n  mid June, and samples then probably repsesented adequately 

the popul.ation a t  the end of winteal. 

3gg3  and young were present i n  a l l  basins i n  mid 

June, but the f a t e  of the  young which hatched d i f f e r e d  con- 

s i d e r a b l y *  Much the I ~ r g e s t  nuabers of eggs and young were 

found i n  the  lowes basin and the  smallest  i n  the upper basin,  

This i ç  c e r t a i n l y  a  r e f l e c t i o n  of the numberâ of mature Ç. 

elegans present  i n  each bas in*  Young I n  t h e  upper basin grew 

i n  s i z e  considerably and maintained t h e i r  numbers L2ss growth 

had been gained i n  the  a idd le  basin,  and a  marked reduct ion of 

numbers was comLined wi th  i n s i g n i f i c a n t  growth i n  the  lower 

basin. By Ju ly  20 the  new generation was most advanced i n  the  

upper basin,  where the overwintering generat ion might wefl  have 

been e x t i n c t  ( the  few s tage  I I I  a t  t h i s  time could have been 

derived e i t h e r  from the  new generation os from the l a rge  

immature animals sampled on June 18 and Ju ly  4 ) .  A t  the same 

time the  new generation i n  the middle basin avesaged 1-2 mm, 

shor t e r  and the  o ld  generat ion was s t i l l  d i s c r e t e l y  sepresented.  

In  the  lower basin the new generation was jus t  beginning t o  

advance on Ju ly  17, a f t e r  a month of s tagnat ion .  

I t  i s  obvious t h a t  the dif'ferences i n  timing i n  the  

th ree  basins were  r e l a t e d  t o  the reproductive bursts  of Pa 
minutus, which were i n  t h e i r  turn dependent on the maxima QF 



Figure 33. Numbers of  ~ a ~ i t t a  elegans i n  l-mm, s i z e  groups 
through the season. Stages explained i n  t e x t .  I\T 
the  d i f f e r e n t  s c a l e s ,  b e i n g  as  1: b'2: 1/3 f o r  the up 
m i d d l e  and lower hasins  r e s p e c t i v e l y  . 



Chaetoceros (F ies .  23, 25). Regardless of t h e  timing of egg 

production and t h e  numbers of eggs produced by the  aduPt 

S. elegans (which could presumably feed on l a r g e  copepods), - 
l i t t l e  growth of  the  new generations was permitted u n t i l  smal l  

n a u p l i i  of P. minutus were a v a i l a b l e  i n  each basin. 

Although t h e  very young 2 .  were thus 

apparent ly  dependent on srnall n a u p l i i  f o r  t h e i r  sustenance,  

those ind iv idua l s  which had achieved s u f f i c i e n t  growth i n  t h e  

middle and upper basins continued t o  grow r a p i d l y  a f t e r  t h e  

reproduct ion of P .  minutus had v i r t u a l l y  ceased. In  the  Power 

basin,  both broods of P. minutus were nur tured  ( see  p. 88 ) and - 
made a v a i l a b l e  a s  food, and 2 .  s i m i l i s  n a u p l i i  appeared i n  

e a r l y  August. I n  t h i s  bas in ,  not  only d i d  the  o lder  members 

of the  new generat ion grow phenomenally, but there  was a 

considerable support  f o r  even the youngest indiv iduals  through 

e a r l y  August. I t  seems t h a t  very young se requi red  

small  prey, b u t  t h a t  beyond a c e r t a i n  s i z e ,  t h i s  predator was 

a b l e  t o  grow wi th  and capture the inc reas ing ly  l a rge r  n a u p l i i  

or copepodites. 

The young produced i n  e a r l y  August i n  the lower and 

upper basins seem t o  r ep resen t  a second gerieration, which 

developed f o r  q u i t e  d i f f e r e n t  reasons i n  these  two basins. 

The cycle  i n  the  upper basin was most advanced of the  th ree  

and adulthood was probably reached because of t h i s  advantage 

of timing. On t h e  o ther  hand, the  wel l-fed new generation i n  

the lower basin grew wi th  unpara l le led  r a p i d i t y ,  and some 

members reached matur i ty  by ear l y  Augus L e The second generat ion 



produced by these  a d u l t s  seems t o  have been P r u s t r a t e d  by 

shor tages  of young n a u p l i i  i n  mid and l a t e  August. Althsugh 

some of the o lde r  members of t h i s  second genera t ion  appear t o  

have "caught up" wi th  t h e  parent  generat ion i n  t h e  upper basin, 

t h e r e  was a  severe dying o u t  of the  i n i t i a l l y  much l a r g e r  

second eenera t ion  i n  the  lower basin,  This d i f f e r e n c e  can be 

a t t r i b u t e d  t o  the  presence of a d i s t i n c t  second generat ion of 

P ,  minutus i n  l a t e  August and mid September i n  t h e  upper, but 
& 

no t  the lowes bas in& 

F i n a l l y ,  t h e r e  was a f ur thes  reproduct ive period 

i n  the  middle and upper bas inç ,  se i n  the  middle basin 

was soaewhat r e t a r d e d ,  and had not  been a b l e  t o  produce an 

e f f e c t i v e  second genera t ion  i n  August, b u t  a s u b s t a n t i a l  

number of eggs appeared i n  mid Septembera A t  l e a s t  some of 

t h e  young produced i n  t h e  upper basin i n  August develoged 

r a p i d l y  t o  join t h e i r  parent  generat ion a f t e r  t h e  end of 

August (see above) b u t  the d i ç c r e t e  group of ysung found in 

l a t e  September most J i k e l y  represented  more i m e d i a t e  reproduc- 

t i o n ,  a s  i n  the  a i d d l e  bas in6  Young n a u p l i i  of P, minutus were 

a v a i l a b l e  t o  s u s t a i n  these  çrnn%S broodç. T t  seems reasonable 

t o  suppose t h a t  the d i s c r e t e  groups of s t age  I i nd iv idua l s  ly ing  

i n  s i z e  between the  o ld  and new generat ions i n  mid June and mid 

J u l y  were the ves t iges  of second-generation brsods produced i n  

t h i s  fashion i n  the preceding Septernberd 

I n  summary, the  cycles  of 2, a r e  e s s e n t i a l l y  

annual  i n  a l 1  t h r e e  basins .  A second summer genera t ion  was 

almost  t o  no a v a i l  i n  t h e  lswer basin,  In  the upper basin,  



young of the  second genera t ion  produced Ln August grew t o  

become ind i s t ingu i shab le  from smaller members of the parent  

genera t ion ,  b u t  some of t h e  young produced i n  September i n  

both upper and middle basins were maintained as srnall,  d f s c r e t e  

groups through the w i n t e r ,  A d u l t  reproduct ion was not  

n e c e s s a r i l y  synchronized wi th  the  presence of food fo r  the  

ensuing young, whose s u r v i v a l  and growth was dependent on 

small  prey, e s p e e i a l l y  n a u p l i i  of - P. minutus, 

I n  southern wa te r s ,  S. may have a s  many as 

f i v e  generations annual ly  (3usse l1 ,  1932). I n  t h e  s u b a r c t i c  

waters of West Greenland, the cycle appeared t o  Kramp (7939) 

t o  be annual. ??lis was confirmed by Dunbar (19411, who 

found t h a t  the cycle  could be b iennia l  i n  t h e  Canadian a r c t i c .  

His c o l l e c t i o n s  from t h e  pure-arc t ic  waters of e a s t  Baff in 

I s l and  were p a r t i c u l a r l y  s t r i k i n g ,  with t h r e e  very d i s t i n c t  

s i z e  modes ( t h e  breeding genesat ion,  the  immatures produced 

i n  t h e  previous surnmer, and the  contempsrary young) apparent 

i n  September. 

Ver t i c a l  d i s t r i b u t i o n ,  The v e r t i e â l  d i s , t r ibu t ion  

of the  population i n  t h e  middle basin i s  s u t l i n e d  on Figure 

34 In te rp re ted  dynamically i t  seems obvious t h a t  eggs were 

produced by the  adu l t ç  a t  depth,  t h a t  the young sought t he  

su r face  waters ,  and t h a t  the  o lder  s tages  moved downwards from 

the  sur face .  There was peshaps some avoidance of the  warm 

water a t  1 5  m , ,  b u t  the p a t t e r n  suggests t h a t  the tendency was 

t o  go a s  deeply a s  poss ib le  with increasing shze or  age. The 

l a r g e s t  animals thus came t o  have t h e i r  center  of abundance 



F i g u r e  34, Vertical d i s t r i b u t i o n  o f  S. e l e ~ a n s  on August 21. 



deeper than t h a t  of any o the r  animal dea f t  with in this s tudy,  

Perhaps they  a r e  more t o l e r a n t  of Iow oxygen concent ra t ions .  

This d i s t r i b u t i o n  matches very wel% the  f ind ings  of 

Ifuntsman (Igl.9) Young - S, o f f  eaçtesn Canada wese i n  

the  warm sur face  waters ,  b u t  s l d e r  animalç were Êound Uo 

occupy deeper and colder  water ,  çtopping t b e i r  descent  a t  

l e v e l s  of high r ; a l i n i t y e  The a d u l t s  tended t o  come tra the 

surface a t  n i g h t ,  b u t  w e r e  dissuaded by higk temperatures.  

R u s s e l l  (lo32a) a1so found %ha% the a d u l t s  were i n c l i n e d  t o  

go deep ( t h e  young wera p o o r l y  sampled), b u t  t b a t  the  çummer 

generat ionç were nearer  t h e  s u r f a c e ,  and indulged i n  v e r t i c a l  

movements, The overwintering generat ion was non-migratory and 

p e r s i s t e n t l y  deep, which appears  ts have been t r u e  i n  Qgac Lake. 

W e e  races  of 5 ,  - wese 

defined by Ritter-Zahony (1911)  , from a r c t i c ,  B a l t i c ,  and 

A t l a n t i c  waters.  Huntsman ( l ? l ? )  believed t h a t  the "races"  

were a  r e s u l t  oL temperature a t  development, and o the r  authoss  

have found a  completê sequcnce of types i n  d i f f e r e n t  e n v i r s m e n t s .  

'me a d u l t s  i n  Ogac Lake were much smaller than so- 

ca'lbled Se a r c t i c a  of a rcLie  ma-%ne waters ,  Dunbar 

(1941) gave the  modal çEze of mâture animal3 as around 38-32 mai, 

i n  nor thern  Canada and Vest Greenlands En Ogac Lake the  a d u l t  

mode a t  13-15 mm. was comparable with t h a t  of s u m e r  b u t  no t  

winter  a d u l t s  i n  southesn waters  (Deevey, 3.966; Russekl,  19329, 

'I'he Larger s i z e  and two-year cycle  of 5, in 

ou t s ide  waters seëm c e r t a l n l y  a l t r i b u t a b l e  ts lower tempesaturese 

The whole question of temperature ,  g r s w t h  and maturation of t h e  



nor thern  marine macroplankton has been reviewed r e c e n t l y  by 

Dunbar (1957). To h i s  argument might be added t h e  observa- 

t i o n  of I iusse l l  (19J2a) t h a t  i n  - S. e legans ,  too ,  the  number 

of eggs produced inc reases  w i t h  s i z e  of a d u l t .  Perhaps an 

adapt ive advantage i s  gained by anirnals of l a rge  s i z e  which 

outweighs the  dangers of a long l i f e .  And perhaps a l s o  

d i u r n a l  and annual  v e r t i c a l  migrations a r e  connected with 

temperature,  s i z e ,  and matur i ty  i n  the  manner suggested f o r  

P. minutus ( s e e  p. 109). - 
The cause of excessive overwinter rnor ta l i ty  i n  t h e  

middle and upper bas insa  I n  the  d iscuss ion  of annual cycles  

of t h i s  s p e c i e s ,  no account was given of  one of the  more 

s t r i k i n g  f s a t u r e s  of Figure 33. l'here was no g rea t  numerical 

d i f f e rence  between the  populations i n  t h e  lower basin i n  l a t e  

September and mid June, b u t  a  reduct ion  of the  order  of 85% 

i s  implied i n  t h e  upper and 70% i n  the  middle basin. 

It appears  t h a t  the h a b i t  of o lder  animals t o  

descend deeply does not  serve them w e l l  i n  Ogac Lake. I n  

the  d iscuss ion  of v e r t i c a l  d i s t r i b u t i o n  i t  was pointed out  

t h a t  the  maximum of la rge-s ized  2 ,  elenans on August 2 1  was 

round a t  about 25 m . ,  deeper than the  concentrat ions of any 

of the  prey spec ies .  Ver t i ca l  hauls  frorn 20 m. i n  e a r l y  June 

suggested even g r e a t e r  pauci ty of o lde r  2, elenans i n  the  

upper and middle basins than revealed by hauls  from 35 a, two 

weeks l a t e r .  For t h i s  reason the  f i r s t  s e r i e s  was consldered 

unrepresenta t ive  (see  above),  b u t  i t  does imply t h a t  the  

overwintering populations maintained t h e  same depth h a b i t s  



revealed by the hor izon ta l  co l l ec t ions  i n  August. Thus 

Figure 35 i s  constructed t o  c l a r i f y  f u r t h e r  the hypothet ica l  

v e r t i c a l  d i s t r i b u t i o n  of the  four major species  a t  the end 

of winter  i n  the middle basin. I'he obviously detr imental  

v e r t i c a l  pos i t ion  of the  bulk of - S. seems an adequate 

reason Tor the excessive overwinter mor t a l i t y  i n  the  middle 

basin.  

In  the lower basin,  8Of of the bottom i s  above 20 m. 

(see Fig.  4) , and oxygen concentrat ion was probably s u f f i c i e n t l y  

low a t  t h a t  depth t o  prevent fu r the r  ,descent by 5. i n  

the  small  deeper a rea .  I f  we can presume t h a t  the same depth 

hab i t s  a r e  exhibi ted by the  prey species  i n  t h i s  basin,  then 

S. e l e ~ a n s  would be "forcedl '  t o  i t s  own advantage t o  l i v e  - 
amidst a  much more subç ' tant ia l  supply of food. Since the re  i s  

no known predation on l a rge r  2. i n  the lake ,  the  

v i r t u a l l y  complete s u r v i v a l  of the overwintering generat ion 

i n  t h i s  basin,  implied by the  populations of June and September, 

i s  perhaps not  su rp r i s ing .  

The mor ta l i ty  i n  the  upper basin,  which might have 

been g r e a t e s t  of the t h r e e ,  can Se explained i n  l i k e  fashion,  

The thermal maximum a t  depth (see Fig. 12) was even more 

extensive t h ~ n  i n  the middle basin; temperatures were f a i r b y  

uniform between 18-25 m. i n  summer and the re  was no f a l l i n g  o f f  

of temperature u n t i l  below 25 m. a t  anytime between e a r l y  June 

and l a t e  September. I t  seems qu i t e  poss ib le  t h a t  P. minutus 

found the  thermal maximum i n  the  upper basin an even s t rocger  

b a r r i e r  t o  descent than t h a t  of the middle basin (see p ,  101). 
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Figure 35. Hypothetical  v e r t i c a l  d i s t r i b u t i o n  of t h e  four  dominant plankton spec ies  i n  
t h e  middle basin at t h e  end of winter. Explanat ion in text, 



This might be the explanation of the  apparent ly g rea te r  

mor ta l i ty  of 2. e l e ~ a n s  i n  the  upper basin,  

The Biology of A ~ l a n t h a  (Muller) 

This species  i s  a  widespread trachymedusan,of the  

Korthern Kemisphere. Development i s  d i r e c t ,  and the  spec ies  

i s  thus t r u l y  holoplanktonic.  I t s  biomass i n  Ogac Lake 

averages somewhat l e s s  than t h a t  of Se elenans,  wi th  which 

i t  makes up almost the e n t i r e  predacious macroplankton, 

Annual cycle.  The annual cycle  of A. 
i s  ou t l ined  i n  F i ~ u r e  3 6 ,  The th ree  a r b f t r a r y  maturi ty  

s tages  a r e  defined i n  the  Figure capt ion,  I t  Ls evident 

t h a t  d i f ferences  between the three  basins were more ext reae  

i n  t h i s  medusa than i n  any of the  other  species  d e a l t  with 

i n  t h i s  study. The animal waç v i r t u a l l y  absent from t h e  

lower basin,  Only a  s i n g l e  a d u l t  specimen was taken t h e r e  

i n  the  r egu la r  s e r i e s  of plankton hauls  (two adu l t s  were 

a l s o  captured by v e r t i c a l  hauls  with a  O-mesh, b-a, ne t  i n  

l a t e  June, compared with dozens i n  the other  basins) . Young 

medusae appeared i n  good numbers a t  the  end of A u g u s t ,  b u t  

s ince  A, d i g i t a l e  occurred i n  the waters outs ide  and was 

taken i n  the  t i d a l  inflow i n  l a t e  June i t  seems qu i t e  poss ib le  

t h a t  these  young were e i t h e r  themselves brought i n  on the l a t e  

August t i d e s  or produced by allochthonous a d u l t s ,  This curious 

def ic iency of the lower basin w i l l  be discussed separa te ly  

be low (p. 143) . 
A ,  d i g i t a l e  i n  the  middle and upper basins were - - 
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a l i k e  i n  having two generat ions during the  s u m e r ,  but 

d i f f e r e d  i n  the  tirnine and s i z e  of these  generations, 

Only a few l a r g e  medusae remained a t  the end of 

winter  i n  the  middle basin,  and even fewer i n  t h e  upper basin. 

Reproduction of these  overwintered ind iv idua l s  took place i n  

June, somewhat ear  l i e r  i n  the  upper basin.  The source of 

food f o r  the  t i n y  medusae of these i n i t i a l  reproduct ive  

burs ts  i s  problemat ica l ,  After e a r l y  J u l y ,  t h e r e  i s  no 

d i f f i c u l t y  i n  a t t r i b u t i n g  the r ap id  growth of  t h e  young A. 
t o  t h e  l a r g e  populations of 1, minutus n a u g l i i  

which appeared then (see  F ige  23). B u t  before t h i s ,  t he  

e a r l i e r  increase  and dec l ine  of young medusae i n  the  upper 

basin and t h e i r  l a t e r  increase  and maintenance i n  the  middle 

baain seem t o  be c o r r e l a t e d  with the presence of Chaetoceros 

i n  the r e spec t ive  basin;, I t  i s  poss ib le  t h a t  the smal les t  

medusae noted, which were mere d isks  about 0 . 1  mm, ac ross ,  

found even the  youngest n a u p l i i  of minutus r a t h e r  d i f f i c u l t  

t o  capture ,  b u t  were a b l e  t o  u t i l i z e  l a r g e r  phytoplankters 

d i r e c t l y .  A t  any r a t e ,  the  dec l ine  of young medusae i n  the 

upper basin ( t h e  extremely low count on J u l y  4 might be 

p a r t l y  due t o  sampling e r r o r  or patchiness)  was perpetuated 

a s  a  c o n s i s t e n t l y  smaller  population i n  t h i s  generat ion through 

the  summer 

ï'he e a r l i e r  reproduct ion by the  overwintering 

generation i n  t h e  upper basin was i n  i t s  t u r n  r e f l e c t e d  i n  t h e  

e a r l i e r  achievement of adulthood and breeding i n  the  upper 

basin. I t  i s  probable t h a t  some o r  even a l 1  of the  young, 



s t a g e  1, medusae on August 3 were t h e  beginning of  a second 

genera t ion  i n  the  upper bas in .  Most of the  o lde r  medusae of 

t h e  upper basin had reached s t a g e  III by mid Augus t  and young 

appeared abundantly,  but t h e  middle basin did not  show t h i s  

u n t i l  two weeks l a t e r .  Small n a u p l i i  of 2. s i m i l i s  were 

a v a i l a b l e  i n  rnid August, b u t  these  grew l a r g e r  q u i t e  r a p i d l y  

(Fie. 31) and rnight have been unavai labie  a s  food f o r  t h e  

smal l e s t  medusae. This may expla in  why the  enorinous numbers 

of young medusae produced i n  both basins f a i l e d  t o  achieve 

much growth through August and Septemberp 

By l a t e  September t h e  early-summer genera t ion  was 

no t  represented  i n  the  upper basin and was very n e a r l y  e x t i n c t  

i n  t h e  rniddle basin.  The smaller  members of the  genera t ion  

des t ined  t o  overwinter had a l r eady  begun t o  s u f f e r  much reduc- 

t i o n  by l a t e  September, and presumably only the  l a r g e r  

i n d i v i d u a l s  would have survived t o  produce the summer genera- 

t i o n  of the  following year .  

This a l t e r n a t i o n  of a  more copious summer generat ion 

wi th  a  smaller  overwintering one i s  unique arnong the  f ~ u r  chief  

plankton specieç I t  resembles somewhat the cycle  of P. minutus 

i n  t h e  rniddle basin,  b u t  t h i s  cycle  i s  a t  l e a s t  p a r t l y  "irnposed" 

on t h e  copepod Sy the hydrographic accident  of the  late-August 

t ides  , which k i l l e d  o f f  t h e  older copepodites (p. 92 1. 

A .  d i g i t a l e  passes through s e v e r a l  genera t ions ,  - 
d i f f e r i n g  i n  a d u l t  s i z e ,  during summer around the B r i t i s h  

I s l e s  (Russe l l ,  1?53),  b u t  i s  supposed t o  be annual around 

Denrnark and i n  Yest Greenland (Kramp, 1 /42) .  Qamp did not  



dea l  wi th  ve ry  small  medusae whfch were t h e  d i r e c t  evidence 

of reproduct ion  i n  Ogac Lake. He believed t h a t  smal l i sh  

medusae a t  the beginning of the  season i n  south Greenland had 

overwintered, b u t  there  i s  a  d i s t i n c t  h i n t  Ln h i s  m a t e r i a l  (his 

Table V I I )  t h a t  an e a r l y  spr ing  reproduct ion Ls involved, 

Far ther  n o r t h  he found lar 'ge, mature indiv iduals  predominating 

i n  A u g u s t ,  and presumed t h a t  these too were produced the  

previous year , I'here i s  no assurance,  however, t h a t  these had 

not  been spawned by the  overwintering generat ion e a r l i e r  i n  

summer. Grainger (1.5.) found s l i g h t  s i z e  increase  during the  

winter  i n  northern Foxe Basin,  b u t  maximum gonad s i z e  was 

recorded i n  February. Specimens were too few f o r  f i rm con- 

c lus ions  (none taken between February and Ju ly )  , b u t  i t  appears 

q u i t e  probable t h a t  4, d i p i t a l e  would have been capable of 

breedine i n  s p r i n g ,  before the  time suggested by Kramp on t h e  

açsumption of an annual cyc lee  

I t  seems unsafe t o  make conclusions about the  number 

of genera t ions  i n  waters of uniform temperature (where the  

generat ions a r e  not  d i s t ingu i shab le  on a d u l t  s i z e )  unless  

s u f f i c i e n t l y  fine-mesh n e t s  a r e  used t o  capture the youngest 

s t ages ,  and unless  the seasonal  eoverage i s  reasonably 

thorough. I'he extremely rap id  development of the  summer 

generat ion i n  Ogac Lake underl ines  t h e  necess i ty  f o r  such 

systematic  c o l l e c t i o n s ,  

y e r t i c a l  d i s t r i b u t i o n .  SeveraP authors  (e.g. 

gs tved t ,  1/55) have noted t h a t  young 4, frequent  

the  warmer su r face  waters ,  while the  a d u l t s  a r e  almost always 



found deeper. 

Figure 37 dep ic t s  the  v e r t i c a l  d i s t r i b u t i o n  of the  

var ious s i z e  groups àn t h e  middle basin on August 21. A t  t h a t  

time medusae s n a l l e r  than @ , 5  mme must have represented  the  

beginning of the  new, overwintering generat ion.  Although 

these medusae were d i s t r i b u t e d  mainly i n  t h e  thermal maxima, 

the re  was a d i s t d n c t  avoidance of the  near-surface waters ,  

perhaps because of in to le rance  of low ç a l i n i t i e s .  Regardless 

of the  proximal, cause of t h i s  behaviour, i t  r e s u l t e d  i n  very 

few of the  youngest medusae being found a t  around 3 m e 9  where 

the  n a u p l i i  of both - 0 .  s i m i l i s  and - P. minutus predominated. 

i%e deeper maximum of young medusae on the  cont rary  coincided 

wi th  the naupl inr  maximum. S l i g h t l y  l a r g e r  - A .  were 

aore  comaon near t h e  s u r f a c e ,  but animals g rea te r  than 2-3 mm. 

i n  b e l l  height  occupied depths centered around 1 5  m. Although 

the  center  of d i s t r i b u t i o n  thuç coincided wi th  the  thermal 

maximum, the re  i s  no suggest ion t h a t  temperature was an i m -  

po r t an t  c o n t r o l  of d i s t r i b u t i o n  i n  the  l a r g e r  medusae, which wese 

almost a s  comqon i n  t h e  cold water a t  10 m e  

S i z e ,  gonad development and races .  I n  Ogac Lake 

A. d i g i t a l e  were much smaller a s  a d u l t s  than those recorded - 
from a r c t i c  marine waters (e.g.  Kramp 1942, Grainger 1959) 

and more comparable wi th  those i n  the  surnmer generat ions of 

more southern waters  (e.g. R u s s e l l ,  1953). An example of t h e  

 ore t y p i c a l  a r c t i c  A. was c o l l e c t e d  from the  t i d a l  

inflow of June JO: i t  was over 19 mm. i n  b e l l  he ight  and had 

gonads almost 6 mm. long. i%is may be compared with the  

maximum b e l l  he igh t  of 7.9 mm. and gonad length  of 2,8 mm. 



recorded i n  Ogac Lake, 

Xuch d iscuss ion  i s  found i n  t h e  l i t e r a t u r e  on t h e  

v a r i a b i l i t y  of s i z e  and gonad development which, along wi th  

color  and c e r t a i n  r a t h e r  v a r i a b l e  m e r i s t i c  c h a r a c t e r s ,  have 

been used t o  def ine  v a r i e l i e s ,  r aces  and even spec ies .  Kramp 

(1?42) ,  who had acceptez  the  exis tence  of  r a c e s  i n  Danish waters ,  

f a i l e d  t o  f i n d  any d i s t i n c t  groups i n  t h e  seasonal ly  more 

uniform waters  of \+,'est Greenland. 70 R u s s e l l  (1.53) , 'it 
seems reasonable t o  suppose t h a t  we have here  a  s i n g l e  spec ies  

which, owing t o  i t s  very  wide d i s t r i b u t i o n ,  shows considerable  

v a r i a t i o n  i n  the  s i z e  t o  which i t  grows under d i f f e r e n t  

environmental cond i t ionsu .  

C e r t a i n l y  i t  seems unnecessary t o  invoke genet ic  

explanat ions f o r  the  much s n a l l e r  s i z e  of mature A, 
i n  t h e  warm waters  of Ogac Lake than i n  t h e  sea ou t s ide  when 

comparable d i ?  f erences a r e  exhib i ted  seasona l ly  around the 

B r i t i s h  I ç l e s  (Eusse l3 ,  1953). There is f u r t h e r  a  s t r i k i n g  

demonstration of the  e f f e c t  of temperature on gonad develop- 

ment i n  the  lake  ( F i g e  37).  Gonads averaged c o n s i s t e n t l y  

l a rge r  i n  animals taken i n  the colder  water around 20 and 25 m, 

Presumably temperatuse has a d i f f e r s n t i a l  e f f e c t  on 

growth and maturat ion,  permitking maturat ion a t  a  smaller ç ize  

i n  warm waters witkout  increas ing  gonad s i z e  propor t ionate ly .  

For t h i s  reason t h e  absolu te  or r e l a t i v e  s i z e  of gonads i s  no t  

a s a f e  i n d i c a t i o n  of t h e  reproduct ive s t a t e  of an ind iv idua l  

medusa 

%e apparen 
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Figure  37. The vertical distribution of A. di- in the middle  basin on August 21, and the 
development of gonads (as a $-ofTell height) at diîferent depthç. 



f r o a  the  lower basin.  As pointed out  e a r l i e s  (p. 139, a 

s i n g l e  a d u l t  taken on June 20 was the  s o l e  r e p r e s e n t a t i v e  i n  

the  lower basin of t h e  overwintering generat ion of  - A ,  d i p i t a l e ,  

and the  few young medusa? taken a t  t h a t  time were no t  the 

forerunners  of a  f l o u r i s h i n g  summer genera t ion ,  a s  found i n  

t h e  othes basins .  

It might be argued t h a t  the summer genera t ion  was 

thwarted by a l ack  of food a t  a  c r i t i c a l  tirne. The Chaetoceros 

flowering of the  lower basin and the ensuing development of 

P, minutus were two weeks l a t e r  i n  the  lower bas in ,  and young - 
medusae produced i n  June might have experienced l ean  times 

u n t i l  mid Ju ly .  

ï'he l a rge  numbers of young which appeared a f t e r  the 

late-August t i d e s  might have been produced by a tenuous and 

unsarnpled summer genera t ion ,  b u t  were more l i k e l y  brought i n  by 

t h e  t i d e s  or produced by allochthonous a d u l t s .  idhatever t h e i r  

source,  they i n d i c a t e  t h a t  the re  i s  no genera l  suppression of 

reproduct ion and e a r l y  growth i n  the  lower bas in ;  y e t  the 

rnedusa was v i r t u a l l y  absen t  a t  the end of the  previous winter .  

The argument t o  be developed here i s  t h â t  l a r g e  

A .  d i g i t a l e  were prevented from d e v e l ~ p i n g  i n  the  lower basin - 
through competition wi th  Ç, , t h e  only  o the r  predaceouç 

plankter  of s i g n i f i c a n c e  i n  t h e  Lake. 

I t  has been ind ica ted  (p. 133 t h a t  the  much g rea te r  

overwinter mor ta l i ty  of 2. i n  t h e  upper and middle 

basins was due t o  the  descent  of the  l a r g e r  animals t o  depths 

(naximum a t  25 m. ) below the  a v a i l a b l e  food supply- -par t icu lhr ly  



P a  m 
(maxima at 10 and 20 m e )  end - 0,  s h a i P i s  (maximum 

near s u r i a c e ) ,  It was çuggeç t e d  $ha$ g, W B S  " Y Ê o F c B ~ "  

t o  I%s own advantapa t a  occupy s h a I P o w s ~  depths i n  t h e  %ower 

bas in ,  i n  t h e  wids t  s f  a p l e n t i f u l  s u p p l y  of p r e y a  

A - oceup ied  intermediate depthç,  belween 

10-28 m, , i n  t h e  rn idd le  barsin on August 21. (above) .  F igu re  36; 

ou t l i n e d  the h y p ~ t h e t l c a k  d e p t h  d .Ls t r i  but ions  o f  t he  two 

p r e d a t o r s  and t h e i r  p r e y  a t  the end of w in t e r  In the m i d d l e  

basin,  based on the  p o g u l a t i s n  s t r u c t u r e s  i n  aarEy Sune and 

t h e  v e r t i c a l  distributions of  the sams s i z e s  and s tages on 

Auguât 2 $ r  %%e advantage f o r  &__, and  disadventage $02 

C3, - a r e  obv iaus .  In t h e  lower bas in  4, would 

be t k o w n  i n t o  coexistence w i t h  2, above 20 m a  E t  i s  

tempt ing ts t r ace  the  elimination s r  d Lo t h i s  co- 

e x i s t e n c e @  The e f f e c t  of t h e  flouslshlng popula t ion  s u S d  

may be simply ts reduee  the  food çupply i n  the L s w e s  

ba s in  belslw the  J_eve% t o l e r a h d  dy 4, Akthough the  

erstirnates on fab le  XII a r e  obvisws:y onSy appxsoximhte, E 8  
appears  %o have becn d e q l d e d k y  çcarcer  i n  the  Iower 

bas in  a% t he  encl o$ w i n t e r ,  a l t houph  the severse  was b u e  of 

O, simil is ,  whsse J f  t h  d i s t r i b a t i o n  (F'ig. 35) may have p laced  - 
i t a b o v e  much pseda t ion  by either psedcat-ir , and whose standing 

crop rnight r e i l e c t  more c l o s e l y  the  psdmary p r o d u e t i v l t y  of 

t h e  t k r e e  b a s i n s ,  

P u l l - g r s w n  ._i&w Ln the lake  wsrs mueh smaPler 

than a d u l t  s, and tbskr r ep roduc t ive  cyc les  were 

semlanuiua%. and annua l  respectfvely, jd~e-a. food i s  x~f f i c i e n t  



Table  XII, Est imated  numbers o f  o v e r w i n t e r i n g  g e n e r a t i o n  o f  P,  minutus  and 
O. s imilis remain ing  a t  t h e  end o f  w i n t e r  i n  the  three b a s i n s ,  - 
b e f o r e  p o s t - r e p r o d u c t i v e  m o r t a l i t y  c a n  be presumed to have  
o p e r a t e d .  

P. minutus - O.  similis - 
Number p e r  m 2 Wumber pemn rn 2 

Bas i n  Early- June Nid June Average Earlg June Mid June  Average 



small  ç i z e  and f a s t  growth might be thought csmpet i t lve ly  

advantagecus, but i t  is poss ib le  t h a l  metabolic demands would 

not  be ç a t i s f i e d  when food was %carce ,  

S , - % s  a lso  a mucb more highly srganized 

predats r  than Hardy (1956) deseribes how - S e  

hangs motionless i n  t h e  watei4, then d a r t s  o u t 9  a i d e d  by wsJ%- 

developed s i g h t ,  t o  s e i z e  its prey,  A, pro ba bly 

performs çomething more ak in  t o  randorna sbleepiâigs, which must 

be e n e r g e t i c a l l y  expensive and l e s s  e f f i c i e n t  when food iç 

scarce ,  

I n  conclusion,  t h e  evidence f o r  t h e  cornpetitive 

suppression o f  4, i s  eircumstantial and i n d i r e e t ;  

but it seemç q u i t e  as sound as iâ usuaP i n  suçpecled cases  of 

cornpetition in n a t u s e u  

Discussion: Niches and Cornpetition i n  Ogac Lake, and t h e  

Divers i ty  of t h e  Arc t i c  Zooplankton 

Only a few species  make up t h e  zooplânkton of Ogac 

Lake, In t h e  f i r a t  place, the  unusual hydrographie condi t ions 

m u s t  be p h y ~ i o l ~ g i s a l l y  in to leaabhe  f o r  some species  (e,g, 

Calanus),  Yet there  a r e  a numbes of cornon a r c t i c - ~ u b a r c t i c  

forms which a r e  q u i t e  euryhal ine and surythermal ,  b u t  

umepresented i n  t h e  Sake--for example t h e  calanoid Acart in  

abundant I n  Ungava Bay (Fonta ine ,  $ 9 5 9 ,  and 

s e v e r a l  widespreaà medusae, Et may be t h a t  ssme species  a r e  

excluded by t h e  e s t ab l i çhed  s e s i d e n t s ,  which c e r t a i n l y  demon- 

s t r a t e  the  importance of cornpetitive i n t e r a c t i o n  among 



themçelves,  'fius the  two chisf  oopspsds d i f f e r  markedly i n  

s i z s ,  f s s d ,  and  vertical d i s t r i b u t i o n ,  and must exhibit S I t L l e  

o r  no o v e r l a p  of n i c h e s ,  me s t a t u s  of the rare  

i n  t h e  Eake i s  u n h o w n ,  but i s  a$ l e a s t  pa r tky  

carn ivorsus  (Lebour 1 /22 , .Uss ing  1938) and may thus  uvoid 

cornpeti t ion wi th  t h e  o t h e r  copepods* L i t t l e  s p p o r t u n i t y  as 

given t h e  two l a r g ë r  p reda to r s  i n  t h e  Jake f o r  separaLion of 

n iches  t rophiea%%y,  a n d  when they  a r e  horced t o  occupy the sams 

phys i ea l  space9  b *  i s  e l imina t ed ,  Csnceivably there 

i ç  an  "empty" n i che  f o r  a p reda tor  which could c a r r y  o u t  its 

l i t e  cyc l e  i n  t h e  s u r f a c e  wate rs  and feed  on G e  s imi l i so  

Such n i che  d i v e r s i f i c a t i o n  and d e l i m i t a t i o n  i s  no t  

s u r p r i s i n g  I n  t h e  conf ined biotope o f  Qgac Lake. Hutchinson 

(1951) amasçed in format ion  whieh i n d i c a t e s  t h e  n e c e s s i t y  f o r  

n iche  s e p a ~ a t i o n  arnong f reshwater  copepods , o f t e n  by means of 

much more s u b t l e  d i f f e r e n e e s  of ç i z e  and food s e l e c é i v i t y .  

However, i t  ean a%sù be argued t h a t  t h e  p a u c i t y  of  zooplankton 

i n  t he  Lake i s  a r e s u k t  of the  same s o r t s  of  eireumçlances which 

l i m i t  t he  d i v e r s i t y  of t h e  zooplankton i n  t h e  a r c t i c  s ea s  outçi.de. 

Although i t  i s  s î t e n  gene ra l i zed  t h a t  t h e  masked 

environmental  f l .ue"cat ians  i n  t h e  a r e t i c  i n h i b i t  t h e  evo lu t ion  

of  a  d i v e r s e  f auna ,  i t  shsu ld  be borne i n  mine t h a t  tempera- 

t u r e s  a r e  q u i t e  uniformly low t b o u g h  t h e  season  i n  t h e  s e a s .  

The evidence fsom Ogâc Eake sugges t s  t h a t  çome a r c t i c  marine 

spec i e s  a r e  markedly in f luenced  by  çmal l  t empera tc re  d i f f e r e n c e s  

and adapted t o  a s u r p r i ç i n g l y  narrow range ,  The more important  

phys i ca l  v a r i a b l e s  f o r  t h e  zooplankton appear t a  be those  which 

l i m i t  a lmost  a l 1  the primary produet ion t o  a r azhes  srnall 



por t ion  of t h e  year.  Although t h e r e  i s  â considerable  metabolic 

adap ta t ion  (Dunbar, 1957) , low temperature seems t o  have t h e  

almost inescapable conçequence of slowing down growth and 

maturat ion of t h e  a r c t i c  zooplankton, and henee inc reas ing  the  

genera t ion  l eng th*  Fischer  ( 1 9 4 6 ) ~  i n  a d s t a i l s d  cons ide ra t ion  

of l a t i t u d i n a l  v a r i a t i o n  i n  organic  d i v s r s i t y ,  deeided t h a t  "the 

evolu t ionary  advantage o f  t r o p i c a l  over high- l a t i t u d e  organisms 

due t o  d i f f e r e n t  generat ion l eng th  i s  a t  best  a mi~:or f a c t o r " ,  

b u t  he appears t o  have overlooked a most important e f f e c t  of 

long generationç a Hutchinson (1953) has c l a r i f i e d  t h e  r e l a t i o n -  

s h i p  between generat ion l eng th  and f l u z t u a t i o n s  of t h e  dnvisonment, 

and i t  i s  t h i s  r e l a t l o n s h i p  which seems .:rnportant i n  considering 

t h e  d i v e r s i t y  of the  a r c t k c  z o ~ p l a n k t o n ~  

The herbivorouç zooplankton m u s t  depend on a  very 

s h o r t  season of primary production i n  which t o  reproduce and 

ga in  a s  much growth a s  p o s s i b l e ,  a f t e r  which i t  cont inues t o  

compete f o r  the  diminished food th-ough the year.  I n  more 

southern waters ,  s e v e r a l  genera t ions  may be çupported during 

t h e  year o r ,  most important ,  t h e  e n t i r e  l i f e  h i s t o r y  of a species 

may occupy only  a  small  segment O %  the  year through cornpetitive 

advantages a t  t h a t  tirne, removing i t s e l f  from the  n e c e s s i t y  f o r  

cornpetition through s t ~ r a g e  of  t h e  adequate food 02 formation of 

r e s t i n g  s t ages  a t  o ther  t,irneç of p a r a  The seaçonal  a l t e r n a t i o n  

of Acar t ia  c l a u s i  and - A ,  tonça i n  Long Is land Sound (Conover, 

1956) i s  an exce l l en t  example of t h e  advantages i n  çouthern 

waters .  Thus a l i s t  of 52 copepods fsom Delaware Bay (Deevey, 

1960) c o n s i s t s  almost e n t i r e l y  of spec ies  which were eaptured 



only  a t  c e r t a i n  times of year ,  while  one $rom Northern Foxe 

Basin (Grainger ,  1957) c o n s i s t s  of 9 sgecies  which were taken 

a t  a l 1  t imes of year ,  

idhile the  carnivorous zooplankton i s  assured of a  

v a r i e t y  of prey through t h e  year i n  t h e  a r c t i c ,  i t  t s o  i s  

sub jec t  t o  t h e  l i m i t a t i o n  of slow development and t h e  n e c e s s i t y  

of sus ta ined  competit ion f o r  xesources.  Reproduction may occur 

û t  any t i n e  of the  year (Grainger 1959, Dunbar 1960) and the re  

may be oppor tun i t i e s  for  di ver si fi cati or^ tfirough depth 

preferences*  B u t  i t  b s  c l e a r  fsom condi t ions  i n  Ogac Lake 

t h a t  competi t i o n  may opera te  between full-grown animals of 

very d i f f e r e n t  systematic  p o s i t i o n ,  forced t o  coex i s t  

f o r  long periods of time. 

Dunbar (1960) and Fischer  (1960) conclude t h a t  t h e  

l i m i t e d  d i v e r s i t y  of the  polar  b io ta  , including the  zooplankton, 

i s  due c h i e f l y  t o  t h e i r  s h o r t  h i s t o r y  of evolut ionary elabora-  

tien, I n  more southern waters an important source of d i v e r s i t y  

i s  t h e  g rad ien t  from b ~ a c k i s h  t o  n e r i t i c  t o  oceanic cond i t ionso  

I t  i s  t h e r e f o r e  intesesLing t o  note  t h a t  the  chLef i n h a b i t a n t s  

of Ogac Lake a r e  abundant Sorrns of t h e  open Qcean a s  w e l l ,  

al though the  populations i n  the  lake  may show çome i n c i p i e n t  

adapta t ion  t o  the  warm, brackish cond i t ions8  I t  i s  t r u e  t h a t  

even o f f shore  zooplankton i n  the  a r c t i c  might have t o  be 

adaptable  t o  considerable  seasonal  f reshening ,  b u t  i t  seems 

t h a t  a  s p e c i a l i z e d  zooplankton, dependent on a c e r t a i n  

permanence of brackish condi t ions ,  has not had much oppor tuni ty  

t o  develop i n  northern seas  s ince  g l a c i a l  Limesb An ~ l d e r  



brackish fauna, elements of which a r e  best  repsesented i n  t h e  

P a l e a r c t i c ,  may have su f fe red  g r e a t e ~  e x t i n c t i o n  i n  t h e  

American a r c t i c ,  where g l a c i a t i o n  was much more extens ive ,  

In  conclusion,  t h e r e  appear t o  be c e r t a i n  evolu- 

t i o n a r y  oppor tun i t i e s  i n  inshore a r c t i c  wa te r s ,  b u t  the slow 

growth of the  zooplankton and the compressed season of 

primary production, both of which seem unavoidable consequences 

of physical  cond i t ions ,  seve re ly  P l m i t  t h e  nurnber of niches 

a v a i l a b l e  t o  the  a r c t i c  marine zooplankton, 

1. Ogac Lake (62'52'N, 67OS%'W) i s  t h e  land]-ocked 

head of an i n l e t  of Frobisher  Bay, Baff in  Island,whose s a l i n i t y  

i s  rep lenished  by t h e  h ighes t  t i d e s  i n  the  open-water season, 

Ibo specimens of A t l a n t i c  cod (Gadus morhua L . ) ,  not known i n  

t h e  sea ou t s ide ,  were c o l l e c t e d  by an expedi t ion  i n  1927, The 

lake  was not f u r t h e r  examined u n t i l  a b i e f  v i s i t  i n  1951 and 

a  five-weok expedi t ion  i n  1952 provided information on the  

genera l  na ture  of t h e  Pake, A longer expedi t ion was cLearLy 

d e s i r a b l e ,  and t h e  m a t e r i a l  presented here i s  a  p a r t  of t h a t  

c o l l e c t e d  by the  author  between e a r l y  June and e a r l y  Oetober, 

1957. 

2, The l ake  k s  L-shapsd, and has an a rea  of some 

3 148 ha. and volume of 34,360,000 m e  . I t  i s  divided i n t o  

three basins by shallow s i l l s ,  The l o w e ~  bâsin i s  smal les t  

and shal lowest  and t h e  uppes and middle basins have about t h e  

same areas  and maximum depths,  The develapment of volume i s  



s i m i l a r  i n  t h e  lower and middle basins ,  but cons iderably  

g r e a t e r  i n  t h e  upper basin.  These morphometric f e a t u r e s  

have important hydrologica l  and b i o l s g i c a l  consequences. 

3. The t i d e s  i n  Frobisher Bay a r e  among t h e  world's 

highes t  and the  l a r g e s t  of them may reash  absut  a  meter above 

t h e  l e v e l  of the  lake .  There i s  exce l l en t  agreement between 

t h e  hypothet ica l  t i d a l  c y c l e ,  deterrnined from t h r e e  o the r  

l . o c a l i t i e s  i n  Frobisher Bay, and the  e n t r y  of water i n t o  the  

lake  through the  narrow gap of t h e  o u t l e t  stream. I n  1957, 

LO t i d e s  entered i n  t h e  four  sp r ing- t ide  s e r i e s  a t  the  ends 

of June, Ju ly ,  August and September, and another 11 probably 

entered  i n  l a t e  October, 

4. The r e l a t i o n s h i p  between the  predic ted  he ight  of 

t h e  inflowing t i d e  and t h e  s i s e  of the  lake was determined 

ernpir ical ly ,  and the  con t r ibu t ion  of f reshwater  drainage i n t o  

the  lake shown t o  be n e g l i g i b l e .  Thus the volume of t i d a l  

inf low,  a l 1  of which s t a y s  i n  the  lake  and d i sp laces  su r face  

water ,  can be ca lcu la ted  frorn the  a rea  of t h e  lake  and the  

r i s e  of l e v e l .  About 8,400,00O m e 3 ,  or one-quarter t h e  lake's 

volume, entered i n  1957, mostly i n  l a t e  August and l a t e  

Zepternber. 

5 .  The teniperature and s a l i n i t y  of t h e  i~ l f lowing  

water var ied  seasonal ly.  During e a r l y  summer, when t h e  f i o r d  

ou t s ide  was s t r a t i f i e d ,  smaller  t i d e s  brsught i n  warmer and 

l e s s  s a l i n e  water. In  September, t i d e s  of a l l  s i z e s  brought 

i n  waher of about the same high s a l i n i t y  and l s w  temperature,  
f 
f 6. Ogac Laire i s  s t rong ly  s t r a t i f i e d .  Dens i t ies  (%) 
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end of Çeptembes. The balance doubtlesç v a r i e s  from year t o  

year ,  but no t r end  i s  shown between 19'1 and %957* 

9, An apparent f reshening a t  deptk i n  the  upper basin 

following t h e  late-Çeptember t i d e ç  i s  t e n t a t i v e l y  attsibuted 

to tu- b i d i t y  cu r ren t s  

10, Rough est imates  of t o t a l  energy de l ivered  a r e  

derived from a v a i l a  ble f i g u r e s  of c lear-day i n s o l a t i o n  cs r sec ted  

from records of c l e a r  and overcas t  days or  por t ions  s f  daya. 

11. Gross annual hea t  budgets have beenl ca lcu la ted  as 
-2  7,400 c a l .  cm. i n  the  lower, 9,350 c a l .  cm.-* i n  the  middle 

and 8,700 c a l .  cmee2 i n  the  upper basin of the  lake.  Tbe heat  

budget of a  nearby freçhwater lake of comparable s i z e  and 
-2  form t o  the  lower baçin waç about 4,800 c a l ,  cm. , which 

poin ts  out  the  advantage t h a t  the  meromictic Ogac Lake has in 

r e t a i n i n g  h e a t ,  

12. Ogac Lake i s  mueh warmer a t  a l 1  séassns t t a n . . t h e  

sea o u t s i d e ,  due t o  i t s  small  s i z e  and landlocked na tu re ,  but 

a l s o  t o  the  conservat ion of r a d i a n t  hea t ing  by the  h ighly  

s t a b l e  waters .  Considerable wasming a t  depths t o  about 30 m. 

appears due t o  r a d i a t i o n ,  

13. Marked temp*era%ure Invers ions  r e ç u l t  f i s m  t he  

penet ra t ion  of e s l d  t i d a l  waters a %  intermediate  depths. 

Smaller invers ions  from t i d e s  e a r l y  i n  t h e  season were slowly 

o b l i t e r a t e d ,  b u t  p e r s i s t e n t  invers ions  a t  about %O m. i n  t h e  

middle and 12 m. i n  the  upper basin apparentdy r e s u l t e d  from 

the penet ra t ion  of barge cold t i d e s  l a t e  i n  the  previous seaçon. 

A s i m i l a r  major invers ion  pa t t e rn  might be expeeted from yeas 

t o  year 



14. Oxygen was absent  and HêS present  b e l ~ w  25 m. 

i n  t h e  Xower, 36 m e  i n  the  middle and 3 2 & 5  m .  i n  t h e  upper  

bas in ,  The r a t e  of dscrease of sxygen with depth was g r e a t e s t  

i n  t h e  lower, in termedia te  i n  t h e  middle and srnaIles% i n  the 

upper basin;  the  d i f f  e rencss  a r e  a t t r i b u t a b l e  t o  morphoaetsy 

o f  t h e  bas ins*  

Oxygen changes in t h e  s t a b l e  water must  be almost 

e n t i r e l y  bisgenica A f t e r  maintenan@@ or fncrease of oxygen 

concenl ra t lans  i n  Junls t'ri-caugh mid J u l y ,  the sesrson&low was 

reached i n  ear3.y August m e r e a f t e r  Lhere was a slow recoveryb 

The changes can be ase r ibed  i n  a qua1ita"r;i~d.e way t o  the  plank'ton 

cycles  

16, Pronouneed oxygen minima oceusred i n  e a r l y  and 

mid August i n  the  midale and upper basins These were found 

a t  the  depths of t empera twe  minima, and r e s u l t e d  from the  

concent ra t ion  of o lde r  copepodite s tages  OP Pseudocalanus 

minu tuç  a t  these depths.  

19. The zooplankton s s n ç i ç t ç  of a  depauperated 

s e l e c t i o n  of marine îorms common o u t s i d e *  The unconunon hydro- 

medusan Melicertum octocostatum may be a borea2 brackish 

element, b u t  no s p e e i a l i z e d  brackish £auna dominates the  

zooplankton, The four  comsn  çpec ies  i n  the  lake  a r e  the  

copepods Pseudocalanus mfnutus and Oithona s i m i l i s ,  t h e  

trachymedusan and the  chaetognath 

The r e s i d e n t s  of the  l a k e  may be g e n e t i c a l l y  or  

on togene t i ca l ly  adapted Lo condit ions of t h e  l ake ,  f o r  the  

allochthonous zoaplarikton breught i r a  by t h e  t l d e ç  i s  soon 

e l iminated .  



18. The phytoplankton cycle  i s  ou l l inéd  t o  t h e  ex ten t  

necessary a s  background t o  t h e  ~ o o p l a n k t o n ~  Chlorophyll  values 

a r e  i n s u f f i c i e n t  t o  give a q u a n t i t a t i v e  p i c t u r e  oL primary 

production through the  season, b u t  showed a  dec l ine  a f t e r  e a r l y  

J u l y  i n  t h e  middle and upper basin,  and a  maintenance i n  t h e  

lower basin through the  summer, Values were high j u s t  wi th in  

t h e  anaerobic  l e v e l ,  where they  probably r e f l e c t  dead chloro- 

p h y l l ,  s inking  from the  biogenic depths.  

19. The diatorns Nitzschia  and f  Lowered 

i n  June and e a r l y  Ju ly  i n  t h e  lower basin,  and were îollowed 

by a  production of Chaetoceros through the  surnmer. The cycle  

was i n i t i a t e d  by Chaetoceros i n  t h e  rniddle and upper bas ins ,  

and i t  decl ined soon a f t e r ,  Tho suçtained Chaetoceros produc- 

t i o n  i n  t h e  lower basin i s  probably due t o  morphometric 

advantages f o r  r e c i r c u l a t i o n  of n u t r i e n t s  i n  t h i s  basin.  Fos 

o the r  morphometric reasons t h e  t i à a l  inflows would pEck up 

most bottom mate r i a l  when e n t e r i n g  the  middle basin. This 

appears t o  expla in  why Chaetoceros flowered b r i e f l y  i n  t h i s  

basin alone a f t e r  the  late-August t i d e s ,  and why i t  was more 

abundant i n  the  sarne basin following the  t i d e s  i n  Pate 

September, Other diatoms, mostly undersampled and nanno- 

p lanktonic ,  showed d i s t i n c t  r ecover ie s  a f t e r  mià August, and 

d i n o f l a g e l l a t e s  were comon i n  August& ASLhough the  eogegod 

cycles  were markedly inf luenced by the  phytoplankton, graz ing  

does not  i n  i t s  turn  appear t o  have been the  e f f e c t i v e  e o n t r o l  

on diatorn populat ions,  

20, In  Preudscalanus minutus the development of t h e  - 



overwintered genera t ion ,  the  production of eggs,  and t h e  main- 

tenance and growth of the  n a u p l i i  a r e  a l l  dependent on the  

production of  Chaetocesos, Two broods of some 30 eggs each 

were produced by the  fernales, The naupl i f  of bsth broods were 

sus ta ined  through t h e  summer i n  the  lower basin,  but only t h e  

f i r s t  continued Lo develop through copepodite s t ages  i n  the  

miadle and vpper basins .  The o l d  generat ion died out  i n  August 

z f t e r  reproducing,  b u t  o lder  copepodites and a d u l t s  of the  neu 

cenera t ion  s u f f e r e d  sevese mor ta l i ty  before s i g n i f i c a n t  repro-  

duction i n  t h e  lower and middle bas ins ,  apparent ly  a s  a  r e s u l t  

of temperature e f f e c t s  of the  late-August t i d e s ,  The a d u l t s  i n  

the  upper basin were spared t h i s  m s r t a l i t y  and produced t h e  

l a r g e s t  second summer genera t ion ,  b u t  t h e  development of t h e i r  

young was thwarted by l ack  of food, Fewer eggs were hatched 

by t h e  remaining a d u l t s  of the  mlddle basin,  b u t  t h e  n a u p l i i  

grew r a p i d l y  on t h e  t imely Chaetoceras f lowering,  and the  

f i r s t  summer genera t ion  was apparent ly  supplanted by t h e  second. 

Very few a d u l t s  remained i n  the  lower bas in ,  and t h e i r  young 

were not we l l  sus ta ined .  The reproduct ive  cycle  was thus 

e s s e n t i a l l y  annual  i n  t h e  lower and upper bas ins ,  b u t  two 

generat ions were produced i n  the year i n  the  middle basin. 

21. The v e r t i c a l  d i s t r i b u t i o n  of P .  minutus i n  the  

middle basin was s t rong ly  a f f e c t e d  by tempesature. Young 

n a u p l i i  wese born a t  depth and cencentsated a t  the thermal 

maximum, while o lde r  n a u p l i i  rnoved surfacewards and developed 

through copepodite T L  t h e r e ,  A descent t o  depth was i n i t i a t s d  

i n  copepodite 111, b u t  a pos i t ive  thermal gradient  of only  



about 3 O C .  between 10 and 15  m .  was s u f f i c i e n t  t o  balk down- 

ward movement, a t  l e a s t  temporarily.  

22. T'he s i z e  of copepodites and a d u l t s  of P, minutus 

was shown t o  depend on food supply,  and t h e  e f f e c t  of the  

r a t h e r  narrow range of temperature was not  d i s c e r n i b l e .  

Ver t i ca l  d i f f e rences  i n  t h e  s i z e  of copepodites support  the  

view t h a t  t h e r e  was l i t t l e  exchange between populat ions l i v i n g  

a t  d i f f e r e n t  depths i n  the  middle basin. 

2 3 ,  Allochthonous - P. minutus were cornmon irnmediately 

a f t e r  the t i d e s ,  but r a r e  two weeks l a t e r ,  Evidsnce suggests  

t h a t  Ogac Lake did not  s a t i s f y  the  depth and/or temperature 

requirements of these  o u t s i d e  animals, 

24, l'he seasonal  (ontogenet ic)  descent  of - P.  minutus 

over i t s  wide geographical  range seems t o  remove i t  from t h e  

dacgers of prematuri ty  and untimely reproduct ion i n  warm sur-  

face waters when diatoms a r e  scarce .  A s t rong  cor re la t ion  

between female s i z e  and number of eggs per ov i sac  has been 

demonstratcd elsewhere,  and i t  i s  suggested t h a t  only  two 

broods (ovisacs)  a r e  produced by t h i s  spec ies .  Thus l a rge r  

s i z e ,  which may r e s u l t  from lower temperatures,  may confer a 

s e l e c t i v e  advantage, and one of the adapt ive values of d iu rna l  

v e r t i c a l  migration might be the  iricrease of f  ecundi t y  through 

the  a s s imi la t ion  i n  deeper waters of fooà captured near the  

su r face ,  which i s  almost always warmer. 

25. 'ihe growth, reproduct ion and development of 

Oithona s i m i l i s  i n  the  lake seem unrelated t o  Chaetoceros, 

which was the food of - P. m i n u t ~ ~ s .  Regardless of t h e  amount of 



egc production which took p lace  e a r a i e r ,  t he  s u c c e s s î u l  

developrnent oL n a c p l i i  i n  eaeh basin F i r s t  occurred when the  

recovery  of smala diatoms was rwted i n  t h e  n e t  samples, h t  

is poss ib le  t h a t  the o ld  gensra t ion  could feed on the d e t r i t a h  

r e s i d u e  of the  major diatom Plowerings i n  sps ing ,  b u t  the  

n a u p l i i  a t  Seast  seemed dependent on the  nannoplanktonis 

d i a t o n s ,  The average number of egg5 pes ovisac ranged 

seasona l ly  between about 4 and 8, b u t  the  nunber of broods 

(ov i sac  p a i r s )  produced by a female courd not  be determined. 

The n a u p l i i  were sus ta ined  thsotagh mid September , and, 

a l though t h ~ r e  was some egF production Dy females of t h e  new 

genera t ion  a t  l e a s t  i n  the  lower basin,  no s i g n i f i c a n t  second 

genera t ion  of n a u p l i i  appeased, and the reproduct ive cycle  

seemed s t r i c t l y  annual.  

26, A l 1  copepodite s t ages  of' 2. s i m i l i s  were cornmonest 

near' Che su r face ,  although t h e  n a u p l i i  were more abundant i n  

deeper water ,  centered a t  the  thermal maximum, l'iaeir d i s t r ibu-  

t i o n  i s  i n  accord wi t h  the  non-migratory, su r face - l iv ing  

behavior of the  spec ies  clsewhere,  

27. Reproduction $y a d u l t  which 

could feed on l a rge r  copeyods,  was not necessarbly synchronized 

w i t h  the  presence of food f o r  t h e  ensuing Young, whose s u r v i v a l  

and growth i n  a l 1  t b e e  basins was dependent on small  prey,  

e s p e c i a l l ÿ  n a u p l i i  of E, n inu tus ,  The cycles were e s s e n t i a l l y  

annual  i n  a l 1  basins ,  A second sunmer generat ion was a t t enua ted  

i n  t h e  lower basin,  Z'he cycle  was most advnnced i n  t h e  upper  

b a s i z ,  and sopne of the  çeco:id-generation Young produced t h e r e  



i n  August grew t o  become ind i s t ingu i shab le  from çmal1er mernbers 

of  t h e  f i r s t  s u m e r  genera t lon .  Çome of t h e  second-genesalion 

young produced i n  Septernbes Ln both uppenn and middle basins were 

maintained a s  smal l ,  d i s c r e t e  groups thsouph the  winxer. 

28. A d u l t  9, fsom Ogac Lake avesaged 13-15 

mm,  long, l e s s  than ha l f  t h e  s i z e  cf marine a r c t i c  S. 

and about the  same length  a s  2, of southern waters i n  

summer, The d i f fe rences  awpear due t o  temperature e f f e c t s  on 

growth and maturation, and c a s t  f u r t h e r  doubt on t h e  v a l i d i t y  

of deçcribed raees  of t h i s  spec ies .  

29 ,  Young 5. wese found i n  the  su r face  

wa te r s ,  wi th  t h e i r  naupl ia r  prey, b u t  the l a r g e s t  animals had 

t h e i r  center  of abundance i n  the  middle basin a t  about 25 m . ,  

deeper than t h a t  of any s t h e r  animal deaEt wi th  i n  t h i s  study. 

Most of the  populations a$ the end of' September were Large 

animals,  which could be expected t o  oveswinter a t  depths below 

the  concentrat ion of psey i n  the  rniddle and upper bas ins ,  

which seems t o  account f o r  the  excessive overwinter rnor ta l i ty  

i n  these  basins ,  Since 80$ of the  Iswes basin i s  shallower 

than 20 m., and oxygen concent ra t ions  low a t  t h a t  depth,  

S. - would be "forced" t o  l i v e  amidst a  p l e n t i f u l  supply 

of food, and the  virtua1I.y complete s u r v i v a l  of t h e  overwintering 

population i n  t h i s  basin can be t raced t o  t h i s  advantage,  

30 0 was almost absent  from the  

lower b l s i n ,  b u t  important i n  the  r e s t  of t h e  lake .  SmalL 

numbers of a d u l t s  i n  June repsesented the  overwjnter ing popula- 

t i o n ,  ?lie t i n y  medusae produeed by d i r e c t  development îrom t h i s  



populat ion may have subs i s t ed  a t  f i r s t  on phytoplankton, but 

f u r t h e r  growth depended on t h e  presence of young copepods, 

After  mid August the  l a r g e  summer genera t ion  produced 

enormous numbers of young medusae, which were n o t  welL supported 

by a v a i l a b l e  prey, The summer genera t ion  was almost exti.net 

a t  the  end of September, and onPy t h e  l a r g e r  of t h e i r  o f f s p r i n g  

a r e  presumed t o  have survived a s  t h e  smal l  overwintering 

generat ion.  

31. Young A. may have been i n t o l e r a n t  of 

the  low s a l i n i t i e s  and avoided t h e  near-surface waters where 

o the r  young forms were concent ra ted ,  but were common i n  warm 

water j u s t  a  L i t t l e  deeper and a t  15' m ,  i n  the  middle basin,  

The o lde r  animals occupied in termedia te  depths centered around 

15 m. ,  b u t  seemed uninfluenced by temperature. 

32 .  A d u l t  A, i n  Ogac Lake were much smal ler  

than those of t h e  sea o u t s i d e ,  and were comparable wi th  a d u l t s  

i n  summer i n  southern waters ,  Mârked d f î f e rences  i n  gonad ç i z e  

were noted i n  animals l i v i n g  a t  d i f f e r e n t  depths,  which seem 

t o  r e s u l t  from d i f f e r e n t i a l  e f f e c t s  of  temperature on growth 

and maturation. This lends support  t s  t he  view t h a t  "races"  

of 4, are  ecophenstypic, 

33. Evidence i s  given t h a t  the  v i s t u a l  exclusion of 

A ,  d i g i t a l e  from t h e  lower basin r e s u l t s  from cornpetition w i t h  - 
o l d e r  which a r e  "forcedt t  do occupy shallower 

depths a t  which A, i s  abundant i n  the  o the r  bas ins ,  

There i s  an i n d i c a t i o n  t h a t  prey spee ies  a r e  reduced by 3 .  

i n  the  lower basin t o  l e v e l s  bëlow those t o l e r â t e d  by t h e  

l e s s  e f f i c i e n t  predator 4. e 



34. Although there appear t o  be svo lu t iona ry  

oppsrtunities for  the development s f  a spea ia l i zed  brackish 

zooplankton,  ~ l o w  growth and t h e  eamprssssd season o f  primary 

production, ba th  o f  which seem uwaveidabls conaequsnass of 

physica J conditions , s e v e ~ e l y  L P m i t  the  number of  n iches  

available t o  the  a r c t i c  marine ~ o o p l a n k t o n ~  
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