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D uring three periods o f 16 to  25 days, bacterioplankton production, bacterial cell volum e, chlorophyll a ,
C 0 2 assim ilation , and particulate organic carbon were m easured in enclosures situated in  the eutrophic estuary  
R oskilde Fjord, D enm ark. T he enclosures w ere m anipulated w ith respect to sedim ent contact and contents o f  
inorganic nutrients, planktivorous fish, and suspension-feeding bivalves. N utrient enrichm ent, the presence o f  
suspension feeders, and sed im ent contact induced pronounced changes in bacterial production, as well as m inor  
changes in bacterial cell volum e; how ever, these effects seem ed to be indirect, transm itted via phytoplankton. 
B acterial production, m easured as [3H ]thym idine incorporation, closely follow ed changes in  phytoplankton  
biom ass and production , w ith tim e lags o f 5 to 10 days. G ood correlations o f m ean bacterioplankton production  
to chlorophyll a  concentration and C 0 2 assim ilation suggested phytoplankton to be the dom inating source o f  
bacterial substrate, apparently independent o f nutrient stress. Z ooplankton > 1 4 0  p.m, b ivalves, and sedim ent 
seem ed to provide insignificant, if  any, substrate for bacterioplankton, and benthic suspension feeders seem ed  
n o t to act as direct com petitors for dissolved organic carbon. T he bacterioplankton m ean cell volum e, 
m easured by im age analysis, changed seasonally, with the sm allest cells during the sum m er. W ithin each 
period, the bacterial cell volum e correlated positively to growth rate and negatively to tem perature.

P h y to p la n k to n  is like ly  to  b e  th e  m a jo r  a u to c h th o n o u s  
so u rc e  o f  d isso lv e d  o rg a n ic  c a rb o n  (D O C ) in  p e la g ic  en v i­
ro n m e n ts , a s  it  c o n s t itu te s  a  re la tiv e ly  larg e  b io m a ss  w ith  a 
fa s t  tu rn o v e r .  S u b s ta n tia l  r e le a s e  o f  D O C  h a s  b e e n  d e m o n ­
s tra te d  f ro m  d e c a y in g  a lg ae  (8) a s  w ell a s  fro m  a c tiv e ly  
g ro w in g  p h y to p la n k to n  (9, 2 2 , 25). Z o o p la n k to n  a lso  re le ase  
D O C  b y  e x c re tio n  an d  lo sse s  d u rin g  g ra z in g  (2, 10, 19, 31, 
41). In  sh a llo w  w a te rs , th e  b e n th ic  c o m m u n ity  m ig h t ac t 
b o th  a s  a  s in k  fo r  D O C , m ain ly  th ro u g h  th e  p o te n tia l  u p tak e  
by  su s p e n s io n -fe e d in g  b iv a lv e s  (17, 26 , 38), a n d  a s  a  so u rc e  
o f  D O C  th ro u g h  th e  p o ss ib le  re le a s e  d u rin g  d e c a y  o f  sedi- 
m e n te d  p a r tic le s  an d  b y  b e n th ic  p r im a ry  p ro d u c e rs .  F in a lly , 
D O C  m ig h t b e  su p p lied  fro m  a llo c h th o n o u s  in p u ts , b o th  
n a tu ra l a n d  sy n th e tic  (43).

T h u s ,  s e v e ra l so u rc e s  c o n tr ib u te  to  th e  su s ta in m e n t o f  a 
h igh  s e c o n d a ry  p ro d u c tio n  o f  b a c te r io p la n k to n , c re a tin g  an 
e n v iro n m e n t w ith  g re a t sp a tia l a n d  te m p o ra l v a ria b ility  in 
th e  a m o u n t a n d  c o m p o s itio n  o f  u til iz a b le  D O C  (35). P la n k ­
to n ic  b a c te r ia  p o s s e s s  a  p h y s io lo g ic a l p o te n tia l  fo r  m ee tin g  
th is  c h a llen g e . T h e y  a c c o u n t  fo r  m o s t  o f  th e  p e lag ic  b io su r­
fa c e  (3 , 42), a n d  th e ir  fa s t tu rn o v e r  r a te s  a llo w  ra p id  co m ­
m u n ity  r e sp o n se s  to  a  c h an g in g  e n v iro n m e n t.  T h e  b a c te r io ­
p la n k to n  cell v o lu m e  c an  a lso  u n d e rg o  rap id  c h a n g e s  (27, 
32).

T h e  p u rp o se  o f  th is  s tu d y  w a s  to  e x a m in e  th e  re sp o n se  o f 
b a c te r io p la n k to n  a c tiv ity  to  c h a n g e s  in  th e  su p p ly  o f  c a rb o n  
su b s tra te s  in  a  e u tro p h ic  e s tu a ry .  E n c lo se d  w a te r  co lu m n s  o f 
a p p ro x im a te ly  6  m 3 w e re  m a n ip u la te d  w ith  re s p e c t  to  se d i­
m en t c o n ta c t  an d  c o n te n ts  o f  in o rg an ic  n u tr ie n ts , p la n k tiv ­
o ro u s  fish , a n d  su sp e n s io n -fe e d in g  b iv a lv e s . T h e s e  m an ip u ­
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la tio n s  w e re  in te n d e d  to  c re a te  d iffe re n t c a rb o n  su b s tra te  
re g im es fo r  th e  b a c te r io p la n k to n . T h u s ,  th e  a d d itio n  o f  
in o rg an ic  n u tr ie n ts  w as e n v is a g e d  to  in d u c e  c h a n g e s  in th e  
b io m a ss , p ro d u c tio n , an d  p h y s io lo g ic a l s ta te  o f  th e  p h y to ­
p la n k to n . T h e  ad d itio n  o f  p la n k tiv o ro u s  fish w a s  p re su m e d  
to  se le c tiv e ly  re d u c e  th e  b io m a ss  o f  m e so z o o p la n k to n  and  
th e re b y  e lim in a te  th is  p o ss ib le  so u rc e  o f  D O C . F in a lly , th e  
in c lu s io n  o f  se d im e n t c o n ta c t  a im ed  a t  s tu d y in g  th e  o v erall 
ro le  o f  th e  se d im e n t as a  so u rc e  o f  o r  s in k  fo r  D O C , w h ile  th e  
a d d itio n  o f  su s p e n s io n -fe e d in g  b iv a lv e s  to  e n c lo su re s  w ith ­
o u t se d im e n t c o n ta c t  w a s  in te n d e d  to  re v e a l th e  iso la te d  ro le  
o f  th e s e  b e n th ic  p o p u la tio n s .

M A T E R IA L S A N D  M ETH O D S

E n c lo su re  e x p e r im e n ts  w e re  s e t  u p  in  a  e u tro p h ic  e s tu a ry , 
R o sk ild e  F jo rd ,  D e n m a rk , n e a r  th e  c ity  o f  F re d e r ik s su n d , on 
7 A p ril , 18 Ju n e , an d  9 S e p te m b e r  1986. T h e  te m p e ra tu re s , 
i r ra d ia n c e s , an d  in itial c o n c e n tra t io n s  o f  in o rg an ic  n u tr ie n ts  
a re  su m m a riz e d  in  T ab le  1. T w e n ty -fo u r  t r a n s p a re n t  p o ly ­
e th y le n e  b a g s  (d ia m e te r , 1.5 m ; a p p ro x im a te  d e p th ,  3.5 m) 
w e re  filled w ith  w a te r  fro m  th e  e s tu a ry  a n d  fixed  to  a 
p o n to o n  b rid g e  200 m  fro m  sh o re . T h e  flex ib le  p o ly e th y le n e  
w a lls  a llo w ed  tid a l c u r re n ts  to  in d u c e  m ix in g  o f  th e  e n c lo se d  
w a te r .

T re a tm e n ts  w e re  c o n d u c te d  in  d u p lic a te  a c c o rd in g  to  th e  
sc h e m e  sh o w n  in  T ab le  2. E ig h t  e n c lo su re s  (d e s ig n a ted  S) 
w e re  o p e n  to  th e  s e d im e n t, w h ile  th e  re s t  w e re  c lo se d . In  
e ig h t o f  th e s e  e n c lo su re s  w ith o u t se d im e n t c o n ta c t  (d e s ig ­
n a te d  M ), 345 g  (w e t w e ig h t) o f  M y tilu s  ed u lis  (15- to  22-m m  
shell len g th ) w a s  d is tr ib u te d  in  th re e  c a g e s  a t  1-, 2 -, a n d  3-m  
d e p th s . H a lf  o f  th e  e n c lo su re s  (N ) w e re  lo ad e d  w ith  0 .67  g  o f 
N 0 3~ -N  a n d  0 .1  g  o f  P 0 43_-P  e v e ry  se c o n d  to  fo u rth  d a y , 
g iv ing  in c re a s e s  in e n c lo su re  c o n c e n tra t io n s  o f  7 fxM N 0 3_ 
a n d  0 .7  |xM  P 0 43“ . F in a lly , to  h a lf  o f  th e  e n c lo su re s  (F ) w as
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T A B L E  1. Tem perature ranges, mean irradiances, and initial 
concentrations of inorganic nutrients

Mo of 
cxpt

Temp
range
(°C)

Irradiance 
(MJ m-z 
day-1)

Concn (p.M) of'’: 

DIN DIP

April 0-9" 10 30.7 2.4
June 17-22 25 4.4 12.3
Septem ber 11-13 12 5.7 12.3

“ 0 to  4°C un til th e  la s t tw o  sam pling  d a te s .
* D IN , D isso lv ed  in o rg a n ic  n itrogen ; D IP , d isso lv ed  in o rg a n ic  p h o sp h o ru s.

a d d e d  G a s te ro s te u s  a c u le a tu s  ( th re e -sp in e d  s tic k le b a c k s , 1 
to  2 y e a rs  o ld , a p p ro x im a te ly  10 g [w e t w e ig h t]  p e r  e n c lo ­
su re ) . T h e  c h o se n  in te n s it ie s  o f  th e  t r e a tm e n ts  w e re  b a se d  
o n  a  p r io r i k n o w le d g e  o f th e  s tu d y  a re a , in  a n  a tte m p t to  
a c h ie v e  e ffe c tiv e  b u t  re a lis tic  m an ip u la tio n s . T h u s , a d d itio n s  
o f  in o rg an ic  n u tr ie n ts  w e re  in te n d e d  to  e q u a liz e  p h y to p la n k ­
to n  c o n su m p tio n  e s tim a te d  fro m  m e a su re d  p r im a ry  p ro d u c ­
tio n  in th e  e s tu a ry  (L . M. Je n se n  e t a l. ,  p e rs o n a l  c o m m u n i­
c a tio n ). T h e  a d d itio n  o f  fish c o r re s p o n d e d  to  th e  n a tu ra lly  
o c c u rr in g  b io m a ss  o f  p la n k tiv o ro u s  fish , a n d  th e  n u m b e r o f 
b iv a lv e s  w as a d ju s te d  to  m im ic  th e  f iltra tio n  c a p a c ity  o f  th e  
n a tu ra l b e n th ic  c o m m u n ity , tak in g  th e  n a tu ra l  s ize  d is tr ib u ­
tio n  in to  a c c o u n t (33).

S a m p le s  w e re  ta k e n  a t 2- to  4 -d ay  in te rv a ls  a t  1000 to  1100 
h fo r  16 to  25 d a y s . W a te r  w as sa m p le d  fro m  0 .5 -, 1 .5 -, and  
2 .5 -m  d e p th s  w ith  a  5 -lite r b o ttle  s a m p le r  a n d  w a s  in te g ra te d  
b e fo re  su b sam p lin g . B a c te r io p la n k to n  n e t  p ro d u c tio n  and  
c h lo ro p h y ll  a w e re  m e a su re d  in all e n c lo su re s ,  w h ile  p a r tic ­
u la te  o rg a n ic  c a rb o n  an d  a u to tro p h ic  C 0 2 a ss im ila tio n  w e re  
m e a su re d  in  o n ly  h a lf  o f  th e  e n c lo s u re s ,  o n e  o f  e a c h  c o m b i­
n a tio n  o f  m a n ip u la tio n s . D iffe re n c es  b e tw e e n  th e  e n c lo su re s  
w e re  a n a ly z e d  in  an  a tte m p t to  e lu c id a te  th e  q u a n tita tiv e  
im p o r ta n c e  o f  v a r io u s  su b s tra te  so u rc e s  fo r  b a c te r io p la n k ­
to n .

Bacterioplankton net production. N e t p ro d u c tio n  w as d e ­
te rm in e d  fro m  [3H ]th y m id in e  in c o rp o ra tio n  in to  co ld  t r i ­
c h lo ro a c e t ic  a c id  p re c ip ita te  (12 , 29). S a m p le s  (15 m l) w ere  
in c u b a te d  w ith  5 nM  m eth y l-[3H ]th y m id in e  fo r  20 .0 0  o r  30.00 
m in  a n d  th e n  fixed  in 1%  F o rm a lin  an d  filte red  o n to  0.45-|xm  
c e llu lo se  n i tra te  filte rs . T h e  filte rs  w e re  w a sh e d  w ith  5%  
ice -co ld  tr ic h lo ro a c e tic  acid  a n d  ra d io a s s a y e d  by  liquid  
sc in til la tio n  c o u n tin g  (29). T o  c a lc u la te  b a c te r ia l  n e t p ro d u c ­
tio n  in c a rb o n  u n its ,  [3H ]th y m id in e  in c o rp o ra tio n  ra te s  w ere  
m u ltip lie d  b y  1,100 ce lls  p e r  fm ol o f  [3H ]th y m id in e  (30), by  
th e  a c tu a l  m e a n  cell v o lu m e  m e a su re d  b y  im ag e  a n a ly s is , 
an d  b y  0 .35  pg  o f  C  (xm-3  (5). T h e  fa c to r  u se d  to  c o n v e r t  
in c o rp o ra te d  th y m id in e  in to  b a c te r ia l  cell p ro d u c tio n  is 
c o n s is te n t  w ith  th e  th e o re tic a l f a c to r  o r ig in a lly  s ta te d  by 
F u h rm a n  a n d  A z am  (12); h o w e v e r , c o n s id e ra b le  v a riab ility  
o f  th is  fa c to r  h a s  o ften  b een  re p o r te d  fro m  em p irica l c a lib ra ­
tio n s  ( re fe re n c e s  in re fe re n c e  30). A n  in te n s iv e  c a lib ra tio n

TA B LE 2. Combinations of enclosure manipulations"

Enclosure type 
(treatment)

Without added 
nutrients

With added 
nutrients

-  Fish + Fish -  Fish + Fish

Open to the sediment S SF SN SN F
Closed C F N NF
Closed (+  mussels) M MF MN M NF

"  A b b rev ia tio n s : S , o p en  to  sed im en t; C , c o n tro l; M , m u sse ls ; F , fish ; N , 
n u tr ie n ts .

s tu d y  on  f re s h w a te r  b a c te r io p la n k to n  (40) d e m o n s tra te d  
s ig n ifican t v a r ia b ility  o f  th e  c o n v e rs io n  fa c to r  o n ly  w h e n  th e  
b a c te r ia l g e n e ra tio n  tim e  w a s  le s s  th a n  20 h . A  s im ila r  s tu d y , 
w h ich  w a s  c a r r ie d  o u t  a t  th e  lo c a t io n  o f  o u r  e n c lo su re  
e x p e rim e n ts  in R o sk ild e  F jo rd  (30), sh o w e d  no v a r ia tio n  in 
c o n v e rs io n  fa c to r  ( s ta n d a rd  e r ro r  o f  th e  m e a n  < 5 % ) am ong  
45 b a tc h  c a lib ra tio n  e x p e r im e n ts  a t  d iffe re n t te m p e ra tu re s  
a n d  m ed iu m  e n r ic h m e n ts  a n d  b a c te r ia l  g e n e ra tio n  tim e s  o f  5 
to  200 h . T h e  c o n v e rs io n  f ro m  b io v o lu m e  to  c a rb o n  b io m ass  
w as a lso  in te n s iv e ly  c a l ib ra te d  o n  b a c te r io p la n k to n  a sse m ­
b lag e s  fro m  th e  s tu d y  a re a  (5).

Bacterial cell volum es and cell num bers. C ell v o lu m e s  and  
n u m b e rs  w e re  m e a su re d  in  se le c te d  sa m p le s  b y  im ag e  a n a l­
y sis  a p p lie d  to  e p if lu o re s c e n c e  m ic ro sc o p y  (56). S am p les 
(0.5 to  2 m l) w e re  fixed  b y  F o rm a lin  (19? final c o n c e n tra tio n ) , 
s ta in e d  w ith  a c r id in e  o ra n g e  (0 .0 2 %  final c o n c e n tra t io n ) ,  an d  
filte red  o n to  b la c k  0 .2 -|xm  N u c le p o re  filte rs . D ry  filte rs  w ere  
m o u n te d  in C a rg ile  B im m e rs io n  o il an d  e x a m in e d  u n d e r  a  
Z e iss  U n iv e rsa l e p if lu o re s c e n c e  m ic ro sc o p e  e q u ip p e d  w ith  
an  u ltra se n s it iv e  v id e o  c a m e ra . V id e o  im ag es  w e re  d ig itized  
an d  tre a te d  n u m e ric a lly  to  re v e a l b in a ry  im ag es o f  w h ite  
o b jec ts  on  a  b la c k  b a c k g ro u n d . T h e  b a c te r ia l  c e lls  in 20 
m ic ro sc o p e  fields (c o rre sp o n d in g  to  an  a v e ra g e  o f  200 to  400 
cells) w e re  c o u n te d  a n d  m e a su re d . T h e  ce ll v o lu m e s  w ere  
e s tim a te d  fro m  m e a su re m e n ts  o f  o b je c t a r e a  a n d  c o n v ex  
p e r im e te r , a n d  th e  d a ta  w e re  d iv id e d  in to  20 lo g a rith m ic  size  
c la sse s  w ith in  th e  ra n g e  o f  0 .01  to  1 p.m 3.

C hlorophyll a.  S a m p le s  (25 to  100 m l) w e re  f i lte re d  on to  
W h a tm an  G F /C  filte rs . C h lo ro p h y ll  a  w a s  e x tra c te d  in  96% 
e th a n o l fo r  20 h a n d  m e a su re d  f lu o ro m e tric a lly . C a lib ra tio n s  
to  s p e c tro p h o to m e tr ic  m e a su re m e n ts  w e re  d o n e  o n e  to  tw o  
tim e s  d u rin g  e ac h  e x p e r im e n t (33).

Particulate organic carbon. S a m p le s  (10 to  25 m l) w ere  
filte red  o n to  W h a tm a n  G F /F  f i lte rs , w h ich  p r io r  to  u se  h ad  
b e e n  w e t o x id iz e d  in 0 .1  M  K 2C r2O 7-6 0 %  H 2S 0 4 a t 140°C 
fo r  3 h to  re d u c e  b a c k g ro u n d . A f te r  f iltra tio n , filte rs  w ere  
r in se d  w ith  1 m l o f  d is tille d  w a te r  w ith  N a C l (15 g  l i te r -1 ) 
an d  d ried  a t  60°C . T h e  d r ie d  filte rs  w e re  c o m b u s te d  a t 650°C 
in an  o x y g e n  flow , an d  th e  re le a s e d  C 0 2 w a s  m e a su re d  by  
in fra red  g as a n a ly s is  (m o d e l 2 2 5M K 3; A n a ly tic a l D e v e lo p ­
m e n t C o m p a n y , L td .) .  M e a su re m e n ts  w e re  c o r re c te d  fo r 
filte r b a c k g ro u n d  a n d  c a l ib ra te d  a g a in s t g lu c o se  s ta n d a rd s .

C 0 2 assim ilation rate. A  re la tiv e  m e a su re  o f  p h y to p la n k ­
to n  p h o to sy n th e s is  w a s  o b ta in e d  f ro m  in  s itu  in c u b a tio n  of 
10-m l sa m p le s  w ith  1 p.Ci o f  so d iu m  [14C ]b ic a rb o n a te  fo r  2 h 
a t  th e  su rfa c e  an d  a t  a  7 0 -cm  d e p th . In c u b a tio n  w a s  s to p p e d  
b y  H g C l2 (5 p p m  [5 p,g m l- 1 ]). U n a ss im ila te d  14C  w as 
re m o v e d  b y  ac id ific a tio n  to  pF l 3 a n d  b u b b lin g  fo r  30 m in. 
S am p le s  w e re  sh a k e n  w ith  8 m l o f  D y n ag e l (B e ck m an ) and 
ra d io a ssa y e d  by  liq u id  sc in til la tio n . T im e  z e ro  in cu b a tio n s  
w e re  su b tra c te d  a s  b la n k s . T h e  c o n c e n tra t io n  o f  d isso lv ed  
in o rg an ic  c a rb o n  w a s  d e te rm in e d  b y  in fra re d  g as a n a ly s is .

R ESULTS AN D D ISC U SSIO N

T h e  d a ta  s e t  d isp la y e d  b a c te r io p la n k to n  p ro d u c tio n  ra te s  
a n d  ch lo ro p h y ll a c o n c e n tra t io n s  ra n g in g  o v e r  m o re  th a n  an  
o rd e r  o f  m a g n itu d e . D e v ia tio n s  b e tw e e n  d u p lic a te  en c lo ­
su re s  c o v a r ie d  w ith  m e a n s  o f  d u p lic a te s  o n  log-log  p lo ts  
(F ig . 1), re v e a lin g  re la tiv e  d e v ia tio n s  a v e ra g in g  17%  in 
b a c te r ia l  p ro d u c tio n  a n d  18%  in  c h lo ro p h y ll  a  c o n c e n tra tio n . 
T h e se  m ea n  d e v ia tio n s  b e tw e e n  d u p lic a te  e n c lo su re s  an d  the 
s ta n d a rd  e r ro r  ra n g e s  (F ig . 2 a n d  3) in d ic a te d  th a t  the 
o b se rv e d  d iffe re n c e s  in  e n c lo su re  d e v e lo p m e n t w e re  a c tu ­
a lly  e ffec ts  o f  th e  m a n ip u la tio n s  a n d  n o t m e re ly  c a u se d  by 
ra n d o m  f lu c tu a tio n s . S p a tia l h e te ro g e n e ity ,  c a u s in g  differ-



1514 B J0 R N S E N  ET AL. A p p l . E n v i r o n . M i c r o b i o l .
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FIG. 1. D eviations betw een m easurem ents o f chlorophyll a (A) and bacterioplankton production (B) in duplicate enclosures, plotted 
against the respective means of duplicates.

e n e e s  b e tw e e n  e n c lo su re s  e v e n  a t th e  s ta r ts  o f  th e  e x p e r i­
m en ts , m ig h t h a v e  b e e n  a  m a jo r  c o n tr ib u to r  to  th e  o b se rv e d  
d e v ia tio n s .

T h e  e x p e r im e n t  in  A p ril w a s  c a r r ie d  o u t d u rin g  th e  d ecay  
o f  a b lo o m  d o m in a te d  by  S k e le to n e m a  c o s ta tu m .  T h e  te m ­
p e ra tu re  re m a in e d  b e lo w  4°C  u n til th e  la s t  tw o  sam p lin g  
d a te s . N o  r e s p o n s e s  to  th e  m an ip u la tio n s  w e re  o b se rv e d  
(d a ta  n o t sh o w n ). In  Ju n e , p h y to p la n k to n  w e re  d o m in a ted  
b y  d in o fia g e lla te s . In  e n c lo s u re s  w ith  m u sse ls , h o w e v e r , 
u n ice llu la r  c y a n o b a c te r ia  su rp a s s e d  d e n s itie s  o f  0 .5  x  IO6 
m l-1 a n d  c o n s t i tu te d  70 to  93%  o f  th e  p h y to p la n k to n  b io v o l­
u m e a t th e  e n d  o f  th e  e x p e r im e n t. In  S e p te m b e r , d ia to m s 
d o m in a te d  th e  p h y to p la n k to n , re a c h in g  high d e n s itie s  in 
so m e  e n c lo su re s  (F ig . 3).

T im e  c o u rs e s  o f  b a c te r io p la n k to n  p ro d u c tio n , ch lo ro p h y ll 
a c o n c e n tra t io n , an d  C 0 2 a ss im ila tio n  in Ju n e  an d  S e p te m ­
b e r  a re  sh o w n  in  F ig . 2  an d  3. D a ta  f ro m  e n c lo su re s  w ith  an d  
w ith o u t fish  w e re  p o o le d , s in c e  th e  e ffe c ts  o f  fish  on  th e  th re e  
p a ra m e te rs  w e re  m in o r  in  b o th  p e r io d s . A d d itio n s  o f  in o r­
g an ic  n u tr ie n ts  a n d  m u sse ls , h o w e v e r ,  in d u c e d  p ro n o u n c e d  
c h an g e s . A s e x p e c te d ,  n u tr ie n t  a d d it io n s  in c re a s e d  c h lo ro ­
p h y ll a  c o n c e n tr a t io n s  an d  C 0 2 a ss im ila tio n  r a te s ,  e x c e p t  in 
S e p te m b e r  fo r  e n c lo su re s  w ith  m u sse ls . E n c lo su re s  w ith

m u sse ls  g e n e ra lly  sh o w e d  lo w e r c o n c e n tra t io n s  o f  c h lo ro ­
p h y ll a  a n d  v o lu m e tr ic  r a te s  o f  C 0 2 a ss im ila tio n  th a n  th e ir  
p a ra lle ls  w ith o u t  m u sse ls . E n c lo su re s  o p e n  to  th e  sed im en t 
re sp o n d e d  d iffe ren tly  in  th e  tw o  p e r io d s . In  J u n e ,  c h lo ro ­
phyll a  c o n c e n tra t io n  a n d  C 0 2 a ss im ila tio n  in  e n c lo su re s  
w ith  se d im e n t c o n ta c t  e x c e e d e d  th e  v a lu e s  f ro m  th e  o th e r  
e n c lo su re s ,  w h ile  in  S e p te m b e r ,  th e  v a lu e s  w e re  b e tw ee n  
th o se  fo u n d  in  c lo se d  e n c lo su re s  w ith  a n d  w ith o u t  m u sse ls  
(F ig . 2 a n d  3). Q u a lita tiv e  c h a n g e s  in p h y to p la n k to n  sp ec ie s  
c o m p o s itio n  b e tw e e n  d iffe re n t e n c lo su re s  w e re  n o t o b ­
se rv e d . Q u a n tita tiv e  c h a n g e s , h o w e v e r , in c lu d e d  m ark e d  
d iffe re n ce s  in  th e  d is tr ib u tio n  o f  a u to tro p h ic  p ic o p la n k to n  
(33) an d  sm a lle r  c h an g e s  a m o n g  o th e r  g ro u p s  o f  p h y to p la n k ­
to n  (u n p u b lish e d  d a ta ) .

R e sp o n se s  o f  b a c te r io p la n k to n  (n e t p ro d u c tio n )  to  th e  
d iffe ren t m an ip u la tio n s  c lo se ly  m im ick ed  th e  c h a n g e s  in 
ch lo ro p h y ll a c o n c e n tra t io n  a n d  C 0 2 a ss im ila tio n  b u t w ith  a 
tim e  lag o f  se v e ra l d a y s  (F ig . 2 an d  3). T h e  p e a k s  o f  b a c te ria l 
p ro d u c tio n  a t  th e  e n d s  o f  th e  e x p e r im e n ts  c o u ld  h a v e  been  
d u e  to  d e c a y  o f  p h y to p la n k to n . L e a k a g e  o f  u p  to  30%  o f  th e  
c a rb o n  b io m a ss  w ith in  3 d a y s  h as b e e n  d e m o n s tra te d  in 
d e c a y in g  f re s h w a te r  p h y to p la n k to n  (8, 15). In c re a se d  b a c te ­
r io p la n k to n  p ro d u c tio n  w a s , h o w e v e r , a lso  fo u n d  in  en clo -
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su re s  w ith o u t in d ic a tio n s  o f  a  d e c a y  o f  p h y to p la n k to n  (e .g ., 
e n c lo su re s  S a n d  M  in  Ju n e , F ig . 2). A  tim e  lag  in b a c te r ia l 
re sp o n se  to  c h a n g e s  in  p h y to p la n k to n  m ig h t re fle c t an  a d a p ­
ta t io n  to  a lte ra tio n s  in  s u b s tra te  c o m p o s itio n . T im e  lags o f  10 
to  15 d a y s  in  b a c te r io p la n k to n  re s p o n s e  to  sp rin g  b lo o m s 
h a v e  b e e n  re p o rte d  fo r  m arin e  (21) a n d  f re s h w a te r  (23) 
e n v iro n m e n ts . A s a  c o n se q u e n c e  o f  th e  a p p a re n t  d e la y  in 
b a c te r io p la n k to n  re sp o n se ,  fu r th e r  c o n s id e ra tio n  o f  d a ta  w as 
b a se d  o n  in te g ra te d  v a lu e s  o v e r  th e  e x p e rim e n ta l p e rio d s .

T h e  a v e ra g e  b a c te r io p la n k to n  p ro d u c tio n  c o v a rie d  s ign if­
ic a n tly  (P  <  5% ) w ith  p a r tic u la te  o rg a n ic  c a rb o n , c h lo ro ­
phyll a ,  a n d  C 0 2 a ss im ila tio n  in b o th  Ju n e  an d  S e p te m b e r
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FIG . 4. Correlation analyses of integrated values from  experi­
mental periods. Significance levels of correlation (5 ,1 , and 0.1%) are 
indicated (*, **, and ***, respectively). POC, Particulate organic 
carbon.

(F ig . 4). T h e  s lo p e s  o f  th e  re g re ss io n  lin e s  w e re ,  h o w e v e r , 
s ig n ifican tly  (P  <  5% ) h ig h e r  in  Ju n e  th a n  in S e p te m b e r  in  all 
th re e  re g re s s io n s . O n e  e x p la n a tio n  fo r  th is  d iffe re n ce  could  
b e  th a t  th e  tw o  p e r io d s  d iffered  m a rk e d ly  w ith  re s p e c t  to  
te m p e ra tu re  an d  p h y to p la n k to n  c o m p o s itio n . F u r th e rm o re , 
th e  b a c te r ia l  re s p o n s e  w a s  p ro b a b ly  n o t  c o m p le te ly  co v ered  
w ith in  th e  e x p e r im e n ta l  p e rio d  in  S e p te m b e r  (F ig . 3). A  
c lo se  c o rre la t io n  w a s  fo u n d  b e tw e e n  c h lo ro p h y ll  a c o n c e n ­
tra t io n  a n d  C 0 2 a ss im ila tio n  ( r 2 =  0 .93  fo r  J u n e  a n d  S e p te m ­
b e r  e x p e r im e n ts  p o o led ). A  tig h t co u p lin g  o f  b a c te r io p la n k ­
to n  p ro d u c tio n  to  p h y to p la n k to n  b io m a ss  a n d  p ro d u c tio n  
h as p re v io u s ly  b e e n  d e m o n s tra te d  d u rin g  sp rin g  b lo o m s in 
fre sh  w a te r  (4, 23, 34) a n d  in  th e  se a  (21). A s  a  fu r th e r
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T A B L E  3. Bacterioplankton production in proportion 
to chlorophyll a and to C 0 2 assimilation"

Treatment
June expt September expt

BP.'Chl* BP/PP" BP/Chl BP/PP (ppt)

Nutrients
W ithout 262 216 81 50
With 281 225 110 78

Fish
W ithout 268 207 89 65
With 274 233 102 64

Mussels
W ithout1' 308 261 38 20
With" 266 194 170 109
Sediment 239 207 78 63

a Mean values of manipulated enclosures compared with mean values of 
unmanipulated controls. BP, Bacterioplankton production; Chi, chlorophyll 
a.

b Determined as micrograms of carbon per liter per hour per milligram of 
chlorophyll a.

c Determined as parts per thousand (micrograms per milligram).
‘'Enclosures either were (with) or were not (without) in contact with 

sediment.

e x a m in a tio n  o f  th e  co u p lin g  b e tw e e n  b a c te r ia  an d  p h y to ­
p la n k to n , p ro p o r t io n s  o f  b a c te r ia l  p ro d u c tio n  to  c h lo ro p h y ll 
a  (T ab le  3 , B P /C h l) a n d  to  C 0 2 a ss im ila tio n  (T ab le  3, B P /P P ) 
in m an ip u la te d  a n d  u n m a n ip u la te d  e n c lo su re s  w e re  c o m ­
p a red .

A d d itio n s  o f  in o rg an ic  n u tr ie n ts  c le a r ly  s tim u la te d  p h y to ­
p la n k to n  g ro w th  in b o th  p e r io d s  (F ig . 2 an d  3) a n d , e s p e ­
cia lly  in J u n e ,  c o u n te ra c te d  a  s tro n g  n itro g e n  lim ita tio n  
(u n p u b lish e d  d a ta ) . I f  p h y to p la n k to n  re le a se  o f  D O C  w as 
p a r tic u la r ly  re la te d  to  n u tr ie n t  s tre s s ,  a s  o ften  su g g e ste d  
(e .g .,  r e fe re n c e s  20 an d  37), w e  sh o u ld  e x p e c t d e c re a s e d  
p ro p o r tio n a l b a c te r io p la n k to n  p ro d u c tio n  in th e  n u trie n t-  
lo ad e d  e n c lo s u re s .  O n  th e  c o n tr a ry ,  in c re a se s  in  b a c te r io ­
p la n k to n  p ro d u c tio n  w e re  fo u n d  in  re sp o n se  to  n u tr ie n t 
a d d itio n s  (T a b le  3 ), su g g e s tin g  th a t ,  r a th e r ,  “ e x tra c e llu la r  
re le a se  is a  n o rm a l fu n c tio n  o f  h e a lth y  c e l ls ”  ( re fe re n c e  25, 
p . 262). T h is  in c re a s e  c o u ld  b e  e x p la in e d  a s  a  d ire c t s tim u ­
la tio n  b y  th e  a d d e d  in o rg an ic  n u tr ie n ts ,  i f  b a c te r io p la n k to n  
g ro w th  w a s  lim ite d  b y  th e  a v a ilab ility  o f  th e s e  n u tr ie n ts  
ra th e r  th a n  b y  th e  su p p ly  o f  c a rb o n  su b s tra te s .  In  th a t  c a s e , 
h o w e v e r , w e  sh o u ld  e x p e c t  a  m o re  im m e d ia te  re sp o n se  in 
b a c te r ia l  p ro d u c tio n  th a n  w a s  a c tu a lly  o b se rv e d  (F ig . 2 an d  
3). T h e  o b s e rv e d  in c re a s e  m ig h t r e p re s e n t  re cy c lin g  o f  D O C  
fro m  a n  in c re a s e d  flow  th ro u g h  th e  m ic ro b ia l fo o d  w e b  (6). 
T h u s , A n d e rs s o n  e t a l. (2) e s tim a te d  a re le a s e  o f  am in o  a c id s  
fro m  fe e d in g  n a n o fla g e lla te s  c o rre sp o n d in g  to  7%  o f  th e ir  
in g es tio n .

T h e  a d d e d  fish e ffe c tiv e ly  re m o v e d  Z o o p lan k to n  > 1 4 0  pirn 
(d o m in a te d  b y  c ru s ta c e a n s )  b u t  h a d  little  e ffec t on  Z o o p lan k ­
to n  in  th e  s iz e  c la s s  o f  45 to  140 |xm (m ain ly  t in tin n id s  and  
ro tife rs ;  d a ta  in  re fe re n c e  16). M in o r  in c re a se s  in p ro p o r ­
tio n a l b a c te r io p la n k to n  p ro d u c tio n  w e re  re c o rd e d  in r e ­
sp o n se  to  a d d it io n s  o f  fish  (T ab le  3 ), su g g estin g  th a t  Zoo­
p la n k to n  > 1 4 0  |xm d id  n o t s ig n ifican tly  p ro v id e  s u b s tra te  to  
b a c te r io p la n k to n  in th e  e s tu a ry .  T h is  is in  c o n tra s t  to  th e  
m o d el o f  W illiam s (42) su g g e s tin g  th a t  m e so z o o p la n k to n  
c o n tr ib u te  a lm o s t h a lf  o f  th e  b a c te r ia l  c a rb o n  s u b s tra te  
th ro u g h  s lo p p y  fe e d in g  a n d  e x c re tio n . In  f re s h w a te r  lak e s , 
m e s o z o o p la n k to n  h a s  b e e n  sh o w n  to  su s ta in  a  m ajo r p a r t  o f  
b a c te r ia l  p ro d u c tio n  (31, 34).

L a b o ra to ry  s tu d ie s  h a v e  su g g e s te d  th a t su sp en s io n -
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fe ed in g  b iv a lv e s  a re  p o ten tia lly  S ign ifican t u t il iz e rs  o f  d is ­
so lv e d  o rg a n ic  c a rb o n  (17 , 26 , 38). T h is  p o ss ib il ity  seem s 
re a lis tic , c o n s id e r in g  th e  larg e  flow  o f  w a te r  p a ss in g  th e  large  
gili su rfa c e  a re a . In  J u n e , e n c lo su re s  w ith  a d d e d  m u sse ls  
sh o w e d  a p p ro x im a te ly  20%  lo w e r  p ro p o r tio n a l b a c te r io ­
p la n k to n  p ro d u c tio n  c o m p a re d  w ith  e n c lo su re s  w ith o u t m u s­
se ls  (T ab le  3). T h is  m in o r  d e c re a s e  m ig h t b e  in te rp re te d  a s  
an  e ffec t o f  d ire c t c o m p e tit io n  fo r D O C . T h e  d e c re a s e  co u ld , 
h o w e v e r , a lso  re fle c t re d u c e d  re cy c lin g  fro m  th e  m ic ro b ia l 
fo o d  w e b , s in ce  th e  m u sse l a d d itio n s  in J u n e  sig n ifican tly  
re d u c e d  th e  b io m a ss  o f  m ic ro - an d  n a n o z o o p la n k to n  (d a ta  in 
re fe re n c e s  6 a n d  16). In  S e p te m b e r , th e  a d d e d  m u sse ls  
re d u c e d  ch lo ro p h y ll a  c o n c e n tra t io n  a n d  C 0 2 a ss im ila tio n  to  
le s s  th a n  10%  o f  th e  lev e ls  o f  e n c lo su re s  w ith o u t m u sse ls . 
D u rin g  th is  p e r io d , a  s ig n ifican t in c re a s e  in p ro p o rtio n a l 
b a c te r io p la n k to n  p ro d u c tio n  w a s  fo u n d  in  re s p o n s e  to  m u s­
se l ad d itio n  (T ab le  3). T h u s , n e ith e r  o f  th e  tw o  e x p e rim e n ts  
p ro v id e d  in d ic a tio n s  o f  a  sig n ifican t c o m p e tit io n  fo r  D O C  
b e tw e e n  b a c te r io p la n k to n  an d  su sp e n s io n -fe e d in g  b iv a lv es .

T h e  se d im e n t m ig h t a ffec t th e  p e la g ic  sy s te m  b o th  th ro u g h  
th e  a c tiv ity  o f  b e n th ic  su s p e n s io n  fe e d e rs  a n d  b y  re le a se  o f 
in o rg an ic  a n d  o rg a n ic  n u tr ie n ts . In  J u n e , la rg e  a u to tro p h ic  
b io m a ss  an d  h igh a c tiv ity  w e re  re c o rd e d  in  e n c lo su re s  w ith  
se d im e n t c o n ta c t  (F ig . 2 ), in d ic a tin g  a  re le a s e  o f  in o rg an ic  
n u tr ie n ts  fro m  th e  se d im e n t. In  S e p te m b e r ,  r e s u l ts  fo r  e n ­
c lo s u re s  w ith  se d im e n t c o n ta c t  w e re  s im ila r  to  th o s e  fo r  th e  
c lo s e d  e n c lo su re s  w ith  m u sse ls  fo r  1 w e e k , an d  th e n  th e  
p h y to p la n k to n  p ro d u c tio n  an d  b io m a ss  s ta r te d  to  in c re ase  
(F ig . 3). T h e  e n c lo su re s  o p e n  to  th e  se d im e n t sh o w e d  v a lu es 
o f  p ro p o rtio n a l b a c te r io p la n k to n  p ro d u c tio n  b e tw e e n  th o se  
o f  th e  c lo se d  e n c lo su re s  w ith  an d  w ith o u t m u sse ls  (T ab le  3). 
T h e  m o s t p ro n o u n c e d  e ffec t w a s  fo u n d  in  th e  S e p te m b e r  
e x p e r im e n t ,  w h ich  a lso  sh o w ed  th e  s tro n g e s t  e ffe c t o f  th e  
a d d e d  m u sse ls  on ch lo ro p h y ll a (33). T h e s e  re s u lts  d o  n o t 
in d ic a te  a n y  s ig n ifican t re le a se  o f  re a d ily  u til iz a b le  D O C  
f ro m  th e  b e n th o s . It c a n n o t b e  e x c lu d e d , h o w e v e r ,  th a t  th e  
se d im e n t m ay  re le a se  m o re  re c a lc i tra n t  D O C  w ith  a  tu rn o v e r  
tim e  th a t  e x c e e d s  th e  d u ra tio n  o f  o u r  e x p e r im e n ts .

B a c te ria l cell v o lu m e s  sh o w ed  u n im o d a l d is tr ib u tio n s  
w ith in  th e  in te rv a l o f  0 .01 to  1 |xm 3 (F ig . 5). T h e  s ize  
d is tr ib u tio n s  a t  th e  s ta r t  o f  th e  e x p e r im e n ts  d iffe red  signifi­
c a n tly  (P  <  0 .0 1 ), w ith  a  d e c re a se  b y  a  fa c to r  o f  3 in  m ean  
cell v o lu m e  fro m  A p ril to  Ju n e  (F ig . 5 a n d  T a b le  4). S im ila r 
s e a so n a l t r e n d s  h a v e  b e e n  re c o rd e d  in o th e r  s tu d ie s  an d  
a ttr ib u te d  to  c h a n g e s  in  te m p e ra tu re  a n d  flag e lla te  b io m a ss  
(2, 7 , 39). In  th is  s tu d y , th e  flag e lla te  b io m a ss  w a s  a lm o s t th e  
sa m e  in A p ril a n d  J u n e  (6), su g g e s tin g  th a t  te m p e ra tu re  is a 
m a jo r  fa c to r  co n tro llin g  cell v o lu m e , w 'ith ro u g h ly  a  d o u b lin g  
in  cell v o lu m e  a t a  te m p e ra tu re  d e c re a s e  o f  10°C. I t  re m a in s  
u n a n sw e re d  w h e th e r  th e s e  s e a so n a l c h a n g e s  in  ce ll v o lu m e  
w e re  d u e  to  a  c h an g e  in  b a c te r io p la n k to n  sp e c ie s  c o m p o s i­
tio n  o r  a  c h a n g e  o f  ce ll v o lu m e  w ith in  th e  sa m e  sp e c ie s . 
F la g s trö m  a n d  L a rs so n  (13) fo u n d  e x p e r im e n ta l  e v id e n c e  fo r 
in c re a s in g  cell v o lu m e  a t d e c re a s in g  te m p e ra tu re s  in  c o n tin ­
u o u s  b a c te r io p la n k to n  c u ltu re s  k e p t a t a  fixed  g ro w th  ra te .

T h e  b a c te r ia l  cell v o lu m e  in c re a s e d  s ig n ifican tly  d u rin g  
th e  e x p e r im e n ts  in  Ju n e  a n d  S e p te m b e r  (T ab le  4 ), p e rh a p s  
b e c a u s e  o f  a  c o n ta in m e n t e ffec t (11). C o m p a re d  w ith  th a t  o f  
th e  u n m a n ip u la te d  c o n tro l e n c lo su re , n u tr ie n t  e n r ic h m e n t 
a n d  m u sse l a d d itio n  sh ifted  th e  s iz e  d is tr ib u tio n  to w a rd  
la rg e r  a n d  sm a lle r  c e lls , re sp e c tiv e ly .  T h is  e ffe c t o f  th e  
m a n ip u la tio n s , w h ich  w a s  m in o r  c o m p a re d  w ith  th e  se a so n a l 
c h a n g e s  a n d  d e te c ta b le  o n ly  by  th e  la rg e  n u m b e r  o f  cells 
m e a s u re d , c o u ld  b e  e ith e r  d ire c t o r  in d ire c t v ia  th e  c h an g e s  
in s u b s tra te  flow  d e sc rib e d  a b o v e . C e ll v o lu m e  h a s  b e e n  
d e m o n s tra te d  to  c o rre la te  p o s it iv e ly  w ith  g ro w th  r a te  (p.) in
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FIG. 5. Frequency distributions of bacterioplankton cell volume 
determined by digital image analysis. (Top) Size distributions from 
the first sampling date o f each experim ent (all enclosures pooled). 
(Middle and bottom) Size distributions in three different enclosures 
in June and Septem ber experim ents, respectively (last three sam ­
pling dates pooled). T he num bers o f m easured cells and mean cell 
volumes are given in Table 4.

b a c te r ia l  c u ltu re s  (22 , 24 , 36). W e fo u n d  sig n ifican t c o rre la ­
tio n s  o f  ce ll v o lu m e  to  ln(jx) in  all th re e  e n c lo su re  e x p e r i­
m e n ts , w ith  d iffe re n t s lo p e s  an d  in te rc e p ts  o f  th e  re g re ss io n  
lin e s  (T ab le  5). T h e  e x p la in e d  v a r ia tio n  w a s  low  (15 to  17% ), 
b u t a  m a jo r p a r t  o f  th e  re s id u a l v a r ia tio n  m ig h t b e  d u e  to  
im p re c ise  d e te rm in a tio n  o f v o lu m e s  a n d  tu rn o v e r  ra te s . T h e  
re s id u a ls  c o rre la te d  to  flag e lla te  b io m a ss  o n ly  in S e p te m b e r  
CP <  0 .0 5 ), w ith  a  v e ry  lo w  s lo p e  o f  th e  re g re ss io n  line 
(0.00020 p.m3 [fxg o f  flag e lla te  C l i te r - 1 ]- 1 ).

L a rs so n  an d  H a g s trö m  (22) fo u n d  th a t  th e  cell v o lu m e  
(V ol) c o rre la te d  to  th e  f re q u e n c y  o f  d iv id in g  c e lls  (F D C , in

TA B LE 4. M ean cell volumes o f bacterioplankton“

Mo of Start*
End' with treatment:

expt Mussels Control Nutrients

April
June
Sept

0.158 (0.013) 
0.057 (0.002) 
0.076 (0.003)

0.071 (0.008) 
0.078 (0.003)

0.084 (0.007) 0.097 (0.012) 
0.091 (0.004) 0.109 (0.007)

“ In cubic micrometers. Data in parentheses are standard error of the mean 
(n = 3 to 12). Volumes correspond to the size distributions shown in Fig. 5.

* First sampling date, all enclosures pooled (number of measured cells 
ranging from 1,577 to 3,970).

c Last three sampling dates pooled (number of measured cells ranging from 
736 to 1,888).

TA B LE 5. L inear regression of bacterioplankton cell volume 
to turnover ra tes“

Mo of 
expt Regression line equation /•2 n P

April Vol =  0.0204 In (p.) +  0.219 0.15 34 <0.05
June Vol = 0.0077 In (p,) +  0.109 0.17 60 <0.01
Sept Vol =  0.0117 In (|x) +  0.142 0.15 52 <0.05

" The explained variation (r2), number of observations (n), and significance 
level (P) are given for each of the three enclosure experiments. Volumes are 
in cubic micrometers; turnover rates ()x, growth per hour) were calculated as 
production divided by biomass.

p e rc e n t)  in  m ix ed  m arin e  b a c te r io p la n k to n  c u ltu re s  g ro w n  at 
15°C. T h e  re g re ss io n  e q u a tio n  w a s  V ol =  0.011 ln(|x) +  0.11 
(n =  4 ), w h ich  to g e th e r  w ith  th e  re la tio n  ln(p.) =  0 .163 FD C  
-  3 .749  a t  15°C (c a lc u la te d  b y  N e w e ll a n d  C h ris tia n  [28] 
fro m  d a ta  in re fe re n c e  14) g iv es  V o l =  0.0675 ln(|x) +  0.253. 
T h e  s lo p e  o f  th a t  re g re s s io n  is s ig n ifican tly  h ig h e r  th a n  th a t 
o b ta in e d  in th is  s tu d y .

B a c te r ia l  c e ll v o lu m e  e s tim a te s  a re  re q u ire d  fo r  th e  d e te r ­
m in a tio n  o f  b io m a ss  a n d  p ro d u c tio n  r a te s .  In  m an y  stu d ie s , 
cell v o lu m e s  m e a su re d  in a few  sa m p le s  h a v e  b e e n  e x tra p ­
o la te d  to  th e  e n tire  d a ta  se t . T h is  p ro c e d u re  is d u b io u s , since  
cell v o lu m e  is a d y n a m ic  p a ra m e te r ,  a s  is a lso  i l lu s tra te d  by 
th is  s tu d y . O n th e  o th e r  h a n d , a  p re c is e  m e a su re m e n t o f  cell 
v o lu m e  in all s a m p le s  is te d io u s , e v e n  w h e n  a u to m a te d  by 
im ag e  a n a ly s is . F u r th e r  d e v e lo p m e n t o f  em p irica l m o d e ls  fo r 
th e  p re d ic tio n  o f  c h a n g e s  in b a c te r ia l  cell v o lu m e  from  
a lre a d y -m e a s u re d  p a ra m e te rs  (e .g .,  te m p e ra tu re ,  tu rn o v e r , 
a n d  flag e lla te  a b u n d a n c e )  m ig h t p ro v e  h e lp fu l to  s tu d ie s ,  in 
w h ich  a  p re c ise  m e a su re m e n t o f  ce ll v o lu m e  in  a ll sa m p le s  is 
n o t fe a s ib le .
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