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Relationship between bacteria, phytoplankton 
and heterotrophic nanoflagellates along 

the trophic gradient 
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ABSTRACT: Bacterial and heterotrophic ndnoflagellates (HNF) abundance, as well as bacterial 
production and chlorophyll a levels, were measured at live sites extending from the coastal zone 
toward the open Adriatic in the period from March to October "i995. The investigated areas were 
grouped into trophic categories according to concentrations of chlorophyll u. All the biotic-parrs- 
meters increased along the trophic gradient, ledding to eutrophy, but they did not increase at the 
same rate. The bacterial biomass : phytoplankton biomass {BB : chl u) ratio decreased from about 
10 in the very oligntrophic area to 0.8 at the eutrophw site. In contrast, the bacterial abund- 
ance : HNF abundance ratio iB : HNF) increased from 1000 bacteria per 1 tlagellate in the olig- 
otrophlc system to .1700 bacteria f lagellate '  in the eutrophic area. Decreasing BB : chl a and 
:ncreasing B : HNF ratios along the trophic gradient might rellect the dflterent structures of the 
microbial food web. Relationships between bacterial abur~danc:e and production, and chl a and 
t-{NF showed that bacterial abundance along the trophic grddient was regulated by the interplay 
between nutrient supply and grazing pressure. But in the oligotrophic system, bacterial abundance 
was more closely related to bacteriaL production and chl u than m the eutrophic system, suggesting 
stronger control of bacteridl abundance by substrate supply C)n the other hand, the coupling 
between bacteria and HNF, and uncoupling between bacterial dbundance and production in the 
eutrophic system, showed that the importance ot bactenovorv increased in richer systems. 

I N T R O D U C T I O N  

M a n y  au tho r s  h a v e  s h o w n  that  bac te r i a l  a b u n d a n c e  c h a n g e s  wi th  the  t roph ic  s ta te  

in f r e s h w a t e r  a n d  m a r i n e  s y s t e m s  (Azam et al., 1983; F u h r m a n  et al., 1980; Bird & Kalft, 

1984; Cho  & Azam,  1990; Gasol  & Vaque ,  1993; Pace  & Cole ,  1994). With in  t h e s e  sys-  

tems,  the  t roph ic  r e l a t i onsh ip s  are  u n d o u b t e d l y  very. c o m p l e x  a n d  c h a r a c t e r i z e d  by 

n u m e r o u s  f e e d b a c k s .  T h e r e  is c o n s i d e r a b l e  empi r i ca l  e v i d e n c e  of r e s o u r c e  contro l  of 

bac te r ia  ( b o t t o m - u p  control)  and  of g r a z i n g  cont ro l  of bac te r i a  ( t o p - d o w n  control)  

~Gfide, 1986, 1989; Gasol ,  1994). L a r g e - s c a l e  c o m p a r a t i v e  s tud ies  d e m o n s t r a t e  s t rong  

cor re la t ions  b e t w e e n  bac te r ia l  a b u n d a n c e  a n d  bac t e r i a l  p roduc t iv i ty  a n d  b e t w e e n  bac-  

teria a n d  ch lorophyl l ,  s u g g e s t i n g  s ign i f i can t  r e s o u r c e  r e g u l a t i o n  of b ac t e r i a  (Bird & 

Kalff, 1984; Cole  et  at., 1988; Curr ie ,  1990). On  the  o t h e r  h a n d ,  c o m p a r i s o n s  of the  

quan t i t i e s  of h e t e r o t r o p h i c  n a n o f l a g e l l a t e s  (HNF) a n d  b ac t e r i a  imply  that ,  in s o m e  
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cases, predatory control (top-down regulation) of bacteria may be of major importance 
in eutrophic envi ronments  (Berninger et al., 1991; Sanders et al., 1992). 

One way to determine whether  the regulat ion of bacteria is by top-down or bottom- 
up control is to consider how bacterial a b u n d a n c e  and growth rates change  along a 
resource gradient.  For this purpose, we evaluated the regulation of bacterial  abun-  
dance  by comparing the relationship be tween  bacterial a b u n d a n c e  and production, 
be tween  bacteria and chl a, and be tween  bacteria and HNF along a t roph ic  gradient  in 
the Adriatic sea. 

MATERIAL AND METHODS 

Samples for bacterial and t lNF counts, chl a, and bacterial production were col- 
lected on a monthly basis from March to October 1995 at 5 stations (A-E} located 
be tween  the coastal zone and the open Adriatic. 

Samples for counting were poured into sterile, acid washed, glass bottles fixed with 
Formalin (final conc. 2%) and processed in the laboratory within two days after collecting. 

C h l o r o p h y l l  a (Chl  a) 

Chlorophyll a content was measured  on a Turner 112 fluorometer after acetone 
extraction (Stricklancl & Parsons, 1972). 

Bac te r i a l  a n d  f l a g e l l a t e  c o u n t s  

Enumerat ion  of bacteria anct heterotrophic nanoflagellates (HNF) were made  by 
epifluorescence microscopy using the s tandard acridine orange direct count ing  tech- 
nique (tIobbie et al., 1977) for bacteria, and proflavine staining technique,  which 
enable  a distinction be tween  heterotrophic and autotrophic cells, for HNF (Haas, 1982). 
For biovolume estimates, length and width of bacterial and I-tNF cells were measured  
with an eyepiece graticule (New Portion G12; Graticules, Ltd, UK). Biovolume was con- 
verted to carbon biomass, assuming 0.220 pg Clam ~ for bacteria (Bratbak & l)undas,  
1984) and HNF (Borsheim & Bratbak, 1987). 

Bac t e r i a l  p r o d u c t i o n  

Bacterial ceil production was measured  with the 3H-thymidine incorporat ion tech- 
n ique  (Fuhrman & Azam, 1982). [Methyl-:~H] thymidine was added in 10-ml samples at 
a final concentrat ion of I0 nM (specific activity 86 Ci retool-'; Amersham Ltd, UK). Trip- 
licate samples and a Formalin killed adsorption control (final c o n e .  0.5%) were incu- 
bated at in s i tu  temperature  in the dark for I h (linearity of thymidine up take  was pre- 
viously checked). The incubat ions were stopped with Formalin (final cone. 0.5%). To 
each 10-ml sample and control, an equal  volume of ice-cold 10% (wt/vol) TCA was 
added, and the mixtures were kept on ice for 15 min. The TCA-insoluble  fraction was 
collected by filtering the sample through a 25-ram, 0.2 gm pore size, cellulose nitrate 
filter. The filters were rinsed five times with I ml of ice-cold 5% (wt/vol) TCA. The ill- 
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ters  w e r e  d r ied ,  p l a c e d  in sc in t i l l a t i on  vials,  d i s s o l v e d  in 10-ml  F i l t e r - co u n t  TM ( P a c k a r d  

sc in t i l l a t ion  cockta i l ) ,  a n d  c o u n t e d  a f t e r  24 h s t o r a g e  in a s c in t i l l a t i on  c o u n t e r  ( P a c k a r d  

Tr ica rb  2500 TR). T h e  c o n v e r s i o n  fac to rs  to e s t i m a t e  b a c t e r i a l  cell p r o d u c t i o n  w e r e  cal-  

c u l a t e d  f rom b a c t e r i a l  cel l  n u m b e r s  a n d  :~H-thymidine  i n c o r p o r a t i o n s  in t h e  <1 l~m size 

f r ac t ions  ( R i e m a n n  et  al., 1987) as: CF = (N~ - N1)/:~H,,,~, w h e r e  N. a n d  N~ a r e  t h e  n u m -  

be r s  at  t he  b e g i n n i n g  a n d  at  the  e n d  of t he  e x p e r i m e n t ;  ~Ft:,,,. is t h e  i n t e g r a t e d  3H- thymi -  

d i n e  i n c o r p o r a t i o n  ra t e  d u r i n g  t he  e x p e r i m e n t .  

RESULTS A N D  D I S C U S S I O N  

T r o p h i c  s y s t e m  

T h e  i n v e s t i g a t e d  a r e a s  w e r e  g r o u p e d  in to  t r o p h i c  c a t e g o r i e s  a c c o r d i n g  to c o n c e n -  

t r a t i ons  of chl  u a n d  w e r e  a r r a n g e d  by  i n c r e a s i n g  chl  a c o n c e n t r a t i o n s  (Fig. 1). 

C h l  a c o n c e n t r a t i o n s  in t he  o l i g o t r o p h i c  a r e a  (E site) r a n g e d  f rom 0.04 to 0 .57 m g  

m :~ w i t h  a m e a n  v a l u e  of 0 .126 _+ 0 .015 rng m :~ (SE), in l h e  e u t r o p h i c  a r e a  (A si te)  f rom 

0.16 to 18.36 m g  m -:3 w i t h  a m e a n  v a l u e  of 4.8 _+ 1.14 m g  m ~. Rat io  of t h e  a v e r a g e  chl  a 

c o n c e n t r a t i o n s  in  t h e  o l i g o t r o p h i c  s y s t e m  to t h a t  in t h e  e u t r o p h i c  a r e a  w a s  1 : 38. In 

t h e  m e s o t r o p h i c  a r e a  (B, C, D si tes)  chl  a c o n c e n t r a t i o n s  a v e r a g e d  0 .239  _+ 0.04 m g  

m :~, 0 .572 + 0.071 m g  m :~, a n d  0 .613 + 0.51 m g  m -:~ at  s i t es  B, C, a n d  D, r e s p e c t i v e l y  

(Fig. 1). 

Fig. 1. Average concentrations of chl a at the invest igated sites (white area ot bar indicates 1 SE) 
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B a c t e r i a l  a n d  H N F  a b u n d a n c e s  

A b u n d a n c e s  of b a c t e r i a  a n d  H N F  s h o w e d  s imi la r  p a t t e r n s  a l o n g  t h e  t r o p h i c  g r a d i -  

e n t  as  s h o w n  by  chl  a c o n c e n t r a t i o n s .  In t he  o l i g o t r o p h i c  sys t em,  b a c t e r i a l  a b u n d a n c e s  

r a n g e d  f rom 0 .41x10  ~ to 3 .43x10 ~ cel ls  ml -~ wi th  a m e a n  v a l u e  of 0.88 • 0 .06x10  ~ cel ls  

ml -~, e q u i v a l e n t  to a b i o m a s s  v a l u e  of 16.65 lag C 11. In t he  e u t r o p h i c  site,  a b u n d a n c e s  

r a n g e d  f rom 1.09• ~ to 12.83x10 h cel ls  ml -~ wi th  a m e a n  v a l u e  of 3.88 • 0 .61x10  ~ cel ls  

ml  ~ (81.09 I.lg C l-~). In m e s o t r o p h i c  w a t e r s ,  b a c t e r i a l  a b u n d a n c e  was  fa i r ly  u n i f o r m  at  

all i n v e s t i g a t e d  s i tes  a n d  a v e r a g e d  1.73 _+ 0 .21x10 ~ cel ls  ml 1 at  D site, 1.79 • 0 .19x10 ~ 

cel ls  ml  -~ at  C s i te  a n d  1.96 • 0 .15x10 ~ cel ls  ml  -~ at  B s i te  (Fig. 2a). T h e  r a t i o  of b a c t e r i a l  

a b u n d a n c e  in t he  o l i g o t r o p h i c  s y s t e m  to t h o s e  in t he  m e s o t r o p h i c  a n d  e u t r o p h i c  sys-  

t e m s  was  1 : 2 : 4 .  

Similar ly ,  t he  l o w e s t  a b u n d a n c e s  of I-tNF w e r e  m e a s u r e d  in the  o l i g o t r o p h i c  wa te r s ,  

w h e r e  c o u n t s  r a n g e d  f rom 0.48x10:1 to 1.69x10 :~ ml ~, w i th  a m e a n  v a l u e  of 1.05 • 

0 .5 •  ~ ml -~. In t he  e u t r o p h i c  wa te r s ,  H N F  a b u n d a n c e  v a r i e d  f rom 0 .29x10  :~ to 8 .76x10 ~ 

ml -~ a n d  a v e r a g e d  2.64 • 0 . 4 3 x l O  I ml -~. In t he  m e s o t r o p h i c  a rea ,  H N F  a b u n d a n c e  a v e r -  

a g e d  1.47 +_ 0 .11xl0 :~ml  -~ at  D site, 1.99 • 0 .21x10 :~ ml ~ at  C site, a n d  2 .00 • 0 .19x10 ~ 

ml ~ at  s i te  B IFig. 2b}. It is a p p a r e n t  t h a t  H N F  n u m b e r s  i n c r e a s e d  w i t h  i n c r e a s i n g  

t r o p h i c  levels .  H o w e v e r ,  t he  ra t io  of H N F  a b u n d a n c e  in t he  o l i g o t r o p h i c  s y s t e m  to t ha t  

in t he  e u t r o p h i c  {1 : 2.5) was  l o w e r  t h a n  t h a t  of bac t e r i a .  

B a c t e r i a l  p r o d u c t i o n  

Bac te r i a l  p r o d u c t i o n  v a l u e s  a l o n g  t he  t r oph i c  g r a d i e n t  i n c r e a s e d  far  m o r e  t h a n  t he  

b a c t e r i a l  a b u n d a n c e  levels .  In t he  o l i g o t r o p h i c  a r e a  p r o d u c t i o n  r a n g e d  f rom 0.43 to 

55.2 ~tg C 1 '~ d a y  1 w i t h  a m e a n  v a l u e  of 17.19 _+ 1.99 pg  C l -~ day  ~. In t h e  e u t r o p h i c  

a rea ,  b a c t e r i a l  p r o d u c t i o n  r a n g e d  f rom 0.3 to 2179 p g  C l ~ day  ~ a n d  a v e r a g e d  367.66  +_ 

120.13 pg  C l 1 day  ~ (Fig. 3a). Bac te r i a l  p r o d u c t i o n  in the  e u t r o p h i c  s y s t e m  w a s  21-fo ld  

h i g h e r  t h a n  t h a t  of t he  o l i g o t r o p h i c  s y s t em .  In the  m e s o t r o p h i c  w a t e r s  r e l a t i v e l y  low 

p r o d u c t i o n  v a l u e s  w e r e  r e c o r d e d  at  t he  D s i te  ( a v e r a g e d  17.3 • 2.0 lag C 1 ~ d a y  -~) com-  

p a r e d  w i th  t h o s e  at  s i tes  C a n d  B { a v e r a g e d  43.39 + 10.57 tJg C 11 day-1 a n d  45.1 +_ 

8.6 ~lg C 1 " day-~). Th i s  c o u l d  b e  e x p l a i n e d  by  the  loca t ion  of si te  D. It is l o c a t e d  a t  the  

e n t r a n c e  to Ka~tela  Bay w h e r e  t he  spec i f i c  w a t e r  e x c h a n g e  s t r u c t u r e s  w e r e  r e f l e c t e d  in 

t he  d i s t r i b u t i o n  of b a c t e r i a  a n d  p h y t o p l a n k t o n  c o m p o s i t i o n .  G a e i e  et  al. (1987)  f o u n d  a 

s t r o n g  v a r i a t i o n  in b a c t e r i a l  a b u n d a n c e s  in t he  sho r t  p e r i o d  of o n e  w e e k ,  d e p e n d i n g  on  

t he  s p e e d  a n d  t h e  d i r e c t i o n  of c u r r e n t .  

R e l a t i o n s h i p  b e t w e e n  b a c t e r i a l  a b u n d a n c e  a n d  p r o d u c t i v i t y  

Bac te r i a l  a b u n d a n c e  w a s  fair ly wel l  c o r r e l a t e d  w i th  bac t e r i a l  p roduc t i v i t y .  Thus ,  

55% of t he  b a c t e r i a l  a b u n d a n c e  v a r i a t i o n  ac ross  the  t roph ic  g r a d i e n t  c a n  b e  e x p l a i n e d  

by va r i ab i l i t y  in r a t e s  of p r o d u c t i o n  (Table  1), s u p p o r t i n g  t he  h y p o t h e s i s  of r e s o u r c e  reg-  

u l a t i on  of b a c t e r i a  (bo t tom-up) .  Bi l len  e t  al. (1990) a r g u e d  t h a t  the  r e l a t i o n s h i p  b e t w e e n  

b a c t e r i a l  p r o d u c t i o n  a n d  a b u n d a n c e  cou ld  b e  u s e d  to e v a l u a t e  b o t t o m - u p  a n d  t o p - d o w n  

r e g u l a t i o n .  S i n c e  b a c t e r i a l  r e s o u r c e s  a r e  di f f icul t  to m e a s u r e  a n d  are  a l w a y s  a t  low con-  

c e n t r a t i o n s ,  b a c t e r i a l  p r o d u c t i o n  s e r v e s  as  a s u r r o g a t e  m e a s u r e  of r e s o u r c e s .  Var i ab i l i t y  

in r a t e s  of p r o d u c t i o n  re f lec t  va r i ab i l i t y  in r e s o u r c e  inpu t s .  R e g r e s s i o n s  of b i o m a s s  as a 
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Table l. Correlations between bacteria and all investigated parameters  

Parameter  n R 2 P 

�9 Along trophic gradient  
Chl u 35 0.36 <0.0001 
HNF 35 0.45 <0.0005 
BP (Bacterial production) 35 0.55 <0.0001 

�9 Otigotrophic system 
Chl a 7 0.94 <0.0005 
HNF 7 0.07 n.s. 
BP 7 0.58 <0.05 

�9 Eutrophic system 
CF!L a 7 0.05 n.s. 
H N F 7 0.64 <0.05 
BP 7 0.42 n.s. 

n s. - not significant 

f u n c t i o n  of p r o d u c t i o n  s h o u l d  h a v e  a s t e e p  s lope  if b i o m a s s  is s t rong ly  d e t e r m i n e d  by 

r e sou rces .  A l t e rna t ive ly ,  t h e r e  s h o u l d  b e  no r e l a t i onsh ip ,  or at  bes t  a s h a l l o w  slope,  

b e t w e e n  b i o m a s s  a n d  p roduc t iv i ty  if o t h e r  factors  s u c h  as mor ta l i tv  a re  mos t  i m p o r t a n t  

in r e g u l a t i n g  bac t e r i a .  A c o m p l i c a t i o n  not  c o n s i d e r e d  by Bil len et al. (1990) is the  s i tua -  

t ion w h e r e  p r e d a t i o n  on b a c t e r i a  is a m a j o r  m e c h a n i s m  of r e s o u r c e  r ecyc l ing .  In this  

case ,  i n c r e a s e s  m mor ta l i ty  m i g h t  l ead  to r e s o u r c e  r e g e n e r a t i o n  by  c o n s u m e r s ,  r e s u l t i n g  

in bac t e r i a l  b i o m a s s  b e i n g  par t ia l ly  or c o m p l e t e l y  u n c o u p l e d  f rom i n c r e a s e s  in b a c t e r i a l  

p r o d u c t i v i t y  (Pace  & Cole,  1994). C o m p a r i n g  the  r e l a t i on  of b a c t e r i a l  a b u n d a n c e  to pro-  

duc t iv i ty  for o l i g o t r o p h i c  a n d  e u t r o p h i c  s y s t e m s  sepa ra t e ly ,  we  o b t a i n e d  re su l t s  w h i c h  

cou ld  s u p p o r t  t he  h y p o t h e s i s  of Pace  & Cole  (1994). A s i gn i f i c an t  pos i t ive  c o r r e l a t i o n  

b e t w e e n  b a c t e r i a l  a b u n d a n c e  a n d  p r o d u c t i v i t y  in the  o l i go t roph i c  e n v i r o n m e n t s  was  

f o u n d  (R 2 = 0.58; n = 7; P < 0.05), bu t  c o n t r a r y  to that ,  u n c o u p l i n g  b e t w e e n  b a c t e r i a  a n d  

p r o d u c t i v i t y  w as  r e c o r d e d  in the  e u t r o p h i c  w a t e r s  (Table  1), s u g g e s t i n g  t h a t  o t h e r  fac- 

tors  s u c h  as mor t a l i t y  a re  mos t  i m p o r t a n t  in r e g u l a t i n g  a b u n d a n c e  of bac t e r i a .  Th i s  was  

c o n f i r m e d  by  c o m p a r i n g  the  p r o d u c t i o n / b i o m a s s  (P/B) rat ios,  w h i c h  i n c r e a s e d  f rom the  

o l i g o t r o p h i c  s y s t e m  w h e r e  it w as  0.9 _+ 0.11, to the  e u t r o p h i c  s y s t e m  w h e r e  P/B ra t io  was  

4.4 +_ 1.1 (Fig. 3b). Th i s  m a y  occu r  if b a c t e r i a  a re  m o r e  h e a v i l y  g r a z e d  on  in e u t r o p h i c  

t h a n  in o l i g o t r o p h i c  s y s t e m s  (Bird & Kalff, 1984). 

R e l a t i o n s h i p  b e t w e e n  b a c t e r i a  a n d  c h l o r o p h y l l  a 

Bac te r i a l  a n d  a lga l  a b u n d a n c e  i n c r e a s e d  a l o n g  t he  t r o p h i c  g r a d i e n t ,  bu t  it s h o u l d  

b e  n o t e d  t h a t  a lga l  a b u n d a n c e  i n c r e a s e d  m o r e  r a p i d l y  t h a n  b a c t e r i a l  a b u n d a n c e  did.  

rhus, a 38- fo ld  i n c r e a s e  in the  chl  a l eve l  w as  a c c o m p a n i e d  b y  on ly  a 4- fo ld  i n c r e a s e  in 

b a c t e r i a l  a b u n d a n c e .  T h e  coe f f i c i en t  of d e t e r m i n a t i o n ,  w h i c h  m e a s u r e s  t h e  d e g r e e  of 

a s s o c i a t i o n  b e t w e e n  b a c t e r i a  a n d  p h y t o p l a n k t o n  (chl a) a l o n g  a t r o p h i c  g r a d i e n t ,  was  

R -~ = 0.36 (p < 0.001; n = 35). T h a t  is, 3 6 %  of t he  va r i ab i l i t y  in b a c t e r i a l  a b u n d a n c e  can  

b e  e x p l a i n e d  by  the  c o n c e n t r a t i o n  of chl  a. H o w e v e r ,  in t he  o l i g o t r o p h i c  s y s t e m  b a c t e -  
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rial abundance  was much more closely related to phytoplankton (R ~ -- 0.94; p < 0.001; 
n = 7), than in the eutrophic system, where R: was not statistically significant 
(Table ! ). 

The BB/chl a ratio also changed  with trophic status. The ratio was extremely high 
in the oligotrophic system (10.5 ~- 0.94) and decreased gradually toward the eutrophic 
site where the BB/chl a ratio was only 0.8 • 0.21 (Fig. 4a). A very high BB/chl a ratio 
was recorded in the samples containing <0.24 lag chl a m --~ (sites E and D; only 
eutrophic samples containing >3 mg chl a had a BB/chl a ratio less than 1 (site A). A 
striking result from this study is that in oligotrophic waters bacterial biomass exceeded 
phytoplankton biomass. We do not know what mechanisms are responsible for main- 
taining bacterial abundance  at relatively high levels, even in highly oligotrophic 
waters. This may be due to changes in the way algae and bacteria compete for nutri- 
ents in waters of differing trophic status. Currie (1990) proposed that in very olig- 
otrophic systems both bacterial and algal growth is P limited. Because bacteria are bet- 
ter competitors when  orthophosphate is very scarce, bacteria obtain a larger share of 
the P, and increase in abundance  relatively more rapidly than do algae. In richer sys- 
tems, bacterial growth becomes s imultaneously P and C limited. Algae then obtain 
greater portions of P, and algal a b u n d a n c e  begins to increase more rapidly than bacte~ 
rial abundance .  Alternatively, it is possible that bacteria were more heavily grazed on 
in eutrophic than in oligotrophic systems (Beaver & Crisman, 1982; Sanders  et al., 
1992). Dortch & Packard (1989), as well, pointed out that the food webs in oligntrophic 
and eutrophic waters must be fundamenta l ly  different. Their conclusion is based on the 
observation that the protein/chl a ratio (a rough measure of the dominance  of the het- 
erotrophic biomass over the photoautotrophic biomass) is very high in oligotrophic 
waters and gradual ly decreases to low values, as the chl a values increase in eutrophic 
waters. They introduced the notion that the food webs in oligotrophic waters can be 
represented by an inverted pyramid with the heterotrophic biomass dominat ing  the 
photoautotrophic biomass. Our results on the variation of BB/chl a are consistent with 
the idea of Dortch & Packard (1989) and Cho & Azam (1990), and further enlarge  on 
their notion by showing that the dominance  of heterotrophic biomass in oligotrophic 
waters could be explained by the persistence of high bacterial biomass. Whatever  the 
mechanism, an important consequence  of the phenomenon  is that in oligotrophic 
waters, bacterial biomass was dominant  over phytoplankton biomass, and the opposite 
is true for eutrophic waters, which may reflect a fundamenta l ly  different organizat ion 
of foodwebs in the oligotrophic and eutrophic waters. 

R e l a t i o n s h i p  b e t w e e n  b a c t e r i a  a n d  H N F  

By studying the relation be tween  bacterial and HNF a bunda nc e  along the trophic 
gradient, a positive correlation was found. The coefficient of determinat ion (R ~) was 
0.44 (p < 0.001; n -- 35), which means  that 44% variation of bacterial a b u n d a n c e  could 
be explained by the variability in HNF abundance ,  or by predator-prey dependence .  
This dependence  is even stronger in very eutrophic waters, explaining 64% of the vari- 
ability in bacterial  abundance  (Table 1). However, quite opposing data on bacteria- 
HNF d e p e n d e n c e  can be found in the literature. The results of Gasol & Vaque (1993) 
showed a weaker  relationship be tween  bacteria and HNF across a wide diversity of 
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systems (R 2 < 0.25, p < 0.01) than we found, suggest ing that organisms other than t-INF 
are important  predators on bacteria in various envi ronments  and/or  other loss pro- 
cesses could be more important than predation, Contrary to these results, Sanders  et al. 
(19921 and  Berninger  et al. (1991) suggested that a close coupling be tween  bacteria 
and HNF should be expected in systems with different trophic levels, implying that 
bacterial production and  HNF grazing were also closely related. 

The B/HNF a b u n d a n c e  ratio, which could be used as an index of grazing pressure, 
showed that bacterial abundance  in relation to HNF a bunda nc e  increased from the 
oligotrophic system where the ratio was 1046:1 to the eutrophic system where  1722 
bacteria were present  for every flagellate (Fig. 4b). Nevertheless, there was no propor- 
tional increases in HNF with respect to bacteria, suggest ing that relationships be tween  
bacteria and flagellates may not be as widespread as suggested by Sanders  et al. 
(1992). They found this ratio was constant  at about  1000:1 across a wide variety of 
ecosystems, and they examined the implications of this ratio by developing a model of 
bacterial dynamics  as a function of substrate  supply and flagellate predation.  To main-  
tain a constant  1000:1 ratio of flagellates to bacteria, regulation must shirt across 
resource gradients  according to their model. In oligotrophic environments ,  substrate 
supply controls bacterial abundance ,  but  grazing by FtNF reduces bacteria below car- 
rying capacity in more eutrophic systems. Thus, our finding of increasing B/I INF ratio 
along trophic systems suggests that in more productive areas, such as site A in our 
study, the heterotrophic nanoplanktonic  protozoa do not immediately reduce bacteria 
as much as might be expected because grazing microzooplankton quickly respond to 
an increase in the n u m b e r  of HNF available (Gasol & Vaque, 19931. 

CONCLUSION 

All invest igated parameters increased along the trophic gradient,  but they did not 
increase at the same rate, Differing rates of increase in individual parameters  caused 
decreasing B/chl a and increasing B/HNF ratios with increasing trophic levels which 
may reflect the different structures of the microbial food web. 

Statistically significant positive correlations be tween  bacterial a b u n d a n c e  and indi- 
vidual variables, such as bacterial productivity, chl a, and HNF along the trophic gradi- 
ent suggest  that bacterial abundance  is de termined by the interplay be tween  nutr ient  
supply and  grazing pressure. But, in the oligotrophic ecosystem we ascer ta ined that 
bacterial populat ion was much more closely related to bacterial productivity and  chl a, 
sugges t ing  stronger control of bacterial a b u n d a n c e  by substrate supply. On the other 
hand, the coupling be tween  bacteria and HNF and uncoupl ing  be tween  bacterial 
a b u n d a n c e  and productivity in the eutrophic system, showed that the impor tance  of 
bacteriovory increased in richer systems. 
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