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ABSTRACT

Sec t ion  1- Eco tox ico log ica l  e f f e c t s  o f  c re o so te  contamination  on 

b e n th ic  b a c t e r i a l  communities in  t h e  E l izabe th  River ,  V i rg in ia  were 

i n v e s t i g a t e d  us ing  both s t r u c t u r a l  and func t iona l  mic robia l  pa ram ete rs .  

Parameters  inc luded d i r e c t  count ,  v i a b l e  counts o f  h e te ro t ro p h s  and 

"c resoT '  u t i l i z e r s ,  and b a c t e r i a l  p roduct ion  as measured by the  

t r i t i a t e d  thymidine uptake  method. R esu l t s  i n d i c a t e d  t h a t  c e l l  s p e c i f i c  

and t o t a l  h e t e r o t r o p h ic  b a c t e r i a l  p roduct ion  were depressed in  a dose 

dependent manner with  in c re a s in g  sediment PAH c o n c e n t r a t io n s .  T o x ic i ty  

e f f e c t s  upon p roduc t ion  parameters  were modif ied by temporal t r e n d s  

a s s o c i a t e d  with tem pera tu re  as well as s p a t i a l  sediment c h a r a c t e r i s t i c s .  

Evidence o f  adap ta t io n  were equ ivoca l ,  w ith  c re so l  u t i l i z e r  d e n s i t i e s  

not s i g n i f i c a n t l y  e l e v a t e d  a t  contaminated s t a t i o n s .  Eh p r o f i l e  

in fo rm at ion  sugges ted t h a t  c reoso te  contaminants  pe r tu rbed  normal 

sediment  redox c o n d i t io n s  by s h i f t i n g  Eh towards more reduced 

p o t e n t i a l s .  Of th e  paramete rs  employed, the  t r i t i a t e d  thymidine 

p roduc t ion  assay was found to  be th e  most s e n s i t i v e  f o r  d e t e c t io n  o f  

e co to x ic o lo g ic a l  e f f e c t s .

S e c t io n  2- B a c t e r i a l  abundance and production were examined dur ing  

a d e s t r a t i f i c a t i o n  even t  a t  fou r  s t a t i o n s  in the  lower James R iver ,  

V i r g in i a  t o  determine i f  d e s t r a t i f i c a t i o n  would in f lu en ce  p a t t e r n s  o f  

b a c t e r i a l  abundance and produc t ion ,  and r e l a t i o n s h i p s  to  o th e r  

pa ram ete rs .  B ac te r i a l  abundance,  a l though s i g n i f i c a n t l y  d i f f e r e n t  

between s t a t i o n s ,  d id  no t  change over t h e  s tudy. B ac te r i a l  p roduc t ion  

(3H-Tdr in c o rp o ra t io n )  in  su r face  w a ters  was s i g n i f i c a n t l y  l e s s  du r ing



the  mixed pe r iod  (187 pg C-1 -1-d-1 ) compared to  th e  most s t r a t i f i e d  

s ta t e  (324 f i g  C-1_1 -d_1 ) .  C o r re l a t i o n s  between b a c t e r i a  and ch lorophyl l  

were d im in ish ed  during the  mixed pe r io d .  Total  and f l a g e l l a t e  s p e c i f i c  

grazing r a t e s  upon b a c t e r i a  were reduced dur ing  th e  onse t  o f  

d e s t r a t i f i c a t i o n .  Re la t ionsh ips  between b a c t e r i a l  and n u t r i e n t  

paramete rs  in d ic a ted  a s t rong  in f l u e n c e  o f  d e s t r a t i f i c a t i o n  with  g r e a t e r  

importance o f  new n i t ro g en  dur ing  th e  mixed p e r io d .  These r e s u l t s  

in d ic a te  t h a t  d e s t r a t i f i c a t i o n  changes t r o p h i c  i n t e r a c t i o n s  w i th in  th e  

microbial  loop ,  which a re  not n e c e s s a r i l y  r e f l e c t e d  in temporal p a t t e r n s  

o f  b a c t e r i a l  abundance.

S e c t i o n  3- B ac te r ia l  thymidine in c o rp o ra t io n  (p ro d u c t io n ) ,  and 

ammonia a s s i m i l a t i o n  and r e m in e ra l i z a t io n  were examined monthly between 

April and August 1988 a t  th r e e  s t a t i o n s  in the  lower York River,

V irg in ia .  S ize  f r a c t i o n a t i o n  enabled e s t im a te s  o f  b a c t e r i a l  

c o n t r i b u t i o n  (<1.6 pm) r e l a t i v e  t o  t h a t  o f  l a r g e r  p lankton (<15 >1.6 pm, 

>15 pm) towards  ammonia cycling p ro c e s s e s .  B a c t e r i a l  ammonia 

a s s i m i l a t i o n  accounted f o r  19-95% o f  t o t a l  da rk  ammonia a s s i m i l a t i o n ,  

with s t a t i o n  means o f  46-48%. S t a t i o n  means o f  ammonia r e m in e r a l i z a t i o n  

in the < 1 .6  pm t r ea tm en t  were 92,  48,  and 38% o f  u n f r a c t io n a t e d  va lues  

from low er  t o  the  upper r i v e r  s t a t i o n s  r e s p e c t i v e l y .  Regress ion 

s t a t i s t i c s  in d ic a te d  t h a t  a s s i m i l a t i o n  was b e s t  p r e d i c t e d  by b a c t e r i a l  

p roduc t ion ,  compared to  b a c t e r i a l  abundance, c h lo r o p h y l l ,  o r  PON. 

R em inera l iza t ion  was l e s s  well p r e d i c t e d  by t h e s e  v a r i a b l e s .  B a c te r i a l  

biomass and production were e s t im ated  to  be 15 and 70% o f  r e s p e c t iv e  

a u to t ro p h ic  values  i n d i c a t in g  t h a t  t h e  importance o f  b a c t e r i a  in ammonia 

cycling a r e  g r e a t l y  d i s p r o p o r t i o n a t e  t o  t h e i r  biomass and p roduc t ion .



PREFACE

This d i s s e r t a t i o n  p r e s e n t s  the  r e s u l t s  o f  t h r e e  re sea rch  s tu d ie s  

conducted between 1983 and 1989. In each s tudy b a c t e r i a l  production  was 

es t im ated  with  a r a d i o t r a c e r  technique  invo lv ing  th e  in co rp o ra t io n  o f  

t r i t i a t e d  thymidine .  Although th e se  s t u d i e s  a l l  concerned b a c t e r i a l  

response  t o ,  o r  a s s o c i a t i o n  with o th e r  f a c t o r s ,  th e  hypotheses and 

o b je c t iv e s  w i th in  each s tudy were s t r i c t l y  independent o f  each o th e r .

The d i s s e r t a t i o n  i s  fo rm at ted  as fo l l o w s .  F i r s t ,  t h e r e  i s  a 

common in t r o d u c t i o n ,  which p re sen t s  a h i s t o r i c a l  overview concerning the  

te chno log ica l  developments lead ing  to  th e  c u r r e n t l y  used methods f o r  

measuring b a c t e r i a l  p roduc t ion .  T h e re a f t e r  each s tudy i s  p re sen ted  in 

s ep a ra te  s e c t i o n s  which a re  complete with i n t r o d u c t i o n ,  methods and 

m a t e r i a l s ,  r e s u l t s ,  d i s c u s s io n  ( r e s u l t s  and d i s c u s s io n  f o r  t h e  f i r s t  

s tudy) and conclus ion  s u b se c t io n s .  F i n a l l y ,  l i t e r a t u r e  c i t e d  w i th in  a l l  

p o r t i o n s  o f  t h e  manuscript  a re  p re sen ted  in t h e  l i t e r a t u r e  c i t e d  sec t ion  

which fo l lows th e  t h i r d  s tudy .

x i i i



INTRODUCTION

H i s t o r i c a l  impetus f o r  the  examination of b a c t e r i a l  product ion 

stems in p a r t  from te ch n o lo g ica l  developments r e l a t e d  t o  t h e i r  d e t e c t i o n  

and enumerat ion.  According t o  ZoBell (1946) the f i r s t  a cc u ra te ly  

de sc r ib ed  b a c t e r i a l  spec ie s  de r ived  from seawater,  S p i ro ch ae ta  

p i i c a t i l i s . was i s o l a t e d  by Ehrenberg in  1838 (Ehrenberg,  1838). I t  was 

over  f i f t y  y e a r s  l a t e r  b e fo re  p rov is ions  f o r  studying t h e  ro le  of 

b a c t e r i a  in t h e  s ea ,  as p a r t  o f  the  Humboldt F ounda t ion 's  plankton 

e x p e d i t i o n ,  enab led  F ishe r  (1894) to  d e s c r i b e  the s p a t i a l  d i s t r i b u t i o n  

o f  v i a b l e  b a c t e r i a  enumerated on s o l id  media in the  A t l a n t i c  Ocean. The 

mean abundance o f  b a c t e r i a  r e p o r te d  by F i s h e r  for a l l  samples taken 

dur ing  t h i s  c r u i s e  was 1,084 c e l l s .m l" 1. Fur ther  r e f in e m e n t s  in v i a b l e  

count ing  t e ch n iq u es  dur ing t h e  next c e n tu r y  only m a r g in a l ly  increased 

abundances noted f o r  open ocean environments ,  but a d d i t i o n a l  s p a t i a l  

s t u d i e s  in d i c a t e d  g r e a t l y  enhanced abundances (eg. 480 ,000  c e l l s . m l ' 1, 

ZoBell and Feltham, 1934) in  co as ta l  a r e a s .

With t h e  advent  o f  e p i f l o u re s c e n c e  microscopy in t h e  l a t e  1960' s  

and e a r l y  1970's  e s t im a te s  o f  b a c te r i a l  abundance markedly  increased in  

open ocean, c o a s t a l  water and sediment samples.  Using e p i f lo u r e s c e n c e  

microscopy some o f  the  h i g h e s t  repor ted  abundances o f  b a c t e r i a  fo r  

e s t u a r i n e  water  (> lx l0 7 c e l l s . m l " 1) have r e c e n t ly  been observed  in t h e  

upper Chesapeake Bay by Malone e t  a l .  (1986) and Ducklow and Peele 

(1987).  B a c t e r i a l  abundances in  sediments determined w i t h  

e p i f l o u r e s c e n t  microscopy t y p i c a l l y  exceed 109 ce l l s .gm  wet  sediment '1.

In co n ce r t  with the  i n i t i a l  development and implementation of



e p i f lo u r e s c e n c e  microscopy, a p p l i c a t i o n  and use o f  a newly developed 

r a d i o i s o t o p i c  techn ique  (Parsons and S t r i c k l a n d ,  1962) in d i c a t e d  t h a t  

b a c t e r i a  were h ig h ly  e f f i c i e n t  a t  the  uptake  o f  s e l e c t e d  o rgan ic  

s u b s t r a t e s .  This method, which measured " r e l a t i v e  h e t e r o t r o p h ic  

p o t e n t i a l "  was l a t e r  amended by William and Askew (1968) to  a l s o  account 

f o r  r e s p i r a t i o n  o f  inco rpo ra ted  s u b s t r a t e .  Although use  o f  t h e s e  e a r l y  

methods i n d ic a ted  t h a t  b a c t e r i a l  a c t i v i t y  could be s i g n i f i c a n t ,  

p roduc t ion  could not be a c c u r a t e ly  measured f o r  severa l  r e a so n s .  F i r s t ,  

the  n a tu r a l  co n ce n t ra t io n s  o f  unlabeled s u b s t r a t e  (g lucose  and a c e t a t e )  

were t y p i c a l l y  n o t  known. Secondly,  even i f  a " t ru e"  t o t a l  uptake o f  a 

s u b s t r a t e  were known i t  would not provide informat ion  on the  

s imul taneous  uptake o f  o th e r  organ ic  s u b s t r a t e s .  F i n a l l y ,  in c o rp o ra t io n  

o f  t h e s e  organic  s u b s t r a t e s  would label many macromolecular p o o ls ,  not 

a l l  o f  which a re  c l o s e l y  c o r r e l a t e d  with growth.

Brock (1967) was the f i r s t  to  employ 3H-thymidine (3H-Tdr) in 

e s t i m a t i n g  microbia l  growth r a t e s .  He found t h a t  DNA sy n th e s i s  as 

measured by 3H-Tdr in c o rp o ra t io n  in Leucothr ix  mucor on seaweeds, was 

d i r e c t l y  p ropor t iona l  to  growth r a t e s  de termined by an independent 

method. The f i r s t  repor ted  use  o f  3H-Tdr t o  measure b a c t e r i a l  

p roduc t ion  in sediments  i s  a t t r i b u t e d  to  Tobin and Anthony (1977).  By 

th e  e a r l y  1980's in t e n s iv e  s c r u t i n y  of  3H-Tdr in c o rp o ra t io n  methods f o r  

e s t i m a t i n g  b a c t e r i a l  production in water  column (Fuhrman e t  a l . ,  1980, 

Fuhrman and Azam, 1982) and sediment  environments (H o r ia r ty  and P o l l a r d ,  

1981; Moriarty  1981) were being pursued. Fuhrman and Azam (1982) found 

t h a t  s ev e ra l  o f  t h e  key requirements  to  e f f e c t i v e l y  u t i l i z e  thymidine  

i n c o rp o ra t io n  f o r  e s t im a te s  o f  b a c t e r i a l  p roduct ion  were v e r i f i e d .



F i r s t ,  au to rad iography  in d i c a t e d  t h a t  «  1% o f  p o s i t i v e l y  scored  c e l l s  

f o r  3H-Tdr uptake were a u t o t r o p h ic .  Second, they  d iscovered  t h a t  near ly  

100% o f  the  c e l l s  which a c t i v e l y  took up la b e led  g lucose  and amino acids  

a l s o  in c o rp o ra te d  thymidine.  F in a l ly ,  they  found t h a t  a t  c o n ce n t r a t io n s  

o f  c a .  5nM in c o rp o ra t io n  p la t e a u e d ,  i n d i c a t i n g  l i t t l e  i so tope  d i l u t i o n  

beyond t h i s  c o n c e n t r a t i o n .  M or ia r ty  (1981) found s i m i l a r  r e s u l t s  

concern ing  a u t o t r o p h ic  in c o r p o r a t io n ,  and g e n e r a l l y  high s p e c i f i c i t y  of  

uptake  among heterogenous  b a c t e r i a l  popu la t ions  w i th in  sediments .  

However, using an iso tope  d i l u t i o n  methodology f o r  de te rm ina t ion  o f  the  

degree  o f  p a r t i c i p a t i o n  o f  exogenous s u b s t r a t e  p o o ls ,  was shown t o  be 

n ece s sa ry  f o r  use in  sediments .

Fu r th e r  s t u d i e s  concerned with th e  v e r i f i c a t i o n  o f  th e  3H-Tdr 

method f o r  sed im ents  continued with Fa llon e t  a l . (1984).  Fa l lon  and 

co-workers  compared whole system metabolism with product ion  in d i c a t e d  by 

3H-Tdr i n c o r p o ra t io n  and found t h a t  3H-Tdr uptake and oxygen consumption 

r a t e s  were s i m i l a r .  Findlay e t  a l .  (1984) reexamined the  assumptions 

and e x t r a c t i o n  techn iques  o f  M oria r ty  and P o l l a r d ' s  (1981) i so to p e  

d i l u t i o n  methodology, to  a s s e s s  th e  o v e ra l l  s u i t a b i l i t y  o f  t h e  method 

and i t s  s p e c i f i c  a p p l i c a t i o n  to  b lackwate r r i v e r  environments .  They 

found t h a t  modifying c e r t a i n  s t e p s  in Moriarty  and P o l l a r d ' s  (1981) 

e x t r a c t i o n  procedure  could s i g n i f i c a n t l y  in c re a s e  recovery  o f  l a b e l ed  

DNA. Findlay  e t  a l . (1984) f u r t h e r  d iscovered  s i g n i f i c a n t  i so to p e  

d i l u t i o n  in b a c te r io p l an k to n  product ion  e s t i m a t e s ,  sugges t ing  th e  need 

to  employ i so to p e  d i l u t i o n  te chn iques  in c e r t a i n  p e l a g i c  environments .  

Bell  (1986) found t h a t  c o n c e n t r a t io n s  exceeding 35 nM were re q u i r e d  to  

ach ieve  s a t u r a t e d  uptake o f  3H-Tdr, and t h a t  uptake  a t  5 nM was 30-60%



o f  s a tu r a t e d  r a t e s .

Other s t u d i e s  during t h i s  period (Fuhrman and Azam, 1980; Kirchman 

e t  a l . ,  1982) were devoted towards comparing 3H-Tdr and newly developed 

3H-adenine in c o rp o ra t io n  (K a r l ,  1981a; 1981b) techn iques  f o r  measuring 

b a c te r io p l a n k to n  product ion .  Results o f  t h e s e  compar isons ,  while noting  

t h e  eco log ica l  s i g n i f i c a n c e  o f  RNA s y n th e s i s  measurements concluded t h a t  

t h e  3H-Tdr method was s im p le r  and more s t r o n g ly  c o r r e l a t e d  with d i r e c t l y  

observed changes  in c e l l u l a r  abundance. For a complete review o f  these  

and e a r l i e r  a c t i v i t y  methodologies one should see Van Es and Meyer-Reil 

(1982).

With i n c r e a s in g  acceptance  o f  th e  3H-Tdr method as a s e n s i t i v e  

measure o f  b a c t e r i a l  p ro d u c t io n ,  a p p l i c a t i o n s  o f  t h e  t e chn ique  to  o th e r  

f i e l d s  such as  microbial  tox ico logy  began to  su r face  in t h e  mid-1980 's .  

Jonas  e t  a l .  (1984) were t h e  f i r s t  to  use t h e  3H-Tdr in c o rp o ra t io n  

method in a t o x i c o lo g ic a l  a p p l i c a t i o n .  They were ab le  t o  demonstrate 

a c u t e  t o x i c i t y  o f  organotin  compounds towards  microbial  in c o rp o ra t io n  of  

3H-Tdr in Chesapeake Bay w a te r s .  This s tudy  was followed by Bauer and 

Capone (1985) and Koepfler and Kator (1986) who u t i l i z e d  3H-Tdr 

in c o rp o ra t io n  methodology t o  assess  the  e f f e c t s  o f  p o ly c y c l i c  aromatic  

hydrocarbons upon sediment b a c t e r i a l  communities in l a b o r a t o r y  and f i e l d  

s e t t i n g s ,  r e s p e c t i v e l y .

Several problems remain with the  3H-Tdr in c o rp o ra t io n  method.

F i r s t ,  c o n t r a r y  t o  the  assumptions employed by many fo l lowing  Fuhrman 

and Azam's (1982) methodology f o r  e s t im a t in g  b a c te r io p l an k to n  

p roduc t ion ,  t h e  propor tion  o f  a c t i v i t y  in DNA versus  o t h e r  pools  i s  not 

always ca.  80%, but can vary  both tem pora l ly  and s p a t i a l l y  (McDonough e t



a l . ,  1986; Robarts  e t  a l . ,  1986; Hollibaugh, 1988).  This problem does 

not appear to  compromise th e  method however, because product ion  can a lso  

be e s t im a ted  using conversion  va lues  de r ived  from 3H-Tdr in c o rp o ra t io n  

and new c e l l  p roduc t ion  over  incu b a t io n  i n t e r v a l s  in th e  absence o f  

g r a z e r s  (Kirchman e t  a l . ,  1982; Riemann e t  a l . ,  1987). Conversion 

v a lu e s  c a l c u l a t e d  in  t h i s  manner g e n e r a l ly  i n d i c a t e  va lues  between 1.1 - 

1 .8  x 1018 ce l l s*m ole_1 3H-Tdr i n c o rp o ra te d .  F u r th e r  i n d i c a t i o n s  t h a t  

3H-Tdr in c o rp o ra t io n  provides  rea sonab le  p roduct ion  e s t im a te s  come from 

s t u d i e s  in which i s o t o p i c a l l y  l a b e l e d  leu c in e  i n c o rp o ra t io n  (which 

measures p ro te in  s y n th e s i s )  have been measured c o n cu r ren t ly  with 3H-Tdr 

(Kirchman e t  a l . ,  1986; Kirchman and Hoch, 1988). Such s tu d i e s  i n d i c a t e  

t h a t  in c o rp o ra t io n  o f  both l a b e l s  covary r a t h e r  c l o s e l y .  A second 

problem remains t h e  p o t e n t i a l  i s o to p e  d i l u t i o n  e f f e c t s  upon perceived  

Tdr in c o rp o ra t io n  (F indlay  e t  a l . ,  1984; B e l l ,  1986).  The degree o f  

p a r t i c i p a t i o n  of  un labe led  s u b s t r a t e s  appear t o  d i f f e r  by environment.  

Determinat ion o f  t h i s  d i l u t i o n  i s  considered  a requirement to  d e r iv e  

a c c u r a t e  production  r a t e s  in sediments  (Moria r ty  and P o l l a r d ,  1981), y e t  

p o t e n t i a l  d i l u t i o n  a r t i f a c t s  in  b a c te r io p l an k to n  product ion  s t u d i e s  are  

r a r e l y  t e s t e d  f o r ,  with most i n v e s t i g a t i o n s  con s id e r in g  3H-Tdr a d d i t io n s  

o f  5nM as s a t u r a t i n g  f o r  the  sys tem. F in a l l y ,  r e c e n t  work by J e f f r e y  

and Paul (1988) i n d i c a t e  t h a t  even with an i s o to p e  d i l u t i o n  methodology 

b a c t e r i a l  production  may be underes t im ated  due t o  in c o rp o ra t io n  o f  

thymid ine bases which f o r  some reason  a re  unaccountable  using s tanda rd  

i s o to p e  d i l u t i o n  a s s a y s .  The a u th o r s  who s im ul taneous ly  monitored 3H- 

Tdr i n c o r p o r a t io n ,  DNA con ten t  as  measured by a Hoechst dye te ch n iq u e ,  

and c e l l u l a r  abundance, found t h a t  3H-Tdr in c o r p o r a t io n ,  even when



c o r r e c t e d  f o r  i so tope  d i l u t i o n ,  n o n sp ec i f ic  macromolecular l a b e l l i n g ,  

and DNA recovery  e f f i c i e n c y ,  underes t im ated  DNA sy n th es ized  by a f a c t o r  

o f  6 -8 .

D esp i te  the  aforementioned concerns ,  t h e  use o f  3H-Tdr 

i n c o r p o ra t io n  remains a powerful too l  to  a s s e s s  the  importance o f  

secondary p roduc t ion  by h e t e r o t r o p h i c  b a c t e r i a l  popu la t io n s  in  marine 

and e s t u a r i n e  food webs, n u t r i e n t  cyc l ing  p rocesses ,  and microbia l  

e co to x ico lo g y .  The fo l lowing s e c t io n s  p re s en t  the  r e s u l t s  o f  t h r e e  

independent  s tu d i e s  conducted w i th in  va r ious  Chesapeake Bay s u b e s tu a r i e s  

between 1983 and 1988 u t i l i z i n g  th e  3H-Tdr in c o rp o ra t io n  methodology.



SECTION 1

ECOTOXICOLOGICAL EFFECTS OF CREOSOTE CONTAMINATION 

ON BENTHIC MICROBIAL POPULATIONS IN AN ESTUARINE ENVIRONMENT
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Marine and e s t u a r i n e  ecosystem s t a b i l i t y  i s  dependent on 

h e t e r o t r o p h ic  b a c t e r i a l  p ro c e s s e s .  B a c t e r i a l  components mediate c ru c ia l  

p rocesses  such as  n u t r i e n t  cy c l in g  (Klump and Martens,  1981; V a l i e l a ,  

1984), geochemical t r a n s fo rm a t io n s  (Sorensen e t .  a l . ,  1979; Novitsky and 

Kepkay, 1981) and secondary product ion  w i th in  both p e la g i c  (Wright and 

C off in ,  1984) and b en th ic  (Montagna, 1984) food webs. High s p e c i f i c  

a c t i v i t i e s ,  enzymatic v e r s a t i l i t y ,  and s h o r t  g e n e ra t io n  t imes enab le  

b a c t e r i a  t o  r e a c t  r a p id ly  t o  environmental  changes.  However, much of 

the  l i t e r a t u r e  d e sc r ib in g  t h e s e  c h a r a c t e r i s t i c s  concern the  e f f e c t s  of  

changes in n a tu ra l  biogeochemical pa ram ete rs .  Given th e  eco log ica l  

importance and respons iveness  o f  b a c t e r i a ,  i n t e r e s t  has r e c e n t ly  

developed towards unders tand ing  the  e f f e c t s  o f  t o x i c a n t s  upon a q u a t i c  

mic robia l  communities.

Gustafsson and Gustafsson (1983) d is cu s sed  two types  o f  responses  

manifes ted  by h e t e r o t r o p h ic  microorganisms su b jec ted  t o  s t r e s s .  These 

were changes in t o t a l  o r  s p e c i f i c  a c t i v i t y  and changes in biomass or  

composi t ion o f  fu n c t io n a l  g roups .  Although, fu n c t io n a l  and s t r u c t u r a l  

paramete rs  have been the  focus  o f  t o x i c i t y  t e s t i n g  with  b a c t e r i a ,  th e  

m a jo r i ty  o f  s t u d i e s  have d e a l t  with t h e  development o f  e f f i c i e n t  

t o x i c a n t  s c r een in g  b ioassays  and have no t  been d i r e c t l y  concerned with 

p o t e n t i a l  e f f e c t s  on n a tu ra l  mic robia l  p o p u la t io n s .  F u r the r ,  r e l a t i v e l y  

few i n v e s t i g a t o r s  have examined the  e co to x ic o lo g ic a l  e f f e c t s  of  

x e n o b io t i c s  upon sediment b a c t e r i a l  communities, d e s p i t e  th e  commonly 

accepted view t h a t  sediments a c t  as s in k s  f o r  a wide v a r i e t y  o f



t o x i c a n t s  (Baker, 1980).

The l im i t e d  number o f  s t u d i e s  conducted with  sediment b a c t e r i a  

have shown th e se  groups s e n s i t i v e  to  a v a r i e t y  o f  t o x i c a n t s .

S i g n i f i c a n t  r e d u c t io n s  in r e s p i r a t i o n  r a t e  (Mahaffey e t  a l .  (1982) ,  

up take  o f  14C l a b e l e d  s u b s t r a t e s  (Barnhart  and V e s ta l ,  1983), g lucose  

uptake  V ^  and phosphatase  l e v e l s  (Baker and H o r i t a ,  1983) have been 

r e p o r t e d .  A d d i t io n a l ly ,  dep ress ion  of  growth r a t e s  (Liu e t  a l . , 1 9 7 7 )  as 

well a s  red u c t io n  in  d i v e r s i t i e s  (Gustafsson,1984) o f  na tu ra l  sediment 

b a c t e r i a  have been demonstra ted to  r e s u l t  from t o x i c a n t  exposure .

The goal o f  t h i s  i n v e s t i g a t i o n  was t o  examine the  e f f e c t s  o f  known 

c r e o s o t e  contaminat ion  on t h e  s t r u c t u r a l  and fun c t io n a l  c h a r a c t e r i s t i c s  

of  b a c t e r i a l  communities in e s t u a r i n e  sediments .  Creosote i s  a complex 

m ix tu re  o f  pyrogenic  o x id a t io n  products  dominated by p o ly c y c l i c  aromatic 

hydrocarbons (PAHs), but a l so  con ta in in g  l e s s e r  amounts o f  c r e s o l s  and 

o th e r  s u b s t i t u t e d  aromatic  compounds (U.S. Fores t  Products Labora tory ,  

1974).  Evidence o f  the  in v i t r o  t o x i c i t y  o f  PAHs and s u b s t i t u t e d  PAHs 

toward w a te r  column b a c t e r i a  have been demonst rated ( Calder and Lader, 

1976; Blakemore, 1978; Say le r  e t  a l . ,  1982a). However, e x t r a p o l a t i o n  of 

t h i s  in fo rm at ion  f o r  p r e d i c t i n g  th e  responses  o f  n a tu ra l  sediment 

b a c t e r i a l  communities to  s i m i l a r  t o x ic a n t s  i s  q u e s t io n ab le .  There fore ,  

the  h y p o th e s i s  be ing  t e s t e d  in  t h i s  s tudy was t h a t  t h e  presence  o f  

c r e o s o t e  would a l t e r  s t r u c t u r a l  and fu n c t io n a l  c h a r a c t e r i s t i c s  o f  

sediment b a c t e r i a l  communities.
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Study a r e a  and s t a t i o n  lo c a t io n s .  The E l izabe th  River,  lo ca ted  in 

sou theas te rn  (Tidewater) V i r g i n i a ,  i s  composed o f  fo u r  t r i b u t a r i e s  which 

inc lude  the  Lafaye t te  River and the  Eas te rn ,  Southern and Western 

branches.  The system is  c h a r a c t e r i z e d  by low topographic  r e l i e f ,  high 

suspended p a r t i c u l a t e  load ing ,  and poor f lu sh in g  mediated by t i d a l  

mixing. The r i v e r  drains approximately 300 square miles  of  h igh ly  

i n d u s t r i a l i z e d  and urbanized s h o re l in e .  H i s t o r i c a l l y ,  a t  l e a s t  th re e  

major s p i l l s  from wood- t r e a tm e n t  p la n t s  u t i l i z i n g  c reoso te  have 

occurred  in th e  Southern branch (Lu, Col lege of  Will iam and Mary, 

D i s s e r t a t i o n ,  1983).

S ta t ion  lo c a t io n s  f o r  a l l  c ru i s e s  a re  shown in Figure 1. All 

s t a t i o n s  were shoal s t a t i o n s ,  i . e . ,  t h e  depth sampled was g e n e r a l ly  l e s s  

than 4m. S t a t i o n  EW1 lo ca ted  in the  Western branch and YRC lo ca ted  in 

t h e  York River ,  were sampled t o  obta in  d a t a  in  environments considered 

comparative ly  unimpacted r e l a t i v e  to t h e  Southern Branch of  the  

E l izabe th  River .

Sediment c o l l e c t i o n .  Sediments were c o l l e c t e d  us ing a Smith- 

Maclntyre grab (sample area  » 0.1 mz) .  Four subsamples were taken from 

each grab using (5 cm I .D .)  a c r y l i c  c o re s .  Appropria te  sediment s t r a t a  

were then ex truded  and combined to  y i e l d  a composite sample. Subsequent 

enumeration and production e s t im a te s  were performed upon these  composite 

samples.  Sepa ra te  in t a c t  c o re s  were a l so  taken f o r  Eh and chemical 

a n a l y s i s .  On t h e  f i r s t  sampling date  (November 1983),  only one grab  was 

sampled from each s t a t io n ,  from which both 0-3 and 3-6 cm s t r a t a
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Figure 1 S ta t ion  lo ca t io n s  in  t h e  El izabe th  and York 

( i n s e t ,  upper r i g h t )  Rivers
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composi tes  were examined. The fo llowing two sample da tes  (June 1984, 

November 1984) t h r e e  r e p l i c a t e  grabs  were taken from each s t a t i o n ,  from 

which t h e  0-3 cm s t r a t a  composites were examined from each grab,  while  

th e  3-6 cm s t r a t a  composite was examined from only the  t h i r d  grab.

Phys ica l  and sed im ento log ica l  pa ram ete rs .  Physical  parameters  

a ssessed  dur ing  sampling included bottom w ater  s a l i n i t y  and temperature  

and sediment tem pera tu re .  S a l i n i t y  was determined by r e f r a c to m e te r  and 

tem pera tu re  was measured using an e l e c t r o n i c  thermometer.

Sedimento logica l  paramete rs  examined inc luded p e rcen t  sand, s i l t ,  

c lay  and t o t a l  o rgan ic  carbon. Percent sand, s i l t ,  and c l a y  were 

determined by p i p e t  a n a ly s i s  (Folk,  1980). Total  organic  carbon was 

determined by the  change in  weight  o f  a d r i e d  sample (100 °C, 24 h rs )  

a f t e r  1 h combustion a t  550 °C,

Eh measurements.  A c ry l ic  core  tubes  (5 cm I . D . ) ,  p e n e t r a te d  with a 

s e r i e s  o f  ho les  spaced 0 .5  cm a p a r t  on th e  v e r t i c a l  ax is  and sea led with  

s i l i c o n e  s e a l e r ,  were used f o r  Eh p r o f i l e  d e te rm in a t io n s .  A platinum 

m ic ro e le c t ro d e  (ca .  0.05 mm diam.)  was used t o  puncture  t h e  s e a l e r  a t  

s u ccess iv e  d ep th s .  Eh values  were c a l c u l a t e d  from th e  r e s u l t a n t  

p o t e n t i a l s  observed a g a in s t  a s a t u r a t e d  KC1 r e fe re n c e  e l e c t r o d e ,  which 

was placed  in  t h e  ove r lay ing  water  w i th in  t h e  core  tube .  Between 

s t a t i o n s  t h e  p la tinum m ic ro e lec t ro d e  t i p  was c leaned with Bon-Ami® 

a b r a s iv e ,  soaked f o r  approximate ly  5 min. in IN HCL, and checked fo r  

c a l i b r a t i o n  with  a f e r r i c - f e r r o u s  cyanate  s tan d a rd  s o lu t io n  (454 mV).

Chemical a n a l y s i s .  In t h e  absence o f  an a n a ly t i c a l  te chn ique  f o r  

t h e  d i r e c t  d e te rm in a t io n  o f  sediment c r e o so te  c o n c e n t r a t io n ,  the  

c o n c e n t r a t i o n s  o f  t o t a l  r e so lved  p o ly c y c l i c  aromat ic  hydrocarbons
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(TRPAH) were measured.  Sediment samples f o r  a n a ly s i s  of  PAH conten t  

were c o l l e c t e d  in  5 cm a c r y l i c  cores ,  t r a n s f e r r e d  t o  so lv en t -c leaned  

g la s s  j a r s  and s t o r e d  frozen u n t i l  p rocess ing  by t h e  Department of 

Chemical Oceanography, V irg in ia  I n s t i t u t e  of Marine Science.  Sediments 

were d r i e d  with sodium s u l f a t e ,  soxhle t  e x t r a c te d  with dichloromethane,  

the  concen t ra ted  e x t r a c t  f r a c t i o n a t e d  and analyzed using c a p i l l a r y  gas 

chromatography. A complete d e s c r ip t i o n  o f  the  procedure can be found in 

Bieri  e t  a l .  (1981).

Viable  co u n ts .  Each composite was sampled us ing s t e r i l e  p l a s t i c  

syr inge  "m in i-co re rs"  to  remove 20 ml o f  sediment. Sediment inoculum 

weight was then determined and th e  sediment ext ruded in to  a b lender  j a r  

con ta in ing  180 ml o f  s t e r i l e  e s tu a r in e  water .  The sediment was blended 

f o r  2 minutes a t  high speed, a homogenate sample removed and s e r i a l l y  

d i l u t e d  by f a c t o r s  o f  10. Se lec ted  d i l u t i o n s  were used to in o cu la te  

th r e e - tu b e  most probable  number (MPN) s e r i e s  o f  two l i q u id  media.  The 

f i r s t ,  h e te r o t r o p h ic  medium (HM) was f o r  e s t im at ion  o f  d e n s i t i e s  of  

mesophi lic  h e te r o t ro p h ic  b a c t e r i a  (Anderson e t  a l . ,  1983). The second 

medium cons i s ted  o f  mineral s a l t s  (1 g/1 {NH4}2S04 and 0.1 g/1 K2HP04) 

enriched  e s tu a r in e  water  to  which c resol (M al l inckrod t ,  U.S .P .)  was 

in t roduced as th e  s o l e  added carbon source fo r  e s t im a t ing  th e  d e n s i t i e s  

of c r e s o l - u t i l i z e r s .  A f in a l  c re so l  concen t ra t ion  o f  100 ppm (v/v) was 

chosen on th e  b a s i s  o f  t o x i c i t y  screening  t e s t s .  Ordinary commercial 

c reoso te  and p u r i f i e d  c reoso te  were not used as growth s u b s t r a t e s  

because they  produced tu rb id  d i s p e r s io n s  which rendered  MPN 

de term ina t ions  im poss ib le .

D i r e c t  coun ts .  Bac ter ia l  standing crop or biomass was es timated
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by a d i r e c t  microscopic  counting p rocedure .  Eighteen ml o f  each 

composite homogenate was added to  2 ml o f  a 5%  g lu ta ra ld eh y d e  s o lu t i o n  

(v/v in d i s t i l l e d  w a te r  and s to re d  in th e  dark  a t  4°C u n t i l  f u r t h e r

p rocess ing .  Appropr ia te  d i l u t i o n s  o f  each sample were processed as

desc r ibed  by Rhodes and Kator (1983) ,  modif ied t o  a llow f o r  s t a i n i n g  

before  f i l t r a t i o n .  F i l t e r  p re p a ra t io n s  were examined with a Ze is s  

microscope equipped f o r  e p i f lu o re s c e n c e  as p rev io u s ly  descr ibed  (Rhodes 

and Kator,  1983). F i e ld s  on each f i l t e r  were randomly chosen and the  

t o t a l  number o f  c e l l s  in a c a l i b r a t e d  area  counted.  Counts were

expressed as c e l l s . g  d ry  sediment-1.

B enth ic  h e t e r o t r o p h ic  secondary  p roduc t ion .  Benth ic  h e te r o t r o p h ic  

b a c t e r i a l  production  was measured fo l lowing  th e  b a s ic  thymidine uptake 

/ r e c o v e r y  procedure o f  Tobin and Anthony (1978).  Two ml o f  sediment 

(from each grab composite) was d isp en sed  in to  4 r e p l i c a t e  tubes  in  

groups o f  5 t r e a tm e n t s .  Treatments ( in c lu d in g  k i l l e d  c o n t ro l s )  were 

expressed in terms o f  added cold thymid ine c o n c e n t r a t io n s  ( i so to p e  

d i l u t i o n  techn ique ,  M o r ia r i ty  and P o l l a r d ,  1981).  Contro ls  were 

prepared in  advance by add i t ion  o f  0 .5  ml o f  100% form al in  p r i o r  to  

label  a d d i t i o n .  All t u b e s  re ce ived  1 .0  ml o f  20-25 pCi o f  t r i t i a t e d  

thymidine ( 3H-Tdr) in 0 .2  /im m em brane- f i l te red  seaw ate r .  3H-Tdr 

s p e c i f i c  a c t i v i t y  was 60-80 Ci•mmole-1'*. Tubes were incubated in  t h e  

dark a t  in  s i t u  tem pera tu re  over an i n t e r v a l  chosen beforehand on th e  

bas is  o f  a t im e-course  uptake exper iment .  This i n t e r v a l  was equal t o  or 

l e s s  than 1 h.  Incuba t ions  were t e rm in a te d  by a d d i t io n  of  0,5 ml 

formal in  s o lu t io n  and t h e  samples s t o r e d  a t  4° C u n t i l  f u r t h e r  

p rocess ing .  Processed samples were counted us ing a Beckman® LS-150



s c i n t i l l a t i o n  counter (1% counting e r r o r ) .  Counting e f f i c i e n c y  was 

c a lc u la te d  using an e x t e r n a l  s tanda rd  r a t i o  t o  in te rna l  s tanda rd  

determined counting e f f i c i e n c y  c a l i b r a t i o n  curve .  DNA recovery  

e f f i c i e n c y  was es t imated  by the method of  Fa l lon  e t .  a l .  (1982) and 

product ion r a t e s ,  c a l c u l a t e d  us ing th e  graph ica l  method o f  M or ia r i ty  and 

Pollard (1981) .

Data a n a ly s i s .  E l izabe th  R ive r  data  were examined u s ing  a n a ly s i s  

o f  va r iance  (ANOVA), and mult ip le  c l a s s i f i c a t i o n  analys is  (MCA). One

way ANOVA and Duncan's a  p o s t e r i o r i  range c o n t r a s t  t e s t s  were employed 

to  examine t h e  June and November 1984 r e p l i c a t e d  data  s e t s  which 

included a l l  s t a t i o n s .  Linear r e g re s s io n  a n a ly s i s  was u t i l i z e d  to 

examine r e l a t i o n s h i p s  o f  microbial parameters t o  TRPAH c o n ce n t ra t io n s  

f o r  the e n t i r e  data s e t  and for  in d iv idua l  sampling da tes .  C a lcu la t ions  

were performed using t h e  S t a t i s t i c a l  Package f o r  Social Sc iences  (SPSS) 

on a Prime 850 computer.
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Chemical, sedimentological  and physical  da ta  f o r  a l l  sample d a te s  

a re  shown in Table 1. S a l i n i t y  and tempera ture  regimes were r e l a t i v e l y  

uniform between s t a t i o n s  during each sampling d a te .  Mean sediment d a ta  

ind ica ted  t h a t  s t a t i o n s  ESI, ES3, and YRC possessed s i m i l a r  g ra in  s i z e  

d i s t r i b u t i o n  c h a r a c t e r i s t i c s  (ca.  50% sand) .  S ta t io n s  ES2, EE1 and EW1 

were comparat ively f i n e r  grained (ca .  25% sand) .  Mean t o t a l  resolved 

po lynuclear  aromatic hydrocarbon (TRPAH) concen t ra t ions  ranged from 1.45 

to  259.43 ppm fo r  YRC and ES3, r e s p e c t i v e l y .  Sedimentological  and 

chemical c h a r a c t e r i s t i c s  were most v a r i a b l e  a t  s t a t i o n s  in the  Southern 

branch. This may have been a r e f l e c t i o n  o f  known physica l  d is tu rbance  

and r e d i s t r i b u t i o n  o f  t h e  sediment due to  shipping a c t i v i t i e s  and the  

physica l  heterogeneous n a tu r e  of  th e  c re so te  p o l l u t a n t .  "Control" 

s t a t i o n s  EW1 and YRC e x h ib i t e d  the  lowest  TRPAH con cen t ra t io n s  and 

s i g n i f i c a n t l y  l e s s  v a r i a b i l i t y  in sedim ento logica l  and chemical 

paramete rs .

Viable count data  a r e  shown in Figure 2. ANOVA r e s u l t s  

(Table 2) i n d ic a ted  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  in the  means of  t o t a l  

h e te ro t roph  and c r e s o l - u t i l i z e r  d e n s i t i e s  e x i s t e d  in d a t e ,  depth and 

s t a t i o n  g roupings .  M ul t ip le  c l a s s i f i c a t i o n  a n a ly s i s  (MCA) (Table 3 ) ,  

which d e sc r ib e s  the d e v ia t io n s  o f  mic robia l  parameters based upon d a te ,  

s t a t i o n  and depth  groupings  from th e  zero  s tanda rd ized  grand mean, 

ind ica ted  th e  following tendenc ies  f o r  t o t a l  h e te r o t ro p h s .  Mean 

he te ro t roph  counts  were h ighe r  in November samples than in the  June 

sample, were s i g n i f i c a n t l y  l e s s  in subsurface  sediments ,  and tended to
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Figure 2 Mean v i a b l e  counts o f  t o t a l  h e te ro t ro p h s  and 

cresol  u t i l i z e r s  with d a t e ,  s t a t i o n  and depth in 

sediment
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Table Z. Ana ly s i s  of  Variance o f  log t ransformed m ic rob io log ica l  parameters  by 
d a ta  s e t  g roup ings .  Variab les  include; log o f  t o t a l  he te ro troph  d e n s i ty  (LTH, 
c e l l s *  g dry s e d . ' 1) ,  log o f  c re so l  u t i l i z e r  d e n s i t y  (LCU, c e l l s *  g dry s e d . ' 1), 
log r a t i o  o f  c r e s o l  u t i l i z e r s  to to ta l  h e te ro t ro p h  dens i ty  (LCUTH, u n i t l e s s ) ,  
log o f  t o t a l  h e t e r o t r o p h ic  b a c t e r i a l  product ion (LPROD, g C - h ' ^ g  dry s e d . ' 1) ,  and 
log o f  c e l l  s p e c i f i c  b a c t e r i a l  product ion (LCSP, g C-h-l- c e n ~ r)

DATE
Data Set Grouping 

STATION DEPTH

M icrobio logica l  Parameter 
1) LTH ***
2) LCU *** ieirtte **
3) LCUTH *** NS NS
4) LPROD ***
5) LCSP . NS NS

* = P < 0 .10 > 0.05 
** =* P < 0 .05  > 0.01 
*** = P < 0 .01 
NS = not s i g n i f i c a n t



T ab le  3« I b l e i p l c  c l i M i f i a t i m  l u l y m *  ( K l )  o f  u c i o b i a l o ( i c i l  p t c n e c c c i  by dace  ie c  
g ro u p in g s

IMOD LCD LXH LC3T LCTXH

m e BETA _. ETA ETA BETA ETA BETA ETA BETA

DATE Hov 83 -0 .0 5 - 0 .0 8 1.65 1 .7 0 0.18 0 .2 7 -0 .1 9 -0 .2 0 1 .46 1.43

June 84 -0 .4 5 -0 .3 8 -0 .8 0 - 0 .8 2 -0 .3 8 -0 .4 1 -0 .0 4 0 .01 -0 .4 7 -0 .4 1

Hov 84 0 .44 - 0 .0 3 -0 .0 4 -0 .1 0 0.32 0 .3 0 0.19 0.13 -0 .3 5 - 0 .3 4

STATION ESI -0 .1 0 - 0 .0 9 -0 .4 2 - 0 .4 2 -0 .6 0 -0 .6 1 0 .54 0 .56 0 .18 0 .1 9

ES2 0.45 0 .4 1 0.20 0 .2 0 0.46 0 .4 4 0.03 0 .0 2 -0 .2 6 - 0 .2 4

ES3 -1 .06 -0 .9 3 -0 .1 7 - 0 .1 7 -0 .2 8 - 0 .2 5 -0 .7 0 -0 .6 7 0 .11 0 .0 8

EE1 -0 .1 3 -0 .1 2 0.30 0 .3 0 0.07 0 .10 -0 .1 6 -0 .1 7 0 .23 0 .2 0

EW1 0.54 0 .46 0.11 0 .10 0.33 0 .31 0.25

nM•o

-0 .2 3 -0 .2 1

DEPTH 0-3 0.13 0 .13 -0 .03 0 ,1 0 0.12 0 .1 5 0 .00 -0 .0 2 -0 .1 5 -0 .0 5

3-6 -0 .2 8 - 0 .2 8 0.06 -0 .2 2 -0 .2 7 -0 .3 3 -0 .00' 0 .0 4 0 .3 4 0 .1 0

K ulcip le 2“ - 0. 743 0. 785 0. 416 0.251 0 . 536

eCA in d ic a te ! d e v ia t io n !  o f aeon n ic r o b io lo g ic a l parnnecera baaed on dace ie c  
grou p in g!, from r e sp e c t iv e  aero standardized nean v a lu e !  derived  fro n  a l l  
obaervaciona.

eZTA “ mean n ic r o b io lo g ic a l paranecer d ev ia tion ! c a lc u la te d  in c lu d in g  daca ie c  grouping  
in te r a c t io n ! .

11 BETA “ nean n icro b io  lo g ic a l  paranecer d ev ia tion ! ca lc u la te d  exc lu d in g  daca aec 
grouping in t e r a c t io n s .
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be lower a t  ESI and ES3 ve rsus  t h e  remaining E l izabe th  River  s t a t i o n s .  

H e tero t roph  counts  were lower in subsurface  sediments a t  t h e  s t a t i o n s  

wi th  th e  h ig h e s t  TRPAH c o n c e n t r a t i o n s  (ES3, ES2 and EE1) on a l l  sampling 

occas ions  (Figure  2 ) .  Seasonal mean counts  a t  s t a t i o n s  ESI and ES3 were 

lower than those  a t  o th e r  E l izabe th  River s t a t i o n s ,  but were not always 

s i g n i f i c a n t l y  d i f f e r e n t  than  counts  a t  s t a t i o n s  EW1 and YRC (Table 4 ) .  

S a y le r  e t  a l .  (1982b) found t h a t  t o t a l  h e te r o t ro p h  d e n s i t y  was a s t ro n g  

d i s c r i m i n a t i n g  v a r i a b l e  when m u l t i p l e  d i s c r im in a n t  a n a l y s i s  was employed 

t o  examine t h e  e f f e c t s  o f  coa l -cok ing  e f f l u e n t  upon m icrob ia l  sediment 

communities.  However, t h e  lower t o t a l  h e te r o t ro p h  d e n s i t i e s  a t  s t a t i o n s  

ESI and ES3 may in  p a r t  be exp la ined  by th e  g e n e r a l l y  observed  in v e rse  

r e l a t i o n s h i p  between b a c t e r i a l  d e n s i t i e s  and sediment g r a in  s i z e  (Dale,  

1974) .  I n t e r e s t i n g l y ,  r e g r e s s io n  a n a ly s i s  f a i l e d  to  revea l  s i g n i f i c a n t  

r e l a t i o n s h i p s  between TRPAH and t o t a l  h e te r o t ro p h  MPN (Table 5) f o r  any 

sampling d a t e  o r  t h e  e n t i r e  d a ta  s e t .

Although d i r e c t  counts  were determined f o r  sediment samples from 

t h e  June 1984 and November 1984 samples,  we minimized use o f  th e se  d a ta  

f o r  i n t e r p r e t a t i v e  purposes .  D i f f i c u l t i e s  with counting c e l l s  in 

samples from contaminated s t a t i o n s  were encounte red due t o  high 

background f lu o r e s c e n c e ,  presumably r e l a t e d  t o  th e  presence  o f  e l ev a te d  

c o n c e n t r a t i o n s  o f  sediment absorbed PAHs. However, d i r e c t  counts  were 

s i g n i f i c a n t l y  r e l a t e d  t o  t o t a l  h e te ro t ro p h  MPN ( r e g r e s s i o n ,  P<0.001) .

C r e s o l - u t i l i z e r  d e n s i t i e s  manifes ted  t h e  same seasonal t r e n d s  as  

t h e  t o t a l  h e te r o t ro p h  popu la t ion  (F igure  2,  Table 3 ) .  H ighest  d e n s i t i e s  

were observed during November 1983 when th e  lowest sediment tem pera tu res  

were reco rded .  The d e n s i t i e s  and d i s t r i b u t i o n  by depth o f  c r e s o l -



Table 4 .  One-way AB07A and Duncan's a  p o s t e r io r i  range co n tra st o f  m icro b io lo g ica l 
paranetera fo r  A* June 1984 and B. iM ts b e r  1984 aaaplea

One Way Pnncana a -p o a te r ig r i
AW T1 range con trast

Parameter F -p ro b a b ility

LTH 0.0000 ESI ES3 ES2 EU1 EEl YRC

LCD. 0 .0024 ES3 ESI ES2 EWl YRC EBl

A . LCUTH 0.0060 YRC ES3 EWl EEl ES2 i i T

LPROD 0.0067 ES3 EEl ESI ES2 YRC EWl

LCSP 0.0001 ES3 YRC EEl ES2 EWl i i T

One Way Doncana a -p o s te r io r i
. AHOVA range contrast

Parameter F -p ro b a b ility

LTH 0.0339 ESI ES3 YRC EEl EWl ES2

LCD 0.0252 ESI YRC EWl EEl ES3 ES2

B. LCUTH 0.1072 YRC EW1 ESI EEl ES2 ES3

LPROD 0,0013 ESI ES3 EEl YRC EWl ES2

 3>----------------------

LCSP 0 .0 1 3 8  ES3 f i i l  i i T  EW1 BS2 YRC

's t a t io n s  overscored by the sane l in e  are not s ig n if ic a n t ly  d if fe r e n t  a t  
alpha * 0 .0 S .
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Table 5* l*jr<nioo analysis of Microbiological pwaaeteri Tatm  Log TRPAH

Uf«-» Cropping

T o ca l d aca  s e t  
( a l l  c r u ia e a )

C r u ise  # 1 , November 1983

C ru ise  # 2 , June 1984

C r u ise  4 2 ,  November 1984

P aram eter ' 2r l l r a i f i r i n r e S i m l a

LTH NS
LDC 0 .2 4 y -  - 0 .3 0 ( x )  + 1 0 .0 7
LCU 0 .0 7 a* y -  0 .4 0 ( x )  + 3 .8 1
LCUTH 0 .0 6 ** y -  0 .3 6 ( x )  -  3 .3 9
LPROD 0 .1 1 a * y -  - 0 .3 4 ( x )  -  5 .5 7
LCSP1 0 .0 9 * * y -  - 0 .3 2 ( x )  -  1 2 .8 1
LC3P2 ------- NS
Eh 0 .3 6 y -  - 6 9 .6 4 ( x )  + 4 0 4 .8 3

LTH ____ NS
LDC ------- HA
LCU ------- NS
LCUTH ------- NS
LPROD 0 .3 1 * * y -  - 0 .3 8 ( x )  -  5 .4 9
LCSPl 0 .2 4 * y -  - 0 .4 9 ( x )  -  1 2 .6 0
LCSP2 ------- HA
Eh ------- HA

LTH —  ■ - - NS
LDC —  — NS
LCU ------- NS
LCUTH ------- NS
LPROD 0 .3 8 *** y -  - 0 .6 6 ( x )  -  5 .6 9
LCSPl ------- NS
LCSP2 0 .3 4 ** y -  - 0 .5 9 ( x )  -  1 5 .6 2
Eh 0 .5 2 *** y -  - 1 0 2 .3 6 ( x )  + 4 2 2 .5 6

LTH . . . __ NS
LDC 0 .3 7 ** y -  - 0 .3 3 ( x )  + 1 0 .1 1
LCU 0 .2 0 ** y -  0 .3 0 ( x )  + 3 .9 2
LCUTH 0 .3 2 *** y -  0 .3 8 ( x )  -  3 .6 4
LPROD ------- RS
LCSPl ------- NS
LCSP2 ------- • NS
Eh 0 .4 2 y -  - 1 0 4 .2 6 ( x )  + 4 3 0 .2 8

P aram eters; LTH -  Log H PN -of t o t a l  b e te r o tr o p b a  '
LDC ” Log d i r e c t  count o f  b e tero tro p b a
LCU “ Log MPN o f  c r e s o l  u t i l i z e r s
LCUTH ■ Log o f  r a t io  o f  c r e s o l  u t i l i z e r s  t o  t o t a l  b e te r o tr o p b a  
LPROD " Log o f  p ro d u c tio n  m easured by th y m id in e  uptake  
LC5P1 -  Log o f  c e l l  s p e c i f i c  p ro d u c tio n  (T o ta l  P rod u ction /T H )
LCSP2 “ Lag o f  c e l l  s p e c i f i c  p ro d u c tio n  ( T o t a l  P r o d u c t io n /d ir e c t  c o u n t)  
Eh " Mean v a lu e  o f  Eb f o r  sed im en t s t r a ta  (exam ined  f o r  0 -3  cm) 

sed im en t o n ly )

* p < 0 .1 0 > 0 .0 5 ;  * * p < 0 .0 5 > 0 .0 1 ; ***p<0.01; HS"not s i g n i f i c a n t ;  NA~not a v a i l a b le
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u t i l i z e r s  appeared r e l a t e d  to  p re v a i l in g  seasonal sediment Eh.

Densit ies  were g re a te r  i n  surface  ve rsus  subsurface  sediments during the  

warmer sampling dates  ( June  1984, November 1984) when subsurface  

sediments were more h igh ly  reduced. This  tendency was not observed in 

November 1983 when sediment temperatures  were lowest  and Eh values  in 

subsurface  sediments  were presumably h ig h e r .  This i s  c o n s i s t e n t  with 

observations  t h a t  m in e ra l iz a t io n  of  hydrocarbons a re  i n h ib i t e d  under 

reducing c o n d i t i o n s  (Hambrick, e t  a l . ,  1980).

Evidence o f  acc l im a t ion ,  i . e . ,  in c reased  d e n s i t i e s  of  c r e s o l -  

u t i l i z e r s  a t  contaminated s t a t i o n s ,  was equivocal.  Although reg ress ion  

ana lys is  i n d i c a t e d  a s i g n i f i c a n t  p o s i t i v e  r e l a t i o n s h i p  between c r e s o l - 

u t i l i z e r s  and TRPAH (Table 5 ) ,  s t a t i o n  ES3 was shown by MCA t o  possess 

r e l a t i v e l y  low er  counts o f  c r e s o l - u t i 1 i z e r s  compared to  o the r  Elizabe th  

River s t a t i o n s .  Because i t  appeared t h a t  c r e s o l - u t i l i z e r  d e n s i t i e s  were 

p o s i t i v e ly  c o r r e l a t e d  with  t o t a l  h e te r o t ro p h s ,  the  va lue  of  th e  r a t i o s  

o f  these two groups were a l s o  examined. ANOVA in d ic a te d  t h a t  the  mean 

r a t i o s  were s i g n i f i c a n t l y  d i f f e r e n t  on ly  by d a te .  Although YRC 

displayed t h e  lowest r a t i o s  o f  al l  s t a t i o n s ,  the  means were not 

s t a t i s t i c a l l y  d i f f e r e n t  from the  means o f  most E l izabe th  River s t a t i o n s  

(Table 4).  The a b i l i t y  t o  u t i l i z e  c r e so l  as a so le  carbon source  was 

apparently  commonplace among e s tu a r in e  sediment b a c t e r i a .  Whether t h i s  

i s  simply a r e f l e c t i o n  o f  t h e  enzymatic v e r s a t i l i t y  o f  these  b a c t e r i a  or 

ind ica tes  a cc l im a t io n  to c r e so l  or s i m i l a r  n a t u r a l l y  occurr ing  compounds 

in  the  environment,  r e q u i r e s  fu r th e r  s tu d y .

B ac te r ia l  production d a ta  based on t h e  uptake o f  t r i t i a t e d  

thymidine a r e  shown in F igu re  3. Carbon production values  ranged from



25

Figure 3 Mean t o t a l  h e te ro t ro p h ic  b a c t e r i a l  production 

with d a te ,  s t a t i o n  and depth in sediment
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2.09 x 10"9 to  2.11 x 10-5 g C-g dry  sed im ent '1^ ' 1. These values  

encompassed a range g r e a t e r  and l e s s  than va lues  p rev io u s ly  r e p o r t e d  f o r  

b a c t e r i a l  p roduc t ion  in marine sediments as e s t im a ted  using th e  H-Tdr 

uptake  method (M o r ia r i ty  and P o l l a r d ,  1981; Fa l lon  e t  a l . ,  1983). ANOVA 

i n d i c a t e d  t h a t  t h e r e  were h igh ly  s i g n i f i c a n t  (P<0.01) d i f f e r e n c e s  in 

p roduc t ion  as a fu n c t io n  o f  d a t e ,  depth and s t a t i o n .  Production tended 

t o  e x h i b i t  a seasonal f l u c t u a t i o n  s im i l a r  t o  t h a t  observed f o r  v i a b le  

counts  (Table  3 ) .  Although product ion  in subsu r face  sediments was 

always l e s s  than t h a t  observed in su r face  sediments ,  t h i s  d i f f e r e n t i a l  

was most pronounced a t  S ta t io n  ES3 (F igure  2 ) .  Mean product ion  was 

lower a t  ES3 compared to  th e  remaining E l izab e th  River s t a t i o n s  (Table 

3 ) .  In a d d i t i o n ,  product ion  a t  ES3 was s i g n i f i c a n t l y  l e s s  than a l l  

o t h e r  s t a t i o n s  dur ing  th e  June 1984 sampling (Table 4 ) .

L inear  r e g r e s s io n  a n a ly s i s  o f  b a c t e r i a l  p roduct ion  d a ta  versus  

TRPAH in d ic a t e d  a s i g n i f i c a n t  i n v e r se  r e l a t i o n s h i p  e x i s t e d  between th e se  

v a r i a b l e s ,  sugges t ing  a dose- response  e f f e c t  on product ion  (Table 5 ) .  

Comparison o f  r e g re s s io n  formulae f o r  t o t a l  b a c t e r i a l  product ion  between 

November 1983 and June 1984 rev ea led  t h a t  du r ing  t h i s  pe r iod  th e  

n e g a t iv e  va lue  o f  t h e  s lope  in c reased  and th e  y - i n t e r c e p t  remained 

e s s e n t i a l l y  unchanged. This obse rva t ion  sugges ts  t h a t  t o x i c i t y  a t  

contaminated  s t a t i o n s  was enhanced by in c re a s in g  tem pera tu re .

Whitehouse (1984) has shown t h a t  a b so lu te  tem pera tu re  i n c re a se s  s i m i l a r  

t o  those  which occur red  between th e  sampling d a te s  may almost double the  

s o l u b i l i t i e s  o f  c e r t a i n  aromatic  hydrocarbons.  R esu l t ing  e lev a te d  

c o n c e n t r a t i o n s  o f  PAHs in sediment i n t e r s t i t i a l  w ater  could in c rease  

t o x i c i t y  and lead to  depressed  p roduc t ion .  Invoking a tempera ture



r e l a t i o n s h i p  on t o x i c i t y  may in f a c t  account f o r  t h e  more h igh ly  

s i g n i f i c a n t  d i f f e r e n c e s  observed between s t a t i o n s  (with rega rds  t o  

m ic ro b io lo g ica l  paramete rs ) in June 1984 versus  November 1984 samplings 

(Table 4 ) .  Product ion measured in  th e  subsurface  sediment a t  ES3 in 

June 1984 was the  lowest value measured during t h i s  s tudy, approaching 

seve ra l  o rd e r s  o f  magnitude l e s s  than  e s t im a tes  f o r  the  remaining 

s t a t i o n s  dur ing  t h i s  season .  Recent chemical ana lyses  have shown t h a t  

TRPAH c o n c e n t r a t io n s  t end  to  in c re a s e  with depth in  contaminated 

sediments  a t  ES2 and ES3 ( Lu, D i s s e r t a t i o n ,  College o f  Will iam and 

Mary, 1984; R. J .  Huggett  e t  a l . ,  unpublished r e s u l t s ) .  Since chemical 

a na ly ses  f o r  our  s tudy were based on 0-6 cm samples,  i t  i s  p robab le  t h a t  

th e  a c tu a l  c o n c e n t r a t io n s  in  the  3 -6  cm p r o f i l e  were h igher  than the  

va lues  in d i c a t e d  in Table 1. There fo re ,  we i n f e r  t h a t  depressed 

produc t ion  in  subsurface  sediments a t  ES3 was due t o  g r e a t e r  t o x i c a n t  

lo a d in g .

Decreased produc t ion  o f  s t a t i o n  ES3 appeared t o  be t h e  combined 

r e s u l t  o f  both lower h e t e r o t r o p h ic  b a c t e r i a l  d e n s i t i e s  and lower  c e l l  

s p e c i f i c  p roduc t ion  r a t e s  (Figure 4,  Table 3 ) .  Cell  s p e c i f i c  

p ro d u c t io n ,  based upon a l l  sampling d a t e s ,  e x h ib i t e d  a s i g n i f i c a n t  

n e g a t iv e  r e l a t i o n s h i p  w i th  TRPAH (Table 5 ) .  S t a t i o n  ESI, most s i m i l a r  

to  s t a t i o n  ES3 in phys ica l  and sed im ento logica l  c h a r a c t e r i s t i c s  but 

s i g n i f i c a n t l y  l e s s  contaminated with PAHs (Table 1 ) ,  e x h ib i te d  th e  

h ig h e s t  r a t e s  o f  c e l l  s p e c i f i c  product ion  among E l i za b e th  River 

s t a t i o n s .  Fallon  e t  a l . (1982) r e p o r t e d  h ighe r  c e l l  s p e c i f i c  product ion  

r a t e s  in  sandy compared t o  muddy sediments .  The re fo re ,  decreased  c e l l  

s p e c i f i c  p roduc t ion  a t  ES3 sugges ted a to x ic  r e sponse .  Balboni (Thes is ,
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Figure  4 Mean c e l l  s p e c i f i c  b a c t e r i a l  p roduc t ion  with 

d a t e ,  s t a t i o n  and depth  in  sediment
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Univ. o f  Rhode I s lan d ,  1984) observed s i m i l a r  t o x i c i t y  e f f e c t s  on ce l l  

s p e c i f i c  production o f  e s t u a r i n e  sediment b a c t e r i a  in p o l lu ted  versus 

contro l  microcosm systems.

T o x ic i ty  e f f e c t s  on benth ic  b a c t e r i a l  production may u l t im a te ly  

e f f e c t  the  b io e n e r g e t i c s  o f  o th e r  t roph ic  l e v e l s .  C a lcu la t io n s  o f  

annual h e te r o t ro p h ic  b a c t e r i a l  production based upon our e s t im ates  

ind ica ted  t h a t  p roduct ions  a t  s t a t i o n s  EWl and YRC were between f iv e  to  

e ig h t  t imes  g r e a t e r  than t h a t  observed a t  ES3 (136-176 g C*m-2*yr-l 

versus  23 g C»m-2*yr-l).  Benthic f i e l d  s tu d i e s  o f  th e  El izabe th  r i v e r  

(R. J .  Diaz,  unpublished r e s u l t s )  as well as microcosm experiments 

u t i l i z i n g  c reo so te  contaminated sediments as dosed to x ic a n t s  (Tagetz e t  

a l . ,  1983; S. K. Thornton and R. J .  Diaz, unpublished r e s u l t s ) ,  have 

in d ica ted  t h a t  ben th ic  macrofaunal biomass and production were 

s i g n i f i c a n t l y  reduced in the  presence o f  t h e s e  contaminants .  Since many 

macrofauna spec ies  have

been shown to  inges t  and a s s i m i l a t e  b a c t e r i a  (Yingst ,  1976; Lopez e t  

a l . ,  1977; Montagna, 1984),  depressed production and biomass o f  c reoso te  

exposed macrofauna may be a r e f l e c t i o n  o f  both reduced b a c t e r i a l  food 

sources  and c reoso te  t o x i c i t y .

Mean Eh p r o f i l e s  f o r  the  June and November 1984 c r u i s e s  a re  shown 

in Figure 5.  Eh p r o f i l e s  r e f l e c t  t h e  o x id a t io n - red u c t io n  cond i t ions  

which p reva i l  with depth ,  and are  a func t ion  o f  a number o f  i n t e r a c t i n g  

v a r i a b le s  inc lud ing  microbia l  a c t i v i t i e s ,  b io tu r b a t io n ,  sediment 

c h a r a c t e r i s t i c s  and hydrographic c o n d i t io n s .  P r o f i l e s  from th e  most 

contaminated s t a t i o n s  (ES2, ES3, EEl) d isp layed  lower mean Eh values  

than e i t h e r  EWl or  YRC. There was a h ighly  s i g n i f i c a n t  (/’cO.Ol)
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Figure  5 Mean sediment Eh p r o f i l e s  f o r  E l izab e th  and 

York River s t a t i o n s  on a . )  June 1984 and b . )  

November 1984 samples
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n ega t ive  r e l a t i o n s h i p  of  mean Eh with TRPAH (Table 6 ) .  S im ila r  

depress ions  o f  Eh p r o f i l e  v a lu e s  in b e n th ic  microcosms exposed to  

c re o so te  con tam ina t ion  have been observed (Tagetz e t  a l . ,  1983; E. T. 

Koepfle r ,  unpubl ished  r e s u l t s ) .  Despite  t h e  absence o f  an unequivocal 

exp lana t ion  f o r  t h i s  phenomenon, depress ion  o f  Eh by c reo so te  

contaminants  occu rs  over a v a r i e t y  of  sediment types  a t  contaminated 

s t a t i o n s  in t h e  E l izabe th  R iv e r .  Regardless  o f  th e  mechanism, 

dep re ss ion  o f  Eh in sediments may subsequently  a l t e r  mic robia l  community 

s t r u c t u r e  (Baas Becking e t  a l . ,  1960), a f f e c t  n u t r i e n t  re g e n e ra t io n  and 

carbon cyc l ing  p rocesses  ( P r i t c h a r d  and Bourquin,  1984), and a l t e r  

b iodegrada t ion  r a t e s  of  remain ing to x i c a n t s  (Hambrick e t  a l . ,  1980; 

Gambrel! e t .  a l . ,  1984).

Toxic e f f e c t s  o f  c r e o s o te  contaminat ion upon both s t r u c t u r a l  and 

f u n c t io n a l  community c h a r a c t e r i s t i c s  were observed a t  s t a t i o n  ES3. 

However, m ic rob ia l  parameters  measured a t  s t a t i o n  ES2 were e s s e n t i a l l y  

s i m i l a r  to  EWI and YRC, d e s p i t e  the  f a c t  t h a t  ES2 was c h a r a c t e r i z e d  as 

having the  second h ighes t  c o n ce n t r a t io n  o f  TRPAHs. Sedimentary 

c h a r a c t e r i s t i c s  a t  s t a t i o n  ES2 such as r e l a t i v e l y  f i n e  g ra in  s i z e  and 

h igh  TOC c o n c e n t r a t i o n s  may account  fo r  t h i s  b u f f e r in g  e f f e c t .  Weber 

and Rosenberg (1984) suggest  t h a t  inc reased  co n ce n t ra t io n s  o f  o rgan ic  

m a t t e r  may e x e r t  a p r o t e c t i v e  e f f e c t  on b a c t e r i a l  communities exposed to  

t o x i c  compounds. Adsorption phenomena undoubtedly c o n t r i b u t e  to  t h e  

f r e q u e n t l y  observed  reduc t ion  in  t o x i c i t y  o f  many x e n o b io t i c s  in 

sediment versus  w a te r  column microbia l  communities (Barnhar t  and V e s t a l ,  

1983),

B ac te r ia l  production  as  measured by th e  H-Tdr uptake method was
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found to  be more s e n s i t i v e  to th e  presence o f  c re o so te  contaminants  then  

t h e  o th e r  m icrob ia l  paramete rs  employed in t h i s  study. To th e  au thors  

knowledge, t h i s  study i s  th e  f i r s t  t o  employ t h e  H-Tdr up take  method in  

con junct ion  with an e c o to x i c o lo g ic a l  assessment o f  ben th ic  b a c t e r i a l  

communities. Jonas e t  a l . (1984) u t i l i z e d  t h e  H-Tdr uptake  method in  an 

examination o f  metal e f f e c t s  on Chesapeake bay water column b a c t e r i a .  

They found t h e  method t o  be more s e n s i t i v e  in  d e t e c t i n g  metal  t o x i c i t y  

than o th e r  paramete rs  which inc luded ,  v iab le  p l a t e  counts  and Re

la b e led  g lu tam ate  uptake measurements. Although f u r t h e r  s t u d i e s  w i l l  be 

r e q u i re d  t o  p rope r ly  a s s e s s  the  u t i l i t y  of t h i s  method in  microbia l  

t o x i c i t y  t e s t i n g ,  we f e e l  i t  o f f e r s  promise as a s e n s i t i v e  and 

meaningful i n t e g r a t o r  o f  t o x i c i t y  damage upon n a tu ra l  h e t e r o t r o p h ic  

b a c t e r i a l  communities.
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High c o n c e n t r a t io n s  o f  c re o so te  contaminants  in sediments  o f  the  

E l izab e th  River exe r ted  to x i c  e f f e c t s  on ben th ic  b a c t e r i a l  popu la t ions .

Functiona l paramete rs  such as h e te r o t r o p h ic  b a c t e r i a l  p roduc t ion  and 

c e l l  s p e c i f i c  product ion  were more s e n s i t i v e  i n d i c a t o r s  o f  t h i s  t o x i c i t y  

than a re  s t r u c t u r a l  pa ram ete rs .  However, the  p o t e n t i a l  f o r  c re o so te  

t o x i c i t y  towards ben th ic  b a c t e r i a l  communities was a fun c t io n  o f  not 

only  contaminant c o n c e n t r a t io n ,  but a l so  environmental  paramete rs  such 

as tempera ture  and sediment  c h a r a c t e r i s t i c s .  In c reas in g  tem pera tu res  

may have enhanced th e  s o l u b i l i t i e s  o f  many c re o so te  t o x i c a n t s  in 

sediment i n t e r s t i t i a l  w a ter  such t h a t  t h e  r e a l i z e d  dose to  t h e  community 

was g r e a t e r  than t h a t  exper ienced  dur ing  lower t em p e ra tu res .  Sediment 

c h a r a c t e r i s t i c s  such as f i n e  p a r t i c l e  s i z e  and high organic  c o n ten t  may 

a c t  t o  adsorb and o r  c h e l a t e  t h e se  t o x i c a n t s  and th e r e f o r e  lower the  

r e a l i z e d  dose.  In contaminated sediments ,  reduced b a c t e r i a l  production  

combined with  comparatively  depressed  EH p r o f i l e s  i n d ic a ted  a poor s t a t e  

o f  "ben th ic  h e a l t h " .  Such systems may be c h a r a c t e r i z e d  by a b e r r a n t  

carbon and n u t r i e n t  r e c y c l i n g ,  energy flow imbalance within  b e n th ic  food 

webs, and reduced t o x i c a n t  b iodeg rada t ion  e f f i c i e n c y .
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SECTION 2

EXAMINATION OF SPATIAL AND TEMPORAL BACTERIOPLANKTON DYNAMICS 

DURING DESTRATIFICATION IN THE JAMES RIVER SUBESTUARY, VIRGINIA



35

INTRODUCTION

Knowledge concerning the  importance o f  bac te r iop lank ton  in 

microbial  food webs has accrued r ap id ly  s in c e  the  seminal works o f  

Williams (1981) and Azam e t  a l .  (1983). S tud ies  of  bac te r iop lank ton  

production and d i s t r i b u t i o n  in e s t u a r i e s  and coas ta l  a reas  in d ic a te  t h a t  

b a c t e r i a  g r e a t l y  in f luence  carbon cycling  processes  by a s s im i la t in g  

p h o to s y n th e t i c a l ly  produced d is so lved  organ ic  matter (Chrost  and Faust ,  

1983; I t u r r i a g a  and Zsolnay, 1983; Ward, 1984),  and se rv in g  as an 

important food re source  fo r  h e te r o t ro p h ic  f l a g e l l a t e s  and c i l i a t e s  (Haas 

and Webb, 1979; Fenchel,  1982a-d; Wright and Coff in,  1983, 1984a,b; 

Coffin and Sharp, 1987; Sherr and Sherr ,  1977; McManus and Fuhrman,

1988). Work by Ducklow and Peele  (1988) f u r t h e r  emphasize the  

importance o f  b a c t e r i a  in e s t u a r i e s ,  i n d ic a t in g  th a t  b a c t e r i a l  

production and biomass often  exceeded t h a t  o f  au to t ro p h ic  assemblages 

fo r  extended per iods  in the  upper Chesapeake Bay. Although i t  i s  widely 

accepted t h a t  s u b s t r a t e  uptake and removal by grazing con t ro l  

bac te r iop lank ton  popu la t ions ,  l i t t l e  i s  known regard ing th e  inf luence  o f  

e s t a u r in e  hydrography upon th e se  processes .

Es tua r ine  s t r a t i f i c a t i o n  and d e s t r a t i f i c a t i o n  even ts  provide an 

oppor tun i ty  to  examine the  in f luence  of  hydrographic changes upon 

bac te r iop lank ton  dynamics. Haas (1977) demonstrated t h a t  po r t ions  o f  

lower Chesapeake Bay sub es tu a r ie s  o s c i l l a t e  between moderately 

s t r a t i f i e d  and v e r t i c a l l y  homogenous cond i t ions  on t ime s c a l e s  as b r i e f  

as days.  D e s t r a t i f i c a t i o n  in t h e  York River e s tu a ry  has been shown to  

r e d i s t r i b u t e  ammonium and phosphate r ich  bottom water as well  as more



h igh ly  oxygenated su r face  w a te r  throughout t h e  water column (Webb and 

D 'E l i a ,  1980). Such mixing p roce sses  may a l s o  r e s u l t  from l e s s  extreme 

hydrographic  changes  such as wind driven pycnocline  o s c i l l a t i o n s  (Malone 

e t  a l . ,  1986). The immediate e f f e c t s  o f  w a te r  column mixing upon 

va r io u s  microbia l  components a r e  not well known or  p r e d i c t a b l e .

Although phytoplankton blooms (Haas e t  a l . ,  1981) and t h e  s t im u la t io n  o f  

b a c t e r i a l  p roduc t ion  (Ducklow, 1982) have been repor ted  c o in c id en t  with 

d e s t r a t i f i c a t i o n ,  o th e r  s t u d i e s  have in d ic a te d  t h a t  th e se  processes  a re  

depressed  under d e s t r a t i f i e d  c o n d i t io n s  and a re  enhanced only when 

s t r a t i f i c a t i o n  re o c cu rs  (Malone e t  a l . ,  1986; Ray e t  a l . ,  1988).

The major hypothes is  o f  t h i s  study was t h a t  b a c t e r i a l  production 

and abundance would not change s i g n i f i c a n t l y  over  the  cou rse  of  a 

d e s t r a t i f i c a t i o n  even t  in th e  lower James R ive r .  However, informat ion 

c o l l e c t e d  was a l s o  examined t o  determine th e  degree o f  s p a t i a l  and 

temporal v a r i a b i l i t y  o f  a l l  s tu d y  paramete rs ,  whether r e l a t i o n s h i p s  

between b a c te r io p l an k to n  and o t h e r  parameters changed over  temporal and 

s p a t i a l  s c a l e s ,  and the  r e l a t i v e  importance o f  various  b io lo g ic a l  and 

a b io lo g ic a l  parameters  in accoun t ing  fo r  t h e  va r iance  o f  b a c t e r i a l  

abundance and p roduc t ion  e s t i m a t e s .
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Study a rea  and sample a c q u i s i t i o n

Samples were c o l l e c t e d  a t  fou r  s t a t i o n s  over s i x  d a te s  using the  

R.V. Ridgely Warfield (Johns Hopkins U n iv e r s i ty ) .  S t a t i o n  l o c a t io n s  

(F igure  6) ranged from s t a t i o n  1 which was 4 km o u t s i d e  th e  mouth o f  th e  

James River,  t o  s t a t i o n  4 which was 54 km u p r iv e r  from the  r i v e r  mouth. 

Sampling o f  su r fa ce ,  pycnocl ine ,  and bottom waters  was performed on 

August 6 th ,  9 th ,  and 12th o f  1983. Addit ional s u r f a c e  water  samples 

were taken on August 8 th ,  10th,  and 13th o f  1983. On d a te s  in which 

depth  p r o f i l e  samples were taken ,  p re l im in a ry  hydrographic  in format ion  

was ob ta ined  using a Neil-Brown CTD. R esu l t s  o f  each c a s t  were 

immediately analyzed in  o rde r  t o  de termine  the  a p p r o p r i a t e  depth  fo r  

sampling o f  t h e  pycnocl ine .  Surface  (0.5m) and bottom water (ca .  lm 

above sedim ent-wate r  i n t e r f a c e )  samples were c o l l e c t e d  with a 5 1 Niskin 

b o t t l e  which was washed with 95% EtOH and r in se d  w ith  d i s t i l l e d  water 

between c a s t s .  Samples a t  each s t a t i o n  were ob ta ined  as c lo s e  as 

p o s s ib l e  t o  low s lack  water .

A na ly t ic a l  Methods

B ac te r io p lan k to n  Abundance and Production

B a c te r i a l  abundance was e s t im ated  v ia  an e p i f lu o re s c e n c e  d i r e c t  

count ing  te chn ique  us ing the  dye p r o f l a v i n  as d e sc r ib ed  by Haas (1982).  

Counts were made using a Ze iss  s tanda rd  microscope equipped w i th  a 50 W 

high p re s su re  mercury lamp, lOx c a l i b r a t e d  o c u la r ,  lOOx Neofluar® or 63x 

Plan apo® (Carl  Ze is s ;  New York, NY) o b je c t iv e s  and two e p i f lu o re sce n c e
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Figure  6 Location o f  s t a t i o n s  in  the  James River and 

i n s e t  showing James R iver  l o c a t io n  in the  

Chesapeake Bay



ro



f i l t e r  s e t s .  Blue e x c i t a t i o n  (450-490 nm; Ze is s  #487709) was used to  

observe  and d i f f e r e n t i a t e  h e te r o t ro p h ic  from a u to t ro p h ic  c e l l s  and to 

count  p h y c o e r y th r in - r i c h  (PE) cy an o b ac te r ia .  Green e x c i t a t i o n  (510- 

560nm; Z e is s  # 487714) was used t o  count both PE and phycocyanin-r ich  

(PC) cy an o b a c te r ia  s in c e  PC cyanobac te r ia  were not r e a d i l y  v i s i b l e  

under b lue  l i g h t  e x c i t a t i o n .  H e tero t roph ic  b a c t e r i a l  biomass was 

e s t im a ted  using a 20 x 10-15g C*cell -1  convers ion v a lu e  (Lee and 

Fuhrman, 1987).

B a c t e r i a l  product ion  was es t imated  u s ing  the  t r i t i a t e d  thymidine 

(3H-Tdr) i n c o r p o ra t io n  method (Fuhrman and Azam, 1980, 1982).

T r i p l i c a t e  10 ml w a ter  samples were incubated  with 5 nM o f  62 Ci•mmole-1 

o f  3H-Tdr f o r  30 minutes  in a da rk  water ba th  a t  in s i t u  water 

t e m p e ra tu re s .  T r i p l i c a t e  10 ml a b i o t i c  c o n t r o l  samples (p r e - in cu b a t io n  

k i l l e d  with  300 ul o f  buffered  fo rmal in )  were t r e a t e d  in  a s i m i l a r  

manner. Sample incuba t ions  were te rmina ted  with 300 ul o f  bu ffe red  

fo rm al in  and samples were s to red  a t  4° C p r i o r  to  f u r t h e r  p rocess ing .  

Samples were f u r t h e r  processed and prepared f o r  count ing  by e x t r a c t i n g  

with  i c e  cold  5% TCA, f i l t e r i n g  onto  0.45/tm Gelman GN-6 membrane f i l t e r s  

and washing with  5-6 ml o f  ice  co ld  5% TCA. F i l t e r s  were then 

t r a n s f e r r e d  t o  s c i n t i l l a t i o n  v i a l s  and acid  hydrolyzed f o r  30 minutes in 

a b o i l i n g  w a te r  ba th  w i th  0.5ml o f  0.5N HCL. A f te r  c o o l in g ,  f i l t e r s  

were d i s so lv e d  with 1 ml o f  ethyl a c e t a t e  and 10 ml o f  Aquasol® 

s c i n t i l l a t i o n  c o c k t a i l .  D i s in t e g r a t io n s  pe r  minute were determined 

us ing  a Beckman® s c i n t i l l a t i o n  c o u n te r ,  c o r r e c t i n g  f o r  count ing 

e f f i c i e n c y  us ing  an e x te rn a l  s tan d a rd  channels  and s t an d a rd  quench 

cu rve .  B a c t e r i a l  c e l l  production  was c a l c u l a t e d  using t h e  conversion
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f a c t o r  o f  1 .7  x 1018 c e l l s -m o l -1  o f  3H-Tdr (Fuhrman and Azam 1982). 

Carbon product ion  was es t im ated  assuming 20 x 10-15 g C»ce l l -1  (Lee and 

Fuhrman, 1987).

A n c i l l a r y  paramete rs

A n c i l l a ry  parameters  were measured using t h e  methods d e sc r ib ed  in 

Table  6. M u l t ip le  c i t a t i o n s  a re  l i s t e d  f o r  a pa ramete r where 

methodological  re f inements  desc r ibed  in l a t e r  c i t a t i o n ( s )  were a lso  

employed. Auto trophic  biomass was e s t im a ted  from ch lo rophy l l  a 

c o n c e n t r a t io n  using 7 0 / i g  C* n g  Chi a -1 (Malone e t  a l . ,  1988).

S t a t i s t i c a l  a n a ly s i s

S t a t i s t i c a l  a n a ly s i s  performed us ing  the S t a t i s t i c a l  Package f o r  

Soc ia l  Sciences  (SPSS), inc luded d e s c r i p t i v e  s t a t i s t i c s  o f  mean and 

s tan d a rd  d e v ia t i o n s  used to  c a l c u l a t e  c o e f f i c i e n t s  o f  v a r i a t i o n  (CVs), 

Spearman rank c o r r e l a t i o n  c o e f f i c i e n t s  and m u l t ip l e  d i s c r im in a n t  

a n a l y s i s  (MDA). Analysis  f o r  the  s t a t i s t i c a l  d i f f e r e n c e  in means of 

depth  i n t e g r a t e d  b a c t e r i a l  paramete rs ,  and of  g ra z in g  r a t e  in format ion  

employed th e  genera l  l i n e a r  model (GLM) ro u t in e  o f  SAS I n s t i t u t e  Inc.  

so f tw a re .



Table 6.  Methodologies u t i l i z e d  f o r  de te rm ina t ion  o f  a n c i l l a r y  
pa ram ete rs .

PARAMETER(S)

1) Whole and <15 pm ch lo rophy l l  a, 
and phaeopigment r a t i o .

2) Abundances o f  cyan o b ac te r ia ,
mi c r o f 1 a g e !1a t e s , di n o f1 age !1a t e s , 
d ia toms ,  and h e t e r o t r o p h ic  
f l a g e l l a t e s .

3) N u t r i e n t s ;  ammonium, n i t r i t e ,  n i t r a t e ,  
s i l i c a t e ,  and phosphate .

4) P a r t i c u l a t e  o rgan ic  carbon and n i t r o g e n .

5) R e l a t i v e  d i s so lv e d  o rgan ic  m a t te r .

6) S a l i n i t y ,  tem pera tu re ,  and c o n d u c t iv i ty .

7) Disso lved  oxygen.

REFERENCE(S)

Holm-Hansen e t  a l . 1965 
Ray e t  a l . 1988

Haas 1982

U. S. Environmental 
P r o te c t io n  Agency 1979

P a t t e r s o n  1973

Fo s te r  and Morris 1974

Ruzecki and Welch 1979

Wetzel 1983
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Hydrographic and physica l  d a t a  (Table 7) in d ica ted  t h a t  

d e s t r a t i f i c a t i o n  occurred on or  about August 9 t h ,  the  d a te  o f  maximum 

sp r in g  t i d e s .  D if fe rences  in s u r f a c e  to  bottom s a l i n i t i e s ,  

c o n d u c t i v i t i e s  and tempera tures  were c o n s id e rab ly  g r e a t e r  on August 6 th  

compared with August 9 th .  By August 12th the  w a te r  column a t  s t a t io n s  2, 

3, and 4 could be c h a r a c te r i z e d  as reapproaching  a s t r a t i f i e d  s t a t e ,  

whereas s t a t i o n  1 remained in a more s t r a t i f i e d  cond i t ion  throughout  t h e  

d u ra t io n  of  t h e  s tudy .

Mean c o e f f i c i e n t s  o f  v a r i a t i o n  (CVs) of  b a c t e r i a l  and a n c i l l a r y  

d a ta  grouped by d a t e ,  s t a t i o n ,  and depth (Table 8) in d ic a te d  t h a t  

v a r i a b i l i t y  o f  most parameters  was g r e a t e r  on s p a t i a l  than on temporal 

s c a l e s .  B a c te r i a l  abundance was much l e s s  v a r i a b l e ,  r e g a r d l e s s  of 

grouping ,  r e l a t i v e  to  o th e r  plankton components. B ac te r ia l  abundance 

and product ion  were most v a r i a b l e  over  depth as was found f o r  diatoms, 

ch lo rophy l l  a,  and phaeopigment r a t i o .  N u t r i e n t s  and abundance of 

a u to t ro p h ic  t a x a  v a r ie d  most when grouped by s t a t i o n .  Only d is so lved  

oxygen and c y anobac te r ia !  abundances d isp layed  g r e a t e r  temporal than 

s p a t i a l  v a r i a b i l i t y .

B ac te r ia l  abundance and product ion  r a t e s  (F igures  7a -d )  tended t o  

be g r e a t e r  in  s u r f a c e  waters  than in  pycnocl ine and bottom w a te r s .

S p a t i a l  t ren d s  in s u r f a ce  and pycnocline  wate rs  suggested t h a t  abundance 

and product ion  were h igher  in the  lower e s tu a ry  ( s t a t i o n s  1 and 2) 

compared to  th e  upper  e s tu a ry  ( s t a t i o n s  3 and 4 ) .  Spa t ia l  d i s t r i b u t i o n s  

in bottom wate rs  were more v a r i a b l e  and d isp la y ed  no d i s t i n c t  t rend .
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Table 7. Absolute v a lu e s  of  s u r f a c e  minus bottom p hys ica l  da ta  obta ined 
on depth p r o f i l e  sampling d a t e s .  Values in c lu d e ;  S a l .  ( s a l i n i t y ;  p p t ) ,  
Con. ( c o n d u c t iv i ty ;  mmho»cm _1) ,  Tern, ( t em p e ra tu re ;  CC), and Oxy. 
(d i s so lv ed  oxygen; ppm).

DATE

Aug06 Aug09 Aug12

STATION

S a l .  7.65 
Con. 7.48 
Tem. 6.21 
Oxy. 1.20

4.72
3 .47
3.97
1.06

3.47
3.39
3.09
1 . 2 0

S a l .  3.61 
Con. 3.48 
Tem. 3.17 
Oxy. 1.60

0.06
0.08
0.15
0.50

0.15
0.27
0.52
0.70

3 S a l .  3.13 0.81 0.99
Con. 2.74 0.87 0.80
Tem. 1.22 0.81 0.19
Oxy. 0.08 1.36 0.70

4 S a l .  1.06 0.33 0.91
Con. 0.73 ns 0 .66
Tem. 0.25 0.02 0.33
Oxy. 0.94 1.20 0.20

ns - no t  sampled
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Figure  7 B ac te r i a l  p roduc t ion  and abundance by s t a t i o n  

and da te  f o r  s u r f a c e  ( a ) ,  pycnocl ine  ( b ) ,  

bottom (c ) ,  and depth  and hy p so m et r ica l ly  

i n t e g r a t e d  (d) w a te r  columns
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Temporal t ren d s  in b a c t e r i a l  production v a r i e d  depending upon th e  depth 

examined, and suggested mixing o f  surface  and bottom w a te r s .  Production 

decreased with d e s t r a t i f i c a t i o n  in  surface  waters whi le  inc reas ing  in 

pycnocl ine  and bottom waters.

Means of b a c t e r i a l  parameters  by s t a t i o n  (Figure  7d) were 

c a l c u l a t e d  from depth  in te g ra te d  c r o s s - s e c t io n a l  a r e a s .  Means 

c a l c u l a t e d  in th i s  manner were considered more accura te  than simply 

averaging values from surface ,  pycnocline  and bottom w a te r s ;  e s p e c i a l l y  

s ince  volumes of w a te r  a t  these  depths  were markedly d i f f e r e n t .  Means 

o f  b a c t e r i a l  abundance (Figure 7d) i n i t i a l l y  d isplayed a g rada t ion  from 

low va lues  a t  s t a t i o n  1 to h igher  values u p -e s tua ry .  By August 12th 

t h i s  p a t t e r n  had r e v e r s e d  with low b a c te r i a l  abundance observed a t  

s t a t i o n  4 grading to  h ighe r  abundance down-estuary.

Mean b ac te r ia l  production (F igure 7d) was more v a r i a b l e  than 

b a c t e r i a l  abundance. Temporal v a r i a b i l i t y  o f  production was g r e a t e r  a t  

s t a t i o n s  1 and 2 which were c h a rac te r ized  by deeper and i n i t i a l l y  more 

s t rong ly  s t r a t i f i e d  w a t e r  columns as compared to  s t a t i o n s  3 and 4.

Rates o f  production decreased  between August 6th and August 9th a t  

s t a t i o n s  1 through 3,  b u t  remained unchanged a t  s t a t i o n  4.

Total  chlorophyll  a and <15 p m  chlorophyl l  a a l s o  d isp layed  

co n s id e ra b le  spatia l  v a r i a t i o n  and genera l ly  increased a t  a l l  s t a t i o n s  

between August 6th and August 12th (Figure 8 ) .  Total ch lorophyl l  a t  

s t a t i o n  3 doubled between August 6 th  and 9.  Means o f  t o t a l  phaeopigment 

r a t i o ,  <15 p m  phaeopigment r a t i o ,  p a r t i c u l a t e  organic carbon and C to  N 

r a t i o s  o f  p a r t i c u l a t e  organic  m a t t e r  (data no t  shown) a l l  exh ib i ted  

maximum v a lu e s  August 9 th .
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Figure 8 Total and <15 /im chlorophyll  a concen t ra t ions  by 

s t a t i o n  and da te  o f  su rface  water  ( b a r s ) ,  with 

markers in d ic a t in g  pycnocline  (P) and bottom 

water (B) concen t ra t ions  o f  t o t a l  ch lorophyll  a
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Figure 9 Depth and h y p so m et r ic a l ly  i n t e g r a t e d  mean

n u t r i e n t  c o n c e n t r a t i o n s  by s t a t i o n  and d a te  o f  

t o t a l  d i s so lv e d  ino rg an ic  n i t ro g en  (a . )»  

ammonium ( b . ) ,  n i t r a t e  ( c .)* n i t r i t e  ( d . ) ,  and 

phosphate ( e . )
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Means o f  d i s so lv e d  n u t r i e n t s  by s t a t i o n  d isp layed  s t ro n g  s p a t i a l  

and temporal p a t t e r n s  (Figure 9 ) .  Concen tra t ions  o f  ammonium, n i t r a t e ,  

t o t a l  d i s s o lv e d  n i t r o g en  and phosphate  a l l  e x h ib i t e d  high va lues  a t  

s t a t i o n  3, and g e n e r a l ly  lowest v a lu e s  a t  s t a t i o n  1. N i t r i t e  

c o n c e n t r a t i o n s  ranged from low v a lu e s  a t  s t a t i o n  1 to  h ig h e r  va lues  up 

t h e  e s tu a r y .  Temporal changes in  n i t ro g en  n u t r i e n t s  v a r i e d  by s t a t i o n  

and n u t r i e n t  sp ec ie s .

C o r re la t io n s  o f  b a c te r i a l  paramete rs  upon environmenta l  v a r i a b l e s  

(Tables 9a-b)  in d ic a ted  a g r e a t e r  number of  s i g n i f i c a n t  r e l a t i o n s h i p s  

occurred between b a c t e r i a l  abundance and environmental  v a r i a b l e s  than 

between b a c t e r i a l  production  and environmental  v a r i a b l e s .  Cyanobacter ia l  

abundance, c o n c e n t r a t i o n s  of ammonium and t o t a l  d i s so lv ed  inorgan ic  

n i t ro g en  e x h ib i t e d  h ig h ly  s i g n i f i c a n t  (fcO.OOB) c o r r e l a t i o n s  with both 

b a c t e r i a l  pa ram ete rs ,  when comparisons were made using t h e  e n t i r e  d a ta  

s e t .  Other pa ramete rs  which demonst ra ted h ig h ly  s i g n i f i c a n t  

r e l a t i o n s h i p s  with b a c t e r i a l  abundance inc luded t o t a l  ch lo rophy l l  a ,  <15 

/jm ch lo rophy l l  a,  diatom and h e t e r o t r o p h ic  f l a g e l l a t e  abundance, and 

c o n c e n t r a t i o n s  o f  n i t r a t e ,  n i t r i t e ,  and phosphate .

V a r iab le s  which d isp layed  h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n s  with 

b a c t e r i a l  paramete rs  based upon t h e  e n t i r e  d a t a  s e t  g e n e r a l ly  

demonst ra ted complex p a t t e r n s  o f  c o r r e l a t i o n  when examined by s p a t i a l  

and temporal g roupings .  Variables  n o t  s i g n i f i c a n t l y  c o r r e l a t e d  with 

b a c t e r i a l  pa ramete rs  u s ing  the e n t i r e  da ta  s e t ,  g e n e r a l ly  f a i l e d  to  

e x h i b i t  h ig h ly  s i g n i f i c a n t  c o r r e l a t i o n s  when viewed by s p a t i a l  or 

temporal g roupings .  Exceptions t o  t h i s  g e n e r a l i z a t i o n  were observed in 

c e r t a i n  comparisons o f  b a c te r i a l  abundance ve rsus  phaeopigment r a t i o ,
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mi c ro f l  age'll a t e  abundance, s a l i n i t y  r e s i d u a l s  (d i s so lv ed  o rgan ic  

m a t t e r ) ,  s a l i n i t y  and tem pera tu re .

M ul t ip le  d i s c r im in a n t  a n a ly s i s  (MDA) o f  the  d a t a  y ie ld e d  

sep a ra t io n  o f  combination abundance-production groups as shown in Figure 

10. Table 11 p r e s e n t s  in format ion  on th e  p e rcen t  v a r i a n c e  d e sc r ib e d  by 

the  d i s c r im in a n t  f u n c t io n s ,  as well  as s tan d a rd ized  d i s c r im in a n t f u n c t io n  

c o e f f i c i e n t s ,  and c o r r e l a t i o n  c o e f f i c i e n t s .  Discr iminant  fu n c t io n  I 

( d f l ) ,  which tended t o  e f f e c t i v e l y  s ep a ra te  groups based upon abundance, 

accounted f o r  52% o f  sample va r iance  but was weakly loaded( low values  o f  

c o r r e l a t i o n  c o e f f i c i e n t s )  with many v a r i a b l e s .  The most important 

v a r i a b l e s  on t h i s  a x i s  were measures o f  phaeopigment r a t i o  and d is so lved  

inorgan ic  n u t r i e n t  c o n ce n t r a t i o n .  D iscr im inant fu n c t io n  I I  ( d f l I ) 

tended t o  s e p a ra te  groups based upon product ion  c h a r a c t e r i s t i c s .  This 

ax is  accounted f o r  35% o f  sample var iance  and was more h igh ly  loaded by 

a few v a r i a b l e s  in c lud ing  d i n o f l a g e l l a t e  abundance, ammonium, and 

measures o f  ch lo rophyl l  a.
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Table 10. M ult ip le  d i s c r im in a n t  a n a ly s i s  o f  b a c t e r i a l  abundance- 
product ion  groupings employing a d i r e c t  a n a ly s i s  procedure with  a 
t o l e r a n c e  o f  0.01.  R es u l t s  inc lude  pe rcen t  v a r i a n ce  d e sc r ib e d  by 
d i s c r im in a n t  f u n c t io n s ,  c o r r e l a t i o n s  between v a r i a b l e s  and d i s c r im in a n t  
func t ion  ( a ) ,  and s tan d a rd iz e d  c o r r e l a t i o n  c o e f f i c i e n t s  (/})..

DISCRIMINANT FUNCTION I II I I I

% VARIANCE 51. 5 35. 8 12.7

VARIABLE O! 0 a 0 a 0

N02 - .2 7 - .20 - .0 4 - .4 6 - .30 .63
BA .26 1.01 .22 - .2 3 - .22 - .66
SBA .26 - .07 - .25 - .1 3 .08 .25
LDI .25 .67 - .23 - .3 8 .24 - .4 6
P04 - .2 5 - .48 .35 .72 - .37 - .5 3
N03 - .2 3 - .22 .18 .12 - .21 .23
LCY .22 .22 - .33 .79 .11 .07
NH3 - .2 2 - .30 .50 .09 - .0 4 .38
SCHL .14 - .77 - .51 - .6 2 .35 - .47
CHL .13 1.03 - .37 .80 .39 .93
SA .12 8.05 .14 11.4 .09 8.33
SR - .11 7.57 - .12 12.3 - .06 8.43
TM - . 0 8 .72 - .19 - .3 6 .04 .80
LDN - .0 6 -1.11 - .6 4 - .8 3 .32 .24
LUF - .0 6 - .86 .04 .49 .27 .52
LHNAN - .0 3 - .39 - .01 - .3 2 .09 - .17
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Figure 10 Mult ip le  D iscr iminan t  Ana lys is  s ep a ra t io n  o f  

samples w i th in  b a c t e r i a l  production-abundance  

groupings.  Groups inc lude ;  ( O )  low p roduc t ion -  

low abundance (LP-LA, <190/ig C - l -1 - d - 1 

, <7.32x106 c e l l s * m l - l ) ,  ( □ )  low produc t ion-  

high abundance (LP-HA, <190/ig C-l -1 - d - 1 , 

>7.32x106 c e l l s » m l - l ) ,  ( O )  high produc t ion- low  

abundance (HP-LA, >190/ig C-1 -1 -d -1 , <8.51x106 

c e l l s « m l - l ) ,  ( > )  high p roduc t ion -h igh  abundance 

(HP-HA, >190/ig C - l - 1 - d - l ,  >8.51x106 c e l l s . m l - 1 )
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DISCUSSION

B acter iop lan k ton  D is tr ib u t io n  and Production

B a c te r i a l  abundance and production  r a t e s  observed in t h i s  s tudy 

were s i m i l a r  to  va lues  r e p o r te d  from severa l  o th e r  s t u d i e s  conducted 

w i th in  e s t u a r i e s .  B a c te r i a l  abundance ranged from 0.31 - 1.26 x 107 

c e l l s * m l - l ,  s i m i l a r  t o  va lues  r e p o r te d  by Malone e t  a l .  (1986) f o r  a 

s tudy s i t e  in the  upper Chesapeake Bay, Maryland, and s l i g h t l y  h ighe r  

than the  range o f  va lues  r e p o r te d  by Ducklow (1982) f o r  t h e  York River 

(0.1 - 0 .8  x 107 c e l l s - m l ' 1) .  B ac te r ia l  product ion  ranged from 73.8  - 

426 n g  C - l -1-d_1, which i s  s i m i l a r  t o  va lues  r e p o r te d  by Malone e t  a l .

(1986),  and somewhat h ig h e r  than values  r e p o r te d  f o r  t h e  Delaware Bay 

(Wright and C off in ,  1984; Coff in  and Sharp,  1987).

The d i s t r i b u t i o n  o f  b a c t e r i a l  abundance in  s u r f a ce  waters  ( f i g u r e  

7a) g e n e r a l ly  revea led  h ig h e r  va lues  in the  lower e s tu a r y .  S im i la r  

p a t t e r n s  have been observed in th e  Delaware e s tu a r y  (Coff in  and Sharp,  

1987) and in th e  Rhode River  e s tu a r y ,  Maryland (Rublee e t  a l .  1984).  In 

o th e r  e s t u a r i n e  systems, b a c t e r i a l  abundance maxima have been observed 

in  m id -es tua ry  (Wright and C off in ,  1983a) o r  f u r t h e r  upes tuary  (Palumbo 

and Ferguson, 1978; Bell and A lb r ig h t ,  1981; A lb r ig h t ,  1983).  The 

l o c a t io n  o f  b a c t e r i a l  abundance maxima w i th in  e s t u a r i n e  systems i s  

thought to  be a fun c t io n  o f  s u b s t r a t e  a v a i l a b i l i t y  (Coff in  and Sharp,

1987). In t h e  p re s en t  s tudy ,  p a t t e r n s  o f  c o r r e l a t i o n  between b a c t e r i a l  

abundance and r e l a t i v e  c o n c e n t r a t i o n s  o f  DOM as in d ic a te d  by s a l i n i t y  

r e s i d u a l s  sugges ted  t h a t  b a c t e r i a l  abundance was enhanced in th e  DOM 

r i c h  su r fa ce  waters  o f  s t a t i o n s  in  the  lower e s tu a r y .  S ince  ch lo rophy l l
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a c o n c e n t r a t io n s  tended to  be g r e a t e r  in the  lower e s t u a r y ,  i t  i s  l i k e l y  

t h a t  autochthonous DOM from pho tosyn thes is  was an im por tan t  source  o f  

s u b s t r a t e  f o r  b a c t e r i a l  production  a t  t h i s  l o c a t i o n .

Although pycnocline  and bottom waters  (F igures  7b-c) e x h ib i t e d  

l e s s  d i s t i n c t i v e  lo n g i tu d in a l  g r a d i e n t s  than su r f a ce  w a te r s ,  t h e r e  was a 

s t rong g r a d i e n t  in  b a c t e r i a l  abundance over t h e  v e r t i c a l  plane  with 

values  s i g n i f i c a n t l y  h ighe r  in  s u r f a c e  waters than in bottom w aters  (one 

t a i l e d  t - t e s t ,  ^<0.0005).  B ac te r ia  abundance maxima in s u r f a c e  waters  

have a l s o  been observed by Malone e t  a l . (1986) in t h e  upper Chesapeake 

Bay, and by Ducklow (1982) in the  York River,  V i r g in i a .  Data from the  

p re sen t  s tudy in d i c a t i n g  b a c t e r i a l  abundance, measures o f  ch lorophyl l  

and phaeopigment r a t i o s  were most v a r i a b l e  over depth (Table 8 ) ,  provide 

a d d i t i o n a l  i n d i c a t i o n s  o f  c lo se  r e l a t i o n s h i p s  between b a c t e r i a  and 

a u to t ro p h ic  communities w i th in  euphot ic  waters  o f  t h e  Chesapeake Bay and 

i t s  s u b e s t u a r i e s .

Temporal changes in  b a c te r io p lan k to n  abundance d i sp lay ed  d i f f e r e n t  

p a t t e r n s  in  th e  lower e s tu a r y  versus  t h e  upper e s tu a r y .  Abundance 

inc reased  a t  a l l  depths  between August 6th and 12th a t  s t a t i o n s  1 and 2 

whereas abundance g e n e r a l ly  decreased  a t  s t a t i o n s  3 and 4. In c rease s  in 

depth i n t e g r a t e d  abundances a t  s t a t i o n s  1 and 2 were 41% and 7%, 

r e s p e c t i v e l y ,  o f  i n i t i a l  va lues  on August 6 th .  Inc rease s  in b a c t e r i a l  

abundance a t  s t a t i o n s  1 and 2 were s i g n i f i c a n t l y  l e s s  than  th e  doubl ing 

o f  b a c t e r i a l  abundance observed by Ducklow (1982) during 

d e s t r a t i f i c a t i o n  in  th e  York River .

D i s t r i b u t i o n  p a t t e r n s  o f  b a c t e r i a l  production (F igures  7a-c) 

r evea led  severa l  t r e n d s .  Although s u r f a c e  water  product ion  r a t e s



e x h ib i te d  a p a t t e rn  s im i l a r  to  b a c t e r i a l  abundance ( in c re a s in g  down- 

es tua ry )  production da ta  were more v a r i a b l e .  Pycnocline waters  

e x h ib i ted  a s im i l a r  p a t t e r n ,  y e t  production r a t e s  were l e s s  v a r i a b l e ,  

and c l e a r l y  increased down-estuary.  Bottom waters  d isp layed  no c l e a r  

t r e n d s  and were highly  v a r i a b l e .  As observed f o r  b a c t e r i a l  abundance, 

b a c t e r i a l  product ion tended to  decrease  with depth ,  from a mean o f  245 

f i g  c . l ' 1 *d_1 in surface  waters  to  165 f i g  C - l_1-d_1 f o r  bottom waters .  

However, t h i s  d i f f e r en c e  was not as h ighly  s i g n i f i c a n t  (one t a i l e d  t -  

t e s t ,  P=0.033) as t h a t  observed f o r  d i f f e r e n c e s  in su r face  and bottom 

water bac te r iop lank ton  abundance. Temporal p a t t e r n s  o f  b a c t e r i a l  

production ind ica ted  t h a t  d e s t r a t i f i c a t i o n  r e s u l t e d  in decreased 

in t e g r a t e d  production r a t e s .  This decrease  was due to  a marked 

depress ion  o f  su r face  water r a t e s ,  as subsurface  water r a t e s  increased 

with d e s t r a t i f i c a t i o n .

Comparison o f  CVs o f  a l l  plankton components ind ica ted  t h a t  

v a r i a b i l i t y  o f  he te ro t ro p h ic  bac te r iop lank ton  was cons iderab ly  l e s s  than 

t h a t  o f  o th e r  au to t roph ic  and h e te ro t ro p h ic  groups.  Although b a c t e r i a l  

abundance and production were h ighly  c o r r e l a t e d  based upon th e  e n t i r e  

d a ta  s e t ,  b a c t e r i a l  abundance va r ied  by a f a c t o r  o f  four whereas 

b a c t e r i a l  production va r ied  by a f a c t o r  o f  seven. S im ila r  f ind ings  

concerning th e  r e l a t i v e  i n v a r i a b l e  na tu re  o f  b a c t e r i a l  d e n s i t i e s  have 

been d iscussed  by Larsson and Hagstrom (1982),  Wright and Coffin 

(1983b), Ducklow (1983), Malone e t  a l .  (1986) and Gocke e t  a l . (1987). 

Given the  known po ten t ia l  f o r  rap id  b a c t e r i a l  growth in co as ta l  and 

e s t u a r i n e  systems (Kirchman e t  a l . ,  1982; Wright and Coff in 1983b), very 

c lo s e  temporal co n t ro l s  through top-down (graz ing)  and bottom-up
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( s u b s t r a t e )  in f lu e n c e s  apparent ly  conf ine  b a c t e r i a l  abundance to  narrow 

bounds in t h e  n a tu ra l  environment.

Trophic R e la t io n sh ip s

Oxygen metabolism experiments conducted dur ing  the  s tudy (F igures  

l l a - c )  p rovided  informat ion  reg a rd in g  the  n a tu r e  and mechanism o f  

s u b s t r a t e  u t i l i z a t i o n  by h e t e r o t r o p h ic  b a c t e r i a .  Continuous dark 

incuba t ions  o f  s u r f a c e  water samples taken d u r ing  th e  day (F igure  11a) 

d i sp lay ed  b ip h a s i c  r e s p i r a t i o n  c u rv e s ,  with s lo p es  i n d i c a t i n g  a 

metabolic  dow n-sh i f t  a f t e r  incubat ion  per iods  o f  one hour. These d a ta  

can be i n t e r p r e t e d  e i t h e r  as a sw i tch ing  in b a c t e r i a l  s u b s t r a t e  

u t i l i z a t i o n  from a r a p i d l y  u t i l i z e d  l a b i l e  s u b s t r a t e  t o  one more 

r e c a l c i t r a n t  in  n a tu r e ,  or secondly ,  g r ad u a l ly  reduced metabolism due to  

the  exhaus t ion  o f  a s i n g l e  s u b s t r a t e .  Light p u l s in g  o f  samples (F igure  

l i b )  r e s u l t e d  in th e  r e e s ta b l i sh m e n t  o f  th e  s t e e p e r  s lope  c h a r a c t e r i s t i c  

o f  t h e  i n i t i a l  incubat ion  per iod sugges t ing  t h a t  phytoplankton was th e  

source o f  a l a b i l e  s u b s t r a t e .  Incuba t ion  o f  a sample taken from s t a t i o n  

1 in th e  e a r l y  evening (Figure 11c) d id  not r e s u l t  in a b ip h as ic  

r e s p i r a t i o n  curve ,  however amendment o f  t h i s  sample with 10 mg»l-l  o f  

g lucose  r e s u l t e d  in s i g n i f i c a n t l y  h ig h e r  r e s p i r a t i o n  r a t e s  sugges t ing  

s u b s t r a t e  l i m i t a t i o n .  Taken t o g e t h e r  t h i s  in fo rm at ion  sugges ted  t h a t  

h e t e r o t r o p h i c  b a c t e r i a l  metabolism in  su r face  w a te r s  of  t h e  James River 

was t i g h t l y  coupled t o  product ion o f  p h o to s y n th e t i c a l l y  d e r iv ed  

d i s so lv ed  o rg an ic  carbon and t h a t  in  c e r t a i n  case s  b a c t e r i a l  p roduct ion  

may have been l im i t e d  by lack o f  s u b s t r a t e .  Lack o f  c o r r e l a t i o n s  

between b a c t e r i a l  product ion  and POC o r  PON provided  a d d i t i o n a l  evidence
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Figure  11 R esu l t s  o f  oxygen metabolism exper iments ;

b ip h a s i c  m etabo l ic  s lo p es  o f  s u r f a ce  water  

from s t a t i o n s  2 and 3 ( a . ) ,  l i g h t  p u l s in g  o f  

su r fa ce  w ater  from s t a t i o n  3 ( b . ) ,  g lucose  

amendment o f  a su r fa ce  w a te r  sample taken 

dur ing  th e  evening from s t a t i o n  3 ( c . )
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t h a t  th e  major metabolic  s u b s t r a t e s  were d i s so lv e d .  P h o to sy n th e t ic a l ly  

der ived  d is so lved  organic  s u b s t r a t e s  would be in much lower 

concen t ra t ions  in pycnocline  and bottom waters  during s t r a t i f i e d  

c o n d i t io n s ,  but would be mixed in to  deeper waters dur ing 

d e s t r a t i f i c a t i o n .  Mixing of  s u b s t r a t e  may p a r t i a l l y  exp la in  the  

observed inc rease  in b a c t e r i a l  production r a t e s  in pycnocl ine and bottom 

waters  as d e s t r a t i f i c a t i o n  progressed in the  e s tu a ry .

Comparison of  b a c t e r i a l  production based upon oxygen metabolism 

(assuming a l l  metabolism was due to  h e te ro t ro p h ic  b a c t e r i a ,  and using 

the  h ig h es t  r a t e  o f  207/xg 02-1-1-h_1) with t h a t  determined using 

thymidine incorpora t ion  (assuming a 33% growth e f f i c i e n c y ,  and using the  

h ig h es t  r a t e  o f  426 /ig C- l_1-d_1) ind ica ted  a thymidine incorpora t ion  

value  only 20% o f  the  value determined f o r  oxygen metabolism. Such a 

d iscrepancy in r a t e s  may a r i s e  f o r  severa l  reasons ;  1) b a c t e r i a l  growth 

e f f i c i e n c y  was much lower than the  assumed 33%, 2) a l a rg e  propor t ion  o f  

metabolism was due to  non -b ac te r ia l  components, o r  3) conversion values 

used in e s t im ates  o f  b a c t e r i a l  production were too co n se rv a t iv e .

C or re la t io n s  between h e te ro t ro p h ic  b a c t e r i a l  abundance and 

a u to t roph ic  community parameters revealed  h igh ly  s i g n i f i c a n t  (p<0.005) 

p o s i t i v e  r e l a t i o n s h i p s  to  cyanobacter ia  and diatom abundance as well as 

to  both measures o f  chlo rophyll  (Table 9a ) .  These d a ta  augment the  

numerous s tu d ie s  re p o r t in g  p o s i t i v e  c o r r e l a t i o n s  between b a c t e r i a l  

abundance and chorophyll  (Fuhrman e t  a l . ,  1980; G r i f f i t h s  e t  a l . ,  1982; 

Linley e t  a l . ,  1983; Lancelot  and B i l l en ,  1984; Bird and K a l f f ,  1984; 

Laanbrock e t  a l . ,  1985; Fuhrman e t  a l . ,  1985; and Malone e t  a l . ,  1986). 

The o v e ra l l  r eg re ss ion  r e l a t i o n s h i p  between d i r e c t  counts (DC) of



h e te r o t r o p h ic  b a c t e r i a  and t o t a l  chlorophyl l  a (TCH) found in t h i s  study 

was; log DC = 6 .45  + 0.43 log  TCH (n=47, r = 0 . 5 1 ) .  Th is  r e l a t i o n s h i p  was 

remarkably s i m i l a r  to  tha t  o b se rv ed  by Malone e t  a l .  (1986) f o r  

s t r a t i f i e d  w a te r  a t  a s e r ies  o f  s t a t i o n s  t r a n s e c t i n g  t h e  normal ax is  of 

t h e  upper Chesapeake Bay (log  DC = 6.52 + 0 . 4 5  TCH (n=160 r = 0 .9 1 ) ) .

Both re g re s s io n  r e l a t i o n s h ip s  d i f f e r  markedly from re g r e s s io n s  derived 

from l i t e r a t u r e  reviews by B i rd  and Kalff (1984) and Cole e t  a l .  (1988), 

and d i sp la y  b a c t e r i a l  abundance values  o n e - h a l f  log u n i t  g r e a t e r  a t  the 

z e r o  ch lorophyl l  a in te rcep t  and lower s lope  va lues .  In f a c t ,  abundance 

v a lu e s  observed by Malone e t  a l . (1986) and in  the  p r e s e n t  s tudy  are 

among the  h ig h e s t  reported f o r  a q u a t i c  environments .  Ducklow and Peele

(1987) found t h a t  during c e r t a i n  seasons b a c t e r i a l  biomass may exceed 

phytoplankton biomass by a f a c t o r  of  th r e e .  In  the  p re s e n t  s tudy  

b a c t e r i a l  biomass was a t  most 33% of  a u to t ro p h ic  biomass and averaged 

20%, however b a c t e r i a l  p roduc t ion  averaged 80% of a r e a l  primary 

p roduc t ion  (d a ta  no t  shown). The exis tence  o f  high b a c t e r i a l  biomass 

and production  r a t e s  in the Chesapeake Bay and su b es tu a r i e s  may be due 

t o  high inputs  o f  al loc thonous carbon and n u t r i e n t s  a n d /o r  more 

e f f i c i e n t  energy t r a n s f e r s  and n u t r i e n t  r e c y c l i n g  between au to t ro p h ic  

and h e t e r o t r o p h ic  components i n  t h e  microbial  loop.

C o r r e l a t i v e  r e l a t i o n s h i p s  between b a c t e r i a  and ch lo rophy l l  a a t  

s t a t i o n s  in t h e  lower estuary  w e re  s tronger t h a n  in t h e  upper e s tu a r y .  

Th is  f e a tu r e  may have been p a r t i a l l y  due t o  d e ep e r  w a te r  column depths 

a t  lower  e s tu a ry  s t a t i o n s ,  promot ing  a g r e a t e r  range o f  parameter values 

between su r face  and bottom w a t e r s .  Similar r e l a t i o n s h i p s  observed 

between b a c t e r i a l  abundance and s a l i n i t y  r e s i d u a l s  (DOM) sugges ted



g r e a t e r  v e r t i c a l  g ra d ie n ts  in  DOM and b a c t e r i a l  abundances a t  lower 

e s tu a ry  s t a t i o n s .  Although an a s so c ia t i o n  between bac te r iop lank ton  

abundance and chlo rophyll  a concen t ra t ion  in th e  euphotic  zone was 

a n t i c ip a t e d  i t  was not observed. R e la t ionsh ips  between b a c t e r i a l  

abundance and production  w i th  chlorophyll  a in th e  euphotic  zone may be 

obscured by g raz in g  a c t i v i t i e s  of f l a g e l l a t e s ,  which were highly 

c o r r e l a t e d  (PcO.OOl) with b a c t e r i a l  abundance in  su r face  waters .  In 

pycnocline and bottom w a te r s ,  where no r e l a t i o n s h i p s  between b a c t e r i a  

and f l a g e l l a t e s  were found, weak r e l a t i o n s h i p s  (0.05>P>0.01) to  t o t a l  

and <15 fim  ch lo rophyll  a were observed.

R ela t ionsh ips  of <15 f im  chlorophyll  a and cyanobac ter ia!  abundance 

with b a c te r i a l  abundance sugges ted t h a t  h e te ro t ro p h ic  b a c t e r i a  were more 

c l o s e l y  coupled t o  smal ler a u to t ro p h ic  assemblages.  C o r re la t io n  o f  

b a c t e r i a l  production  with t h e s e  parameters  supported t h i s  premise.  

Mul t ip le  d i s c r im in a n t  a n a ly s i s  in d ic a ted  t h a t  loadings  o f  <15 fim  

chlorophyll  a  and cyanobac te r ia  on d f l  and d f l I  (Table 10) were h ighe r  

than t h a t  in d ic a ted  fo r  t o t a l  ch lorophyll  a. <15 fim  ch lorophyll  a  was 

h igh ly  loaded on d f l l  which d i sc r im ina ted  between b a c t e r i a l  product ion 

groupings.  Such f ind ings  would be reasonable  i f  these  sm al le r  forms 

comprised a major por tion  o f  the  biomass or were important in the  

production of t h e  a u to t ro p h ic  community. In t h i s  study <15 fim  

chlorophyll  averaged 75% o f  t o t a l  c h lo ro p h y l l .  S im i la r  p ropor t ions  

(88%) o f  <15 fim  ch lo rophyl l  a have been observed in the  York River 

dur ing the  f a l l  by Ray e t  a l . (1988), The o v e ra l l  r e l a t i o n s h i p  between 

cyanobacter ia l  and h e t e r o t ro p h ic  b a c t e r i a l  abundance were s trong d e sp i t e  

a minimal c o n t r ib u t io n  of  cyanobac te r ia  to  t o t a l  au to t ro p h ic  biomass



(mean o f  6 %  us ing 115 fg C -c e l l " 1, Ray e t  a l . 1988).  Overall  

c o r r e l a t i o n s  between h e t e r o t r o p h ic  b a c t e r i a l  paramete rs  and 

cyanobac te r ia l  abundance were s t r o n g e r  than h e t e r o t r o p h ic  b a c t e r i a l  

c o r r e l a t i o n s  with o th e r  a u to t ro p h ic  pa rameters .  A d d i t i o n a l ly ,  th e  

inc idence  o f  h igh ly  s i g n i f i c a n t  r e l a t i o n s h i p s  based upon s p a t i a l  and 

temporal groupings  were more f r eq u e n t  between h e t e r o t r o p h ic  b a c t e r i a  and 

cyanobac te r ia  than with o t h e r  a u to t ro p h ic  pa ram ete rs .  Recent work by 

Hagstrom e t  a l . (1988) i n d i c a t e s  t h a t  g raz ing  removal of  cyanobac te r ia l  

p roduct ion  and subsequent a d d i t io n  t o  the  DOM pool v ia  sloppy feeding  

may provide  an i n d i r e c t  y e t  s t rong  coupling between c y an o b ac te r ia  and 

h e t e r o t r o p h ic  b a c t e r i a .  Such an energy flow may have been impor tan t  in 

th e  p re s e n t  s tudy given the  high abundances o f  c yanobac te r ia  observed 

(mean = 3.02 x l O ^ e l l s - m V 1) ,  and in format ion  sugges t ing  high g raz ing  

r a t e s  upon cyanobac te r ia  in  the  nearby York River (Ray e t  a l .  1988).  I t  

was i n t e r e s t i n g  t h a t  a l though r e l a t i o n s h i p s  between b a c t e r i a l  abundance 

and ch lo rophy l l  d imin ished dur ing  d e s t r a t i f i c a t i o n ,  new high ly  

s i g n i f i c a n t  r e l a t i o n s h i p s  appeared with  cyan o b ac te r ia  and d ia toms.

These r e s u l t s  sugges t  t h a t  h e t e r o t r o p h ic  b a c t e r i a  may be re spons ive  to 

a c t i v i t i e s  o f  s p e c i f i c  c o n s t i t u e n t s  w i th in  th e  a u to t ro p h ic  community, 

perhaps r e f l e c t i n g  changes in the  dominant sources  o r  pathways o f  DOM 

s u b s t r a t e s .

M u l t ip le  d i s c r im in a n t  and c o r r e l a t i v e  a n a ly s i s  a l so  i n d i c a t e d  an 

importance o f  t h e  phaeopigment r a t i o .  Phaeopigment r a t i o s  i n d i c a t e  the  

r e l a t i v e  p ro p o r t io n s  o f  ch lo rophy l l  degrada t ion  products  (such as 

phaeophytin) which have been sugges ted to  r e s u l t  from herb ivory  

(Welschmeyer e t  a l . 1985; L i t a k e r  e t  a l .  1988).  Tota l  phaeopigment



r a t i o  and <15 /zm phaeopigment r a t i o  were found to  be h ig h ly  loaded on 

d f l ,  which d i s c r im in a te d  between low and high abundance groupings .

Highly s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n s  between b a c t e r i a l  pa ramete rs  

and phaeopigment r a t i o s  were observed on August 6 th ,  p r i o r  to  

d e s t r a t i f i c a t i o n .  The r o l e  o f  he rb ivory  by h e t e r o t r o p h ic  nano and 

microplankton , as a v e c to r  f o r  DOM s u b s t r a t e s  u t i l i z e d  by b a c t e r i a  has 

only  r e c e n t l y  been addressed (see  Hagstrom e t  a l .  1988; and Jumars e t  

a l . 1989),  and th e r e  i s  evidence t h a t  t h i s  pathway may be more im por tant 

dur ing  s t r a t i f i e d  co n d i t io n s  (McManus and Pete rson 1988).  Although 

oxygen metabolism experiments  conducted dur ing  t h i s  s tudy  sugges ted  t h a t  

th e  major b a c t e r i a l  s u b s t r a t e s  was p h o to s y n th e t i c a l l y  r e l e a s e d  DOM, DOM 

produced v ia  he rb ivory  may been o f  secondary impor tance.

H e te ro t ro p h ic  f l a g e l l a t e s  were cons idered  im por tan t  in th e  c o n t ro l  

o f  b a c te r io p l an k to n  dur ing  th e  course  o f  th e  s tudy. Highest  f l a g e l l a t e  

abundances were g e n e r a l ly  a s so c ia te d  with reg ions  o f  high b a c t e r i a l  

abundance and production  ( s u r f a c e  water ,  down-estuary s t a t i o n s ) ,  and 

f l a g e l l a t e  abundance d i sp layed  a h igh ly  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  

with  b a c t e r i a l  abundance based upon th e  e n t i r e  d a ta  s e t .  C o r re la t io n s  

between b a c t e r i a l  and f l a g e l l a t e  abundances based upon temporal and 

s p a t i a l  groupings  revea led  one h igh ly  s i g n i f i c a n t  c o r r e l a t i o n  in s u r f a ce  

w a te r s .  The e x i s t e n c e  o f  such a s t rong  c o r r e l a t i o n  was somewhat 

unexpected,  given th e  g e n e r a l ly  observed t ime- lagged  r e l a t i o n s h i p s  

between t h e s e  groups (Fenchel,  1982; Azam e t  a l . ,  1983; Anderson and 

Sorenson, 1986; Bjornsen e t  a l . ,  1988). S ibba ld  e t  a l .  (1987) have 

shown t h a t  f l a g e l l a t e s  d i s p l a y  p o s i t i v e  chemotaxis towards amino ac id s  

and ammonium. FI a g e ! l a t e - b a c t e r i a l  i n t e r a c t i o n s  may be more pronounced



in s u r f a ce  waters  f o r  severa l  re a so n s .  F i r s t ,  r e l e a s e  o f  

p h o to s y n th e t i c a l l y  produced d i s so lv ed  o rgan ic  m a t te r  and t h e  presence  o f  

phycospheres with l o c a l l y  high abundances o f  b a c t e r i a  around ind iv idua l  

phytoplankton c e l l s  (sensu;  Azam and Ammerman, 1984) would be more 

l i k e l y  in s u r f a c e  w a te r s ;  secondly ,  r e l e a s e  o f  d i s so lv ed  o rgan ics  and 

amino ac ids  dur ing  f l a g e l l a t e  g raz ing  a c t i v i t i e s  upon such c o n s o r t i a  

(Andersson e t  a l . ,  1985) may promote g r e a t e r  b a c t e r i a l  product ion  and a 

p o s i t i v e  feedback response  in f l a g e l l a t e  p o p u la t io n s ;  and f i n a l l y ,  th e  

p r o b a b i l i t y  o f  encounte r o f  b a c t e r i a  by f l a g e l l a t e s  based upon 

abundances was s i g n i f i c a n t l y  {/><().001) g r e a t e r  in su r fa ce  waters  ( log  

r a t i o  BA/HNAN=3.38) than in bottom waters  ( log r a t i o  BA/HNAN=3.31).

D i rec t  measurement o f  f l a g e l l a t e  g raz ing  r a t e s  upon b a c t e r i a  were 

not ob ta ined  in  t h i s  s tudy ,  however maximum t h e o r e t i c a l  r a t e s  were 

e s t im ated  from b a c t e r i a l  abundance and c e l l u l a r  p roduct ion  d a ta  (Table 

11).  C a lcu la t io n s  assumed the  absence o f  b a c t e r i a l  c e l l  em igra t ion ,  and 

non-preda tory  m o r t a l i t y .  Grazing r a t e  v a lu es  f o r  su r f a ce  waters  ranged 

from 0.71 - 1.76 x l O ^ e l l s - m T ^ d " 1 (mean = 1.17 x 107-ml-1-d_1) , which 

are w i th in  t h e  range o f  va lues  r e p o r te d  f o r  e s t u a r i n e  and co as ta l  

environments (Fenchel,  1982; Coff in  and Sharp ,  1987). Conversion o f  

g raz ing  r a t e s  to  % lo s s  o f  d a i l y  b a c t e r i a l  product ion  revea led  t h a t  from 

85 to  132 % o f  d a i l y  b a c t e r i a l  p roduct ion  was consumed through g raz ing .

A SAS genera l  l i n e a r  model a n a ly s i s  i n d i c a t e d  t h a t  t o t a l  g raz ing  r a t e  

(TGR) was s i g n i f i c a n t l y  d i f f e r e n t  among s t a t i o n s  (P=0.028),  with the  

d i f f e r e n c e  conf ined to  end-member s t a t i o n s  1 and 4. Although t h i s  study 

i s  l i m i t e d  in  terms o f  g raz ing  e s t im a te s  (n=20),  r e s u l t s  appear s i m i l a r  

to  t h o s e  ob ta ined  by Coff in  and Sharp (1987) f o r  th e  Delaware e s tu a ry ,
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Table 11. Grazing r a t e  c a l c u l a t i o n s  in su r face  waters  f o r  s t a t i o n s  over 
sampling i n t e r v a l s .  V ar iab les  in c lu d e ;  TGR ( t o t a l  g raz ing  r a t e ;  ce11s*mr 
^ d " 1 xlO ) = the  d i f f e r e n c e  in b a c t e r i a l  abundance plus  mean c e l l u l a r  
p roduc t ion  d iv id  d by t ime, SGR ( f l a g e l l a t e  s p e c i f i c  g raz ing  r a t e ;  
c e l l s ’ f l a g e l l a t e ' ^ d -1 xlO3) = TGR d iv ided  by mean f l a g e l l a t e  abundance, and 
PPG (p e rc en t  o f  d a i l y  b a c t e r i a l  production  g razed ;  % ) = TGR d iv ided  by 
mean c e l l u l a r  p roduc t ion .

INTERVAL STATION TGR SGR PPG

AUG06-08 1 1.68 2.92 104
2 1.59 3.19 99
3 1.44 3.20 117
4 1.05 3.87 108

AUG08-09 1 1.00 1.79 90
2 0.98 1.80 98
3 0.84 2.08 87
4 1.15 3.00 117

AUG09-10 1 1.19 2.90 107
2 1.52 5.26 105
3 0.78 2.26 97
4 0.93 2.61 89

AUG10-12 1 1.54 2.83 93
2 1.21 5.96 98
3 1.01 3.16 97
4 0 .88 3.03 103

AUG12-13 1 1.76 3.49 124
2 1.01 2.36 132
3 1.07 3.45 108
4 0.71 3.67 85



in t h a t  both b a c t e r i a l  product ion and graz ing  r a t e s  were h ighes t  in the  

lower e s tu a ry .  Temporal p a t t e rn s  ind ica ted  depress ion  o f  t o t a l  (TGR) 

and s p e c i f i c  graz ing  r a t e s  (SGR) during th e  onset  o f  d e s t r a t i f i c a t i o n .  

TGR f o r  th e  i n te rv a l  o f  August 8-9 was s i g n i f i c a n t l y  lower ( ^ 0 . 0 5 )  

compared t o  t h e  f i r s t  i n t e r v a l .  SGR fo r  t h e  in te rv a l  August 8-9 was 

s i g n i f i c a n t l y  lower than a l l  remaining in t e r v a l  va lues .  This f ind ing  

agrees  with t h e  recen t  observat ion  of McManus and Pete rson (1988) t h a t  

s i m i l a r  d i s r u p t i o n s  o f  f l a g e l l a t e  grazing a c t i v i t y  occur in the  coas ta l  

zone o f f  Chi le  during d e s t r a t i f i c a t i o n  even ts .

B a c t e r i a l - N u t r i e n t  Dynamics

A ssoc ia t ions  between b a c t e r i a l  abundance and d i s so lv ed  n i t rogen  

and phosphorus n u t r i e n t s  based upon the  e n t i r e  da ta  s e t  were a l l  

nega t ive  and h igh ly  s i g n i f i c a n t .  Rublee e t  a l .  (1984) found s i m i l a r  

r e l a t i o n s h i p s  with ammonium and n i t r a t e  in  t h e  Rhode River e s tu a ry ,  but 

th e  r e l a t i o n s h i p  with phosphorus was p o s i t i v e .  C o r re la t io n s  o f  these  

n u t r i e n t s  with b a c t e r i a l  abundance were a l l  more h igh ly  s i g n i f i c a n t  than 

analogous c o r r e l a t i o n s  to  t o t a l  chlorophyl l  a,  sugges ting  t h a t  the  

r e l a t i o n s h i p  between b a c t e r i a  and n u t r i e n t s  was not due to  coupl ing with 

a u to t ro p h ic  biomass.

M ult ip le  d i sc r im inan t  a n a ly s i s  (F igure  10, Table 11) ind ica ted  

t h a t  n i t r i t e  concen t ra t ion  was the  most important d i s c r im in a to ry  

v a r i a b l e  with regards  to  b a c t e r i a l  abundance, while ammonium 

co n cen t ra t io n  appeared important in d i s c r im in a t io n  o f  production groups.  

Phosphate d i sp layed  moderately high loadings  on both d f l  and d f l I  and 

t h e r e f o r e  c o n t r ib u te d  somewhat t o  sepa ra t ion  o f  a l l  groups .  A b as ic



ques t ion  with regard  to  t h e se  d a t a  i s  why r e l a t i o n s h i p s  between 

n u t r i e n t s  and b a c t e r i a l  abundance should d i f f e r  from r e l a t i o n s h i p s  

between n u t r i e n t s  and b a c t e r i a l  p roduc t ion .  I t  i s  p o s s ib l e  t h a t  var ious  

n u t r i e n t s  d i f f e r e n t i a l l y  a f f e c t  o th e r  members o f  t h e  microbia l  loop 

( i . e .  g r a z e r s )  whose i n t e r a c t i o n s  with b a c t e r i a  a re  important in 

de te rmin ing  b a c t e r i a l  abundance.  For example f l a g e l l a t e s  d i sp lay ed  

h igh ly  s i g n i f i c a n t  c o r r e l a t i o n s  (PcO.OOl, d a ta  not shown) to  n i t r i t e  

co n ce n t ra t io n s  based upon th e  e n t i r e  d a ta  s e t  and many groupings ,  and 

t h e r e f o r e  d i s c r im in a t io n  of  b a c t e r i a l  abundance groups  by n i t r i t e  may be 

i n d i r e c t l y  r e l a t e d  t o  f l a g e l l a t e  a c t i v i t y .

Temporal changes in n u t r i e n t  c o n ce n t r a t io n s  r e v e a le d  p a t t e r n s  

s i m i l a r  to  those  observed by Webb and D 'E l i a  (1980) dur ing  a sp r ing -neap  

t i d a l  cyc le  in  th e  York River ,  V i rg in i a .  Mean w ater  column 

co n ce n t ra t io n s  o f  ammonium, t o t a l  d i s so lv e d  ino rgan ic  n i t rogen  and 

phosphate grouped over s t a t i o n s  d isp layed  c o n ce n t ra t io n  minimums 

co in c id in g  with d e s t r a t i f i c a t i o n  on August 9th (F igures  9a -e ) .  A f te r  

r e s t r a t i f i c a t i o n  phosphate c o n c e n t r a t i o n s  ex h ib i te d  maximum va lues  

g r e a t e r  than observed p r i o r  t o  d e s t r a t i f i c a t i o n .  The mechanism o f  t h i s  

phosphate  r e m in e r a l i z a t i o n  i s  unknown. The most marked temporal change 

in  DIN n u t r i e n t s  occurred a t  s t a t i o n  3,  where i n t e g r a t e d  c o n ce n t r a t io n s  

o f  t o t a l  DIN, ammonium, and n i t r a t e  a l l  decreased  60-70% between August 

6th  and 9 th .  This phenomenon co inc ided  w i th  a rap id  in c rease  in  su r fa ce  

ch lo rophy l l  a  c o n ce n t ra t io n  and t h e r e f o r e  may have been due to  n u t r i e n t  

uptake a s s o c ia t e d  with a u t o t r o p h ic  growth. However, some f r a c t i o n  o f  

ammonium may have served as a s u b s t r a t e  f o r  n i t r i f i c a t i o n  s ince  n i t r a t e  

c o n ce n t ra t io n s  a t  upper e s tu a r y  s t a t i o n s  cont inued t o  inc rease  over  the
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d ura t ion  o f  the  study.

Temporal changes in c o r r e l a t i o n s  between h e te ro t ro p h ic  b a c t e r i a  

and d is so lv ed  n u t r i e n t s  were apparent with regard to  va r ious  n u t r i e n t  

s p ec ie s .  On August 6th b a c t e r i a  were h ighly  c o r r e l a t e d  with ammonium, 

y e t  by August 9th t h i s  r e l a t i o n s h i p  had disappeared and was rep laced  

in s te ad  by a s t rong  c o r r e l a t i o n  t o  phosphate and weaker c o r r e l a t i o n s  to  

oxid ized n i t rogen  n u t r i e n t s .  A s i m i l a r  p a t t e r n  was observed f o r  both 

t o t a l  and <15 (im  ch lorophyll  a.  Autotrophic  ammonium uptake has been 

shown to  suppress enzymes re sp o n s ib le  f o r  n i t r a t e  a s s im i la t io n  

(Carpenter and Dunham 1985), t h e r e f o r e ,  the  importance o f  oxidized 

n i t rogen  forms f o r  au to t ro p h ic  a s s im i la t io n  probably in c rease  as 

ammonium concen t ra t ions  d e c l in e .  The change in c o r r e l a t i o n  p a t t e rn  

c o in c id en t  with d e s t r a t i f i c a t i o n  may be th e  r e s u l t  of increased  

p re fe rence  f o r  n i t r a t e  and n i t r i t e  during  the  period o f  diminished 

ammonium pools .  Pr ice  e t  a l .  (1985) and more r e c e n t ly  Harrison and Wood

(1988) have demonstrated t h a t  uptake r a t e s  and pre fe rence  f o r  

p a r t i c u l a t e  n i t rogen  n u t r i e n t  spec ies  by au to t ro t rophs  may be 

d ra m a t ic a l ly  a f fec ted  by the  hydrography ( s t r a t i f i e d  ve rsus  f r o n t a l )  of  

the  system, however s im i l a r  informat ion on h e te ro t ro p h ic  b a c t e r i a  i s  

l a ck ing .  In f a c t ,  very l i t t l e  i s  known about modes and p a t t e r n s  o f  

n i t rogen  uptake by b a c t e r i a  in na tu ra l  systems. B i l len  (1984) concluded 

t h a t  b a c t e r i a  p r im ar i ly  u t i l i z e  amino ac ids  as t h e i r  n i t ro g en  source,  

and phytoplankton u t i l i z e  ammonium, n i t r a t e  and urea.  However, re cen t  

work by Wheeler and Kirchman (1986), and by th e  au thor working in th e  

York River  (unpublished d a t a ) ,  have shown t h a t  in the  euphot ic  zone 

s i g n i f i c a n t  amounts o f  ammonium uptake in to  p a r t i c u l a t e  m ate r ia l  were
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due t o  a s s i m i l a t i o n  by h e t e r o t r o p h ic  b a c t e r i a .

P a t t e rn s  o f  n u t r i e n t  c o r r e l a t i o n s  in t h e  v e r t i c a l  p la n e  ind ica ted  

a weakening in t h e  r e l a t i o n s h i p  between b a c t e r i a l  abundance and 

n u t r i e n t s  with depth  in  th e  w a ter  column. S t rong neg a t iv e  c o r r e l a t i o n s  

with  ox id ized  forms o f  n i t rogen  and weaker r e l a t i o n s h i p s  w i th  ammonia 

and phosphate were found in th e  su r face  w a te r s .  Pycnocline waters 

e x h ib i t e d  only weak c o r r e l a t i o n s  between ox id ized  n i t r o g en  forms and 

b a c t e r i a l  abundance.  Bottom waters  y ie lded  no s i g n i f i c a n t  c o r r e l a t i o n s  

between n u t r i e n t s  and b a c t e r i a l  abundance.  I t  i s  h ighly  probable  t h a t  

n u t r i e n t  c o n c e n t r a t io n s  under th e  pycnocline  a r e  g r e a t l y  in f luenced  by 

ben th ic  r e g e n e ra t io n  and consumption p ro cesses ,  and th e se  may obscure 

r e l a t i o n s h i p s  which may e x i s t  with p lan k to n ic  conponents in  bottom 

w a te r s .  C o r r e l a t i o n s  o f  n u t r i e n t s  t o  b a c t e r i a l  abundances based upon 

s t a t i o n s  d i sp layed  a p a t t e r n  s i m i l a r  to  t h a t  seen f o r  cyan o b ac te r ia  and 

ch lo rophy l l  a,  with s t rong  c o r r e l a t i o n s  to  a l l  n i t rogen  n u t r i e n t  spec ies  

a t  s t a t i o n  1 with g e n e r a l l y  d e c rea s in g  n u t r i e n t  a s s o c i a t i o n  progress ing  

u p r iv e r .

Hydrographic and Phys ica l  Facto r  In f luences

In v e s t i g a t i o n s  conducted in  oceanic  and co as ta l  environments  have 

g e n e r a l ly  shown h e t e r o t r o p h ic  b a c t e r i a l  p roduc t ion  in th e  eupho t ic  zone 

o f  s t r a t i f i e d  waters  t o  exceed t h a t  observed under mixed co n d i t io n s  

(L inely  e t  a l . ,  1983; Tur ley  and Lochte, 1985; Hanson e t  a l . ,  1988; 

McManus and Pe te rson ,  1988; Kuosa and Kivi,  1989) .  Malone e t  a l .

(1986),  working in t h e  upper Chesapeake Bay, observed a s i m i l a r  trend 

with  b a c t e r i a l  product ion  ranging from 52-680 mg C*nf2*d_1 du r ing  mixed



c o n d i t io n s ,  versus 250-1000 mg C*nfz*d‘l under s t r a t i f i e d  hydrography. 

Resu l ts  o f  t h e  p re s en t  s tudy i n d i c a t e  t h a t  the  same p a t t e r n  occured in 

the  James River,  a subes tua ry  o f  t h e  Chesapeake Bay. In teg ra ted  

b a c t e r i a l  p roduct ion  grouped over s t a t i o n s  decreased  s i g n i f i c a n t l y  

(P=0.015, SAS-General l i n e a r  model) from 324 /xg C«l-1»d_1 on August 6th 

to 187/tg C - l “1-d“1 on August 9 th ,  t h e  da te  o f  g r e a t e s t  mixing.

Mechanisms proposed t o  account f o r  reduc t ion  o f  b a c t e r i a l  production 

with mixing sugges t  an uncoupling between b a c te r io p lan k to n  and s u b s t r a t e  

supplied  from euphot ic  phytoplankton components (Malone e t  a l . ,  1986; 

McManus and Pete rson ,  1988). Such a model would be c o n s i s t e n t  with 

o bse rv a t io n s  o f  depressed  primary p r o d u c t iv i t y  under l i g h t  l im i t ed  

co n d i t io n s  o f  d e s t r a t i f i c a t i o n  ( s e e  review by Legendre (1980)).  Malone 

e t  a l .  (1986) found t h a t  r a t e s  o f  pr imary p roduc t ion  in  t h e  upper Bay 

were lower under mixed c o n d i t io n s .  In the  p r e s e n t  s tudy, al though only 

a l im i t e d  number o f  14C primary produc t ion  e s t i m a te s  were ob ta ined  (data  

not shown), th e  lowest va lues  f o r  r a t e s  (observed on August 9th)  

co incided  with  maximum d e s t r a t i f i c a t i o n .  F u r th e r  i n d i c a t i o n s  o f  t ro p h ic  

uncoupling were e v id en t  from c o r r e l a t i o n  a n a ly s i s  (Tables 9a -b ) .  

C o r re la t io n  c o e f f i c i e n t s  between b a c t e r i a l  abundance and both measures 

of  ch lo ro p h y l l  were more highly  s i g n i f i c a n t  on August 6th as compared to  

August 9 t h .  R e la t io n sh ip s  between b a c t e r i a l  p roduc t ion  and chlorophyll  

a d i sp layed  a s im i l a r  p a t t e r n .  By August 12th when the  s t a t i o n s  had 

begun t o  r e s t r a t i f y  more highly  s i g n i f i c a n t  c o r r e l a t i o n s  reappeared 

between ch lo rophy l l  a and b a c t e r i a l  paramete rs .  Malone e t  a l .  (1986) 

a lso  found t h a t  c o r r e l a t i o n  c o e f f i c i e n t s  between d i r e c t  counts o f  

b a c t e r i a  and ch lo rophy l l  a were h ig h e r  dur ing s t r a t i f i e d  hydrography as
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compared t o  the mixed period.

The tendency f o r  inc reases  in chlorophyll  a in pycnocl ine and 

bottom w aters  combined with a depress ion in surface  w a te r  ch lorophyll  a  

values a t  s t a t i o n s  1-3 on August 10th suggested mixing o f  su r face  water 

ch lo rophyll  throughout the  w ater  column. Although t h i s  would reduce 

b a c t e r i a l  s u b s t r a t e  in the  su r fa ce  waters,  increased chlo rophyl l  in 

euphotic  waters would l i k e l y  inc rease  s u b s t r a t e  to th o se  b a c t e r i a l  

po p u la t io n s .  Such s u b s t r a t e  r e lo c a t io n  may explain p a t t e r n s  o f  change 

in b a c t e r i a l  production.  I n t e r p r e t a t i o n s  o f  the  in f lu en c e  of 

d e s t r a t i f i c a t i o n  upon dynamic r e l a t i o n s h i p s  between h e te r o t ro p h ic  

b a c te r i a  and cyanobacter ia  are  mostly s p ec u la t iv e .  I t  has been well 

documented th a t  Svnechococcus sp .  ( the numerical ly  dominant au to t rophs  

in t h i s  s tudy) c o n t r ib u t e  p ro p o r t io n a te ly  more towards t o t a l  primary 

production under low l i g h t  cond i t ions  (Morris and Glover 1981). I t  i s  

poss ib le  t h a t  cyanobacter ia l  production assumed a g r e a t e r  p ropor t ion  of 

t o t a l  primary  production  as d e s t r a t i f i c a t i o n  progressed in the  James 

River.  Increased t u r b i d i t y  a ssoc ia ted  with d e s t r a t i f i c a t i o n  would be 

l i k e l y  t o  enhance t h i s  tendency. A l t e rn a t iv e ly  the  appearance o f  

inc reas ing  abundances o f  cyanobacter ia  in t h e  pycnocl ine and bottom 

waters may simply be due to  th e  advection from the s u r f a c e  waters .  

Regardless o f  the mechanism b a c t e r i a l  production in pycnocline  waters  

was markedly s t im ula ted  with increased  cyanobac ter ia l  abundances.
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D e s t r a t i f i c a t i o n  in th e  lower Janies River e s tu a ry  r e s u l t e d  in 

decreased b a c t e r i a l  p roduction but r e l a t i v e l y  l i t t l e  change in  b a c te r i a l  

abundance. C o e f f ic ien t s  o f  v a r i a t i o n  o f  h e te r o t ro p h ic  b a c t e r i a l  

abundance and production ind ica ted  t h a t  s p a t i a l  v a r i a b i l i t y  remained 

g r e a t e r  than temporal v a r i a b i l i t y .  Despite  t h i s  in format ion,  

c o r r e l a t i v e  a n a ly s i s  in d ic a ted  t h a t  r e l a t i o n s h i p s  between b a c t e r i a l  

abundance and a n c i l l a r y  parameters changed over d e s t r a t i f i c a t i o n .

Result s  o f  oxygen metabolism experiments suggested t h a t  bac te r iop lankton  

a c t i v i t y  was c lo se ly  coupled to  p h o to s y n th e t i c a l ly  re leased  d is so lv ed  

organic  m a t te r .  Changes in r e l a t i o n s h i p s  between b a c t e r i a l  and 

au to t ro p h ic  parameters  i n d ic a ted  t h a t  b a c t e r i a  were responsive  to  

a l t e r a t i o n s  in au to t ro p h ic  community s t r u c t u r e ,  and were more c l o s e ly  

a sso c ia ted  with sm al le r  (<15 /im) au to t ro p h ic  forms, p a r t i c u l a r l y  

cyanobac te r ia .  Mixing o f  chlorophyll  throughout t h e  water column during 

d e s t r a t i f i c a t i o n  appeared to  t r a n s l o c a t e  s u b s t r a t e ,  r e s u l t i n g  in the  

enhancement o f  b a c t e r i a l  production r a t e s  in pycnocline  and bottom 

w ate r s ,  but depress ion  o f  r a t e s  in s u r f a c e  water .  He tero t rophic  

f l a g e l l a t e s  were shown t o  be important in  c o n t r o l l i n g  b a c te r i a l  

abundance by consuming n e a r ly  a l l  o f  d a i l y  b a c t e r i a l  c e l l  p roduct ion .  

Grazing a c t i v i t i e s  o f  f l a g e l l a t e s  which were h ighly  c o r r e l a t e d  with 

b a c t e r i a l  abundance in s u r f a ce  waters ,  may have been a l t e r e d  during 

d e s t r a t i f i c a t i o n ,  as evidenced by depress ion  of  t o t a l  and s p e c i f i c  

graz ing  r a t e s  during  th e  pe r iod  of r a p id  d e s t r a t i f i c a t i o n  of  August 8th- 

9 th .
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B a c t e r i a l - n u t r i e n t  r e l a t i o n s h i p s  suggested t h a t  compet it ion  fo r  

a v a i l a b l e  n u t r i e n t s  with auto trophs  was l i k e l y .  C o r re la t io n s  between 

b a c t e r i a l  abundance and DIN n u t r i e n t s  were a l l  s t ro n g e r  than 

c o r r e l a t i o n s  between a u to t roph ic  parameters and DIN n u t r i e n t s .  Mult iple 

d i s c r im in a n t  a n a ly s i s  ind ica ted  t h a t  b a c t e r i a l  production r a t e s  were 

i n v e r s e ly  r e l a t e d  t o  ammonium c o n ce n t ra t io n s ,  however c o r r e l a t i v e  

a n a ly s i s  in d ic a ted  t h a t  t h i s  r e l a t i o n s h i p  disappeared during th e  

d e s t r a t i f i e d  pe r iod .  Temporal p a t t e r n s  o f  change in  DIN n u t r i e n t s  and 

phosphate agreed with th e  observat ions  made by previous  in v e s t ig a to r s  

t h a t  minimal con cen t ra t io n s  o f  these  n u t r i e n t s  g e n e r a l ly  occur dur ing 

th e  d e s t r a t i f i e d  pe r iod .  These n u t r i e n t s  were incorpora ted  in to  

p lank ton ic  biomass, or converted to  o th e r  nit rogen  forms ( i . e .  v ia  

n i t r i f i c a t i o n )  as ind ica ted  by inc reas ing  n i t r i t e  con cen t ra t io n s  in the  

upper e s tu a ry .  The r e l a t i v e  importance o f  new n i t ro g en  sources (N03 and 

N02) were a lso  g r e a t e s t  during th e  d e s t r a t i f i e d  per iod  when ammonium 

c o n ce n t ra t io n s  became low (<l/un).

Decreases in b a c t e r i a l  production r a t e s  as a consequence o f  

d e s t r a t i f i c a t i o n  have been observed in many but not a l l  i n v e s t i g a t i o n s .  

The consequences o f  d e s t r a t i f i c a t i o n  may depend upon th e  type o f  

c o n t r o l s  exer ted  upon b a c t e r i a l  popula t ions  when d e s t r a t i f i c a t i o n  

o ccu rs .  Depression o f  b a c t e r i a l  production r a t e s  would be l i k e l y  i f  

su r f a ce  water popula t ions  were c lo se  to  s u b s t r a t e  l im i t e d  cond i t ions  

with regards  t o  carbon and d e s t r a t i f i c a t i o n  f u r t h e r  d i l u t e d  a v a i l a b l e  

s u b s t r a t e .  Enhancement o f  r a t e s  could occur i f  su r fa ce  popula t ions  were 

n u t r i e n t  l im i t e d  and mixing of  n u t r i e n t  r i c h  bottom waters  provided 

inc reased  con cen t ra t io n s  throughout a g r e a t e r  po r t ion  o f  the  water



column. I f  the  g raz ing  a c t i v i t i e s  o f  mic rohe te ro t rophs  and b a c t e r i a l  

production were depressed during d e s t r a t i f i c a t i o n  then b a c t e r i a l  

abundance would appear  cons tan t .

This study has i l l u s t r a t e d  t h a t  b ac te r iop lank ton  a c t i v i t i e s  and 

t ro p h ic  r e l a t i o n s h i p s  in the  microbial  loop a re  markedly a l t e r e d  during 

d e s t r a t i f i c a t i o n .  Since hydrographic phenomena such as d e s t r a t i f i c a t i o n  

occur on a r e g u la r  b a s i s  in many temperate e s t u a r i e s  i t  i s  o f  g re a t  

importance and i n t e r e s t  to  determine how th e se  changes a f f e c t  the  

microbial  loop. In p a r t i c u l a r ,  more informat ion i s  needed regard ing 

q u a l i t a t i v e  and q u a n t i t a t i v e  changes in microbial  s u b s t r a t e s  and 

a l t e r a t i o n s  in a c t i v i t e s  o f  g razers  as the  r e s u l t  o f  hydrographic 

a l t e r a t i o n s  o f  e s t u a r i n e  m i l l i e u .
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INTRODUCTION

The s i g n i f i c a n c e  o f  b a c t e r i a  in  carbon production  and n u t r i e n t  

cyc l ing  w i th in  marine and e s t u a r i n e  ecosystems remains c o n t r o v e r s i a l .  

B a c te r i a  have been re p o r te d  to  be an important carbon source f o r  g raz ing  

m ic rohe te ro t rophs  and p o s s ib ly  h ig h e r  t ro p h ic  l e v e l s  (Fenchel,  1982; 

Fuhrman and McManus, 1984; Wright and Coff in ,  1984a-b; Roman e t  a l . ,

1988); s i n k s  f o r  carbon in mic robia l  food webs (Ducklow e t  a l . ,  1986; 

Coffin and Sharp,  1987); major media tors  o f  n u t r i e n t  r e g e n e ra t io n  

( G l i b e r t ,  1982; Coff in  and Sharp,  1987),  and r e s p o n s ib le  f o r  

a s s i m i l a t i o n  of  a l a rg e  p ro p o r t io n  o f  a v a i l a b l e  n i t ro g en  n u t r i e n t s  i n to  

p a r t i c u l a t e  m a t te r  (Laws, 1985; Wheeler and Kirchman, 1986; Horrigan e t  

a l . ,  1988).

I t  i s  l i k e l y  t h a t  b a c t e r i a l  communities c o n t r i b u t e  to  a l l  o f  th e se  

p rocesses  with  t h e i r  e x ac t  r o l e  d i c t a t e d  by environmental  c o n d i t io n s .

For example,  Goldman e t  a l . (1987) has shown t h a t  th e  e f f i c i e n c y  of 

b a c t e r i a  as n u t r i e n t  r e m in e r a l i z e r s  i s  h igh ly  dependent upon t h e i r  

p h y s io lo g ica l  s t a t e ,  (exponent ia l  growth or  senescence) and th e  C: N 

r a t i o  o f  t h e  s u b s t r a t e  used by r a p i d l y  growing c e l l s .  Hopkinson e t  a l .

(1989) have developed a model which sugges ts  t h a t  th e  C:N r a t i o  of  

h e t e r o t r o p h i c  b a c t e r i a l  s u b s t r a t e s  a f f e c t  mic robia l  carbon conversion  

e f f i c i e n c y ,  n i t ro g en  r e m i n e r a l i z a t i o n  and o rgan ic  carbon u t i l i z a t i o n .  

Physical  f a c t o r s  governing hydrographic  co n d i t io n s  a lso  appear,  

im por tan t .  In a s tudy concern ing t h e  v e r t i c a l  d i s t r i b u t i o n  and 

p a r t i t i o n i n g  o f  o rgan ic  carbon in mixed, f r o n t a l ,  and s t r a t i f i e d  waters 

o f  the  Engl ish  Channel,  Hol l igan  e t  a l . (1984) suggested  t h a t  t h e r e  was
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a g r e a t e r  t r a n s f e r  o f  carbon from b a c t e r i a  to  f l a g e l l a t e s  and higher  

t r o p h i c  l e v e l s  a t  th e  s t r a t i f i e d  s t a t i o n s ,  as compared t o  th e  o ther  

hydrographic  c o n d i t io n s .  McManus and Peterson (1988) found t h a t  t r o p h i c  

r e l a t i o n s h i p s  between b a c t e r i a ,  phytoplankton and h e te r o t ro p h ic  

m ic r o f l a g e l l a t e s  o f f  coas ta l  Chi le  were h igh ly  inf luenced  by 

hydrographic  co n d i t io n ,  with b ac te r iop lank ton  assuming a g r e a t e r  

p ropor t ion  o f  t o t a l  p lanktonic  production dur ing upwelling per iods .

Bacte r ioplankton  a c t i v i t y  wi th in  e s t u a r i e s  appears t o  be of  

c r i t i c a l  importance to  n u t r i e n t  cyc l ing  p rocesses .  Ducklow and Peele

(1987) found t h a t  in the  upper Chesapeake Bay b a c t e r i a l  biomass o f ten  

surpassed phytoplankton biomass by a f a c t o r  o f  two, whi le  b a c t e r i a l  

production  exceeded au to t roph ic  production by 50% fo r  extended time 

p e r io d s .  Such scena r io s  can be main ta ined only through cons id e rab le  

inpu ts  o f  a l lochthonous mater ia l  o r  as th e  consequence o f  a c lo se ly  

coupled microbia l  loop in which r a t e s  o f  n u t r i e n t  in co rp o ra t io n  are  

matched by r a t e s  o f  n u t r i e n t  r e m in e r a l i z a t i o n .  Bac te r ioplankton  and 

phytoplankton have been shown t o  be important components with  regard to  

ammonium a s s im i l a t i o n  (Wheeler and Kirchman, 1986; Pennock 1986). 

Rem inera l iza t ion  p rocesses  are  l e s s  well understood and a re  g e n e ra l ly  

thought to  be mediated by graz ing  o f  micro and nanohete ro trophs  (Goldman 

e t  a l . , 1 9 8 5 ;  Roman e t  a l . ,  1988; Bloem e t  a l . ,  1989) o r  by b a c t e r i a l  

a c t i v i t i e s  (Goldman e t  a l . ,  1987; Hopkinson e t  a l . ,  1987).

Although severa l  i n v e s t i g a t o r s  have undertaken s t u d i e s  to 

e l u c i d a t e  the  ro le  o f  bac te r iop lank ton  in n i t rogen  cyc l ing  dynamics, 

only one has compared a s s im i la t io n  and re m in e ra l iz a t io n  r a t e s  with 

product ion  of  the  b a c t e r i a l  component. Hopkinson e t  a l .  (1987) found
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t h a t  suspended b a c t e r i a  were an o rde r  o f  magnitude more im por tant than 

m ic rohe te ro t rophs  both in terms o f  carbon product ion  and ammonium 

re m i n e r a l i z a t i o n  in t h e  water  column of  an A u s t r a l i a n  cora l  r e e f .

G l ib e r t  (1982) us ing a s e r i e s  o f  s i z e  f r a c t i o n a t i o n s  found t h a t  the  

f r a c t i o n s  >1 /im g e n e r a l ly  accounted fo r  th e  m a jo r i ty  o f  ammonium uptake 

and r e m i n e r a l i z a t i o n  in th e  Chesapeake Bay. Although G i l b e r t ' s  (1982) 

e s t im a te s  appear l e g i t i m a t e  they  r e p re se n t  only  s in g le  samples a t  t h r e e  

s t a t i o n s  in th e  Chesapeake Bay, and no in format ion  concern ing b a c t e r i a l  

abundance o r  product ion  were a v a i l a b l e .

Given th e  evidence t h a t  b a c te r io p l an k to n  may be very  important 

c o n t r i b u t o r s  to  carbon p roduc t ion  and n u t r i e n t  cyc l ing  in m icrob ia l  food 

webs, th e  goal o f  t h i s  s tudy was to  measure secondary p roduc t ion  o f  

b a c te r io p l an k to n  ( u t i l i z i n g  a thymidine in c o rp o ra t io n  methodology),  and 

to  de termine  th e  r o l e  o f  bac te r io p lan k to n  in  ammonium c y c l in g  a t  severa l  

s t a t i o n s  in th e  York River  e s t u a r y .  The fo l lowing  hypotheses  were 

t e s t e d :  (1) t h a t  va lues  o f  b a c t e r i a l  abundance and thymidine 

in c o r p o r a t io n ,  ammonium a s s i m i l a t i o n  and r e m i n e r a l i z a t i o n  in whole water  

would vary s i g n i f i c a n t l y  on s p a t i a l  and temporal s c a l e s ,  (2) t h a t  

b a c te r io p l an k to n  would c o n t r i b u t e  s i g n i f i c a n t l y  ( i . e .  much g r e a t e r  than 

in d i c a t e d  by t h e i r  biomass) t o  ammonium a s s i m i l a t i o n ,  and r e l a t i o n s h i p s  

between thymidine in c o rp o ra t io n  and ammonium a s s i m i l a t i o n  would be 

h igh ly  s i g n i f i c a n t ,  (3) t h a t  ammonium r e m in e r a l i z a t i o n  would be mediated 

p r im a r i l y  by g raz ing  organisms conta ined in  t h e  > 1.6 /m and <15 fim  

f r a c t i o n a t i o n  and, (4) t h a t  r a t e s  o f  ammonium a s s i m i l a t i o n  and 

r e m in e r a l i z a t i o n  would be coupled and c o n s i s t e n t  over temporal and 

s p a t i a l  axes.
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Study area  and sample a c q u is it io n

The York River  e s t u a r y  (F igure  12) i s  formed by th e  conf luence  of  

th e  Pamunkey and Mattaponi Rivers approximate ly  50 Km from th e  mouth, 

which d r a i n s  i n to  t h e  lower Chesapeake Bay. Tidal i n f lu en c e  ex tends  

th roughou t  th e  leng th  o f  t h e  York River .  The r i v e r  i s  considered  to  be 

r e l a t i v e l y  unimpacted compared to  o t h e r  s u b e s tu a r i e s  o f  the  Chesapeake 

Bay. Sampling s i t e s  (F igure  12) were l o c a t ed  in shoal a reas  (mean depth 

<1.5 m) on th e  e a s t e r n  shore  o f  the  r i v e r  11.25 Km, 25 .5  Km, and 40.25 

Km from th e  r i v e r  mouth.

Samples were c o l l e c t e d  monthly from each s i t e  du r ing  from April  

through August o f  1988. S t a t i o n s  were sampled a t  s l a c k  before  f lood  

t i d e  d u r ing  th e  morning (0500-0930 h o u r s ) .  S a l i n i t y ,  water t em pera tu re ,  

and l i g h t  a t t e n u a t io n  were determined p r i o r  to  water  c o l l e c t i o n .  

T r i p l i c a t e  10 1 water samples were r e t r i e v e d  a t  each s t a t i o n  us ing  acid 

washed, de ion ized  water  r i n s e d  b lack  Nalgene® carboys,  and were re tu rned  

to  t h e  l a b o r a to r y  f o r  f u r t h e r  p rocess ing  wi th in  1 hour  a f t e r  f i n a l  

s t a t i o n  sampling.

A n a ly tic a l methods

At th e  l a b o ra to ry  each sample r e p l i c a t e  was s i z e  f r a c t i o n a t e d  to  

provide  whole water ,  <15 /im, and <1.6 /im s i z e  f r a c t i o n s .  The <15 (im  

f r a c t i o n  was obta ined  by g r a v i t y  f i l t r a t i o n  through a 35 /im n i t e x  mesh 

fol lowed by a 15 /im n i t e x  mesh. The <1.6 /im f r a c t i o n  was produced from 

<15 /tm f r a c t i o n a t e d  water  which was subsequently  f i l t e r e d  under low



Figure 12 Location o f  s t a t i o n s  in th e  York River and 

i n s e t  showing York River l o c a t i o n  in th e  

Chesapeake Bay
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p r e s s u r e  (ca .  100mm Hg) through pre-combusted (550° C, 4 hours) Gelman 

AE g l a s s  f i b e r  f i l t e r s .

Ammonium a s s i m i l a t i o n  and r e m in e ra l i z a t io n  were determined us ing  

15N t r a c e r  te ch n iq u es .  Es timates  of  both parameters  were determined on 

each sample from a  s in g le  incubat ion  o f  1 l i t r e  subsamples spiked w i th  

1/xg atom*l-1 of  99% ( 15NH4)2S04 (Cambridge L a b o r a to r i e s ) .  Spiked samples 

were incubated  in t h e  dark f o r  3-4 hours a t  a tem pera tu re  e q u iv a l e n t  to  

the  mean o f  i n - s i t u  tempera tures  recorded a t  th e  t h r e e  s t a t i o n s .  

Immediately a f t e r  i so tope  a d d i t io n  ( t 0) ,  and a t  the  end o f  the 

incu b a t io n  per iod ( t f ) ,  250ml (whole w a ter  and <15 /im t r e a tm e n ts )  and 

500ml (<1.6  i m  t r e a tm e n t s )  o f  samples were f i l t e r e d  through precombusted 

Whatman GF/F f i l t e r s .  Ammonium in sample f i l t r a t e s  was immediately 

conver ted  to  indophenol-N by t h e  methods o f  Dudek e t  a l . (1986) and was 

l a t e r  recovered (<24 hrs )  us ing  s o l id -p h a se  e x t r a c t i o n  columns (Selmer 

and Sorensen 1986).  F i l t e r s  were d r ied  a t  80#C fo r  >24 h r s .  and th e n  

s to re d  under vacuum in a d e s i c c a t o r  un t i l  f u r t h e r  p ro c e s s in g .  A 

d e t a i l e d  d e s c r i p t i o n  o f  the  e n t i r e  procedure  can be found in Kator e t  

a l . (1987) .  Samples were processed  fo r  a n a l y s i s  by emiss ion  

spec troscopy  by micro-Dumas combustion accord ing  to  t h e  p ro toco ls  o f  

F i e d l e r  and Proksch (1975).  15N enrichment in  samples was determined by

comparison to  a s tanda rd  curve o f  1SN ammonium enrichment s tandards  

s i m i l a r l y  p repared ,  using a J a sc o  emission spec t ropho tom ete r  (Jasco 

I n c . ,  Easton,  Maryland).  Ammonium re m in e r a l i z a t i o n  r a t e s  were 

c a l c u l a t e d  using t h e  model equa t ion  of Blackburn (1979);

ln (R t ) = ln (R0) - r / ( ( S t -S0) x ln(St / S 0))
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Where R0 and Rt a re  atom % excess 15N in the  NH4 pool a t  t ime  equal 0 and 

t  r e s p e c t i v e l y ,  S0 and St are  ammonium c o n ce n t ra t io n  a t  t ime equals  0 and 

t  r e s p e c t i v e l y ,  and r  equals  th e  r e m i n e r a l i z a t i o n  r a t e  p e r  u n i t  t im e  

( t ) .  This model assumes t h a t  up take  and r e m i n e r a l i z a t i o n  r a t e s  a r e  

c o n s ta n t  with t ime,  and t h a t  only  14NH4 is  produced dur ing  

r e m i n e r a l i z a t i o n .

F i l t e r e d  p a r t i c u l a t e  samples were p rocessed  to  de termine  ammonium 

a s s i m i l a t i o n  as fo l lows ;  CHN a n a l y s i s  performed using a Perkin-Elmer 

model 240B elemental  ana lyze r  (Perkin-Elm er I n c . ,  Norwalk CT, ( P a t t e r s o n  

1973)) on f i l t e r  subsamples e s t a b l i s h e d  the  PON (/xg) c o n te n t  on each 

f i l t e r .  F i l t e r s  a reas  requ ired  f o r  a t o t a l  o f  5pg sample n i t rogen  were 

then  subsampled using b ra s s  cork b o r e r s .  This n i t ro g en  co n ten t  had been 

p rev io u s ly  shown to  m ain ta in  a s t a b l e  emiss ion .  1SN enrichment  in 

f i l t e r  subsamples was then de termined by emiss ion  spec troscopy  us ing  a 

micro-Dumas combustion method as de sc r ibed  by K r i s t i a n s e n  and Paasche 

(1982) .  Ammonium a s s im i l a t i o n  r a t e s  were c a l c u l a t e d  u s ing  the  following 

equa t ion ;

a = ((%lsNt -%lsN0)/SA) x PON0 x ( 1 / t )

where %15Nt -%15N0 are  atom % excess enrichment in  p a r t i c u l a t e  m a t te r  a t  

t ime t  and t=0 r e s p e c t i v e l y ,  SA i s  t h e  mean s p e c i f i c  a c t i v i t y  o f  t h e  

d i s so lv e d  ammonium pool f o r  t ime t  and t=0, PON0 is  the  c o n c e n t r a t i o n  of 

p a r t i c u l a t e  o rgan ic  n i t r o g e n  determined a t  t= 0 ,  t  is  t h e  incubat ion  

t ime,  and a i s  the  ammonium a s s i m i l a t i o n  r a t e .  This model assumes
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i n s i g n i f i c a n t  changes in  PON and l i n e a r  dep le t ion  o f  ammonium s u b s t r a t e  

dur ing the  incubat ion  per iod .  This equat ion i s  s im i l a r  to  t h a t  used in 

G l ib e r t  (1982) and takes  in to  account changing s p e c i f i c  a c t i v i t y  in the  

d is so lved  pool due t o  r e m in e r a l i z a t io n ,  however i t  uses t h e  a r i th m e t i c  

mean o f  i n i t i a l  and f i n a l  s p e c i f i c  a c t i v i t i e s  in s tead  o f  a geometric 

mean. Use o f  the  a r i t h m e t r i c  mean was f e l t  to  be more a p p ro p r i a t e  s ince  

nothing was known concerning the  n a tu re  o f  t ime course changes in 

d is so lved  ammonium pool s p e c i f i c  a c t i v i t i e s .

Abundances o f  h e te r o t ro p h ic  b a c t e r i a ,  f l a g e l l a t e s  and c i l i a t e s  

were es t imated  by ep i f luo re scence  d i r e c t  counting using a dual s t a in in g  

technique  with the  dyes p ro f lav in  (Haas, 1982), and DAPI ( P o r t e r  and 

Feigg, 1978). Counts were made us ing a Zeiss  s tandard  microscope 

equipped with a 50 W high p ressu re  mercury lamp, lOx c a l i b r a t e d  ocu lar ,  

100 or 63x Plan apo® (Zeiss )  o b j e c t iv e  and two ep i f lu o re scen ce  f i l t e r  

s e t s .  Blue e x c i t a t i o n  (450-490nm; Zeiss  #487709) was used to  observe 

and d i f f e r e n t i a t e  h e te ro t ro p h ic  from au to t roph ic  c e l l s .  Hetero t rophic  

b a c t e r i a l  biomass was es t imated  using a 20 x 10'15 g C - c e l l ' 1 conversion 

va lue  (Lee and Fuhrman, 1987).

B ac te r ia l  production was e s t im ated  using th e  t r i t i a t e d  thymidine 

(3H-Tdr) inco rpo ra t ion  method (Fuhrman and Azam, 1980; 1982).

T r i p l i c a t e ,  10 ml samples were incubated with 5 nM o f  62 Ci•mmole'1 of 

3H-Tdr f o r  30 minutes in th e  dark  and a t  in s i t u  water tem pera tures .  

S ing le ,  10 ml a b i o t i c  con t ro l  samples (p re - incuba t ion  k i l l e d  with  300 ul 

o f  buffered  formalin) were t r e a t e d  in a s im i la r  manner. Sample 

incubat ions  were te rmina ted  with 300 ul o f  buffe red  formalin and samples 

were s to red  a t  4°C p r i o r  to  f u r t h e r  process ing .  Samples were prepared



fo r  coun t ing  by e x t r a c t i o n  with i c e  cold 5%  TCA, f i l t e r i n g  onto 0,45 /tm 

Gelman GN-6 membrane f i l t e r s  and washing w i th  5-6ml o f  i c e  cold  5% TCA. 

F i l t e r s  were  then t r a n s f e r r e d  to  s c i n t i l l a t i o n  v i a l s  and ac id  hydrolyzed 

in a b o i l i n g  water ba th  with 0.5ml o f  0.5N HCL f o r  30 minu tes .  A f te r  

cooling 1 ml o f  e thyl  a c e t a t e  was added to  d i s s o l v e  the  f i l t e r s  followed 

by 10 ml o f  Aquasol® s c i n t i l l a t i o n  c o c k t a i l .  D i s i n t e g r a t i o n s  per  minute 

were de termined  using a Beckman® s c i n t i l l a t i o n  coun ter ,  c o r r e c t in g  f o r  

counting e f f i c i e n c y  us ing  an e x te r n a l  s tandard  r a t i o  method. When 

b a c te r i a l  carbon p roduc t ion  was o f  i n t e r e s t  i t  was c a l c u l a t e d  using th e  

conversion va lues  o f  1 .7  x 101B ce l l s»m ole -1 o f  3H-Tdr (Fuhrman and Azam 

1982), and 20 x 10‘15*g C*cel l_1 (Lee and Fuhrman, 1987).

Chlo rophyll  a c o n c e n t r a t io n s  were determined as d e sc r ib ed  in Ray 

e t  a l . ,  (1 9 8 8 ) .  Ammonium c o n cen t ra t io n s  were determined by the  

phenol h y p o c h lo r i t e  method (Solorzano 1969).

S t a t i s t i c a l  Analysis

Two way an a ly s i s  o f  var iance  (AN0VA) was u t i l i z e d  t o  s e p a r a t e l y  

t e s t  b a c t e r i a l  p roduc t ion ,  b a c t e r i a  abundance, ammonium a s s i m i l a t i o n ,  

and ammonium r e m in e ra l i z a t io n  w i th in  each s i z e  f r a c t i o n  by da te  and 

s t a t i o n .  S im i l a r  t e s t s  were performed on t h e  r a t i o  va lues  determined 

f o r  the <15 /im:whole-water,  the  <1.6  /imrwhol e -w a te r ,  and t h e  <1.6 /im:<15 

pm f r a c t i o n a t e d  samples t o  examine p a t t e r n s  a s s o c i a t e d  with  

f r a c t i o n a t i o n .  Linear r e g re s s io n  and c o r r e l a t i o n  were u t i l i z e d  to  

examine r e l a t i o n s h i p s  between parameters .  All s t a t i s t i c s  were de r ived  

using the  S t a t i s t i c a l  Package f o r  Socia l  Science  (SPSS).
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RESULTS

Physical  and chemical da ta  ob ta ined  a t  th e  s tudy s i t e s  (Table 12J 

i n d i c a te d  inc rease s  in  tempera ture  and s a l i n i t y  over  th e  s tudy  period.  

Total  suspended s o l i d s  d isp layed  no obvious seasonal t r e n d s ,  but were 

markedly d i f f e r e n t  between s t a t i o n s  with c o n ce n t r a t io n s  much h igher  a t  

s t a t i o n  3.  Ammonium c o n c e n t r a t io n s  va r ied  both tem pora l ly  and 

s p a t i a l l y .  Temporal p a t t e r n s  o f  ammonium c o n ce n t r a t io n  were s im i l a r  f o r  

s t a t i o n s  2 and 3, w ith  maximum co n ce n t ra t io n s  in May followed by minima 

in June.  Spa t ia l  p a t t e r n s  i n d ic a ted  g e n e r a l ly  h ig h e r  c o n ce n t ra t io n s  o f  

ammonium a t  s t a t i o n  3.  D i s t r i b u t i o n s  o f  ch lo rophy l l  a tended to  

inc rease  u p r iv e r ,  however seasonal p a t t e r n s  d i f f e r e d  a t  each s t a t i o n .  

P a r t i c u l a t e  organic  n i t r o g e n  (PON) e x h ib i t e d  a p a t t e r n  s i m i l a r  to  

ch lo rophy l l  a,  with v a lu es  in c re a s in g  u p r iv e r .  PON tended to  inc rease  

over t ime a t  s t a t i o n s  1 and 3, whereas s t a t i o n  2 d isp layed  l e s s  obvious 

temporal t r e n d s .

B a c te r i a l  thymidine in c o rp o ra t io n  (expressed as d i s i n t e g r a t i o n s  

p e r  minute (DPM)) and b a c t e r i a l  abundance are  shown in  Figure  13. Both 

paramete rs  increased  s i g n i f i c a n t l y  a f t e r  the  f i r s t  sampling d a te  (Tukey 

m u l t ip l e  range t e s t s ,  Table  13).  B a c te r i a l  thymid ine in c o rp o ra t io n  

inc reased  severa l  f o ld  between May and June a t  s t a t i o n s  2 and 3 whereas 

i n c re a se s  in  abundance were more g r a d u a l .  Values o f  b a c t e r i a l  thymidine 

in c o rp o ra t io n  were s i g n i f i c a n t l y  lower a t  s t a t i o n  1 compared to  o ther  

s t a t i o n s  on 3 o f  5 sampl ing d a te s ,  whereas b a c t e r i a l  abundance was 

s i g n i f i c a n t l y  lower a t  s t a t i o n  1 on 4 o f  5 sampling d a te s .  Temporal and 

s p a t i a l  t r e n d s  of  b a c t e r i a l  paramete rs  was s i m i l a r  in a l l  s i z e  f r a c t i o n s
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Figure 13 D i s t r i b u t i o n  of  b a c t e r i a l  abundance and 

thymidine i n c o r p o ra t io n  in who!e-water 

and s i z e  f r a c t i o n a t e d  t r e a tm en ts
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Table 13. Analysis  o f  va r iance  and Tukey m u l t ip l e  range t e s t s  of  
b a c t e r i a l  p roduc t ion  (BP), b a c t e r i a l  abundance (BA), ammonium a s s im i l a t i o n  
(AS), and ammonium r e m in e r a l i z a t i o n  (AR) values  f o r  whole w ater  
t r e a tm e n t s .  S t a t i o n s  ( S > l - 3 )  and d a te s  (DA=l-5) which a re  o v e r l in ed  are  
no t  s i g n i f i c a n t l y  d i f f e r e n t  a t  a=0.05. S ig n i f i c a n c e  l e v e l s  f o r  one-way 
a n a ly s i s  o f  va r iance  a re  in d ica ted  in  pa ren theses  except when not 
s i g n i f i c a n t  (NS) a t  a=0.05.

PARAMETER 

DAI X ST 

DA2 X ST 

DA3 X ST 

DA4 X ST 

DAS X ST 

ST1 X DA 

ST2 X DA 

ST3 X DA 

PARAHETER 

DAI X ST 

DA2 X ST 

DA3 X ST 

DA4 X ST 

DAS X ST 

JST1 X DA 

ST2 X DA 

ST3 X DA

BP

1 3  2 ( .0 0 0 4 )  

2 3 T ( .0 0 1 9 )

1 3 '2  ( .0 0 0 0 )  

1 3  2 ( . 0000 )

2 3 1 ( .0 0 0 5 )

1 TT 4 5 (.0000)
T 2 5~3  4  ( .0 0 0 0 )  

1 2  5 3 4  ( .0 0 0 0 )  

AS

NS

NS

1 3 2 ( .0 0 0 4 )  

NS

TT 3 (.0020)
5 2 1 3  4  ( .0 0 1 1 )

2 5 1 4  3 ( .0 0 0 0 )

BA

TT 3 ( .0 0 0 5 )  

1~2 3 ( .0 0 1 3 )  

1 2  3 ( .0 0 0 1 )

1 TT ( .0 0 0 1 )  

TT 3 ( .0 0 0 1 )

1 2  3 4 5 ( .0 0 3 1 )

1 2  5 3 4 ( .0 0 0 0 )

1 4  3 2 5 ( .0 0 0 5 )  

AR

TT 1 ( .0 1 7 5 )  

TT 1 ( .0 4 9 1 )  

TT 3 ( .0 2 4 5 )  

1 TT ( .0 0 1 6 )

NS

4 2 3 5 1 ( .0 0 1 2 )

1 2  4 3 5 ( .0 0 0 9 )

2 1 5 4 -3  ( .0 0 0 2 ) 2 1 5  4 3 ( .0 0 0 3 )



(Figure  13), however abundances and production r a t e s  observed in <15 fim  

and <1.6 /im f r a c t i o n s  o ccas iona l ly  exceeded th o se  of the  whole w a te r  

t re a tm en t .  Tukeys m u l t ip l e  range t e s t s  (Table 14) in d ic a ted  th a t  r a t i o s  

o f  <1.6 Atm and <15 Atm f r a c t i o n s  to  whole water t r e a tm en ts  were 

s i g n i f i c a n t l y  d i f f e r e n t  by s t a t i o n  on various sampling d a t e s ,  with 

s t a t i o n  3 tending to  have g r e a t e r  abundance and production a ssoc ia ted  

with the  >15 fim  f r a c t i o n .  By s t a t i o n s ,  the r a t i o s  of b a c t e r i a l  

abundance in <15 i m  and <1.6 fim  to  whole water t r e a tm en ts  were 

s i g n i f i c a n t l y  g r e a t e r  during May and August samplings.  Rat ios  o f  

b a c t e r i a l  thymidine inco rpo ra t ion  between the va r ious  s i z e  f r a c t i o n s  

(Table 14) d isp layed  s i g n i f i c a n t  temporal d i f f e r en c es  on ly  at  s t a t i o n  2.

Ammonium a s s im i la t io n  r a t e s  (F igure  14) d i f f e r e d  s i g n i f i c a n t l y  by 

s t a t i o n  and date  (Table 13). Spatia l  d i f f e r e n c e s  were manifested

p r im ar i ly  in the  l a s t  th ree  months o f  t h e  study, in which s t a t i o n s  2 and

3 d isp layed  higher r a t e s  compared to  s t a t i o n  1. D if fe rences  in 

a s s im i la t io n  by d a te  were h igh ly  s i g n i f i c a n t l y  (/kO.OOS) f o r  a ll  

s t a t i o n s .  Rates o f  a s s i m i l a t i o n  a t  s t a t i o n s  2 and 3 peaked in June ,  

inc reas ing  9.5 and 6 .3  fo ld  over  mean r a t e s  of  t h e  previous  month. 

Maximum a s s im i la t io n  r a te s  a t  s t a t i o n  1 occurred in Ju ly  in c reas in g  only 

30% over the  r a t e s  observed during June.  The p e rcen t  o f  t o t a l  

a s s im i la t io n  a t t r i b u t e d  to t h e  <1.6 f im  f r a c t i o n  tended t o  increase  over

the  course  o f  the  s tudy a t  s t a t i o n s  1 and 2.

Ammonium re m in e r a l i z a t i o n  r a te s  (Figure 14) were g e n e r a l ly  g r e a t e r  

than a s s im i la t io n  r a t e s ,  and p a t t e rn s  o f  temporal and s p a t i a l  changes 

were complex. R em inera l iza t ion  r a te s  a t  s t a t io n  1 were s i g n i f i c a n t l y  

g r e a t e r  than those a t  s t a t i o n s  2 and 3 during A pr i l  and were a lso  h igher
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Table 14. Analys is  o f  va r iance  and Tukey m u l t ip le  range t e s t s  o f  f r a c t i o n  
r a t i o s ;  <15/im:whol e -w ater  t re a tm en ts  (1 ) ,  <1.6/im:whole-water t r e a tm e n ts  
(2 ) ,  and <1.6/an:<15/Ltm t rea tm en ts  (3) f o r  v a r i a b l e s  BP, BA, AS, and AR.
S t a t i o n s  (ST=l-3) and da tes  (DA=l-5) which a re  o v e r l in ed  a re  not
s i g n i f i c a n t l y  d i f f e r e n t  a t  a=0.05. S ig n i f i c a n c e  l e v e l s  f o r  one-way
a n a l y s i s  o f  v a r ian ce  a re  in d ic a te d  in  paren theses  excep t  when not
s i g n i f i c a n t  (NS) a t  a=0.05.

FRACTION RATIO (1) ( 2)

BP

DAI X ST 
DA2 X ST 
DA3 X ST 
DA4 X ST 
DA5 X ST 
ST1 X DA 
ST2 X DA 
ST3 X DA

NS
NS

2 3 1 ( .0 1 9 5 )  
NS 
NS

1 3  4 5 2  ( .0 0 6 8 )  
T T  5 4  2 ( .0 0 0 4 )  
1 3  5 4  2  ( .0 3 6 3 )

DAI X ST NS NS
DA2 X ST NS NS
DA3 X ST 2 3 1 ( .0 0 7 6 ) 3 1 2  ( .0 0 6 6 )
DA4 X ST NS 3 2 1 ( .0 1 1 1 )
DAS X ST NS 3 1 2  ( .0 0 4 3 )
ST1 X DA NS NS
ST2 X DA 3 5 A 2 1 ( .0 3 5 0 ) T T  '4 3 5 (.0006)
ST3 X DA NS NS

. . 2L4 »

DAI X ST 3 2 1 ( .0 0 8 6 ) 3 ~2 1 ( .0 0 3 0 )
DA2 X ST NS NS
DA3 X ST NS 3 2 1 ( .0 0 0 9 )
DA4 X ST NS 3 2 1 (.0020)
DAS X ST NS NS
ST1 X DA 3 4 1 2 5 ( .0 3 1 0 ) NS
ST2 X DA 4 1 3 5 2 ( .0 1 1 8 ) 1 4 3 2 5 ( .0 0 3 2 )
ST3 X DA 1 4 3 5 2  ( .0 0 5 5 ) 1 3 4 2 5 ( .0 0 2 5 )

2 3

AS

NS 
NS

I  ( .0 1 8 9 )  
NS

 NS
r j 2 " 5  5  ( .0 1 1 9 )  
3 1 2  5 4  ( .0 0 8 1 )  
1 3  5 4  2  ( .0 1 3 0 )

(3)

NS
NS

TT 2 (.0174) 
3 TT  (.0024) 
3 T"2 (.0004)

_________NS
T T  TT 5 (.0000) 

NS

NS
 NS

3 2 1 ( .0 0 0 2 )  
NS 
NS 
NS

T T  4 5 ( .0 0 6 8 )  
T T  1 5 ( .0 4 7 2 )

 NS
TT 3 (.0351) 

NS 
NS 
NS 
NS 
NS 
NS

AR

DAI X ST NS NS NS
DA2 X ST NS ___  NS NS
DA3 X ST NS NS NS •
DA4 X ST NS NS NS
DAS X ST NS 3 T T  (.0012) T T  1 (.0112)
ST1 X DA NS NS NS
ST2 X DA NS NS NS
ST3 X DA NS 5 4 '3 I T  (.0003) 7 T 7  I 2 (.0103)
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Figure  14 D i s t r i b u t i o n  o f  r a t e s  o f  ammonium a s s i m i l a t i o n  

and r e m in e r a l i z a t i o n  in whole-water  and s i z e  

f r a c t i o n a t e d  t r e a tm e n t s
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than s t a t i o n  3 dur ing  Hay (Table 13).  By June and Ju ly  th e  h ig h e s t  

r a t e s  were observed a t  s t a t i o n s  2 and 3.  C on tr ibu t ions  o f  th e  <1.6 f im  

f r a c t i o n  to  t o t a l  r e m in e r a l i z a t i o n  decreased over the  course  o f  the  

study a t  s t a t i o n  3,  whereas i t  inc reased  a t  s t a t i o n  2, and was h ighly  

v a r i a b l e  a t  s t a t i o n  1.

Abundances o f  h e t e r o t r o p h ic  f l a g e l l a t e s  and c i l i a t e s  (F igure  15) 

were much lower th e  f i r s t  3 months o f  t h e  study compared t o  Ju ly  and 

August. F l a g e l l a t e s  inc reased  from <100 c e l l s - m l" 1 a t  a l l  s t a t i o n s  

dur ing May to  1500, 4800 and 6000 c e l l s ' m l ' 1 a t  s t a t i o n s  1, 2 and 3 

r e s p e c t i v e l y  in J u l y .  C i l i a t e s  peaked one month l a t e r  in c re a s in g  a t  

s t a t i o n s  2 and 3 from < 50 c e l l s ^ m l ' 1 in Ju ly  to  350 and 150 c e l l s ^ m T 1 

in August. S p a t ia l  p a t t e r n s  o f  f l a g e l l a t e s  and c i l i a t e s  were s i m i l a r  

during J u l y  and August,  with s i g n i f i c a n t l y  g r e a t e r  abundances a t  s t a t i o n  

3 g rading  to  lower abundances downriver a t  s t a t i o n  1.

Regress ions  o f  b a c t e r i a l  abundance,  b a c t e r i a l  thymidine 

i n c o rp o ra t io n ,  p a r t i c u l a t e  o rgan ic  n i t ro g en  and ch lo rophy l l  a  versus  

ammonium a s s i m i l a t i o n  and r e m in e r a l i z a t i o n  are  shown in Table 15. 

B a c te r i a l  thymidine in c o rp o ra t io n  d i sp lay ed  h igh ly  s i g n i f i c a n t  (P<.0001) 

r e g r e s s i o n s  to  a s s i m i l a t i o n  based upon th e  e n t i r e  d a ta  s e t  and a l l  s i z e  

f r a c t i o n s .  Both log b a c t e r i a l  abundance and ch lo rophyl l  a d isp layed  

s i g n i f i c a n t  r e g re s s io n s  a g a i n s t  ammonium a s s i m i l a t i o n  in whole water .  

Regress ions  o f  a s s i m i l a t i o n  versus  ch lorophyl l  a decreased  in 

s i g n i f i c a n c e  with sm al le r  f r a c t i o n a t i o n s  whereas t h e  r e l a t i o n s h i p  to  log 

b a c t e r i a l  abundance remained more h igh ly  s i g n i f i c a n t .  Log b a c t e r i a l  

abundance and p a r t i c u l a t e  o rgan ic  n i t r o g en  in t h e  <15 f im  f r a c t i o n e d  

t r e a tm e n t s  e x h ib i te d  l e s s  s i g n i f i c a n t  r e g re s s io n  r e l a t i o n s h i p s  to



Figure 15 Abundance of  h e te r o t ro p h ic  f l a g e l l a t e s  

c i l i a t e s  by s t a t i o n  over d a te s
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a s s i m i l a t i o n  versus whole water o r  <1.6 pm f r a c t i o n a t e d  t r e a tm e n t s .  

S ig n i f i c a n c e  le v e l s  o f  r e g re s s io n s  o f  b a c t e r i a l  thymidine i n c o rp o ra t io n ,  

p a r t i c u l a t e  n i t rogen  and ch lo rophy l l  a versus  ammonium a s s i m i l a t i o n  

g e n e ra l ly  inc reased  u p r iv e r .  Regress ion r e l a t i o n s h i p s  between ammonium 

a s s i m i l a t i o n  and o th e r  v a r i a b l e s  were a l l  s t r o n g e r  dur ing  th e  f i r s t  h a l f  

o f  the  s tu d y  as compared to  the  l a s t  h a l f .

Regress ions  o f  ammonium r e m in e r a l i z a t i o n  with b a c t e r i a l  thymidine 

i n c o r p o r a t i o n ,  b a c t e r i a l  abundance, p a r t i c u l a t e  organic  n i t ro g en  and 

c h lo rophy l l  a were a l l  l e s s  s i g n i f i c a n t  than re g re s s io n s  using ammonium 

a s s i m i l a t i o n .  No s i g n i f i c a n t  r e l a t i o n s h i p s  were observed between 

ammonium r e m i n e r a l i z a t i o n  and o t h e r  parameters  in <15 pm and <1.6 pm 

f r a c t io n e d  t r e a t m e n t s .  Regress ions  f o r  whole water  t r e a tm e n t s  i n d ic a ted  

a  weak (0.05>p>0.01) r e l a t i o n s h i p  t o  ch lo rophyl l  a c o n c e n t r a t i o n .

S p a t ia l  p a t t e r n s  o f  r e g r e s s io n s  between r e m in e r a l i z a t i o n  and o th e r  

paramete rs  were s i m i l a r  to  the  t r e n d  observed with a s s i m i l a t i o n ,  with 

g r e a t e r  s i g n i f i c a n c e  va lues  a t  s t a t i o n  3 ve rsus  s t a t i o n  1. In c o n t r a s t  

t o  the  tempora l p a t t e r n s  in d ic a te d  f o r  r e g re s s io n s  using ammonium 

a s s i m i l a t i o n ,  r e g r e s s io n s  between ammonium r e m in e r a l i z a t i o n  and o th e r  

v a r i a b l e s  d i s p la y e d  s t r o n g e r  s i g n i f i c a n c e  va lues  during th e  l a s t  h a l f  o f  

t h e  study.
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DISCUSSION

B ac te r ia l  Abundance and Product ion

Results  o f  t h i s  study ind ica ted  a s t rong  r e l a t i o n s h i p  between 

temperature  and b a c t e r i a l  thymidine in co rpo ra t ion .  An exponential  f i t  

r e g re s s io n  of temperature  on b a c t e r i a l  thymidine inco rp o ra t io n  was 

highly  s i g n i f i c a n t  (P<0.001, r 2=0.89) and ind ica ted  a Q10 fo r  b a c t e r i a l  

thymidine incorpora t ion  of  2 .18 .  The in f luence  of  tempera ture  upon 

b a c t e r i a l  abundances and production have been d iscussed  in the  

l i t e r a t u r e  (Wright and Coff in ,  1983; Coff in  and Sharp,  1987), y e t  i t  is  

d i f f i c u l t  to  determine the  c o n t r ib u t io n  o f  t h i s  v a r i a b l e  due to  

covar iance  with o t h e r  environmental f a c t o r s .  Devia tions  from a c lo s e r  

temperature  dependence may be due to  t r o p h i c  i n t e r a c t i o n s  with 

phytoplankton and b a c te r i a l  g ra z e r s .  Mean b a c t e r i a l  thymidine 

in corpora t ion  r a t e s  a t  a l l  s t a t i o n s  t r i p l e d  between April  and J u ly  

samplings whereas b a c te r i a l  abundance doubled a t  s t a t i o n  2 and increased  

only margina l ly  a t  s t a t i o n s  1 and 3 (F igure  13). D i fferences  in the  

r a te s  o f  increase  o f  these parameters sugges t  t h a t  r a t e s  of  removal of 

b a c t e r i a l  biomass (grazing)  may have inc reased  s i g n i f i c a n t l y  over the  

course o f  the  s tudy .

B ac te r ia l  thymidine inco rpo ra t ion  d isp layed  a s t rong  d a t e - s t a t i o n  

i n t e r a c t i o n  in which s t a t io n  1 o r  2 d isp layed  e i t h e r  lowest o r  h ig h e s t  

production ra te s  w i th  s t a t i o n  3 always in te rm ed ia te .  Bac ter ia l  

abundances in c o n t r a s t  were p r e d ic ta b l e  by d a te ,  with  values  a t  s t a t i o n  

3 always s i g n i f i c a n t l y  exceeding those o f  s t a t i o n  1 (Table 13). Spa t ia l  

p a t t e rn s  o f  b a c t e r i a l  abundance appeared t o  be s t r o n g ly  re l a t e d  t o



chlorophyll  a  concen t ra t ion  which was a lso h ighe r  a t  s t a t i o n  3 as 

compared to  s t a t i o n  1 on a l l  sampling d a te s .  This i n t e r p r e t a t i o n  is  

supported by reg re ss io n  s t a t i s t i c s  which in d ic a ted  a highly  s i g n i f i c a n t  

p o s i t i v e  r e l a t i o n s h i p  (/><().0001, da ta  not shown) between b a c t e r i a l  

abundance and chlorophyll  a.  The c o n t r ib u t io n  o f  the  <1.6 pm f rac t io n  

to  t o t a l  b a c t e r i a l  abundance and production was always lowest  a t  s t a t io n  

3. This may have been due to  a s t ro n g e r  a s s o c i a t i o n  between b a c te r ia  

and suspended p a r t i c l e s  a t  s t a t i o n  3 which was c o n s i s t e n t l y  more turb id  

and c h a r a c te r i z e d  by g r e a t e r  t o t a l  suspended s o l i d s  than s t a t i o n s  1 and 

2. Although no a ttempt was made to  q u a n t i t a t i v e l y  d i s c r im in a te  between 

d e n s i t i e s  o f  f r e e  l i v in g  and p a r t i c l e  a sso c ia ted  b a c t e r i a ,  p a r t i c l e  

a sso c ia ted  b a c t e r i a  appeared to  predominate a t  s t a t i o n  3.  However, i t  

i s  a l so  p o s s ib le  t h a t  f r a c t i o n a t i o n  b ia s ,  due t o  f i l t e r  r e t e n t i o n  of  and 

clogging by p a r t i c l e s  in e s t a b l i s h i n g  t rea tm en ts  from s t a t i o n  3 water, 

may have co n t r ib u te d  to  the  t rend  f o r  low pe rcen t  c o n t r ib u t io n  of <1.6 

pm b a c t e r i a l  abundances and production towards whole water t o t a l s  a t  

s t a t i o n  3.

Ammonium A ss im ila t io n  and R em ineralization

Ammonium a s s im i la t io n  in whole water samples d isp layed  s i g n i f i c a n t  

v a r i a b i l i t y  by da te  (Figure 14),  e s p e c i a l l y  a t  s t a t i o n s  2 and 3, where 

a s s im i l a t i o n  r a t e s  in June were h igher  than a l l  o th e r  d a t e s .  Seasonal 

maxima o f  ammonium a s s im i l a t i o n  have been observed in th e  summer in a 

number o f  s t u d i e s .  Carpenter and Dunham (1985) found t h a t  ammonium 

a s s im i l a t i o n  inc reased  markedly in the  summer months a t  a s e r i e s  of 

s t a t i o n s  in the  Carmans River Es tuary ,  New York. F isher  e t  a l . (1982),



G ilbe r t  e t  a l .  (1982), Paasche and K r i s t i ansen  (1982),  and Pennock

(1987) have observed exponent ia l  r e l a t i o n s h i p s  between ammonium 

a s s im i la t io n  and tem pera tu re ,  but have also  s t r e s s e d  the  importance of 

b io log ica l  c o v a r i a t e s .  In the  p r e s e n t  study d a rk  ammonium a s s im i la t io n  

in whole w ater  samples d id  not fo l low  an exponent ia l  tempera ture  

r e l a t i o n s h i p ,  but was s i g n i f i c a n t l y  r e l a t e d  to  chlorophyll  a ,  b a c te r i a l  

thymidine in c o rp o ra t io n ,  b a c te r ia l  abundance, and p a r t i c u l a t e  organic  

n i trogen (Table 15). Although s i g n i f i c a n t  s p a t i a l  d i f f e r e n c e s  in 

a s s im i la t io n  ra te s  occur red  only in June  and August, a general  t rend  for  

g r e a t e r  a s s im i la t io n  r a t e s  a t  s t a t i o n s  2 and 3 was apparen t.  Mean 

a s s im i la t io n  r a te s  grouped over a l l  d a t e s  were 2 fo ld  g r e a t e r  a t  

s t a t i o n s  2 and 3 compared with s t a t i o n  1. This t rend  was a l s o  ev ident 

in o the r  b io log ica l  v a r i a b l e s  as mean values o f  b a c t e r i a l  thymidine 

in c o rp o ra t io n ,  b a c t e r i a l  abundances, chlorophyll  a and PON were a lso 

l e a s t  a t  s t a t i o n  1. O ther  s tudies  regard ing  s p a t i a l  p a t t e rn s  of  

ammonium a s s im i la t io n  in  e s tu a r i e s  have in c o n t r a s t  ind ica ted  peak 

a s s im i la t io n  r a t e s  in middle to  lower e s tu a r in e  lo c a t io n s  (Carpen ter  and 

Dunham, 1985; Pennock, 1987).

Ammonium re m in e ra l iz a t io n  d isp la y ed  g r e a t e r  s p a t i a l  v a r i a b i l i t y  

than a s s i m i l a t i o n ,  w ith  s i g n i f i c a n t  d i f f e r e n c e s  between s t a t i o n s  

occurring on 4 of 5 sampling da te s .  As fo r  a s s im i l a t i o n ,  temporal 

p a t t e rn s  o f  ammonium r e m in e r a l i z a t i o n  a t  s t a t i o n s  2 and 3 were s im i la r  

and tended to  increase  over  the  s tudy period.  However, the  h ig h e s t  

re m in e ra l i z a t io n  r a t e  occurred  a t  s t a t i o n  1 on Apr i l  20th co inc id ing  

with th e  lowest  water tempera ture .  Few s tud ies  have examined ammonium 

re m in e ra l iz a t io n  in e s t u a r i n e  environments.  G l ib e r t  (1982) sampled th ree
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s t a t i o n s  in the  Chesapeake bay on a s in g le  occasion and found marked 

d i f f e r e n c e s  in overa l l  r a t e s  o f  ammonium re m in e ra l i z a t io n  and the  

c o n t r ib u t io n  o f  var ious  s i z e  f r a c t i o n s  toward t o t a l  r a t e s .  Other 

s tud ies  in  coas ta l  environments have e i t h e r  f a i l e d  to  demonstrate 

s p a t i a l  p a t t e r n s  (Hanson and Robertson, 1988) o r  have observed 

decreas ing  re m in e ra l i z a t io n  p rogress ing  o f f sh o re  (Harr ison ,  1978). 

Regression r e l a t i o n s h i p s  between ammonium r e m in e ra l i z a t io n  and 

environmental  and b io lo g ica l  v a r i a b le s  were much weaker than s im i l a r  

r e l a t i o n s h i p s  f o r  a s s im i l a t i o n .  S im i la r  f in d in g s  have been repor ted  by 

Hanson and Robertson (1988) and sugges t  t h a t  ammonium r e m in e ra l i z a t io n  

i s  a more complicated process ( i . e .  governed by more f a c t o r s )  compared 

to  ammonium a s s im i l a t i o n .

B ac te r ia l  c o n t r ib u t io n  t o  ammonium a s s im i l a t i o n

The c o n t r ib u t io n  o f  b a c t e r i a l  a s s im i l a t i o n  to  t o t a l  dark  ammonium 

a s s im i l a t i o n  was es t imated  by m ul t ip ly ing  the  observed r a t e  in the  <1.6 

/im f r a c t i o n  by the  r a t i o  o f  b a c t e r i a l  abundance in the  whole water and 

<1.6 fim t r e a tm e n t s .  Assumptions f o r  such e s t im a te s  were: 1) 

a s s im i l a t i o n  by phytoplankton in th e  <1.6 /im f r a c t i o n  was n e g l i g i b l e ,  

and 2) c e l l  s p e c i f i c  a s s im i l a t i o n  r a t e s  o f  b a c t e r i a  in t h e  <1.6 /tm 

f r a c t io n  were the  same as in the  whole water sample. Several  

obse rva t ions  in d i c a t e  t h a t  assumption 1 has been met. F i r s t ,  i f  we 

assume a carbon to  ch lorophyll  a r a t i o  o f  20 f o r  p icoplankton (Ray e t  

a l .  1988; Furnas,  1983) then au to t roph ic  biomass in the  <1.6 /tm f r a c t i o n  

was only 15% o f  b a c t e r i a l  biomass. Second, r e g re s s io n s  o f  log b a c t e r i a l  

abundance and chlorophyll  a versus  ammonium a s s im i l a t i o n  in th e  <1.6 /tm
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f r a c t i o n s  revea led  a s i g n i f i c a n t  r e l a t i o n s h i p  with abundance (P=0.002) 

but not with  chlorophyll  a (R=0.068). The second assumption may not be 

t o t a l l y  s a t i s f i e d .  Cell s p e c i f i c  a s s im i la t io n  o f  ammonium by b a c t e r i a  

may be depressed  in th e  <1.6 pm f r a c t i o n  because mean ce l l  s p e c i f i c  

thymidine inco rpo ra t ion  r a t e s  in th e  <1.6 pm f r a c t i o n  were 70% o f  r a t e s  

f o r  whole w a te r  samples (da ta  not shown). In d ic a t io n s  t h a t  th e  second 

assumption was v io la ted  suggests  t h a t  our e s t im a te s  of b a c t e r i a l  

ammonium a s s im i l a t i o n  a re  conse rva t ive .  Percent b a c t e r i a l  a s s im i l a t i o n  

o f  t o t a l  a s s im i l a t i o n  (Table 16) ranged from a minimum of  19% a t  s t a t i o n  

2 in June to  95% a t  s t a t i o n  3 in May. Although mean co n t r ib u t io n  of  

b a c te r i a l  a s s im i la t io n  averaged over da tes  were s i m i l a r  a t  each s t a t i o n  

ranging only from 48-50%, temporal v a r i a b i l i t y  a t  each s t a t i o n  was 

apparent.  Carbon s p e c i f i c  ammonium a s s im i la t io n  r a t e s  of  b a c t e r i a  

d isp layed  s i m i l a r  temporal p a t te rn s  a t  a l l  s t a t i o n s  peaking in J u ly ,  and 

were c lo s e ly  r e l a t e d  to  p a t t e rn s  o f  b a c t e r i a l  thymidine incorpora t ion  

(Figure  13).

Though t h e  experimental design o f  the p re s en t  study may have been 

b iased  towards h e te ro t ro p h ic  uptake as  a l l  incubat ions  were conducted in 

th e  dark, o t h e r  s tud ies  (Hansen and Robertson, 1988) have in d ic a ted  t h a t  

dark  uptake o f  ammonium t y p i c a l l y  exceeds 70% o f  l i g h t  uptake e s p e c i a l l y  

in shallow p h o t i c  zone w a te r s .  Accordingly,  a reasonable  mean value  for  

b a c t e r i a l  c o n t r ib u t io n  towards l igh t -m ed ia ted  a s s im i la t io n  o f  ammonium 

f o r  t h i s  would l i e  in t h e  range o f  35-40%. This range would be in  c lose  

agreement with r a t e s  observed by G l i b e r t  (1982) f o r  s t a t io n  724R in the 

lower Chesapeake Bay (40%), and suppor ts  recen t  f in d in g s  of  Fuhrman e t  

a l .  (1988) t h a t  b a c te r i a  can be d i r e c t l y  r e sp o n s ib le  fo r  33% o f  t o t a l
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Table 16. Ammonium a s s im i l a t i o n  (nmol-1” -h" ) p a r t i t i o n e d  i n t o  % 
a s s i m i l a t i o n  by b a c t e r i a l  and au to t ro p h ic  components, % b a c t e r i a l  
a s s i m i l a t i o n  was determined by assuming s o l e l y  b a c t e r i a l  a s s i m i l a t i o n  in 
t h e  <1.6/*m f r a c t i o n ,  the  value  o f  which was m u l t i p l i e d  by th e  r a t i o  of  
b a c t e r i a l  abundance in t h e  whole-water:  <1.6pm t r e a tm e n t s .  % a u to t ro p h ic  
a s s i m i l a t i o n  was determined from th e  d i f f e r e n c e  in t o t a l  p a r t i c u l a t e  and 
b a c t e r i a l  a s s i m i l a t i o n s .  Carbon s p e c i f i c  a s s i m i l a t i o n  r a t e s  ( n m o l - I '1 
• h_1*/ig C ) were determined by d iv id in g  component a s s i m i l a t i o n  r a t e s  by 
r e s p e c t i v e  biomasses.

1988

STATION 1 4/20 5/16 6/20 7/18 8/16

Total  a s s i m i l a t i o n 48.20 45.00 62.97 84.93 25.73
% B a c te r i a l  assim. 22.38 46.76 40.42 48.99 93.39
% Auto t roph ic  assim. 77.62 53.24 59.57 51.01 6.61
Carbon s p e c i f i c  b ac t . 0.145 0.256 0.258 0.383 0.204
Carbon s p e c i f i c  au to . 0.052 0.039 0.088 0.098 0.002

STATION 2

Total  a s s i m i l a t i o n 52.77 29.60 278.0 108.7 38.70
%  B a c t e r i a l  assim. 30.31 49.80 19.14 88.13 53.33
%  A u to t roph ic  assim. 69.69 50.20 80.86 11.87 46.67
Carbon s p e c i f i c  b a c t . 0.194 0.169 0.404 0.604 0.182
Carbon s p e c i f i c  au to . 0.038 0.020 0.238 0.011 0.024

STATION 3

Total  a s s i m i l a t i o n 57.20 41.33 259.7 145.3 89.87
% B a c t e r i a l  assim. 24.30 94.72 31.28 65.40 34.75
% Auto troph ic  assim. 75.70 5.28 68.72 34.60 65.20
Carbon s p e c i f i c  b a c t . 0.096 0.214 0.448 0.609 0.131
Carbon s p e c i f i c  au to . 0.043 0.003 0.105 0.036 0.053
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airanonium uptake in spr ing  and summer in Long I s la n d  Sound, New York.

The r e g re s s io n  between b a c t e r i a l  carbon production (determined 

from thymidine inco rp o ra t io n  and conversion va lues )  and ammonium 

a s s i m i l a t i o n  in  th e  <1.6 ptm f r a c t i o n  revea led  t h a t  a l a r g e  propor t ion  o f  

t h e  n i t ro g en  requirements  f o r  b a c t e r i a l  growth were s a t i s f i e d  by 

a s s im i l a t e d  ammonium. The s lope  o f  t h i s  r e g r e s s io n  y i e ld e d  a C:N 

a s s i m i l a t i o n  r a t i o  o f  7.1 whereas th e  most a c c u ra t e  C:N r a t i o s  fo r  

b a c t e r i a l  biomass a re  probably  those  determined by Goldman e t  a l . (1987) 

o f  5 .1 .  This d i f f e r e n t i a l  i n d i c a t e s  t h a t  ca .  70% of  b a c t e r i a l  ni trogen  

requirements  f o r  growth were being s a t i s f i e d  by observed r a t e s  of  

ammonium a s s i m i l a t i o n .  These f in d in g s  agree with  recen t  work by Wheeler 

and Kirchman (1986) who found t h a t  a s i g n i f i c a n t  po r t ion  o f  t o t a l  

n i t r o g e n  uptake by b a c t e r i a  i s  o f  ammonium, and Horrigan e t  a l . (1988) 

who found t h a t  b a c te r io p lan k to n  could u t i l i z e  s i g n i f i c a n t  amounts of DIN 

in seawater  chemostat  systems.

In th e  p re s en t  s tudy ,  a l though b a c t e r i a l  biomass averaged only 8% 

o f  ch lo rophy l l  a in d ic a te d  a u to t ro p h ic  biomass,  b a c t e r i a  were 

r e s p o n s ib le  f o r  40-50% o f  t o t a l  a s s i m i l a t i o n .  Mean carbon s p e c i f i c  

uptake r a t e s  f o r  b a c t e r i a  were 5 t imes t h a t  f o r  au to t ro p h ic  biomass.

The im p l i c a t io n s  o f  such b a c t e r i a l  a s s i m i l a t i o n  with reg a rd s  to  nit rogen  

n u t r i e n t  uptake in reg ions  o f  th e  upper Bay, where i t  i s  n o t  uncommon to  

f in d  b a c t e r i a l  biomass exceeding a u to t ro p h ic  biomass f o r  extended 

p e r iods  o f  t ime (Ducklow and P ee le ,  1987), a re  s i g n i f i c a n t .  I t  seems 

l i k e l y  t h a t  b a c t e r i a l  a s s i m i l a t i o n  o f  ammonium could l i m i t  phytoplankton 

growth i f  n i t ro g en  r e g e n e ra t io n  i s  not as r a p id  as uptake.  The roles  o f  

f l a g e l l a t e s ,  c i l i a t e s  and o th e r  g ra z e r s  a re  though t  to  be im por tan t with
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r e s p e c t  t o  n u t r i e n t  genera t ion  and w i l l  be d i s cu s sed  in the  fo l lowing  

s e c t i o n .

F ac to r s  i n f l u e n c in g  ammonium r e m in e r a l i z a t i o n

Grazing o f  phytoplankton and b a c te r io p l an k to n  by m icrohe te ro t rophs  

has been invoked as th e  "main-spr ing" o f  the  m ic rob ia l  loop.  In the  

p r e s e n t  s tudy th e  s i g n i f i c a n t  s e a s o n a l i t y  of  both h e t e r o t r o p h ic  

f l a g e l l a t e s  and c i l i a t e s  (Figure 15) ,  did not appear  to  account f o r  

temporal v a r i a b i l i t y  in ch lorophyl l  a or  b a c te r io p lan k to n  abundance. 

B a c t e r i a l  abundance a t  s t a t i o n  3 peaked in August, co inc id ing  w i th  

maximum abundance o f  both f l a g e l l a t e s  and c i l i a t e s ,  y e t  s i g n i f i c a n t l y  

decreased  r a t e s  o f  b a c t e r i a l  thymidine in c o rp o ra t io n  versus  J u l y .  

B a c t e r i a l  abundance a t  s t a t i o n  2 decreased  between J u ly  and August ,  but 

t h i s  occur red  c o in c id e n t  with a d e c rea se  in thymid ine  i n c o r p o r a t io n ,  

the reby  sugges t ing  t h a t  the  d ecrease  in  abundance may have been 

independent o f  g raz ing  r a t e .  Other d a t a ,  from l a t e r  months o f  sampling, 

d id  i n d i c a t e  g raz ing  e f f e c t s .  Mean b a c t e r i a l  thymid ine in c o rp o ra t io n  

r a t e s  in t h e  <15 i tm  f r a c t i o n  a t  s t a t i o n s  1 and 3 in  August, exceeded 

th o s e  o f  t h e  whole wa ter .  At s t a t i o n s  1 and 2 b a c t e r i a l  abundance in 

t h e  <1.6 f im  f r a c t i o n  exceeded whole w a ter  abundance in August. Since 

a l l  samples were f i x e d  w i th in  1 hour o f  f r a c t i o n a t i o n  t h i s  i n c re a s e d  

abundance sugges ts  an rap id  response  t o  r e l e a s e  from p reda t ion  p re s su re .  

Decreases  in ch lo rophy l l  a  s tand ing  s tocks  between June and J u l y  a t  

s t a t i o n s  2 and 3 may have a lso  been in  p a r t  due t o  inc reased  g r a z in g .

The most s u r p r i s i n g  aspec t  o f  t h e  observed f l a g e l l a t e  and c i l i a t e  

s e a s o n a l i t y  was t h e  r e l a t i v e l y  minor e f f e c t  t h e se  groups appeared to



have upon ammonium r e m i n e r a l i z a t i o n .  We had ex p ec te d  more d ram a t ic  

changes in r e m in e r a l i z a t i o n  r a t e s ,  given the  s e v e r a l  order o f  magnitude 

in c r e a s e  in th e  observed abundance o f  h e t e r o t r o p h ic  grazers  between June 

and August o f  the  s tudy .  Despite a  s trong r e l a t i o n s h i p  between temporal 

p a t t e r n s  o f  m ic rohe te ro t roph  abundance and r e m in e r a l i z a t i o n  r a t e s ,  

r e g r e s s io n  da ta  d id  i n d i c a t e  s t r o n g e r  a s s o c i a t i o n s  between ch lo ro p h y l l  a 

and r e m in e r a l i z a t i o n  f o r  the  l a s t  t h r e e  sampling d a te s  (Table 15) ,  

sugges t ing  t h a t  the  importance o f  au to t roph ic  biomass as a s u b s t r a t e  was 

g r e a t e r  a t  a t ime when m icrohe te ro t roph  d e n s i t i e s  were high. F u r the r ,  

a l b e i t  i n d i r e c t  evidence o f  the  importance of m ic ro h e te ro t ro p h s  comes 

from d a te -ave raged  means o f  r e m in e ra l i z a t io n  f o r  t h e  var ious  s i z e  

f r a c t i o n s .  Values o f  8 ,  52, and 62% o f  to ta l  r e m i n e r a l i z a t i o n  a t  

s t a t i o n s  1, 2, and 3 were determined f o r  the  f r a c t i o n  >1.6 /im (Table  6).  

These va lues  would rank th e  same as the  da te -ave raged  mean o f  f l a g e l l a t e  

and c i l i a t e  abundances a t  these  s t a t i o n s .  Although,  the  in f l u e n c e  of 

h e t e r o t r o p h i c  f l a g e l l a t e s  on r e m in e ra l iz a t io n  o f  ammonium has been well 

documented (Bloem e t  a l . ,  1989; Goldman e t  a l ,  1985; Gude, 1985) ,  in 

c e r t a i n  cases  l a r g e r  organisms appear  r e s p o n s ib l e .  For example,  Paasche 

and K r i s t i a n s e n  (1982) found t h a t  ammonium r e m in e ra l i z a t io n  r a t e s  were 

r e l a t e d  t o  abundances o f  j u v e n i l e  copepods, r o t i f e r s ,  t i n t i n n i d s  and 

h e t e r o t r o p h ic  d i n o f l a g e l l a t e s .  G i l b e r t  (1982),  found th a t  s t a t i o n s  in 

th e  Chesapeake Bay d i sp la y ed  d i f f e r e n c e s  r e g a rd in g  t h e  s ize  f r a c t i o n  

r e s p o n c ib le  f o r  ammonium r e m in e r a l i z a t i o n ,  with  r e m i n e r a l i z a t i o n  a t  the  

lower Bay s t a t i o n  dominated by a s i z e  f r ac t io n  > 35 /im. Thus i t  i s  

p o s s i b l e  in  the  p re sen t  s tudy  t h a t  l a r g e r  microzooplankton, which were 

not enumerated,  were r e s p o n s ib le  f o r  a s i g n i f i c a n t  amount o f  g r a z in g  and
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ammonium r e m i n e r a l i z a t i o n .

R e la t io n sh ip s  between b a c t e r i a l  paramete rs  and r e m in e r a l i z a t i o n  

were weaker than those  observed with a s s i m i l a t i o n .  S im i l a r ly ,  

r e g r e s s io n s  o f  p a r t i c u l a t e  o rgan ic  n i t rogen  and ch lo rophy l l  a on 

ammonium r e m in e r a l i z a t i o n  f o r  v a r ious  s i z e  f r a c t i o n s ,  were a l l  l e s s  

s i g n i f i c a n t  than analogous r e g r e s s io n s  with ammonium a s s i m i l a t i o n  (Table 

15).  Regress ion a n a ly s i s  g e n e r a l ly  in d ica ted  c l o s e r  a s s o c i a t i o n s  

between t o t a l  ammonium re m in e r a l i z a t i o n  and ch lo rophy l l  a  than to  e i t h e r  

p a r t i c u l a t e  organic  n i t ro g en  o r  b a c t e r i a l  abundance.  Cochi an (1986) 

a lso  found t h a t  ammonium re m in e r a l i z a t i o n  was s i g n i f i c a n t l y  c o r r e l a t e d  

with ch lo rophy l l  a in a study on th e  Scotian S h e l f .  The p o t e n t i a l  

c o n t r ib u t io n  of  g r a z e r s  towards th e  removal o f  phytoplankton  and 

concomitant n u t r i e n t  re g e n e ra t io n  have been s t r o n g l y  sugges ted  in r e c e n t  

work by Welschmeyer and Lorenzen (1985),  who found t h a t  macrozooplankton 

and microzooplankton g raz ing  were re sp o n s ib le  f o r  the  removal o f  ca.  94% 

of  annual ch lo rophy l l  product ion  in  Dabob Bay, Washington, and more 

r e c e n t ly  by L i tak e r  e t  a l .  (1988) who observed s t ro n g  d ie l  p a t t e r n s  

l in k in g  g r a z e r  removal o f  ch lo rophy l l  with i n c r e a s in g  ammonium 

co n c e n t r a t io n s  in th e  Newport River Estuary,  North C aro l ina .

Desp i te  in d i c a t io n s  concern ing th e  importance o f  a u to t ro p h ic  

carbon in  t h e  r e m in e r a l i z a t i o n  p ro cess ,  r a t e s  o f  ammonium 

re m in e r a l i z a t i o n  in  th e  <1.6 /im f r a c t i o n  s t i l l  r e p re se n te d  92, 48, and 

38% o f  seasonal  means o f  t o t a l  ammonium r e m in e r a l i z a t i o n  a t  s t a t i o n s  

1 ,2 ,  and 3 r e s p e c t i v e l y  (Table 17) .  Since a u t o t r o p h ic  biomass averaged 

only 15% o f  b a c t e r i a l  biomass in  t h i s  f r a c t i o n  i t  i s  apparen t  t h a t  

b a c t e r i a  were s t i l l  a major f a c t o r  in the  r e m i n e r a l i z a t i o n  p ro cess .  I t
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Table  17. Mean and s tandard  d e v ia t io n  ( in  p a re n th ese s )  o f  ammonium 
r e m i n e r a l i z a t i o n  (nmol• l ‘1*h~1) . Values f o r  whole-water and <1.6um 
t r e a tm e n t s  by s t a t i o n  and d a te ,  and r a t i o s  o f  means grouped over d a te s  of 
r e m i n e r a l i z a t i o n  in < 1.6/im versus  whole-water t r e a tm e n t s .

STATION/FRACTION

4/20 5/16

1988

6/20 7/18 8/16

1 whole-water 

< 1.6 /im

533(155) 186(70) 233(61) 29(28) 390(41)

418(217) 379(184) 62(87) 57(41) 338(10)

2 whole-water 75(75) 88(61) 347(37) 253(37) 348(2)

< 1.6 /im 0(0) 50(36) 174(16) 130(53) 179(62)

3 whole-water 

< 1 . 6  /im

171(106) 11(16) 386(10) 319(28) 304(42)

237(138) 102(106) 104(57) 4(6) 0(0)

Ratio o f  means grouped over d a t e  o f  
< 1.6 jum : whole-water t r e a tm en ts

S t a t i o n  1 = 0.92 

S ta t io n  2 = 0.48 

S ta t i o n  3 = 0.37
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i s  l i k e l y  t h a t  au to t rophs  provided t h e  major s u b s t r a t e  in a grazer  

mediated r e m in e r a l i z a t i o n  s ce n a r io ,  while b a c t e r i a  were involved 

sec o n d a r i ly  a f t e r  the  g raz in g  p ro c e ss ,  by r e m in e ra l i z in g  n i trogen from 

small p a r t i c u l a t e  and d i s so lv e d  d e t r i t a l  m a te r i a l  which was in e x ces s  o f  

t h e i r  c e l l u l a r  n i t rogen  needs (Goldman e t  a l . 1986). S i g n i f i c a n t  

r e g r e s s io n s  between b a c t e r i a l  thymidine in co rp o ra t io n  and 

r e m i n e r a l i z a t i o n  provide some suppor t  fo r  t h i s  h y po thes i s .

Rates o f  r e m i n e r a l i z a t i o n  compared t o  a s s i m i l a t i o n

The degree  to  which ammonium r e m i n e r a l i z a t i o n  and a s s im i l a t i o n  a re  

coupled appear to  depend upon the  system and s c a l e s  o f  ob se rv a t io n .  

G l i b e r t  (1982) found t h a t  r a t e s  o f  uptake and r e m in e r a l i z a t i o n  a t  a 

number o f  l o c a t i o n s  were roughly in  balance .  Other s t u d i e s  have shown 

t h i s  r a t i o  t o  f avo r  a s s i m i l a t i o n  (Paasche and K r i s t i a n s e n ,  1982; Roche, 

1983) o r  r e m i n e r a l i z a t i o n  (Hansen and Robertson, 1988; Cochlan, 1 9 8 6 ; 

H arr ison ,  1978).  The d a i l y  ne t  f l u x  w i l l  be an i n t e g r a t i o n  o f  dark 

a c t i v i t y  which w i l l  f avo r  r e m i n e r a l i z a t i o n ,  and l i g h t  a c t i v i t y  which 

should  f avo r  uptake.  Such p rocesses  can c o n t r i b u t e  to  s t ro n g  diel  

p a t t e r n s  o f  ammonium c o n c e n t r a t i o n s ,  as has been shown f o r  the  Newport 

R iver e s t u a r y ,  North C aro l in a  ( L i t a k e r  e t  a l .  1988).

In th e  p re sen t  s tudy  th e  r a t i o  o f  grand means o f  a s s im i l a t i o n  t o  

r e m i n e r a l i z a t i o n  f o r  whole water i s  0 .38  and a s s i m i l a t i o n  exceeded 

r e m i n e r a l i z a t i o n  on only 2 o f  15 s t a t i o n / d a t e  combinations  (Table 1 8 ) .

I f  i t  was assumed t h a t  l i g h t  incubated  a s s i m i l a t i o n  r a t e s  were 50 % 

g r e a t e r  than r a t e s  determined f o r  da rk  a s s i m i l a t i o n  (a reasonable  

e s t im a te  based on Hansen and Robertson, 1988; Pennock, 1987; and J .N .
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Table 18. Ammonium a ss im i la t io n  (AS) and r e m in e ra l iz a t io n  (AR) ra te s  
(nmoles-1 »hr_1) in  u n f rac t iona ted  t r e a tm e n t s ,  r a t i o s  o f  a s s im i la t io n  to  
r e m in e ra l i z a t io n  r a t e s  (AS:AR), and ammonium pool tu rnove r  t imes (hr-1) 
based upon r a t e s  o f  a s s im i la t io n  (T-AS) and rem in e ra l i z a t io n  (T-AR).

1988

STATION
1

4/20 5/16 6/20 7/18 8/16

AS 48 45 63 85 26

AR 533 186 233 27 290

AS:AR 0.09 0.24 0.27 3.51 0.66

T-AS 12.2 30.8 22.2 21.3 20.3

T-AR 1.09 7.45 6.01 67.2 1.35

AS 52 30

AR 75 88

AS:AR 0.69 0,36

T-AS 15.0 75.5

T-AR 10.4 25.8

278 109 39

347 253 348

0.80 0.43 0.11

1.35 4.83 16.5

1.08 2.08 1.85

AS 57 42

AR 171 11

AS:AR 0.33 3.82

T-AS 26.9 145

T-AR 8.97 556

260 145 90

386 319 304

0.67 0.45 0.30

1.93 9.19 36.8

1.30 4.18 10.89
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Boyer (personal communication)),  then  the  a s s i m i l a t i o n  to  

r e m i n e r a l i z a t i o n  r a t i o  would in c re a s e  to  only 0.56,  and a s s i m i l a t i o n  

would have exceeded r e m in e r a l i z a t i o n  on 5 o f  15 s t a t i o n / d a t e  

combina tions .

Although measurements o f  primary p roduc t ion  were no t  ob ta ined  in 

t h i s  s tu d y ,  in format ion  on ammonium re m in e r a l i z a t i o n  (from s t a t i o n  1) 

were compared to  f in d i n g s  o f  Ray e t  a l .  (1988) concern ing primary 

produc t ion  (Pmax) in t h e  lower York River ,  to  de termine whether observed 

r e m i n e r a l i z a t i o n  r a t e s  would be adequate to  support  pr imary  p roduc t ion .  

Ray e t  a l . (1988) found th e  mean a u to t ro p h ic  carbon up take  r a t e  f o r  t h e  

months o f  Ju ly  and August to  be c a .  4.2 pmoles ( M ' ^ h r ' 1. Assuming a 12 

hour photoper iod  and t h e  Redf ie ld  r a t i o  (o f  106:16) f o r  molar uptake  o f  

C to  N (Redf ie ld  1958),  r a t e s  o f  r e m in e r a l i z a t i o n  could account f o r  66% 

o f  maximum p h o to sy n th e t i c  n i t ro g en  uptake.  I t  would appear  t h a t  r a t e s  

o f  r e m i n e r a l i z a t i o n  would be inadequate  to  suppor t  primary  produc t ion .  

However, modeling th e  Ray e t  a l .  (1988) p h o to sy n th e t ic  carbon uptake 

r a t e  upon a t y p ic a l  d a i l y  p h o t o s y n th e t i c a l l y  a c t i v e  r a d i a t i o n  (PAR) 

l i g h t  curve  would lower t h e  a u to t ro p h ic  n i t r o g e n  requ irem ent  such t h a t  

ammonium r e m i n e r a l i z a t i o n  r a t e s  may provide c lo s e  to 100% o f  a u to t ro p h ic  

n i t r o g e n  requirements  f o r  growth dur ing  t h i s  s tudy p e r io d .



112

CONCLUSIONS

B a c te r i a l  thymidine inco rpo ra t ion  and abundance d isp layed  

s i g n i f i c a n t  d i f f e r e n c e s  between s t a t i o n s  and over th e  course o f  the  

spring-summer study pe r iod .  Temporal p a t t e rn s  appeared to  be highly  

influenced  by tempera ture ,  but s p a t i a l  d i f f e r e n c e s  were c o r r e l a t e d  

p r im ar i ly  with  chlorophyl l  a  c o n cen t ra t io n .  C on tr ibu t ions  o f  

h e te r o t ro p h ic  b a c t e r i a  towards p lank ton ic  carbon production and ammonium 

cycling were much g r e a t e r  than t h e i r  p ropor t iona l  biomass would 

ind ica te .  Though b a c t e r i a l  biomass averaged only 8% o f  the  au to t ro p h ic  

biomass, bac te r io p lan k to n  co n t r ib u te d  s i g n i f i c a n t l y  to  dark uptake of 

ammonium ( d a t e  averaged means o f  50%). Estimates  o f  b a c t e r i a l  

c o n t r i b u t i o n s ,  assuming h igher  l ig h t -m ed ia ted  t o t a l  uptake r a t e s ,  were 

35-40%, and were s t i l l  much g r e a t e r  than au to t rophs  on a carbon s p e c i f i c  

b a s i s .

D if fe rences  in th e  r a t e  o f  inc rease  of  b a c t e r i a l  thymidine 

incorpora t ion  compared to  b a c t e r i a l  abundance over th e  course o f  the  

study,  sugges ted  t h a t  b a c t e r i a  were c lo se ly  c o n t ro l l e d  through grazing 

processes .  The a c t i v i t y  o f  g ra z e r  organisms was a l so  important in the  

ammonium re m in e r a l i z a t i o n  p ro cess .  However, r eg re ss io n  an a ly s i s  

indica ted  t h a t  au to t roph ic  as compared to  h e te r o t ro p h ic  b a c t e r i a l  

biomass was more important as  a s u b s t r a t e  f o r  the  r e m in e ra l i z a t io n  

process .  Desp i te  i n d i r e c t  evidence suggesting the  importance o f  

h e te r o t ro p h ic  f l a g e l l a t e s  and c i l i a t e s  in th e  r e m in e ra l i z a t io n  process ,  

temporal p a t t e r n s  o f  t h e i r  abundance did not sugges t  a d i r e c t  

r e l a t i o n s h i p  to  r e m in e ra l i z a t io n  and l a r g e r  g razers  may have been of



g r e a t e r  importance.  R em inera l iza t ion  r a t e s  in  t h e  <1.6 /im f r a c t i o n  

in d i c a t e d  t h a t  b a c t e r i a  were very important in  t h e  r e m in e r a l i z a t i o n  

p rocess  accounting  f o r  seasonal  means o f  between 92 and 38% o f  t o t a l  

r e m i n e r a l i z a t i o n  a t  s t a t i o n s  1 and 3 r e s p e c t i v e l y .  I t  i s  p o s tu l a t e d  

t h a t  b a c t e r i a  were important s ec o n d a r i ly  in t h e  r e m i n e r a l i z a t i o n  p rocess  

by i n t e r c e p t i o n  o f  DON e x c r e t io n  or  very small d e t r i t a l  p a r t i c l e s  from 

g raz ing  a c t i v i t i e s  o f  m ic ro h e te ro t ro p h s .

R em inera l iza t ion  r a t e s  exceeded a s s i m i l a t i o n  r a t e s  f o r  13 o f  15 

d a t e / s t a t i o n  groupings  i n d i c a t i n g  t h a t  p a r t i c u l a t e  n i t ro g en  was r a p id ly  

recy c led  and t h e  r e s u l t a n t  ammonium may r e p r e s e n t  a s i g n i f i c a n t  source 

f o r  a u to t ro p h ic  growth. Using e s t i m a te s  of  primary  p roduc t ion  in the  

lower York R ive r ,  c a l c u l a t i o n s  showed t h a t  ammonium r e m in e r a l i z a t i o n  

s upp l ied  66 - 100% of  a u to t ro p h ic  product ion  needs  f o r  n i t r o g e n .
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