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Abstract--We p resen t  he re  a  s y n t h e s i s  o f  ou r  s t u d i e s  o f  n i t r o g e n  and phos- 

phorus  f l u x  t h rough  a  watershed and i t s  r e c e i v i n g  wa te rs  d u r i n g  a  one y e a r  

p e r i o d  (March 1981 t o  March 1982). The 2286 ha watershed c o n s i s t s  o f  62% 

f o r e s t ,  23% c rop land ,  12% pas tu re ,  and 3% f r e s h w a t e r  swamp. It d r a i n s  i n t o  

t h e  t i d a l  headwaters o f  t h e  Rhode R i v e r ,  a subes tua ry  o f  Chesapeake Bay. The 

58 ha t i d a l  headwaters c o n s i s t  o f  40% s u b t i d a l  m u d f l a t s  and creeks,  and 60% 

t i d a l  marsh. We used automated sampl ing  s t a t i o n s  t o  m o n i t o r  n u t r i e n t  f l u x e s  

between t h e  headwaters and t h e  Rhode R i v e r ,  and n u t r i e n t  f l u x e s  f rom e i g h t  

subwatersheds o f  d i f f e r i n g  l a n d  use compos i t i ons .  

Croplands d i scha rged  f a r  more n i t r o g e n  p e r  h e c t a r e  i n  r u n o f f  t h a n  d i d  

f o r e s t s  and pas tu res .  Most o f  t h e  n i t r o g e n  re leased  by t h e  c rop lands  was 

absorbed by ad jacen t  r i p a r i a n  f o r e s t s .  However, n u t r i e n t  d i s c h a r g e s  f rom 

t h e s e  r i p a r i a n  f o r e s t s  s t i  11 exceeded d i scha rges  f rom pas tu res  and o t h e r  

f o r e s t s .  The r a t i o  o f  n i t r o g e n  t o  phosphorus l e a v i n g  a l l  f o r e s t s  was so l o w  

t h a t  n i t r o g e n  r a t h e r  t han  phosphorus c o u l d  l i m i t  p h y t o p l a n k t o n  growth  i n  t h e  

r e c e i v i n g  waters .  

The f r e s h w a t e r  swamp was a  m ino r  s i n k  f o r  n u t r i e n t s .  The t i d a l  head- 

wa te rs  were a  m a j o r  s i n k  f o r  phosphorus due t o  sediment a c c r e t i o n  i n  t h e  

s u b t i d a l  area. The headwaters were a l s o  a  s i n k  f o r  n i t r o g e n  i n  t h e  y e a r  o f  

t h i s  s tudy,  b u t  were a  source i n  o t h e r  years .  

Of t h e  t o t a l  non-gaseous n i t r o g e n  i n f l u x  t o  t h e  landscape, 31% was f rom 

b u l k  p r e c i p i t a t i o n  and 69% was f rom farming.  F o r t y - s i x  p e r c e n t  o f  t h e  t o t a l  

non-gaseous n i t r o g e n  i n f  1  ux was removed as fa rm p roduc ts ,  53% e i t h e r  accumu- 

l a t e d  i n  t h e  system o r  was l o s t  i n  gaseous forms, and 1% e n t e r e d  t h e  Rhode 

R i v e r .  Of t h e  t o t a l  phosphorus i n f l u x  t o  t h e  landscape,  7% was f rom b u l k  

p r e c i p a t i o n  and 93% was f r o m  farming.  F o r t y - f i v e  pe rcen t  o f  t h e  t o t a l  phos- 

phorus  i n f l u x  was removed as fa rm p roduc ts ,  48% accumulated i n  t h e  system, 

and 7% e n t e r e d  t h e  Rhode R i v e r .  



INTRODUCTION 

H y d r o l o g i c a l l y  l i n k e d  ecosystems i n t e r a c t  t h rough  t h e  f l o w  o f  water -borne 

n u t r i e n t s .  N u t r i e n t s  d i scha rged  f rom up lands pass th rough  l ow lands  and 

t h r o u g h  a  s e r i e s  o f  a q u a t i c  ecosystems on t h e i r  way t o  t h e  sea. Understand- 

i n g  t h e  dynamics o f  such n u t r i e n t  f l o w s  r e q u i r e s  knowledge o f  t h e  e f f e c t  o f  

l a n d  use on n u t r i e n t  d i scha rge  and o f  t h e  e f f e c t s  o f  u p h i l l  ecosystems on 

d o w n h i l l  ecosystems. 

A g r i c u l t u r a l  l ands  a r e  sources o f  n u t r i e n t  d i scha rges  f rom watersheds 

( B i g g a r  and Correy, 1969; Ornerni k,  1976).  Fo res ts  a l s o  r e l e a s e  n u t r i e n t s ,  

b u t  a t  lower  r a t e s  t h a n  a g r i c u l t u r a l  l ands  (Cooper, 1969; L i kens  and Bormann, 

1974).  I n  c o n t r a s t ,  r i p a r i a n  f o r e s t s  ( P e t e r j o h n  and C o r r e l l  , 1984), f l o o d  

p l a i n  f o r e s t s ,  f r eshwa te r  swamps (B r inson ,  1984; Yarbro e t  a1 ., 1984),  and 

t i d a l  marshes ( V a l i e l a  e t  al . ,  1976) can a c t  as n u t r i e n t  s i n k s .  Whether 

t h e s e  systems do t r a p  n u t r i e n t s  may depend on how much n u t r i e n t  t h e y  r e c e i v e  

f rom uph i  11 systems. For example, r i p a r i a n  f o r e s t s  r e c e i v i n g  n u t r i e n t  i n -  

f l u x e s  f rom ad jacen t  c rop lands  can r e t a i n  much o f  t h e  n u t r i e n t s  t h e y  r e c e i v e  

( P e t e r j o h n  and C o r r e l l  , 1984; Lowrance e t  a1 ., 1984).  

There have been many s t u d i e s  o f  n u t r i e n t  f l o w  th rough  s p e c i f i c  eco- 

systems, b u t  few s t u d i e s  o f  n u t r i e n t  f l o w s  th rough  landscapes c o n t a i n i n g  

seve ra l  ecosystems. I n  t h i s  paper we p resen t  a  s y n t h e s i s  o f  our  s t u d i e s  o f  

n i t r o g e n  and phosphorus f l u x  th rough  a  complex landscape c o n t a i n i n g  many 

d i f f e r e n t  h y d r o l o g i c a l l y  l i n k e d  ecosystems. 

STUDY SITE 

The Rhode R i v e r  e s t u a r y  i s  l o c a t e d  eas t  o f  Washington, DC on t h e  western  

shore o f  Chesapeake Bay. We s t u d i e d  t h e  watershed which d r a i n s  i n t o  a  t i d a l  

c reek a t  t h e  head o f  t h e  Rhode R i v e r  e s t u a r y  ( F i g .  1 ) .  The 2286 ha water -  

shed c o n s i s t s  o f  62% f o r e s t ,  23% crop lands,  12% pas tu re ,  and 3% f reshwa te r  

swamp ( C o r r e l l  , 1977). The s o i  1  s  a r e  f i n e  sandy loams ( K i r b y  and Mathews, 

1973).  The f o r e s t s  a r e  deciduous and m o s t l y  o f  t h e  t u l i p  p o p l a r  a s s o c i a t i o n  

d e s c r i b e d  by Brush (1980) .  The l a n d  we c a t a g o r i z e d  as c r o p l a n d  c o n s i s t s  of 

53% c o r n  f i e l d s ,  19% tobacco f i e l d s ,  and 28% r e s i d e n t i a l  l a n d  p l u s  roads 

( C o r r e l l ,  1977). The pas tu res  a re  grazed p r i m a r i l y  by beef  c a t t l e  ( M i k l a s  e t .  



F i g .  1. The e i g h t  numbered subwatersheds and t i d a l  headwaters where we 

measured n u t r i e n t  f l u x e s .  Do t ted  l i n e s  a r e  watershed boundar ies .  



a1 ., 1977).  The f reshwa te r  swamp, M i l l  Swamp, i n c l u d e s  wooded areas o f  t h e  

r i v e r  b i rch-sycamore a s s o c i a t i o n  (Brush, 1980) and an area covered by herba-  

ceous p l a n t s  and s u f f r u t e s c e n t  shrubs (Whigham e t  a l . ,  t hese  p roceed ings ) .  

The t i d a l  creek a t  t h e  head o f  t h e  Rhode R i v e r  es tua ry ,  i n c l u d e s  23 ha o f  

s u b t i d a l  m u d f l a t s  and creeks and i s  bo rde red  by 13 ha o f  t i d a l  l ow  marsh and 

22 ha o f  t i d a l  h i g h  marsh. The low marsh i s  about  30 cm above mean low  water  

and i s  vegeta ted p r i m a r i l y  by Typha a n g u s t i f o l i a .  The h i g h  marsh i s  about 42 

cm above mean low water  and i s  vege ta ted  by S p a r t i n a  p a t e n s  and many o t h e r  

spec ies  (Jordan e t  a1 ., 1983).  The mean t i d a l  amp l i t ude  i s  30 cm, b u t  water  

l e v e l  can f l u c t u a t e  j u s t  as much due t o  weather  c o n d i t i o n s .  The s a l i n i t y  i n  

t h e  e s t u a r i n e  headwaters ranges f rom 0  t o  16 p p t .  

METHODS 

The wa te rshed ' s  a q u i f e r s  a r e  i s o l a t e d  f rom deeper a q u i f e r s  by an under- 

l y i n g  l a y e r  o f  c l a y ,  t h e  M a r l b o r o  C l a y  ( C h i r l i n  and S c h a f f n e r ,  1 9 7 7 ) .  

N a t u r a l  d ra inage  d i v i d e s  separa te  t h e  watershed i n t o  seve ra l  subwatersheds 

( F i g .  1). We mon i to red  d i scha rges  o f  water  and n u t r i e n t s  f rom e i g h t  o f  

t hese  subwatersheds t o t a l i n g  2057 ha. Water samples and f l o w  measurements 

were t a k e n  c o n t i n u o u s l y  by automated sampl ing s t a t i o n s  ( C o r r e l l ,  1977 and 

1981).  The s t a t i o n s  f o r  seven o f  t h e  subwatersheds employed V-notch w e i r s  

f o r  f l u x  measurements. The e i g h t h  subwatershed (number 121) was t i d a l l y  

i n f l u e n c e d ,  so a  t i d a l  f lume,  a  t i d e  gauge, and an e l e c t r o m a g n e t i c  c u r r e n t  

me te r  were used f o r  f l u x  measurements. A s i m i l a r  sampl ing s t a t i o n  l o c a t e d  

i n  a  c o n s t r i c t e d  channel between t h e  headwaters and t h e  r e s t  o f  t h e  Rhode 

R i v e r  ( F i g .  1) measured t i d a l  f l u x  i n  and o u t  o f  t h e  headwaters ( C o r r e l l ,  

1 9 8 1 ) .  The s a m p l i n g  s t a t i o n s  a u t o m a t i c a l  l y  c o l l e c t e d  w a t e r  samples i n  

vo l  umes p r o p o r t i o n a l  t o  t h e  f l ows .  The t i d a l l y  i n f l u e n c e d  s t a t i o n s  c o l l e c t e d  

separa te  ebb and f l o o d  samples. The vo lume- in teg ra ted  samples were compos- 

i t e d  f o r  weekly t i m e  pe r iods .  Samples f o r  n u t r i e n t  a n a l y s i s  were p rese rved  

w i t h  1-3 ml pe r  l i t e r  15 N s u l f u r i c  a c i d .  The a n a l y t i c a l  t echn iques  we used 

a r e  desc r ibed  by C o r r e l l  (1981). N u t r i e n t  d i s c h a r g e s  f rom 229 ha o f  unmoni- 

t o r e d  watersheds were es t ima ted  f rom d a t a  on t h e  mon i to red  watersheds. Bu lk  

p r e c i p i t a t i o n  was sampled and ana lyzed as d e s c r i b e d  by C o r r e l l  and Ford 

(1982) .  The s t u d y  p e r i o d  ran  f rom March 1981 t o  March 1982. 



The subwatersheds d i f f e r  i n  t h e i r  pe rcen tages  o f  f o r e s t ,  p a s t u r e  and 

c r o p l a n d  (Tab le  1, F i g .  2 ) .  We reg ressed  t h e  annual  n u t r i e n t  d i scha rges  p e r  

h e c t a r e  a g a i n s t  t h e  percentages o f  c r o p l a n d  and p a s t u r e  ( T a b l e  1 and 2, F ig .  

2 ) .  Bo th  n i t r o g e n  and phosphorus d i scha rges  i n c r e a s e d  s i g n i f i c a n t l y  as p e r -  

cen t  c r o p l a n d  i nc reased ,  b u t  d i d  n o t  v a r y  s i g n i f i c a n t l y  w i t h  p e r c e n t  p a s t u r e  

( T a b l e  2 ) .  We used t h e  r e g r e s s i o n  e q u a t i o n s  t o  p r e d i c t  n u t r i e n t  i n p u t s  t o  

t h e  f r e s h w a t e r  swamp l o c a t e d  a t  t h e  bo t tom o f  watershed 121 ( F i g .  l ) ,  t h e n  

s u b t r a c t e d  t h e  measured d i s c h a r g e  f rom watershed 121  t o  e s t i m a t e  t h e  n e t  

n u t r i e n t  exchanges i n  t h e  swamp. 

E x t r a p o l a t i n g  t h e  r e g r e s s i o n  suggests  t h a t  p u r e  c r o p l a n d  shou ld  d i s c h a r g e  

7.53 kg  N  h a - I  yr-l, b u t  o u r  p r e v i o u s  s t u d i e s  o f  a  sma l l  watershed c o n t a i n i n g  

m o s t l y  c o r n  f i e l d s  (watershed 109, F i g .  1,2) i n d i c a t e d  t h a t  t h e  c o r n  f i e l d s  

d i s c h a r g e d  39 kg N  h a - I  y r - '  ( P e t e r j o h n  and C o r r e l l ,  1984).  The d i sc repancy  

e x i s t s  because t h e  r i p a r i a n  f o r e s t  between t h e  c o r n  f i e l d s  and t h e  s t ream 

r e t a i n s  most o f  t h e  n i t r o g e n  i t  r e c e i v e s  f rom t h e  c o r n  f i e l d s .  The re fo re ,  a  

watershed c o n t a i n i n g  b o t h  c r o p l a n d  and r i p a r i a n  f o r e s t  d i scha rges  l e s s  n i t r o -  

gen t h a n  does t h e  c r o p l a n d  i t s e l f .  I n  c o n t r a s t ,  e x t r a p o l a t i n g  t h e  reg res -  

s i o n  assumes i n c o r r e c t 1  y  t h a t  d i scha rges  from a  watershed w i t h  b o t h  c rop1 and 

and f o r e s t  w i l l  equal  t h e  sum o f  d i scha rges  f rom t h e  c r o p l a n d  and d i scha rges  

f rom t h e  f o r e s t .  The re fo re ,  t o  e s t i m a t e  n u t r i e n t  d i scha rges  by t h e  c rop lands  

Tab le  1. Land uses and n u t r i e n t  d i s c h a r g e s  f o r  e i g h t  Rhode R i v e r  subwater -  
sheds. 

Watershed Area 
(ha )  - 

Land use pe rcen tages  
Crops Pas tu res  F o r e s t s  

D ischarge ( k g  ha-lyr-')- 
N i t r o g e n  Phosphorus 



Forest 

A 

Forest 

Posture Crops 

F o r e s t  

Pasture Crops P o s t u r e  Crops 

F i g .  2. Upper t r i a n g l e :  l a n d  use compos i t i on  o f  e i g h t  numbered subwater-  

sheds. Corners o f  t r i a n g l e s  a r e  100% o f  i n d i c a t e d  l a n d  use. Lower t r i a n -  

g l e s :  t o t a l  n i t r o g e n  and phosphorus d i s c h a r g e  p l o t t e d  a g a i n s t  l a n d  use pe r -  

centages. P o i n t s  r e p r e s e n t  measured d i scha rges .  Plane t h r o u g h  p o i n t s  was 

f i t  by 1 i near  r e g r e s s i o n .  H o r i z o n t a l  dashes i n d i c a t e  d i scha rges  p r e d i c t e d  

by t h e  reg ress ion .  Watershed 121 (open c i r c l e )  was n o t  used i n  t h e  reg res -  

s i o n .  



Table  2. Summary s t a t i s t i c s  f o r  r e g r e s s i o n  models. 

D i scha rge  kg N o r  P h a - I  y r - '  = A + B ( f r a c t i o n  c r o p )  + C ( f r a c t i o n  p a s t u r e )  

N i t r o g e n  Phosphorus 

Param- Parameter Standard  * 
meter  Es t ima te  E r r o r  - P 

Parameter Standard  * 
Es t ima te  E r r o r  E 

Model: F  = 17.6, p  = 0.010, r2 = 0.898 

* f o r  n u l l  hypo thes i s  t h a t  parameter  = 0  

i n  o u r  e n t i r e  watershed, we have assumed t h a t  d i scha rges  f rom t h e  c o r n  f i e l d s  

o f  watershed 109 a r e  r e p r e s e n t a t i v e  o f  d i scha rges  by a l l  o f  t h e  c rop lands .  

We e s t i m a t e d  t h e  d i scha rges  f rom r i p a r i a n  f o r e s t s  b o r d e r i n g  t h e  c rop lands  i n  

ou r  watershed f rom t h e  r e g r e s s i o n  equa t i ons  assuming a  2 : l  r a t i o  o f  c r o p l a n d  

t o  r i p a r i a n  f o r e s t  as i n  watershed 109. 

Data f rom C o r r e l l  e t  a l .  (1984)  suggests t h a t  t h e  r i p a r i a n  f o r e s t  bo rde r -  

i n g  t h e  p a s t u r e  o f  watershed 111 ( F i g .  1 and 2 )  does n o t  absorb  much o f  t h e  

n u t r i e n t  i n p u t  i t  r e c e i v e s  f rom t h e  pas tu re .  The re fo re ,  we f e l t  i t  was rea-  

sonab le  t o  e x t r a p o l a t e  t h e  r e g r e s s i o n s  ( F i g .  2 )  t o  e s t i m a t e  t h e  n u t r i e n t  d i s -  

charges from pure  p a s t u r e .  We a l s o  e s t i m a t e d  d i scha rges  f rom p u r e  f o r e s t  by 

e x t r a p o l a t i o n .  The d i scha rges  f rom watershed 110 ( F i g .  1 and 2) wh ich  i s  

n e a r l y  pu re  f o r e s t  were l ower  t h a n  we would expect  f rom e x t r a p o l a t i o n  (F ig .  

2 ) ,  b u t  we a t t r i b u t e  t h i s  t o  t h e  f a c t  t h a t  most o f  t h e  f o r e s t  o f  watershed 

110 i s  o l d e r  t han  most o f  t h e  f o r e s t s  i n  ou r  watershed (Rober ts ,  1979).  

We c a l c u l a t e d  n u t r i e n t  f l u x e s  i n  t h e  t i d a l  headwaters f rom o u r  measure- 

ments o f  t i d a l  exchanges between t h e  headwaters and t h e  Rhode R i v e r ,  and from 

o u r  measurements o f  n u t r i e n t  d i scha rges  f rom t h e  watershed i n t o  t h e  head- 

waters .  We s u b t r a c t e d  n u t r i e n t  exchanges by t h e  marshes ( Jo rdan  e t  a1 ., 



1 9 8 3 )  f r o m  n e t  exchanges  b y  t h e  t i d a l  h e a d w a t e r s  t o  e s t i m a t e  n u t r i e n t  

exchanges by t h e  s u b t i d a l  a reas.  F i g u r e  3  p resen ts  a l l  o f  t h e  measurements 

and e s t i m a t e s  o f  between-ecosystem n u t r i e n t  f l u x e s  i n  a  s i n g l e  f l o w  diagram. 

C r o p l a n d s  d i scha rge  by f a r  t h e  most n i t r o g e n  o f  any ecosystem i n  o u r  

watershed d e s p i t e  t h e  f a c t  t h a t  t h e y  cove r  l e s s  area than  f o r e s t s  ( F i g .  3 ) .  

Most  o f  t h e  n i t r o g e n  l e a v i n g  t h e  c r o p l a n d s  i s  i n t e r c e p t e d  by  r i p a r i a n  

f o r e s t s .  Never the less ,  t h e s e  r i p a r i a n  f o r e s t s  d i s c h a r g e  more n i t r o g e n  and 

phosphorus t h a n  o t h e r  f o r e s t s  o r  pas tu res .  Pastures ,  p a r t l y  due t o  t h e i r  

sma l l  a rea,  c o n t r i b u t e  v e r y  l i t t l e  t o  t h e  t o t a l  d i scha rges  o f  e i t h e r  n i t r o g e n  

o r  phosphorus f rom t h e  watershed. 

The f r e s h w a t e r  swamp ac ted  as a  s i n k  f o r  phosphorus and, t o  a  l e s s e r  

e x t e n t ,  f o r  n i t r o g e n  ( F i g .  3 ) .  Much o f  t h e  phosphorus r e t a i n e d  was t r a p p e d  

d u r i n g  a  week when a  severe  s torm caused h i g h  sediment d i scha rges  by  t h e  

watershed. Thus, t h e  t r a p p i n g  o f  phosphorus was p robab l y  t h e  r e s u l t  o f  

t r a p p i n g  sediment.  

The t i d a l  marshes had v e r y  l i t t l e  e f f e c t  on t h e  ne t  f l o w  o f  n u t r i e n t s  

t h r o u g h  t h e  t i d a l  headwaters ( F i g .  3 ) .  I n  a d d i t i o n ,  t h e  n e t  e f f e c t s  o f  t h e  

l o w  and h i g h  marshes were o p p o s i t e  and tended t o  cance l  each o t h e r .  I n  con- 

t r a s t ,  t h e  s u b t i d a l  a rea t r a p p e d  l a r g e  amounts o f  n u t r i e n t s  ( F i g .  3 ) .  As 

w i t h  t h e  f r e s h w a t e r  swamp, much o f  t h e  phosphorus t r a p p i n g  f o l l o w e d  a  severe  

storm. Net n i t r o g e n  f l u x  i n  t h e  s u b t i d a l  a rea v a r i e d  f rom y e a r  t o  year .  I n  

some y e a r s  t h e  s u b t i d a l  a rea was a  source r a t h e r  t han  a  s i n k  f o r  n i t r o g e n  

(unpub l  i s h e d  d a t a ) .  However, t h e  t r a p p i n g  o f  phosphorus o c c u r r e d  cons i  s- 

t e n t 1  y  f r om y e a r - t o - y e a r .  

We c a l c u l a t e d  t h e  t o t a l  i n f l o w s  o f  n u t r i e n t s  t o  each ecosystem by add ing 
-1 -1 

t h e  i n p u t s  f rom b u l k  p r e c i p i t a t i o n  (13.7 kg N  ha y r  , 0.449 k g  P  h a - I  

yr- l ) ,  i n p u t s  f rom upst ream p a r t s  o f  t h e  watershed, and i n p u t s  f rom farming.  

We c a l c u l a t e d  t h e  t o t a l  o u t f l o w s  by add ing n u t r i e n t  d i s c h a r g e  downstream and 

n u t r i e n t  removals by f a rm ing .  Farming i n p u t s  t o  pas tu res  were 52 k g  N  h a - I  

yr-l and 1 0  kg  P h a - I  yr-l and o u t p u t s  were 31  kg N  ha-1 yr-l and 4.5 kg  P  

h a - l  yr-l ( C o r r e l l  e t  a1 ., 1977; M i k l a s  e t  a1 ., 1977).  Farming exchanges f o r  

c r o p l a n d  were assumed equal  t o  t h o s e  f o r  t h e  c o r n  f i e l d s  o f  watershed 109, 

w i t h  i n p u t s  of  105 kg  N ha-' y r - I  and 20 k g  P  ha-' yr-l, and o u t p u t s  of  71 k g  

N  ha-' yr-l and 10  kg P  ha-' yr-l ( P e t e r j o h n  and C o r r e l l ,  1984).  I n  t h e  case 

o f  t h e  t i d a l  marshes, n u t r i e n t s  e n t e r i n g  w i t h  t h e  f l o o d  t i d e  were cons ide red  
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F i g .  3. Net t o t a l  n i t r o g e n  and phosphorus f l u x e s ,  kg y r - l ,  i n d i c a t e d  by 

numbers i n  ar rows.  Numbers i n  boxes a r e  areas i n  hec ta res  o f  each ecosystem 

t y p e .  Watershed f l u x e s  a r e  s p l i t  a c c o r d i n g  t o  whether t h e y  go t h r o u g h  t h e  

swamp o r  d i r e c t l y  t o  t i d a l  waters .  F luxes  i n  t i d a l  wa te rs  a r e  n e t  t i d a l  

exchanges. 



p a r t  of t h e  i n f l o w ,  and n u t r i e n t s  l e a v i n g  w i t h  t h e  ebb t i d e  p a r t  o f  t h e  o u t -  

f l ow .  Our measurements o f  n i t r o g e n  f l o w  r e f e r  o n l y  t o  non-gaseous forms. 

I n f l o w s  o f  n u t r i e n t s  g e n e r a l l y  exceed o u t f l o w s  i n  most o f  t h e  ecosystems 

we s t u d i e d  ( F i g .  4 ) .  T h i s  i s  e s p e c i a l l y  marked f o r  non-gaseous n i t r o g e n  

f l o w s  i n  t h e  f o r e s t s .  However, phosphorus i n f l o w s  t o  t h e  f o r e s t s  a r e  about 

equa l  t o  o u t f l o w s .  I n  c o n t r a s t  t o  f o r e s t s ,  c rop lands  a r e  more r e t e n t i v e  o f  

phosphorus t h a n  o f  n i t r o g e n .  I n  t h e  f r e s h w a t e r  swamp and pas tu res ,  n i t r o g e n  

r e t e n t i o n  i s  r o u g h l y  p r o p o r t i o n a l  t o  phosphorus r e t e n t i o n .  The l ow  and h i g h  

t i d a l  marshes behaved o p p o s i t e l y  t o  each o t h e r ,  w i t h  one r e t a i n i n g  a  g i ven  

n u t r i e n t  w h i l e  t h e  o t h e r  r e l e a s e d  i t .  

D i f f e r e n c e s  i n  n i t r o g e n  and phosphorus f l o w s  r e s u l t  i n  d i f f e r e n c e s  i n  t h e  

N:P r a t i o s  o f  n u t r i e n t s  e n t e r i n g  and l e a v i n g  an ecosystem. Fo r  example, t h e  

mo la r  N:P r a t i o  o f  n u t r i e n t s  e n t e r i n g  t h e  f o r e s t s  i s  g r e a t e r  t h a n  40 bu t  t h e  

N:P r a t i o  o f  n u t r i e n t s  d i scha rged  f rom t h e  f o r e s t s  i s  l e s s  t h a n  10 ( F i g .  5 ) .  

I n  c o n t r a s t ,  t h e  t r e n d  f o r  c rop lands  i s  e x a c t l y  o p p o s i t e ,  w i t h  t h e  d i scha rged  

n u t r i e n t s  hav ing  a  h i g h e r  N:P r a t i o .  However, t h e  r e l a t i v e l y  n i t r o g e n  r i c h  

d i scha rge  from croplands enters r i p a r i a n  f o res t  h e r e  much o f  t he  n i t rogen i s  

Non Gas N (kg .ho l  y i l )  Low Marsh  

120 

*Swamp 

-Swamp 

4 0  
Pasture 

2 0  Pasture 
Riparian Forest 

.Forest . ,>-mTI -- 
2 0  4 0  6 0  8 0  100 3 2 0  6 8 0  4 8 12 16 20 72  156 

i n f l o w  i n f l o w  

F ig .  4. T o t a l  o u t f l o w  versus t o t a l  i n f l o w  o f  non-gaseous n i t r o g e n  and 

phosphorus f o r  v a r i o u s  ecosystems. The l i n e  o f  e q u a l i t y  i s  shown. R i p a r i a n  

f o r e s t  r e f e r s  t o  f o r e s t  between c rop lands  and streams. 



r e t a i n e d .  Consequent1 y ,  t h e  d i scha rge  f rom t h e  r i p a r i a n  f o r e s t s  i s  r e l a t i v e -  

l y  n i t r o g e n  poor .  By t h e  t i m e  t h e  n u t r i e n t s  l e a v e  t h e  watershed and e n t e r  

t h e  t i d a l  waters  t h e  N:P r a t i o  has dropped t o  10 o r  l e s s  ( F i g .  5 ) .  At  such a  

l ow  r a t i o ,  n i t r o g e n  r a t h e r  t han  phosphorus would p o t e n t i a l l y  l i m i t  phy to -  

p l a n k t o n  growth ( R e d f i e l d ,  1958). The t r e n d s  a r e  even more pronounced f o r  

t h e  N:P r a t i o s  o f  i n o r g a n i c  n u t r i e n t s ,  t h o s e  most r e a d i l y  a v a i l a b l e  f o r  p l a n t  

growth ( F i g .  5). 
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F i g .  5. Mo la r  N:P r a t i o s  o f  n u t r i e n t s  e n t e r i n g  ecosystems and o f  n u t r i e n t s  

d i s c h a r g e d  t o  t h e  watershed. N u t r i e n t s  e n t e r i n g  a  system i n c l u d e  i n p u t s  f rom 

p r e c i p i t a t i o n  and f rom fa rm ing  as w e l l  as f rom upstream systems. Widths o f  

ar rows a r e  p r o p o r t i o n a l  t o  r a t i o s  f o r  t o t a l  n u t r i e n t s  shown w i t h o u t  paren-  

theses.  R a t i o s  f o r  i n o r g a n i c  n u t r i e n t s  a r e  i n  parentheses. Most o f  t h e  

d i s c h a r g e  f rom f o r e s t s ,  r i p a r i a n  f o r e s t s ,  and pas tu res  f l o w s  d i r e c t l y  t o  

t i d a l  waters  w i t h o u t  pass ing  th rough  t h e  swamp. 



Examin ing n u t r i e n t  f l u x  t h r o u g h  t h e  e n t i  r e  landscape o f  watershed p l u s  

t i d a l  headwaters,  we f i n d  t h a t  f a r m i n g  p r o v i d e s  t h e  l a r g e s t  i n p u t  o f  n i t r o g e n  

and phosphorus ( F i g .  6 ) .  B u l k  p r e c i p i t a t i o n  p r o v i d e s  l e s s  t h a n  one t e n t h  of 

t h e  t o t a l  i n p u t  o f  phosphorus b u t  about a  t h i r d  o f  t h e  t o t a l  i n p u t  o f  n i t r o -  

gen. H a r v e s t i n g  o f  f a rm  p roduc ts  removes s l i g h t l y  l e s s  t h a n  h a l f  o f  t h e  

t o t a l  i n p u t s  o f  n i t r o g e n  and phosphorus. Most o f  t h e  r e s t  o f  t h e  i n p u t s  

accumula te  i n  t h e  landscape o r  a r e  l o s t  as gaseous forms. On ly  1% o f  t h e  

n i t r o g e n  and 7% o f  t h e  phosphorus e n t e r i n g  t h e  landscape i s  d i s c h a r g e d  t o  t h e  

Rhode R i v e r .  
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F i g .  6. Non-gaseous n i t r o g e n  and phosphorus f l u x e s  t h r o u g h  t h e  e n t i r e  l and -  

scape as percentages o f  t h e  t o t a l  i n p u t .  



I. 
L DISCUSSION 

S ince  ou r  automated s t a t i o n s  sample d i scha rges  f rom areas c o n t a i n i n g  more 

t h a n  one t y p e  o f  ecosystem, we had t o  deduce t h e  b e h a v i o r  o f  i n d i v i d u a l  eco- 

systems. Comparing ou r  r e s u l t s  t o  r e s u l t s  o f  s t u d i e s  o f  s i n g l e  ecosystems, 

we f i n d  b o t h  s i m i l a r i t i e s  and d i f f e r e n c e s .  Fo r  example, o u r  m u l t i p l e  reg res -  

s i o n  models i n d i c a t e  t h a t  ou r  f o r e s t s  d i s c h a r g e  l e s s  n i t r o g e n  and more phos- 

phorus  t h a n  do most f o r e s t s  rev iewed by Beaulac and Reckhow (1982).  Thus, 

t h e  N:P r a t i o  o f  n u t r i e n t s  d i scha rged  f rom ou r  f o r e s t s  i s  r e l a t i v e l y  low. 

N u t r i e n t  r e l e a s e  by f o r e s t s  i s  g e n e r a l l y  t h o u g h t  t o  be r e l a t e d  t o  age o r  

amount o f  d i s t u r b a n c e .  Young o r  h i g h l y  d i s t u r b e d  f o r e s t s  r e l e a s e  t h e  most 

n u t r i e n t s ,  o l d  f o r e s t s  r e l e a s e  l e s s ,  and i n t e r m e d i a t e  aged f o r e s t s  r e l e a s e  

t h e  l e a s t  (Bormann and L ikens,  1979). Watershed 110 ( F i g .  l ) ,  wh ich  c o n s i s t s  

a lmost  e n t i r e l y  o f  v e r y  o l d  f o r e s t  (Rober ts ,  1979),  d i scha rged  much l e s s  

n i t r o g e n  and phosphorus t h a n  t h e  average f o r e s t  i n  ou r  r e g r e s s i o n  model ( F i g .  

2 ) .  S o i l  t y p e  may a l s o  i n f l u e n c e  phosphorus d i scha rge .  D i l l o n  and K i r c h n e r  

(1975)  found t h a t  watersheds w i t h  s o i l s  o f  sed imen ta ry  o r i g i n ,  l i k e  ours ,  

d i scha rged  more phosphorus t h a n  t h o s e  w i t h  s o i l s  o f  igneous o r i g i n .  Our 

f o r e s t s  d i s c h a r g e  l e s s  n i t r o g e n  and phosphorus t h a n  t h e y  r e c e i v e  i n  p r e c i p i t -  

a t i o n  as do most f o r e s t s  ( L i k e n s  e t  a1 ., 1977).  

N u t r i e n t  r e l e a s e s  f rom f o r e s t s  a r e  genera l  l y  l e s s  t h a n  r e l e a s e s  f rom 

c rop lands .  Others have found, as we d i d ,  t h a t  n u t r i e n t  d i s c h a r g e  f rom wa te r -  

sheds i nc reases  as t h e  pe rcen tage  o f  c r o p l a n d  i n c r e a s e s  ( F i g .  2; L i kens  and 

Bormann, 1974; Omernik, 1976).  However, t h e  amounts o f  n u t r i e n t s  r e l e a s e d  by 

c r o p l a n d s  d i f f e r  g r e a t l y  even among l a n d s  w i t h  t h e  same c rop .  T h i s  i s  p a r t l y  

due t o  t h e  v a r i e t y  o f  f a r m i n g  methods. For  example, n u t r i e n t  budgets  have 

been p u b l i s h e d  f o r  c o r n  f i e l d s  w i t h  f a r m i n g  i n p u t s  r a n g i n g  f rom 0  t o  448 k g  N  

ha-' yr-l and 0 t o  8 1  k g  P h a - I  yr-l, and watershed d i scha rges  r a n g i n g  f r o m  1 

t o  72 k g  N h a - I  yr-l and 0.02 t o  19 kg  P h a - I  yr-l (Beau lac  and Reckhow, 

1982).  The n u t r i e n t  budgets  f o r  t h e  c o r n  f i e l d  we s t u d i e d  f i t  w i t h i n  t h e s e  

broad ranges. F r i s s e l  (1977)  rev iewed d a t a  f r om many k i n d s  o f  a r a b l e  l a n d  

and found t h a t ,  when f a r m i n g  i n p u t s  o f  n i t r o g e n  were l e s s  t h a n  150 kg N  ha-' 

yr" ,  f a r m i n g  o u t p u t s  were about 66% o f  t h e  i n p u t s .  I n  comparison, ou r  c o r n  

f i e l d  r e t u r n e d  68% o f  t h e  n i t r o g e n  i nves tmen t .  



Our r e g r e s s i o n  model s  i n d i c a t e d  t h a t  pas tu res  r e l e a s e  n u t r i e n t s  a t  r a t e s  

more l i k e  t h o s e  o f  f o r e s t s  t h a n  t h o s e  o f  c rop lands  (F ig .  2 ) .  S i m i l a r l y ,  

Beaulac and Reckhow (1982)  found t h a t  pas tu res  e x h i b i t e d  a  w ide  range o f  

n u t r i e n t  d i  scharges over1  appi  ng t h e  range o f  d i scha rges  f rom f o r e s t s .  How- 

eve r ,  n i t r o g e n  d i s c h a r g e  from ou r  pas tu res  i s  l ower  t h a n  t h a t  f rom most pas- 

t u r e s  (Beau lac  and Reckhow, 1982).  T h i s  may r e p r e s e n t  a  r e a l  d i f f e r e n c e  o r  

i t  may be an e r r o r  due t o  e x t r a p o l a t i n g  our  r e g r e s s i o n  model. As we have 

ment ioned,  such an e x t r a p o l a t i o n  would unde res t ima te  n i t r o g e n  d i s c h a r g e  by 

c rop lands  because r i p a r i a n  f o r e s t s  r e t a i n  most o f  t h e  n i t r o g e n  t h e  c rop lands  

re lease .  An e a r l i e r  s t u d y  suggested t h a t  t h e  r i p a r i a n  f o r e s t s  a d j a c e n t  t o  

our  pas tu res  t r a p  l i t t l e  o r  no n i t r o g e n  ( C o r r e l l  e t  a1 ., 1984),  b u t  f u r t h e r  

resea rch  i s  needed t o  c o n f i r m  t h i s .  

R i p a r i a n  f o r e s t s  b o r d e r i n g  c rop lands  a r e  ma jo r  n i t r o g e n  s i n k s ,  b u t  i t  i s  

n o t  c l e a r  i f  t h e y  a r e  phosphorus s i n k s  as w e l l .  I n  o u r  watershed 109, meas- 

urements o f  phosphorus c o n c e n t r a t i o n  i n  s u r f a c e  and ground wa te r  a long  t r a n -  

s e c t s  f r om t h e  c o r n  f i e l d s  i n t o  t h e  r i p a r i a n  f o r e s t  suggest t h a t  t h e  r i p a r i a n  

f o r e s t  t r a p s  most o f  t h e  phosphorus i t  r e c e i v e s  i n  s u r f a c e  r u n o f f  b u t  r e -  

l eases  phosphorus i n  ground wa te r  ( P e t e r j o h n  and C o r r e l l  , 1984) .  D ischarge 

o f  phosphorus f rom t h e  whole watershed measured a t  a  w e i r  was about equal  t o  

t h e  e s t i m a t e d  d i s c h a r g e  f rom t h e  c o r n  f i e l d s  ( P e t e r j o h n  and C o r r e l l ,  1984) 

sugges t i ng  t h a t ,  o v e r a l l  , t h e  r i p a r i a n  f o r e s t  t r a p s  v e r y  l i t t l e  phosphorus. 

Our e s t i m a t e s  o f  between-ecosystem n u t r i e n t  f l u x e s  ( F i g .  3 )  r e f l e c t  t h e  w e i r  

d a t a  a l t h o u g h  we a r e  u n c e r t a i n  whether t h e  r i p a r i a n  f o r e s t s  a r e  phosphorus 

s inks .  Others  have found t h a t  r i p a r i a n  f o r e s t s  near  c rop lands  a r e  s i n k s  f o r  

b o t h  n i t r o g e n  and phosphorus (Lowrance e t  a l . ,  1984; Yeats and Sher idan,  

1983; Cooper e t  a1 . , t h e s e  p roceed ings ) .  
-1 -1 

We f o u n d  t h a t  t h e  f r e s h  wa te r  swamp was a  s i n k  f o r  17 kg  N ha y r  and 

3.8 k g  P  h a - I  y r - l .  S i m i l a r l y ,  Yarbro e t  a l .  (1984) found t h a t  a  swamp i n  
-1 -1 N o r t h  C a r o l i n a  r e t a i n e d  13  kg N ha y r  and 3.1 kg  P  h a - I  yr-l. However, 

t h a t  swamp m a i n l y  r e t a i n e d  d i s s o l v e d  ammonia and phosphate w h i l e  ou rs  r e -  

t a i n e d  n i t r a t e  and p a r t i c u l a t e  phosphorus. M i t s c h  e t  a l .  ( 1979 )  found t h a t  a  

swamp i n  Southern I1 1  i n o i  s  t r a p p e d  p r i m a r i l y  p a r t i c u l a t e  phosphorus, and 

B r i n s o n  e t  a l .  (1984)  found t h a t  a  swamp i n  No r th  C a r o l i n a  c o u l d  a c t  as a  

n i t r a t e  s i nk .  A l though seve ra l  s t u d i e s  have shown swamps t o  be n u t r i e n t  

s i n k s ,  E l d e r  e t  a l .  (1985)  found t h a t  a  f l o o d  p l a i n  i n  F l o r i d a  was a  source 

o f  n i t r o g e n ,  phosphorus and p a r t i c u l a t e  d e t r i t u s .  



The t i d a l  marshes i n  our  landscape were n o t  v e r y  i m p o r t a n t  i n  n e t  n u t r i -  

en t  f l u x e s  (F ig .  3 ) .  T h i s  i s  due t o  t h e i r  smal l  a reas and t h e  f a c t  t h a t  t h e  

marshes i m p o r t  p a r t i c u l a t e  n u t r i e n t s  and e x p o r t  d i s s o l v e d  n u t r i e n t s ,  r e s u l t -  

i n g  i n  l i t t l e  n e t  f l u x  ( Jo rdan  e t  a1 ., 1983).  T i d a l  marshes t y p i c a l l y  e x p o r t  

d i s s o l v e d  n u t r i e n t s ,  b u t  may e i t h e r  impor t  o r  e x p o r t  p a r t i c u l a t e  n u t r i e n t s  

(N ixon,  1980; Jordan e t  a1 ., 1983).  

The s u b t i d a l  a rea was an i m p o r t a n t  s i n k  f o r  phosphorus and n i t r o g e n  i n  

t h e  y e a r  o f  t h i s  s t u d y  ( F i g .  3 ) .  I n  o t h e r  yea rs ,  however, i t  was a  source o f  

n i t r o g e n  (unpub l i shed  d a t a ) ,  so i t  may no t  be an i m p o r t a n t  l o n g - t e r m  n i t r o g e n  

s i n k .  The s u b t i d a l  a rea i s  a  l ong - te rm s i n k  f o r  sediment though (Jordan,  

P i e r c e  and C o r r e l l ,  i n  prep.) ,  and a c c r e t i o n  o f  sediment can account  f o r  t h e  

amount o f  phosphorus t r a p p e d  (Jordan e t  a1 ., 1983).  

I n  c o n c l u s i o n ,  c rop lands  were t h e  dominant n u t r i e n t  sources i n  our  l a n d -  

scape a l t h o u g h  t h e y  cove r  o n l y  23% o f  t h e  area. Most o f  t h e  n i t r o g e n  r e -  

l eased  by c rop lands  i s  r e t a i n e d  by ad jacen t  r i p a r i a n  f o r e s t s .  The re fo re ,  

t h e  r a t i o  o f  n i t r o g e n  t o  phosphorus d i scha rged  by t h e s e  r i p a r i a n  f o r e s t s  was 

r e l a t i v e l y  l o w  ( ~ 1 0 ) .  The N:P r a t i o  o f  n u t r i e n t s  d i scha rged  by o t h e r  f o r e s t s  

was s i m i l a r l y  low. As a  r e s u l t ,  n i t r o g e n  r a t h e r  t h a n  phosphorus c o u l d  1  i m i t  

p h y t o p l a n k t o n  growth  i n  t h e  r e c e i v i n g  waters .  Sediment a c c r e t i o n  i n  t h e  sub- 

t i d a l  a rea  o f  t h e  r e c e i v i n g  wa te rs  was t h e  ma jo r  s i n k  f o r  phosphorus. 
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DISCUSSION: Jordan Paper 

Q u e s t i o n  ( G i l l i a m ) :  How d i d  you  o b t a i n  y o u r  n u t r i e n t  budgets  coming o f f  y o u r  
a g r i c u l t u r a l  l ands?  How d i d  you c a l c u l a t e  y o u r  a g r i c u l t u r a l  l a n d  i n p u t s ?  

Answer: F o r  t h e  c r o p l a n d  and t h e  p a s t u r e l a n d  we used surveys o f  t h e  farmers 
t o  de te rm ine  how much n u t r i e n t s  were added i n  t h e  f e r t i l i z e r  and how much 
were removed i n  fa rm p roduc ts .  F o r  t h e  d i s c h a r g e  f r o m  c r o p l a n d s  we r e l i e d  on 
measurements f r om one p a r t i c u l a r  watershed. There we measured t h e  d i s c h a r g e  
f rom t h e  c o r n f i e l d s  u s i n g  s u r f a c e  wa te r  c o l l e c t o r s  and a s e r i e s  o f  w e l l s  
a r ranged  i n  t r a n s e c t s  f r om t h e  c o r n f i e l d s  i n t o  t h e  r i p a r i a n  f o r e s t .  

Q u e s t i o n  ( G i l l i a m ) :  How d i d  you ge t  y o u r  wa te r  f l o w  f rom t h e  s e r i e s  o f  
w e l l s ?  How do you know how much went t h a t  way? 

Answer: We l ooked  a t  t h e  hydrographs f rom t h e  s t ream w e i r  a t  t h e  bo t tom o f  
t h e  watershed. You can sepa ra te  o u t  s u r f a c e  wa te r  f l o w  f r o m  groundwater  f l o w  
u s i n g  a g r a p h i c a l  method. 

Q u e s t i o n  ( G i l l i a m ) :  I assume t h a t  y o u r  l o s s e s  o f  phosphorus f rom t h e  f i e l d  
a r e  as d i s s o l v e d  phosphate? 



Answer: Most o f  t h e  phosphorus moving t h r o u g h  t h a t  system r e a l l y  i s  assoc- 
i a t e d  w i t h  sediment.  Some o f  t h i s  g e t s  s topped  by t h e  r i p a r i a n  zone so t h e r e  
i s  some t r a p p i n g .  

Ques ion  ( G i l l i a m ) :  D i d  I m i s i n t e r p r e t  y o u r  da ta?  I t hough t  you  s a i d  you  g e t  
v e r y  l i t t l e  phosphorus t r a p p e d  t h e r e  and much o f  t h e  n i t r o g e n  was t rapped .  

Answer ( P e t e r j o h n ) :  We had q u i t e  a  b i t  o f  t r a p p i n g  o f  sediment and p a r t i c -  
u l a t e - a s s o c i  a t e d  phosphorus i n  t h e  s u r f a c e  r u n o f f .  However, some d i s s o l v e d  
phosphorus i s  l o s t  i n  subsu r face  d i scha rge .  

Comment ( Jo rdan ) :  So maybe what you a r e  s e e i n g  i s  a  t r a p p i n g  of  p a r t i c u l a t e  
phosphorus i n  t h e  r i p a r i a n  zone f o l l o w e d  by a  s l ow  conve rs ion  o f  some o f  t h e  
phosphorus t o  d i s s o l v e d  forms which e v e n t u a l l y  make t h e i r  way o u t  p a s t  t h e  
wei r . 
Comment ( G i l l i a m ) :  I t h i n k  t h i s  i s  a  s u r p r i s e ,  Dave. I am j u s t  t r y i n g  t o  
f i g u r e  o u t  why y o u r  o b s e r v a t i o n s  a r e  s o  d i f f e r e n t  f r o m  o u r s  i n  N o r t h  
Ca ro l  i n a .  

Comment ( C o r r e l l ) :  The groundwater  i n  t h e  r i p a r i a n  zone q u i t e  o f t e n  goes 
anox i c  i n  t h e  summer, and I t h i n k  t h a t  has a  l o t  t o  do w i t h  t h i s  ques t i on .  
When i t  i s  anox i c  o r  a l t e r n a t e l y  anox i c  a t  t i m e s  you  do ge t  more phosphorus 
r e 1  eased i n  t h e  groundwater.  

Q u e s t i o n  (A laback ) :  You s a i d  t h e  i n p u t  o f  n u t r i e n t s  f o r  t h e  f o r e s t  came 
p r i m a r i l y  f r o m  t h e  atmosphere. I was wonder ing why, o r  d i d  you have d a t a  on 
wea the r i ng  and i n p u t s  f rom s o i l ?  IS t h a t  an i m p o r t a n t  p r o p e r t y ?  

Answer: It may be q u i t e  i m p o r t a n t .  Your s a y i n g  t h a t  t h e r e  c o u l d  be weather -  
i n g  g o i n g  on i n  t h e  f o r e s t ' s  s o i l s ,  and we t h i n k  t h a t  i s  happening. T h i s  i s  
j u s t  o f  a  semant ic  problem. I d o n ' t  t h i n k  t h a t  i s  an i n p u t  because t h e  
m a t e r i a l  i s  a l r e a d y  t h e r e .  But ,  yes  t h a t  may be an i m p o r t a n t  source o f  
n i t r o g e n  f o r  t h e  p l a n t  l i f e .  

Q u e s t i o n  ( M e i s i n g e r ) :  You were a  l i t t l e  concerned about  b e i n g  a b l e  t o  meas- 
u r e  groundwater  f l u x  go ing  d i r e c t l y  i n t o  t h e  t i d a l  marshes. I am s u r p r i s e d  
t o  see y o u r  marshes p l a y  such a  sma l l  r o l e .  Do you  have some i d e a  o f  how 
much groundwater  i s  f l o w i n g  i n t o  t h o s e  marshes d i r e c t l y ?  

Answer: We t h i n k  t h e r e  i s  a  n e g l i g i b l e  amount o f  g roundwater  d i r e c t l y  e n t e r -  
i n g  t h e  marshes. When you g e t  t o  t h e  marshes you  a r e  i n  a  b r a c k i s h  wa te r  
area.  I f  you  l o o k  a t  t h e  s a l i n i t y  o f  t h e  wa te r  e n t e r i n g  t h e  marsh w i t h  t h e  
f l o o d i n g  t i d e  vs ebb ing  f r o m  t h e  marsh t h e r e  i s  no change i n  s a l i n i t y .  So 
t h e r e  i s  v e r y  l i t t l e  d i r e c t  e n t r y  o f  g roundwater  i n t o  t h e  marshes. What t h e y  
a r e  r e c e i v i n g  i s  n u t r i e n t s  f r o m  t i d a l  wa te r  and u l t i m a t e l y  f r o m  t h e  wa te r -  
shed. 
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