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Abs t rac t - -Fo r  two  yea rs  t h e  n u t r i e n t ,  c h l o r i d e ,  and hydronium i o n  concent ra-  

t i o n s  i n  groundwater l e a v i n g  a g r i c u l t u r a l  f i e l d s  and e n t e r i n g  an ad jacen t  

r i p a r i a n  f o r e s t  were compared t o  t h e  chemical  c o n c e n t r a t i o n s  i n  s t ream water  

d r a i n i n g  t h e  r i p a r i a n  f o r e s t  under base f l ow  c o n d i t i o n s .  Year l y  mean 

n i t r a t e - N  c o n c e n t r a t i o n s  decreased by app rox ima te l y  4  mg/ l  whereas t h e  c h l o -  

r i d e  c o n c e n t r a t i o n  i nc reased  by 3  mg/l due t o  e v a p o t r a n s p i r a t i o n .  The y e a r l y  

mean pH inc reased  by app rox ima te l y  one pH u n i t .  The volumes o f  p r e c i p i t a t i o n  

and basef low were used i n  c o n j u n c t i o n  w i t h  t h e  observed change i n  t h e  ground- 

water  c h l o r i d e  c o n c e n t r a t i o n  t o  e s t i m a t e  an annual wa te r  budget f o r  t h e  

r i p a r i a n  f o r e s t .  The wa te r  budget,  i n  t u r n ,  was used w i t h  t h e  chemical  

compos i t i ons  o f  p r e c i p i t a t i o n ,  groundwater,  and basef low t o  c a l c u l a t e  t h e  

change  i n  t h e  c h e m i c a l  l o a d  i n  g r o u n d w a t e r  m o v i n g  t h r o u g h  t h e  r i p a r i a n  

f o r e s t .  From t h i s  s tudy,  a  r i p a r i a n  f o r e s t  i n  a  c o a s t a l  p l a i n  a g r i c u l t u r a l  

watershed: ( a )  ac ted  as an i m p o r t a n t  s i n k  f o r  n i t r a t e - N ;  ( b )  had a  s i g n i f i -  

can t  e f f e c t  on t h e  volume o f  s t ream f l o w ;  and ( c )  s i g n i f i c a n t l y  reduced t h e  

a c i d i t y  o f  t h e  groundwater and p r e c i p i t a t i o n  which e n t e r s  i t .  

INTRODUCTION 

Concern over  t h e  e f f e c t s  o f  n u t r i e n t  l o s s  f rom a g r i c u l t u r a l  l ands  t o  

r e c e i v i n g  waters  has l e d  seve ra l  i n v e s t i g a t o r s  t o  s tudy  t h e  e f f e c t i  veness o f  

r i p a r i a n  f o r e s t s  i n  reduc ing  t h e  n u t r i e n t  c o n c e n t r a t i o n s  i n  a g r i c u l t u r a l  

r u n o f f .  The approaches taken  i n  s t u d y i n g  t h e  r o l e  of r i p a r i a n  f o r e s t s  i n  

a g r i c u l t u r a l  s e t t i n g s  have been b o t h  d i r e c t  and i n d i r e c t .  The more d i r e c t  

methods have sampled a long  t r a n s e c t s  r u n n i n g  from t h e  edge o f  t h e  a g r i c u l -  

t u r a l  f i e l d s  th rough  t h e  r i p a r i a n  f o r e s t  (Doy le  e t  al . ,  1975; Lowrance e t  

a l . ,  1984a; P e t e r j o h n  and C o r r e l l ,  1984) o r  have a t tempted  chemical  budgets 

(Lowrance e t  a1 ., 1983; Lowrance e t  a1 ., 1984b; P e t e r j o h n  and C o r r e l l ,  1984; 



Todd e t  a1 ., 1983).  The more i n d i r e c t  methods have compared t h e  n u t r i e n t  

c o n c e n t r a t i o n s  i n  s t ream wa te r  f r o m  a g r i c u l t u r a l  watersheds w i t h  v a r y i n g  

amounts o f  r i p a r i a n  f o r e s t  o r  have ana lyzed t h e  p r e d i c t i v e  c a p a b i l i t y  o f  

models which i n c l u d e  o r  exc lude  t h e  presence and/or  p r o x i m i t y  o f  r i p a r i a n  

f o r e s t  (McCol 1 , 1978; Sch losse r  and Kar r ,  1981a; Yates and Sher idan,  1983; 

Sch losse r  and K a r r ,  1981b; Omernick e t  a l . ,  1981).  A l l  t h e  s t u d i e s  we a r e  

aware o f ,  w i t h  one e x c e p t i o n  (Omernik e t  a1 ., 1981),  have reached t h e  same 

genera l  c o n c l u s i o n  t h a t  r i p a r i a n  f o r e s t s  e f f e c t i v e l y  reduce t h e  l o s s  o f  

n u t r i e n t s  f rom a g r i c u l t u r a l  1  ands t o  r e c e i v i n g  waters .  S t u d i e s  o f  c l e a r - c u t ,  

f o r e s t e d  watersheds have a l s o  demonstrated t h e  e f f e c t i v e n e s s  o f  r i p a r i a n  

zones as n u t r i e n t  s i n k s  ( K a r r  and Sch losser ,  1978).  A l t hough  t h e  genera l  re -  

s u l t s  from these  s t u d i e s  a r e  s u r p r i s i n g l y  s i m i l a r ,  many q u e s t i o n s  remain 

concern ing s p a t i a l  and tempora l  v a r i a b i l i t y  as w e l l  as t h e  i n t e r n a l  processes 

r e s p o n s i b l e  f o r  t h e  observed e f f e c t s .  

I n  t h i s  s tudy ,  groundwater l e a v i n g  a g r i c u l t u r a l  f i e l d s  and e n t e r i n g  an 

ad jacen t  r i p a r i a n  f o r e s t  was sampled mon th l y  f o r  two yea rs .  D u r i n g  t h e  same 

t i m e  p e r i o d ,  weekly volume i n t e g r a t e d  s t ream wa te r  samples were a l s o  taken.  

D u r i n g  t h e  week c l o s e s t  t o  t h e  d a t e  o f  groundwater sampl ing when o n l y  base- 

f l o w  occur red,  n u t r i e n t  c o n c e n t r a t i o n s  i n  s t ream wa te r  l e a v i n g  t h e  watershed 

were compared t o  t h e  c o n c e n t r a t i o n s  i n  groundwater e n t e r i n g  t h e  r i p a r i a n  

f o r e s t .  S ince  r i p a r i a n  f o r e s t  comp le te l y  sur rounds t h e  stream, such a  com- 

p a r i s o n  was used t o  e s t i m a t e  t h e  e f f e c t  o f  t h e  r i p a r i a n  f o r e s t  on t h e  nu- 

t r i e n t  c o n c e n t r a t i o n s  i n  groundwater f 1  owing th rough  i t .  The purpose o f  

t h i s  s tudy  was t o :  ( a )  document any n u t r i e n t  c o n c e n t r a t i o n  changes i n  ground- 

water  moving th rough  a  r i p a r i a n  f o r e s t  f o r  a  two y e a r  p e r i o d ;  ( b )  e x p l o r e  t h e  

p o s s i b l e  i m p l i c a t i o n s  o f  any observed changes; and ( c )  b e g i n  t o  assess t h e  

f u n c t i o n a l  r o l e  o f  a  r i p a r i a n  f o r e s t  i n  an a g r i c u l t u r a l  system. 

SITE DESCRIPTION 

The s tudy  s i t e  ( F i g .  1 )  i s  a  16.3 ha a g r i c u l t u r a l  watershed l o c a t e d  i n  

t h e  i n n e r  mi d - A t l a n t i c  Coasta l  P l a i n  ( 3 8 ' 5 3 ' ~ ,  7 6 ° 3 3 ' ~ )  app rox ima te l y  20 km 

sou th  o f  Annapol is ,  Maryland. The s i t e  c o n t a i n s  a  sha l l ow ,  perched a q u i f e r  



due t o  an u n d e r l y i n g  c l a y  l a y e r  w i t h  low v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  

(Chi r l i n  and Schaf fner ,  1977). S o i l s  above t h e  aqu ic lude  a r e  a noncalcareous 

f i n e  sandy loam. The average bas in  slope i s  5.44% and t h e  channel s lope  i s  

2.65%. A 10.4 ha area a t  t h e  h i g h e r  e l e v a t i o n s  on t h e  watershed was p l a n t e d  

i n  c o r n  and tobacco. The remain ing 5.9 ha o f  t h e  watershed i s  composed o f  

hedgerows and a r i p a r i a n  f o r e s t  w h i c h  c o m p l e t e l y  s u r r o u n d s  t h e  s t r e a m  

d r a i n i n g  t h e  watershed. The dominant t r e e  species i n  t h e  r i p a r i a n  f o r e s t  

are sweetgum and r e d  maple. 

Study % Area  

Fig.  1. General l o c a t i o n  ( i n s e r t ) ,  and map o f  t h e  watershed. The p o s i t i o n s  

o f  groundwater w e l l s  d u r i n g  Year 1 ( X )  and Year 2 (.) a re  shown. Shading 

i n d i c a t e s  c u l t i v a t e d  f i e l d s .  Do t ted  l i n e  i n d i c a t e s  stream channel. 



MATERIALS AND METHODS 

Samp l i ng  - Bu lk  p r e c i p i t a t i o n  was sampled c o n t i n u o u s l y  f o r  chemica l  a n a l y s i s  

a t  t h e  c e n t r a l  weather  s t a t i o n  f o r  t h e  Smi thson ian  Env i ronmenta l  Research 

Cen te r  ( C o r r e l l  and Ford ,  1982) wh ich  was l o c a t e d  app rox ima te l y  2.3 km f rom 

t h e  s tudy  s i t e .  Samples were c o l l e c t e d  a f t e r  each p r e c i p i t a t i o n  event  and 

r e t u r n e d  t o  t h e  l a b o r a t o r y  f o r  a n a l y s i s .  The volume o f  r a i n f a l l  was measured 

b o t h  a t  t h e  c e n t r a l  weather  s t a t i o n  and a t  t h e  s t u d y  s i t e .  

Stream wa te r  d i scha rge  was measured and week ly  volume i n t e g r a t e d  s t ream 

wa te r  samples were t a k e n  a t  a 120° sha rp -c res ted  V-notch w e i r .  Depending on 

t h e  amount o f  f l ow ,  e i t h e r  a  comb ina t i on  o f  a c i d i f i e d  and u n a c i d i f i e d  volume 

i n t e g r a t e d  samples o r  u n a c i d i f i e d  week ly  s p o t  samples were t a k e n  a t  t h e  we i r .  

S u l f u r i c  a c i d  was used as a  p r e s e r v a t i v e  f o r  b i o l o g i c a l l y  l a b i l e  chemical  

spec ies .  Stream w a t e r  and n u t r i e n t  d i s c h a r g e  f r o m  t h e  s t u d y  s i t e  have been 

measured c o n t i n u o u s l y  s i n c e  1976. Q u i c k f  low and s l o w f  low ( b a s e f  l ow)  r a t e s  

were c a l c u l a t e d  g r a p h i c a l l y  f r o m  t h e  hydrograph (Barnes, 1940) .  I n  t h i s  

s tudy  we equate  s l o w f l o w  w i t h  subsu r face  o r  groundwater  f l o w s .  

Mon th l y  groundwater  samples were t a k e n  f r o m  w e l l s  (p iezomete rs )  l o c a t e d  

a t  t h e  edge between t h e  cropped f i e l d s  and r i p a r i a n  f o r e s t  ( F i g .  1 ) .  Seven 

w e l l s  i n  two  c l u s t e r s  were sampled d u r i n g  t h e  f i r s t  s tudy  y e a r  (see P e t e r j o h n  

and C o r r e l l ,  1984).  Ten w e l l s  i n  two  c l u s t e r s  were sampled d u r i n g  t h e  second 

y e a r .  C l u s t e r s  o f  w e l l s  were l o c a t e d  a t  d i f f e r e n t  p o s i t i o n s  each y e a r  and 

w e l l  c o n s t r u c t i o n  d i f f e r e d  each y e a r .  We l l s  d u r i n g  t h e  f i r s t  y e a r  were 

p e r f o r a t e d  ove r  a  nar row l e n g t h  ( 8  cm) and sampled a t  a  d i s c r e t e  dep th  

whereas w e l l s  d u r i n g  t h e  second y e a r  were p e r f o r a t e d  ove r  a  l e n g t h  o f  ap- 

p r o x i m a t e l y  2  m. Otherwise,  we1 1  c o n s t r u c t i o n  and i n s t a l  l a t i o n  have been 

p r e v i o u s l y  desc r i bed  ( P e t e r j o h n  and C o r r e l l ,  1984).  

The s tudy  y e a r s  f o r  t h i s  paper were March, 1981 t h r o u g h  Feb rua ry ,  1982 

(Year  1) and March, 1984 th rough  February ,  1985 (Year  2 ) .  

Chemical a n a l y s i s  - B u l k  p r e c i p i t a t i o n ,  s t ream wa te r ,  and groundwater  samples 

were ana l yzed  f o r  n i t r a t e - N ,  s u l f a t e - S ,  K je ldah l -N ,  t o t a l - P ,  c h l o r i d e ,  and 

hydron ium i o n  c o n c e n t r a t i o n s .  C h l o r i d e ,  s u l  fa te-S,  and n i t r a t e - N  concen t ra -  

t i o n s  were measured w i t h  a  Dionex Model 16 i o n  chromatograph a f t e r  f i l t r a t i o n  

t h r o u g h  a  prewashed Mi l l i p o r e  HA membrane f i  1  t e r  (0.45 um nominal  p o r e  s i z e ) .  

I n  samples w i t h  low n i  t r a t e - N  c o n c e n t r a t i o n s ,  n i t r a t e - N  was de te rm ined  by r e -  



d u c t i o n  on cadmium amalgam and c o l o r i m e t r y  (APHA, 1976).  S ince  n i t r i t e  was 

seldom p resen t  i n  measurable q u a n t i t i e s ,  n i t r i t e  and n i t r a t e  a r e  r o u t i n e l y  

summed and r e f e r r e d  t o  as n i t r a t e - N .  Hydronium i o n  c o n c e n t r a t i o n  was meas- 

u r e d  as pH u s i n g  a  pH meter .  K j e l d a h l - N ,  wh i ch  i n c l u d e s  ammonium-N and 

o r g a n i c  amines, was de te rm ined  by d i g e s t i o n  w i t h  s u l f u r i c  a c i d ,  se len ium and 

hydrogen p e r o x i d e  ( M a r t i n ,  1972);  d i s t i l l a t i o n ;  and N e s s l e r i z a t i o n  (APHA, 

1976).  Tota l -P c o n c e n t r a t i o n  was measured by r e a c t i o n  w i t h  ammonium 

molybdate  and stannous c h l o r i d e  (APHA, 1976) a f t e r  a  p e r c h l o r i c  a c i d  

d i g e s t i o n  (K ing,  1932).  

RESULTS 

C o n c e n t r a t i o n  and s t ream f l o w  d a t a  were summarized f o r  each month and 

y e a r .  The month ly  mean chemica l  c o n c e n t r a t i o n s  i n  t h e  groundwater  e n t e r i n g  

and i n  t h e  s t ream w a t e r  l e a v i n g  t h e  r i p a r i a n  f o r e s t  a r e  p r e s e n t e d  i n  t h e  

Appendix.  Yea r l y  mean chemica l  c o n c e n t r a t i o n s  i n  groundwater  e n t e r i n g  and 

basef low leav ing the  r i p a r i a n  f o r e s t  f o r  both years are  presented i n  Table 1. 

N i t r a t e  c o n c e n t r a t i o n s  i n  groundwater  f l o w i  ng t h r o u g h  t h e  r i p a r i a n  f o r e s t  

decreased by a p p r o x i m a t e l y  5 and 3 mg/ l  d u r i n g  y e a r s  1 and 2, r e s p e c t i v e l y .  

The o b s e r v e d  i n c r e a s e  i n  K j e l d a h l - N  c o n c e n t r a t i o n s  f o r  b o t h  y e a r s  was 

app rox ima te l y  0.27 m g l l  , i n d i c a t i n g  t h a t  t h e  observed change i n  n i t r a t e - N  

c o n c e n t r a t i o n s  was n o t  s i m p l y  due t o  c o n v e r s i o n  i n t o  ammonium and o r g a n i c  

n i t r o g e n  forms. C h l o r i d e  c o n c e n t r a t i o n s  were a p p r o x i m a t e l y  3 mg/ l  h i g h e r  i n  

s t ream w a t e r  l e a v i n g  t h e  r i p a r i a n  f o r e s t  t h a n  i n  groundwater  e n t e r i n g  t h e  

f o r e s t  f o r  b o t h  yea rs .  C h l o r i d e  c o n c e n t r a t i o n s  were a1 so  a p p r o x i m a t e l y  4 

mg/l h i g h e r  d u r i n g  Year 1 t h a n  d u r i n g  Year 2  f o r  b o t h  t h e  groundwater  e n t e r -  

i n g  and l e a v i n g  t h e  r i p a r i a n  f o r e s t .  The observed changes i n  c h l o r i d e  con- 

c e n t r a t i o n s  a r e  t h o u g h t  t o  be due t o  e v a p o t r a n s p i r a t i o n .  T h i s  h y p o t h e s i s  i s  

suppo r ted  by t h e  f o l l o w i n g  f a c t s :  ( a )  c h l o r i d e  c o n c e n t r a t i o n s  i n  groundwater  

were c o n s i s t e n t l y  h i g h e r  a f t e r  f l u x  t h r o u g h  t h e  r i p a r i a n  f o r e s t ;  ( b )  Year 1 

had below normal r a i n f a l l  and f o l l o w e d  a  r e g i o n a l  d rough t  whereas Year 2  had 

s l i g h t l y  above normal r a i n f a l l ;  and ( c )  c h l o r i d e  i s  o f t e n  cons ide red  t o  be an 

i n e r t  t r a c e r .  Of p a r t i c u l a r  i n t e r e s t  was t h e  observed change i n  t h e  hydro-  

n i  um i o n  c o n c e n t r a t i o n  wh ich suggests  t h a t  t h e  r i p a r i a n  f o r e s t  n e u t r a l i z e d  

some o f  t h e  a c i d i t y  o f  t h e  e n t e r i n g  groundwater .  



Tab le  1. Y e a r l y  mean n u t r i e n t  c o n c e n t r a t i o n s  (mg/ l  ) i n  groundwater  e n t e r i n g ,  
and i n  s t ream w a t e r  l e a v i n g  a  r i p a r i a n  f o r e s t .  Y e a r l y  means f o r  
b u l k  p r e c i p i t a t i o n  a r e  g i v e n  i n  parentheses.  

Year 1 Year 2 

C h l o r i d e  

Sul  f a t e - S  

K j e l d a h l  -N 

I n  
Out 

I n  
Out 

I n  
Out 

I n  
Out 

I n  4.56 (4.01) 4.46 (4.16) 
Out 5.46 5.50 

T h e r e  were no d i s c e r n i b l e  seasonal  p a t t e r n s  i n  chemica l  c o n c e n t r a t i o n s  

excep t  f o r  t h e  base f l ow  c o n c e n t r a t i o n  o f  hydron ium i o n s .  T h i s  does n o t  mean, 

however, t h a t  o t h e r  seasonal  p a t t e r n s  do n o t  e x i s t .  The s e l e c t i v e  n a t u r e  o f  

t h e  d a t a  and t h e  f a c t  t h a t  o n l y  2 y e a r s  were s t u d i e d  a r e  b o t h  reasons why 

s e a s o n a l i t y  m igh t  be obscured. To ensure  t h a t  t h e  apparent  s e a s o n a l i t y  i n  pH 

was n o t  an a r t i f a c t  o f  t h e  s h o r t - t e r m  and s e l e c t i v e  n a t u r e  o f  t h e  da ta ,  t h e  

l ong - te rm mon th l y  mean hydron ium i o n  c o n c e n t r a t i o n s  (expressed as pH) i n  

s t ream w a t e r  were p l o t t e d  ( F i g .  2 ) .  A  d r a m a t i c  y e a r l y  c y c l e  i n  pH i s  shown 

i n  F i g .  2. The genera l  p a t t e r n  i s  one i n  wh i ch  t h e  pH i s  r e l a t i v e l y  c o n s t a n t  

f r om October  t h rough  A p r i l  a t  app rox ima te l y  5.4 and t h e n  beg ins  t o  i n c r e a s e  

t o  a  peak i n  August o f  app rox ima te l y  6.4 b e f o r e  t h e  c y c l e  repea ts .  N e i t h e r  

t h e  groundwater,  wh ich  had a  r e l a t i v e l y  c o n s t a n t  pH o f  4.4 i n  Year 2, no r  

b u l k  p r e c i p i t a t i o n  e n t e r i n g  t h e  r i p a r i a n  f o r e s t  have seasonal  t r e n d s  which 

c o u l d  account  f o r  t h o s e  observed i n  s t ream w a t e r  a t  t h e  w e i r .  The re fo re ,  

p rocesses w i t h i n  t h e  r i p a r i a n  f o r e s t  must e x p l a i n  t h e  s e a s o n a l i t y  i n  s t ream 

w a t e r  pH. 





The volume o f  w a t e r  l e a v i n g  t h e  a g r i c u l t u r a l  f i e l d s  and e n t e r i n g  t h e  

f o r e s t  was es t ima ted  f o r  each month d u r i n g  t h e  two s tudy  yea rs .  The procedure  

f o r  c a l c u l a t i n g  t h e  volume o f  g roundwater  e n t e r i n g  t h e  r i p a r i a n  f o r e s t  i s  

g i  ven be1 ow. 

ASSUMING A CHLORIDE BALANCE:  

( V G  * G C L )  + (VP * P C L )  = (VB * B C L )  

Where: VG= volume o f  g roundwater  
e n t e r i n g  t h e  r i p a r i a n  
f o r e s t  

GCL= c h l o r i d e  c o n c e n t r a t i o n  
i n  groundwater  

VP= volume o f  b u l k  p r e c i p i t a t i o n  

PCL= c h l o r i d e  c o n c e n t r a t i o n  
i n  p r e c i p i t a t i o n  

VB= volume o f  base f l ow  a t  
t h e  w e i r  

B C L =  c h l o r i d e  c o n c e n t r a t i o n  i n  
basef  l ow  

SOLVE FOR VG 

T h i s  c a l c u l a t i o n  a l s o  assumes t h a t  s u r f a c e  r u n o f f  i n p u t s  and q u i c k f l o w  

l o s s e s  can be i g n o r e d  o r  t h a t  t h e y  a r e  equa l  and t h u s  cance l  each o t h e r .  

Mon th l y  f l o w  e s t i m a t e s  c a l c u l a t e d  u s i n g  e q u a t i o n  1 were summed and used i n  

c o n j u n c t i o n  w i t h  y e a r l y  p r e c i p i t a t i o n  va lues t o  e s t i m a t e  e v a p o t r a n s p i r a t i o n  

(by  d i f f e r e n c e )  f o r  b o t h  t h e  a g r i c u l t u r a l  f i e l d s  and r i p a r i a n  f o r e s t  f o r  each 

o f  t h e  two yea rs .  The annual  w a t e r  budgets  t h u s  c o n s t r u c t e d  a r e  p resen ted  i n  

Tab le  2. 



Tab le  2. Annua l  w a t e r  b a l a n c e  f o r  t h e  a g r i c u l t u r a l  f i e l d s  a n d  r i p a r i a n  
f o r e s t .  A l l  va lues  a r e  l l h a .  

A g r i c u l t u r a l  
F i e l d s  

K i  p a r i  an 
F o r e s t  

P r e c i p i t a t i o n  
Subsur face 

Evapo t ransp i  r a t i o n  
Subsur face 

P r e c i p i t a t i o n  
Subsur f  ace 

E v a p o t r a n s p i r a t i o n  
Subsur face 

Year 1 

1.00 x  10 7  

0  

Year 2 

1.09 x  10 7  

0  

E v a p o t r a n s p i r a t i o n  was g r e a t e r  i n  t h e  r i p a r i a n  f o r e s t  t h a n  i n  t h e  a g r i -  

c u l t u r a l  f i e l d s  by f a c t o r s  of 1.7 and 1.8 f o r  y e a r s  1 and 2, r e s p e c t i v e l y .  

D u r i n g  Year 1, subsu r face  i n p u t  t o  t h e  r i p a r i a n  f o r e s t  was e q u i v a l e n t  t o  69% 

o f  p r e c i p i t a t i o n  i n p u t  and e v a p o t r a n s p i r a t i o n  accounted f o r  t h e  l o s s  o f  

app rox ima te l y  63% o f  t h e  t o t a l  wa te r  i n p u t .  D u r i n g  Year 2, subsu r face  i n p u t  

was 71% o f  p r e c i p i t a t i o n  i n p u t  and e v a p o t r a n s p i r a t i o n  accounted f o r  t h e  l o s s  

o f  app rox ima te l y  63% o f  t h e  t o t a l  w a t e r  i n p u t .  Thus, e v a p o t r a n s p i r a t i o n  i n  

t h e  r i p a r i a n  f o r e s t  has a  c o n s i d e r a b l e  i n f l u e n c e  ove r  t h e  amount o f  wa te r  

d r a i n i n g  t h e  watershed. 

The e s t i m a t e d  subsu r face  f l o w  o f  w a t e r  i n t o  t h e  r i p a r i a n  f o r e s t  was 

m u l t i p l i e d  by t h e  n u t r i e n t  and hyd ron i  um i o n  c o n c e n t r a t i o n s  i n  groundwater 

e n t e r i n g  t h e  f o r e s t  t o  e s t i m a t e  t h e  mon th l y  subsu r face  f l u x  o f  n u t r i e n t s  i n t o  

t h e  f o r e s t .  These va lues  were compared w i t h  t h e  e s t i m a t e d  month ly  n u t r i e n t  

and hydron ium i o n  l o s s e s  i n  base f l ow  a t  t h e  w e i r  t o  de te rm ine  t h e  n e t  e f f e c t  

o f  t h e  r i p a r i a n  f o r e s t  ( a d d i t i o n  o r  remova l )  on t h e  chemica l  l o a d  i n  t h e  

groundwater  f l o w i n g  t h r o u g h  i t .  Mon th l y  e s t i m a t e s  were summed t o  a r r i v e  a t  

y e a r l y  va lues.  The annual  subsur face f l u x e s  o f  n u t r i e n t s  and hydron ium i o n s  

t h r o u g h  t h e  r i p a r i a n  f o r e s t  f o r  b o t h  y e a r s  a r e  p resen ted  i n  Tab le  3. 



Tab le  3. Annua l  subsur face n u t r i e n t  and hydronium i o n  f l u x e s  i n  ground- 
wa te r  moving th rough  t h e  r i p a r i a n  f o r e s t .  A l l  va lues a r e  kg lha.  
Bu lk  p r e c i p i t a t i o n  i n p u t s  a r e  g i v e n  i n  parentheses.  

Year 1 Year 2  

I n  50.7 (5.23) 43.4 (5.19) 
Ni t r a t e - N  Out 7.54 5.58 

In-Out  43.2 37.8 

I n  69.9 (14.5) 55.8 (17.0) 
Sul  f a te -S  Out 58.2 58.5 

I n-Out 11.7 -2.70 

I n  1.79 (8.46) 2.07 (8.07) 
K j e l d a h l - N  Out 3.16 2.94 

In-Out  -1.37 -0.870 

I n  0.351 (0.449) 0.622 (0.884) 
Tota l -P Out 0.711 1.04 

I n-Out -0.360 -0.417 

I n  ... (0.981) 0.250 (0.744) 
Hydronium I o n  Out 0.021 0.021 

In-Out  ... 0.229 

I n p u t s ,  ou tpu ts ,  and t h e  n e t  a d d i t i o n  o r  removal o f  n u t r i e n t s  t o  t h e  

groundwater were s i m i l a r  ( l e s s  t h a n  a  f a c t o r  o f  2 d i f f e r e n c e )  f o r  each s tudy 

y e a r  except  f o r  s u l f a t e - S  which had a  n e t  removal o f  app rox ima te l y  12 kg/ha 

d u r i n g  Year  1 compared t o  a  s l i g h t  (2.7 k g l h a )  a d d i t i o n  d u r i n g  Year  2.  

N i t r a t e - N  and hydronium i o n  d a t a  i n d i c a t e d  a  n e t  removal f rom t h e  groundwater 

as i t  f l owed  th rough  t h e  r i p a r i a n  f o r e s t  whereas K j e l d a h l - N  and t o t a l - P  d a t a  

i n d i c a t e d  a  n e t  a d d i t i o n  o f  t h e s e  n u t r i e n t s  t o  t h e  groundwater f o r  bo th  

years .  I f  t h e  chemical  i n f l u x  f rom b u l k  p r e c i p i t a t i o n  was a l s o  cons idered,  

t h e n  t h e  r i p a r i a n  f o r e s t  would appear t o  be a  s i n k  f o r  n u t r i e n t s  and hydro- 

nium ions .  A complete chemical  budget f o r  t h e  r i p a r i a n  f o r e s t ,  however, 

would a l s o  have t o  i n c l u d e  t h e  i n f l u x  and o u t p u t  o f  n u t r i e n t s  i n  s u r f a c e  

r u n o f f  and q u i c k f l o w .  

DISCUSSION 

The i n t e r n a l  processes o c c u r r i n g  i n  t h e  r i p a r i a n  f o r e s t ,  wh ich account 

f o r  t h e  observed changes i n  t h e  chemis t r y  o f  t h e  groundwater moving th rough  



i t ,  cannot  be d i r e c t l y  assessed by t h i s  s tudy .  We can, however, e x p l o r e  some 

imp1 i c a t i o n s  o f  o u r  d a t a  i f  c e r t a i n  s i m p l i f y i n g  assumptions a r e  made 

conce rn ing  t h e  i n t e r n a l  p rocesses a t  work i n  t h e  r i p a r i a n  f o r e s t .  D e n i t r i -  

f i c t i o n  has been cons ide red  t o  be a  s i g n i f i c a n t  pathway o f  n i t r o g e n  l o s s  f rom 

r i p a r i a n  f o r e s t s  (Cooper e t  a1 ., 1986; Lowrance e t  a1 ., 1984b).  Assuming 

t h a t  t h e  observed change i n  n i t r a t e - N  i n  groundwater  ( T a b l e  3 )  was due s o l e l y  

t o  d e n i t r i f i c a t i o n ,  one can c a l c u l a t e  t h e  amount o f  o r g a n i c  m a t t e r  t h a t  wou ld  

be r e q u i r e d  t o  account  f o r  t h e  observed l o s s .  Three fo rmu las  f o r  t h e  process 

o f  d e n i t r i f i c t i o n  were assumed: 

Each fo rmu la  assumes d i f f e r e n t  end p r o d u c t s  wh ich  m i g h t  r e s u l t  under a  

g r a d i e n t  o f  redox c o n d i t i o n s .  Formula  2  i s  c o n s e r v a t i v e  i n  t h e  sense t h a t  i t  

w i l l  g i v e  t h e  maximum v a l u e  f o r  t h e  amount o f  o r g a n i c  m a t t e r  r e q u i r e d  by 

d e n i t r i f i c a t i o n  whereas f o r m u l a  4  w i l l  g i v e  t h e  l o w e s t  va lue  o f  t h e  t h r e e  

fo rmu las .  The amount o f  o r g a n i c  m a t t e r  r e q u i r e d  would have been 231 k g l h a  

f o r  f o rmu la  2, 116 k g l h a  f o r  f o r m u l a  3, and 92.4 k g l h a  f o r  f o r m u l a  4 d u r i n g  

Year 1. D u r i n g  Year 2  t h e  amount o f  o r g a n i c  m a t t e r  r e q u i r e d  would  have been 

202 k g l h a  g i v e n  f o r m u l a  2, 101 k g l h a  g i v e n  fo rmu la  3, and 81  k g l h a  g i v e n  

f o r m u l a  4. The a c t u a l  amount o f  o r g a n i c  m a t t e r  r e q u i r e d  was no doubt  some 

we igh ted  average o f  t h e  va lues  g i v e n  above w i t h  t h e  w e i g h t i n g  f a c t o r s  b e i n g  

de te rm ined  by t h e  v a r i o u s  redox  p o t e n t i a l s  encountered by t h e  groundwater 

moving t h r o u g h  t h e  r i p a r i a n  f o r e s t .  Whether o r  n o t  such va lues  a r e  excess i ve  

i s  d i f f i c u l t  t o  e v a l u a t e  because t h e  sou rce  o f  o r g a n i c  m a t t e r  f o r  d e n i t r i -  

f i c a t i o n  i s  u n c e r t a i n .  Such va lues,  however, a r e  sma l l  i n  comparison t o  

f o r e s t  above-ground p r o d u c t i o n  wh ich i n  gene ra l  i s  on t h e  o r d e r  o f  t e n s  o f  
-1 -1 . 

thousands o f  k g l h a  y r  I n  temperate  dec iduous f o r e s t s  ( C o l e  and Rapp, 

1981).  

Ano the r  q u e s t i o n  t h a t  can be addressed i s  whether  t h e  p r o d u c t i o n  o f  

h y d r o x i d e  i o n s  by den i  t r i  f i c a t i o n  c o u l d  account  f o r  t h e  observed change i n  

groundwater  pH, assuming t h a t  t h e  observed change i n  n i t r a t e - N  i n  ground- 

wa te r  was due s o l e l y  t o  d e n i t r i f i c a t i o n .  Regard less  o f  wh ich  fo rmu la  i s  



assumed t h e  amount o f  h y d r o x i d e  i o n s  produced would  be t h e  same. D u r i n g  Year 

1, 3080 moles/ha o f  h y d r o x i d e  i o n s  wou ld  have been produced whereas 2700 

moles /ha o f  hyd rox ide  i o n s  wou ld  have been produced d u r i n g  Year 2. These 

va lues  a r e  q u i t e  l a r g e  when compared t o  t h e  e s t i m a t e d  i n p u t  o f  250 moles/ha 

o f  hydronium i o n s  i n t o  t h e  r i p a r i a n  f o r e s t  i n  groundwater  f l o w  d u r i n g  Year 2. 

I n  f a c t ,  t h e  e s t i m a t e d  amount o f  h y d r o x i d e  i o n  p r o d u c t i o n  c o u l d  have a l s o  

n e u t r a l i z e d  t h e  hydron ium i o n  i n p u t  f r om b u l k  p r e c i p i t a t i o n  (744 moles /ha)  

d u r i n g  t h a t  same y e a r .  It i s  i n t e r e s t i n y  t o  n o t e  t h a t  even i f  t h e  observed 

change i n  t h e  groundwater  NO3-N was due s o l e l y  t o  up take  by v e g e t a t i o n ,  t h e  

amount o f  hyd rox ide  i o n s  produced would have been t h e  same s i n c e  NO3 up take  

r e s u l t s  i n  t h e  r e l e a s e  o f  h y d r o x i d e  i o n s  on a  1:l  e q u i v a l e n t  b a s i s  ( D r i s c o l l  

and L i kens ,  1982).  Thus, d e n i t r i f i c a t i o n  and o r  up take  by v e g e t a t i o n  m igh t  be 

s i g n i f i c a n t  i n  c o n t r o l  1  i n g  t h e  a c i d i t y  i n  s t ream w a t e r  d r a i n i n g  t h e  wa te r -  

shed. 

The exac t  n a t u r e  o f  t h e  processes c o n t r o l l i n g  t h e  seasonal  p a t t e r n  i n  

s t ream pH i s  unknown, b u t  t h e y  a r e  p robab l y  b i o l o g i c a l  s i n c e  t h e  pH peaks i n  

l a t e  summer ( F i g .  2 ) .  It has been suggested t h a t  i n s t r e a m  processes,  such as 

a l g a l  pho tosyn thes i s  i n  t h e  w e i r  pond, were r e s p o n s i b l e  f o r  t h e  s e a s o n a l i t y  

i n  s t ream pH. A l g a l  p h o t o s y t h e s i s  i n  t h e  w e i r  pond seems an u n l i k e l y  exp la -  

n a t i o n ,  however, s i n c e  a  s e r i e s  o f  18 pH measurements f r o m  t h e  w e i r  t o  t h e  

o r i g i n  o f  t h e  s t ream r e v e a l e d  t h a t  t h e  pH was h i g h e s t  i n  t h e  shaded upper  

reaches and, i n  gene ra l ,  decreased as t h e  w a t e r  f l o w e d  t o w a r d  t h e  we i r .  

A l t hough  t h e  processes r e s p o n s i b l e  f o r  t h e  observed t r e n d  i n  s t ream wa te r  pH 

a r e  unknown, i t  i s  c l e a r  t h a t  knowledge o f  t h e s e  i s  e s s e n t i a l  t o  o u r  b a s i c  

unde rs tand ing  o f  how t h i s  r i p a r i a n  f o r e s t  f u n c t i o n s  and m igh t  be managed. 

From t h i s  s tudy ,  a  r i p a r i a n  f o r e s t  i n  a  c o a s t a l  p l a i n  a g r i c u l t u r a l  

watershed: ( a )  a c t s  as an i m p o r t a n t  s i n k  f o r  n i t r a t e - N ;  ( b )  has a  s i g n i f i c a n t  

e f f e c t  on t h e  volume o f  s t ream f l o w ;  and ( c )  reduces t h e  a c i d i t y  o f  t h e  

g r o u n d w a t e r  f l o w i n g  t h r o u g h  i t .  C o n s i d e r i n g  t h e  a b o v e  e f f e c t s  and t h e  

p r e s e n t  c o n c e r n  o v e r  t h e  a c i d i f i c a t i o n  and  e u t r o p h i c a t i o n  o f  r e c e i v i n g  

wa te rs ,  t h e  p r o t e c t i o n  and e s t a b l i s h m e n t  o f  r i p a r i a n  f o r e s t  " b u f f e r  s t r i p s "  

shou ld  be s e r i o u s l y  cons ide red  as a  management p r a c t i c e  on a g r i c u l t u r a l  

watersheds. 
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APPENDIX 

Tab le  A l .  ~ e a n ~  d i s s o l v e d  n u t r i e n t  c o n c e n t r a t i o n s  i n  s h a l l o w  groundwater 
1  eav i  ng c r o p l a n d  and e n t e r i n g  a d j a c e n t  r i p a r i a n  f o r e s t  f r om March 
1981 t h rough  February  1982. 

No. o f  
No. o f  Sampl ings C o n c e n t r a t i o n  ( m g / l )  
We l l s  p e r  

Month Sampled Month C h l o r i d e  N i t r a t e - N  Sul  f a te -S  K j e l d a h l  -N To ta l -P  pH 
b  

Mar 4 
14 A P ~  

May 
June 7 
J u l y  1 3  
All g  6 
Sept 7 
Oct 7 
Nov 7 
Uec 7 
Jan 7 
Feb 6 

Year l y  ~ e a n '  14.6  6.18 9.22 0.276 0.061 4.56 

a  means a r e  w e i g h t e d  a v e r a g e s  u s i n g  t h e  number o f  w e l l s  samp led  as t h e  
w e i g h t i n g  f a c t o r .  

b  ... i n d i c a t e s  m i s s i n g  data .  Mean pH va lues  were de te rm ined  by ave rag ing  
hydron ium i o n  c o n c e n t r a t i o n s  and t h e n  c o n v e r t i n g  t o  pH. 

c  y e a r l y  means a r e  a r i t h m e t i c  averages o f  mon th l y  means. 



Table  A2. ~ e a n ~  d i s s o l v e d  n u t r i e n t  c o n c e n t r a t i o n s  i n  sha l  low groundwater  
1  e a v i n g  c r o p l a n d  and e n t e r i n g  a d j a c e n t  r i p a r i a n  f o r e s t  f r om March 
1984 t h r o u g h  February  1985. 

No. o f  
No. o f  Sampl i ngs C o n c e n t r a t i o n  ( m g l l  ) 
We1 1  s  Per 

Month Sampled Month C h l o r i d e  N i t r a t e - N  S u l f a t e - S  K j e l d a h l - N  To ta l -P  pH b  

Mar 10 1 10.7 3.78 8.76 0.045 0.080 4.68 
10 

Apr 10 
1 9.25 4.01 7.39 0.153 0.098 4.47 

May 10 
1 12.8 11.2 7.18 0.342 0.012 4.50 

June 1 12.1 4.83 6.52 0.116 0.106 4.48 
J u l y  10 1 10.7 2.69 4.04 0.068 0.136 4.31 
Au g  10 1 9.28 3.63 5.16 0.121 0.092 4.44 
Sept 10 1 10.0 3.02 9.66 0.186 0.152 4.39 
Oct 10 1 7.64 3.28 4.53 0.052 0.022 4.38 
Nov 10 1 9.25 3.58 6.14 0.018 0.091 4.50 
Dec 10 1 10.6 4.52 7.04 0.100 0.100 4.53 
Jan 10 1 10.8 4.65 6.84 0.050 0.098 4.41 
Feb 10 1 10.1 4.46 6.60 0.090 0.092 4.49 

Y e a r l y  MeanC 10.3 4.47 6.66 0.112 0.090 4.46 

a  means a r e  w e i g h t e d  a v e r a g e s  u s i n g  t h e  number  o f  we1 1 s  s a m p l e d  as t h e  
w e i g h t i n g  f a c t o r .  

b  mean va lues  f o r  pH were determined by a v e r a g i n g  hydron ium i o n  concen t ra -  
t i o n s  and t h e n  c o n v e r t i n g  t o  pH. 

c  y e a r l y  means a r e  a r i t h m e t i c  averages o f  mon th l y  means. 



Tab le  A3. N u t r i e n t  c o n c e n t r a t i o n s  d u r i n g  base f l ow  i n  s t ream wa te r  l e a v i n g  an 
a g r i c u l t u r a l  watershed f rom March 1981 th rough  February  1 9 8 2 . ~  

Concen t ra t i on  (mg/ l  ) 

Month C h l o r i d e  N i t r a t e - N  S u l f a t e - S  K j e l d a h l - N  To ta l -P  p ~ b  

Marc 
AP r 
May 
Junec 
J u l y  

g  
Sept 
Oct 
Nov 
Dec 
Jan 
Feb 

............................... Dry  ............................. 
22.7 0.056 11.5 0.204 0.080 5.36 
10.9 0. 900e 14.2 0 . 3 2 4 ~  0.041e 5.39 
15.2 0. 380e 10.2 0 . 2 8 8 ~  0 . 0 9 5 ~  5.46 
18.2 0 . 4 9 6 ~  10.4 0 . 4 2 2 ~  0 . 0 5 3 ~  5.39 
1 9 . 7 ~  ~ . 2 7 ~  1 0 . 6 ~  0 . 3 5 4 ~  0 . 0 5 7 ~  5.33 

Year l y  
Mean 17.8 0.841 9.95 0.542 0.133 5.46 

a  samples were taken  f rom t h e  week c l o s e s t  t o  groundwater sampl ing dates when 
o n l y  o r  mos t l y  basef low occur red.  

b  mean va lues f o r  pH were determined by ave rag ing  hydronium i o n  c o n c e n t r a t i o n s  
and t h e n  c o n v e r t i n g  t o  pH. 

c  two weeks f o r  t h i s  t i m e  p e r i o d  were averaged t o g e t h e r .  F o r  A p r i l  bo th  
va lues were weekly spo t  samples. For  J u l y  one sample was a  weekly volume 
i n t e g r a t e d  and one was a  weekly spo t .  

d  ... i n d i c a t e s  m i s s i n g  data .  
e  i n d i c a t e s  a  weekly volume i n t e g r a t e d  sample. Otherwise,  a  weekly spo t  

sample was used. 
f a r i t h m e t i c  average o f  mon th l y  means. 



Table  A4.  N u t r i e n t  c o n c e n t r a t i o n s  d u r i n g  basef  1  ow i n  s t ream wa te r  l e a v i n g  
an a g r i c u l t u r a l  watershed f rom March 1984 t h r o u g h  February  1 9 8 5 . ~  

C o n c e n t r a t i o n  ( m g l l  ) 

Month C h l o r i d e  N i t r a t e - N  S u l f a t e - S  K j e l d a h l - N  To ta l -P  p ~ b  

Mar 
AP r 
May 
June 
J u l y  
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 
Feb 

10.0 
8.81 
4.08 

19.8 
4.75 
4.60 

-- Dry  
6.36 
8.11 
6.63 
9.97 
4.93 

Year14 
Mean 13.7 0.915 8.00 0.381 0.149 5.50 

a  samples were taken  f rom t h e  week c l o s e s t  t o  groundwater sampl ing dates when 
o n l y  o r  mos t l y  basef low occur red.  

b  mean va lues f o r  pH were determined by ave rag ing  hydronium i o n  c o n c e n t r a t i o n s  
and t h e n  c o n v e r t i n g  t o  pH. 

c  i n d i c a t e s  a  weekly volume i n t e g r a t e d  sample. Otherwise,  a  weekly spo t  
sample was used. 

d  a r i t h m e t i c  average o f  mon th l y  means. 

DISCUSSION: Pe te r j ohn  Paper 

Q u e s t i o n  ( K e l l y ) :  Have you cons ide red  t h e  p o s s i b i l i t y  o f  C02 gas as a  poss i -  
b l e  e x p l a n a t i o n  f o r  y o u r  pH c a l c u l a t i o n ?  

Answer: No, I h a v e n ' t .  I am l o o k i n g  f o r  some good i deas  t o  e x p l a i n  t h e  
s e a s o n a l i t y ,  and I am n o t  s u r e  what i s  c o n t r o l l i n g  t h e  r i p a r i a n  pH. 
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