


2- 

Copyright @ 1977 by The Chesapeake Research Consortium, Inc. 

AU rights reserved. NO part of this book may be 
reproduced or transmitted in any form or by any meam, 

electronic or mechanical, including photocopying, 
recording, xerography, or any information storage and 

d w a l  system, without permission in writing 
from the publisher. 

Mannrfactttred in the United Stata of America 

The Johm Hopkins Univenity Press, Baltimore, Manland 2 12 111 
Theyohns Hopkins Press Ltd, London 

Library of Congress Catalog Cud Number 76-47392 
ISBN 0-8018-1945-8 

Chesapeake B i o l o g i c a l  Laboratory May 3, 1977 

Solomons, Maryland 20688 

"Permission i s  hereby granted t o  photocopy the a r t i c l e s  1  i s t e d  below from CRC 
P u b l i c a t i o n  No. 54, 'The E f f e c t s  of T rop ica l  Storm Agnes on t h e  Chesapeake Bay 
Es t u a r i  ne Sys tem. ' 

'Some E f f e c t s  of T rop ica l  Storm Agnes on Water Qua1 i t y  i n  t h e  Patuxent Rivet 
Estuary, '  authored by David A. Flemer, Robert E. Ulanowicz, a'nd Donald L. Taylor 
pp. 251-287, CEES C o n t r i b u t i o n  No. 573. 

'Some E f f e c t s  o f  T rop ica l  Storm Agnes on t h e  Sea N e t t l e  Popu la t ion  i n  t h e  
Chesapeake Bay, ' authored by David G. Cargo, pp. 41 7-424, CEES Cont r ibu t ion  No. 
570. 

' E f f e c t s  o f  T rop ica l  Storm Agnes'on Standing Crops and Age S t r u c t u r e  o f  Zoo- 
p lank ton i n  Midd le  Chesapeake Bay,' authored by D. R. He in le ,  H. S. Mi l lsaps, and 
C. V .  Mi l l saps ,  pp. 443-459, CEES Con t r i bu t i on  No. 572. 

'Short - term Response o f  F i s h  t o  T rop ica l  Storm Agnes i n  mid-Chesapeake Bay,' 
authored by Douglas E. R i t c h i e ,  J r . ,  pp. 460-462, CEES Con t r i bu t i on  110. 571. 

'The Impact o f  T rop ica l  Storm Agnes on mid-Bay Infauna, ' authored by D. 
Heyward Hamilton, J r . ,  pp. 544-554, CEES Con t r i bu t i on  No. 684. 

'Pub l i c  Hea l th  Aspects o f  T rop ica l  Storm Agnes i n  Maryland's p o r t i o n  of 
Chesapeake, ' authored by Aven M. Andersen, pp. 636-639, ' [CEES Con t r i bu t i on  No. 
5821. 

c a r r i  
a t  ej 
t empc 
s a l i r  
n i  trc 
and I 
extel  
were 
i n  tl 

v i a  
x 10 
e s t u  
metr 
28 J 
dur i 
(wt/ 
exc l  
June 
t rog 

I adde 
gre: 
espc 

Par' 
r e l q  
low 
- N 
r e  1 
i n  
n i t  
gre  
war 
ing 
d 1 e 
t er 
phc 
of1 

wai 
St. 
PO 
f r 

- 
"We understand t h a t  these copies a r e  t o  be used f o r  c a t a l o g i n g  purposes only. l c  
Any f u t u r e  requests should be d i r e c t e d  t o  our  o f f i c e  o r  t o  t h e  i n d i v i d u a l  authors, c 

5 

--CRC's l e t t e r  o f  15 A p r i l  1977, signed by Robin L.  Gleil. 
--------------------------------&-------------------\-------------.---- -----,.-* 

As a  r e s u l t  of t h e  above au tho r i za t i on ,  a  t o t a l  of 7 copies o f  each o f  the above 
1  i s t e d  a r t i c l e s  was made f o r  CEES and CBL (permanent pub1 i c a t i o n s  f i l e s )  and the 
Chesapeake Research Consortium PI US i n d i v i d u a l  authors advised. L 





252 FZemer, U t a n d c z ,  Tay tor 

INTRODUCTION 

Tropica l  Storm Agnes en te red  t h e  Chesapeake Bay a r e a  on 21 June  1972 and pro- 
vided a unique oppor tun i ty  t o  s tudy t h e  environmental impact o f  an event which 
u s u a l l y  i s  unava i lab le  t o  e s t u a r i n e  s c i e n t i s t s .  L o g i s t i c a l l y ,  we were conveniently 
l o c a t e d  on t h e  Patuxent River e s t u a r y  t o  engage i n  a  f i e l d  reconnaissance of sev- 

p a r a t i v e  value.  t e r  was u 

Though not  a s  unique o r  a s  formidable a s  Agnes, an unusual ly  heavy r a i n f a l l  
i n  t h e  Patuxent d ra inage  a r e a  occurred during l a t e  J u l y  1969, and we compared the 
1969 d a t a  with  t h e  p resen t  d a t a .  Our f i e l d  s t u d i e s  i n  t h i s  i n v e s t i g a t i o n  began 
on 28 June  1972, about one week a f t e r  Agnes, and were continued a t  weekly i n t e r -  
v a l s  u n t i l  30 August 1972. 

Extreme condi t ions  imposed by Agnes were be l ieved  of genera l  i n t e r e s t  in  the 
a r e a  o f  eu t roph ica t ion .  Th is  s tudy was planned t o  he lp  c h a r a c t e r i z e  t h e  relation- 
s h i p  between phytoplankton and n i t rogen  and phosphorus. Questions regarding nu- 
t r i e n t  removal a t  wastewater t r ea tment  p l a n t s  is  s t i l l  an unresolved problem in  
Maryland, and an a c t i v e  r e s e a r c h  program by the  Chesapeake Research Consortium, 
Inc.  i n  Chesapeake Bay is focusing on t h e  e f f e c t s  o f  sewage on t h e  e s t u a r i n e  eco- 

D e t r i t u s  is considered an important source of energy f o r  many depos i t -  and 
f i l t e r - f e e d i n g  organisms. In  t h e  o l i g o h a l i n e  a r e a  of t h e  Patuxent ,  we have pro- 
vided f u r t h e r  evidence t h a t  t h e  dominant sp r ing  copepod, Eurytemom affinis, feeds 
ex tens ive ly  on d e t r i t u s  (Heinle  e t  a l .  1974). We have at tempted t o  character ize  
t h e  inpu t  o f  d e t r i t u s  t o  t h e  head of  t h e  e s t u a r y  fol lowing the  l a r g e  runoff  caused 
by Agnes. The elemental composition of t h e  suspended m a t e r i a l  i n  t h e  es tuary  com- 
plements work r e p o r t e d  i n  a  r e c e n t  symposium (Melchiorr i -Santol ini  6 Hopton 
1972), though r e l a t i v e l y  l i t t l e  information was presented f o r  e s t u a r i n e  conditions. 

D E S C R I P T I O N  OF T H E  STUDY AREA 

t r a t e  and n 
The dra inage  bas in  o f  about 963 sq .  mi les  (2,494 km2) l i e s  wholly wi th in  the 

S t a t e  of Maryland on t h e  western shore  of  t h e  Bay and forms t h e  next  major t r i -  
bu ta ry  upstream from t h e  Potomac River (Nash 1947). The bas in  l i e s  i n  both the 
Piedmont P la teau  and t h e  Coastal  P l a i n  physiographic provinces .  Urbanization is Seawater so 
occurr ing,  e s p e c i a l l y  i n  t h e  upper drainage bas in  near  t h e  F a l l  Line, which runs 
approximately between Washington, D.  C .  and Baltimore. Extensive t i d a l  brackish 
water marshes a r e  loca ted  wi th in  t h e  upper two-thirds  of t h e  s tudy a r e a  wi th  the cv o x i d a t i c  
seaward extension of t h e  marsh complex ending j u s t  upstream t o  Trueman Point  (Fig.  
1 ) .  The presen t  s tudy  a r e a  included e i g h t  channel s t a t i o n s  from t i d a l  freshwater- 
(Nottingham) t o  a  l o c a t i o n  a d j a c e n t  t o  Solomons (Sandy Poin t ) .  

T i d a l  amplitude i s  smal l .  Cory and Nauman (1967) r e p o r t  a  d i f f e r e n c e  of 0.55 
m between mean high and mean low t i d e s  near  Benedict Bridge and Mansueti (1961) 
gave a  t i d a l  range of  0.76 rn near  Nottingham. The e s t u a r y  is  t y p i c a l l y  a  two- 
layered system ( type B of P r i t c h a r d  1955) and occas iona l ly  changes t o  a  t h r e e -  
layered system near  t h e  mouth. 



METHODS AID PROCEDURES 

Field samples were obtained with  a 13-foot Boston Whaler. Sampling began a t  

sev - 

: com- 

t e r -  
AnalyticaZ Methods 

Samples f o r  ch lorophyl l  5 were c o l l e c t e d  on Whatman GF/C f i l t e r s  and t h e  
chlorophyll 5 was est imated f l u o r o m e t r i c a l l y  with  a Turner f luorometer  (Yentsch 
and Menzel 1963; Holm-Hansen e t  a l .  1965) using our adap ta t ion  o f  t h e s e  two 
methods (Flemer e t  a l .  1970). 

I eco- Seston, o r  t o t a l  suspended m a t e r i a l ,  was determined on t a r e d  GF/C f i l t e r s  
after drying t o  cons tan t  weight over  s i l i c a  g e l .  P a r t i c u l a t e  carbon was d e t e r -  

with a Coleman Model 29A Nitrogen Analyzer equipped with  a Model 29 combustion 

d i t i o n s .  

Ammonia n i t rogen  a n a l y s i s  followed t h e  procedure of Solorzano (1969). N i -  
trate and n i t r i t e  n i t r o g e n  were analyzed by t h e  method of S t r i c k l a n d  and Parsons 
(1965). Soluble  o rgan ic  n i t rogen  a n a l y s i s  employs a modif icat ion o f  t h e  uv l i g h t  
oxidation (S t r i ck land  & Parsons 1968).  A h a l f - s t r e n g t h  seawater s o l u t i o n  i s  used 

I runs  

two- 
ree-  'reshaater Discharge t o  the Head of the Estuary 

Discharge v a l u e s  were c a l c u l a t e d  f o r  t h e  con t r ibu t ion  of  f r e s h  water from 
the drainage bagin o f  t h e  upper P a t w e n t  River above t h e  confluence with Western 
Branch and f o r  t h e  Western Branch drainage bas in .  Gaging s t a t i o n s  were near  t h e  
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headwaters of t h e  tributaries; t h u s ,  t h e  es t imates  o f  d i scharge  were based on the 
r a t i o  of a r e a  gaged t o  t h e  a r e a  downstream of  t h e  gaging s t a t i o n s .  The formula- 
t i o n  employed was based on t h e  work of Char les  Hal l ,  Maryland Department of Water 
Resources, where: 

QT = QL + 5.9 4y + 1.42 QU + 4 . 2  pG 

and 

QT t o t a l  f r e s h  water  t o  head of  e s t u a r y  (main stem of 
Patuxent,  p l u s  Western Branch) 

QL = discharge  a t  Laurel  gaging s t a t i o n  

QW, = discharge  a t  Western Branch gaging s t a t i o n  near  Largo. 

Q~ = discharge  near  Unity gaging s t a t i o n  

QG = discharge  near  Gui l fo rd  gaging s t a t i o n .  

The unpublished gaging s t a t i o n  d a t a  were provided by t h e  Geological Survey, 
Water Resources Divis ion,  U. S. Department of I n t e r i o r ,  Col lege Park, Md. 

We determined t h e  t o t a l  d i scharge  over  A t  where t h e  sampling d a t e  was near  
t h e  mid-point .  For example, t h e  f i r s t  sampling d a t e  of 28 June with  t h r e e  days 
before  and t h r e e  days a f t e r  t h i s  d a t e  were used t o  es t imate  t h e  weekly discharge. 
The same approach was employed f o r  each succeeding sampling d a t e .  The concentra- 
t i o n  of a f a c t o r  a t  Nottingham, e . g . ,  ses ton ,  was m u l t i p l i e d  by the  t o t a l  weekly 
d i scharge  t o  e s t i m a t e  a f l u x  f o r  t h e  i n t e r v a l .  The 10 i n t e r v a l s  were summed t o  
provide an e s t i m a t e  o f  t o t a l  f l u x .  

RESULTS AND DISCUSSION 

A l l  d a t a  t aken  i n  t h i s  s tudy  a r e  l i s t e d  i n T a b l e  1 and i n  t h e  appendix. 

Temperature, S a l i n i t y  and DO 

Water temperatures  measured i n  t h i s  s tudy  were c h a r a c t e r i s t i c  f o r  t h e  summer 
(Table 1; Flemer e t  a l .  1970). Maximum v a l u e s  cccurred upstream i n  t h e  general  
v i c i n i t y  o f  t h e  Chalk Point Power P lan t .  Except ional ly  high va lues ,  some approx- 
imating 3 6 O ~ ,  were noted i n  t h e  upper s tudy  a r e a  on 26 J u l y .  Bottom va lues  were 
sometimes s l i g h t l y  h igher  than  s u r f a c e  va lues .  These d a t a  supplement t h e  exten- 
s i v e  records  of temperature  i n  t h e  upper  River (Herman e t  a l .  1968; Cory & Nauman 

S a l i n i t i e s  r e f l e c t e d  t h e  l a r g e  r a i n f a l l  i n  t h e  drainage bas in ,  and our  da ta  
record t h e  recovery of t h e  low s a l i n i t i e s  back t o  t h e  more normal regime (Table 
1 ) .  Surface s a l i n i t i e s  were 0 . 0  pp t  a s  f a r  seaward a s  Benedict Bridge during 
most of J u l y .  Strong v e r t i c a l  d i f f e r e n c e s  i n  s a l i n i t y  were noted a t  Sheridan 
Point and seaward. The minimum s u r f a c e  s a l i n i t y  a t  Sandy Point  was about 1 .0  
ppt  and occurred on 5 J u l y .  Bottom s a l i n i t i e s  on two occasions a t  Sandy Point 
(28 June and 2 August) were about 1 .5  ppt  less than s u r f a c e  va lues .  We po in t  out 
t h e s e  d i f f e r e n c e s  as poss ib ly  a c c u r a t e  observa t ions  s i n c e  Nash (1947) made s i m i -  
l a r  kinds of observa t ions  near  Sandy Poin t .  

Some perspec t ive  i s  gained by comparing s u r f a c e  s a l i n i t i e s  a t  Sandy Point  

, .:..*. - . -  .*, . . , -  .' . r  . ... .- . r y  r r-c--- ..... . .,A -.- . . . . . ..,> ,, . - , .. - -_ - *dl . *  ,XC;;+*-*.;,̂ . 
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observed during t h e  Patuxent River Post-Agnes stud;, s i i i e r  1972. 

Date 6/28 7/ 5 7/127/197/26 
Temp. S a l .  DO Temp. S a l .  DO Temp. S a l .  DO Temp. S a l .  DO Temp. S a l .  DO 

I T - ~ I -  1 T ~ ~ ~ P T ~ + ~ ~ T ~  f c j .  qalinitv ( D D ~ ) .  and d i sso lved  oxynen (mg l i t e r  - I ) ,  and t o p  (T) and bottom (B), 

S t a t i o n  Hours 14: 15 08-15 13: 35 07 : 05 13:45 

Nottingham T 24.7 0 .0  7.7 - 0.0 - 23.6 0 .0  6 .6  27.0 0.0 4.8 29.9 0 .0  7 .7  
B 24.0 0.1 7.2 - 0.0 - 23.3 0.0 5.7 26.5 0 .0  4.7 34.5* 0 . 0  6.5 

L . M a r l b o r o T  25.3 0 .1  5.2 - 0.0 - 23.9 0 .0  7 .1  29.0 0.0 6 .4  30.0 0.0 9 . 8  
B 25.0 0 . 1  5 .3  - 0.0 - 23.5 0.0 6 .6  30.0 0.0 6 .0  36.0' 0 .0  6.6 

F - ~ z ~ ; s ~  Trueman T 27.2 1.4 5 .3  - 0.0 - 25.0 0.0 7.0 29.9 0.0 7.0 30.0 0 . 5  6 .5  
*- - Poin t  B 27.0 1.9 5.6 - 0.0 - 24.5 0.0 6.6 30.0 0 .0  6 . 3  33.3 1 .6  6 .1  

Benedict T 26.0 2.5 5 . 3  24.0 0.0 5 .4  25.4 0 .0  7.2 28.0 0 .0  7.2 29.7 2.3 6.7 
Bridge B 25.8 2.6 5.0 23.9 0 .3  4 . 1  25.2 1.1 6 .5  27.0 1 .4  6 . 5  32.0 2.6 6 .0  

Sheridan T 25.5 3 .1  5 . 3  23.5 0 .5  6 . 1  24.7 2 .3  7.6 26.0 1 .4  8.2 27.9 3 .1  6 .6  
Point  B 24.1 4 .1  2.8 21.0 2 .3  2.9 24.0 2.5 3 . 3  24.0 4.5 2.0 27.6 4.0 4 .0  

QueenTree  T 25.5 3 .6  7 .0  23.0 1 . 5  7.8 24.5 2.8 9 . 1  27.8 2 .3  8 .5  27.4 3.4 6 .9  
B 25.0# 4.4 2.6 21.2 4.0 2.5 23.9 3 .4  3.5 23.5 5.0 1 . 5  26.7 4.4 1 .9  

Broome T 26.0 4.2 7.4 22.5 1 . 3  7.0 24.2 2 . 3  9 .2  26.0 2 .3  8.6 27.0 3 .4  6.3 

T 9 
I s land  B 25.5 4 .7  2.7 21.0 4.5 3 .0  22.9 4 .5  4.0 24.5 5.6 2.2 27.2 4.4 1 .6  

Sandy T 26.0 4.7' 6 . 8  22.0 1 . 3  8.6 23.9 4.5 9 . 1  25.5 4.5 7.9 27.0 5.0 6 . 3  
Point  B 24.5 3 . 1  2 .3  21.0 4.5 4.2 22.9 5.6 5 .4  24.5 5 .6  4.6 27.2 5.0 4 . 3  f 

0' 
N 

Hours 10:35 05 : 30 10 : 45 04:15 1 O : l O  

* a s t e r i s k  mark unusual r e s u l t s .  Time i n  hours  o f  i n i t i a t i o n  of sampling is  given a t  b o t t ~ m  of each column 
and ti - me of conclusion of sampling a t  t h e  upstream s t a t i o n  i s  given a t  t h e  t o p  o f  each column. I 
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kith those taken nearby a t  t h e  Chesapeake Bio log ica l  Laboratory p i e r .  Daily 
salinities a t  t h e  p i e r  from 1 June t o  20 June 1972 ranged between 7.9 and 10.8 
pt. These d a t a  a r e  n o t  continuous a s  observa t ions  a r e  u s u a l l y  no t  made on week- 
ends; however, on 28 June t h e  s a l i n i t y  was 2.5 pp t  and agreed c l o s e l y  with  our  
data at Sandy Poin t .  The monthly mean values  a t  t h e  p i e r  dur ing  t h e  per iod 1938 
to 1957 f o r  June, J u l y ,  and August were 11.0, 12.5, and 13.5 pp t ,  r e s p e c t i v e l y  
(Beaven 1960). Agnes r e s u l t e d  i n  very  low s a l i n i t i e s  a t  a t ime when salinities 
normally proceed toward maximum v a l u e s  i n  t h e  River.  

Sa l in i ty  d a t a  ob ta ined  during J u l y  1969 r e f l e c t  t h e  a f te rmath  o f  a heavy 
rainfall t h a t  occurred i n  t h e  d ra inage  bas in .  In  t h e  lower River ,  11.85 inches  of 
nin f e l l  a t  Solomons on 23 J u l y  1969, over  a per iod of a few hours (NOAA, ~ s l i l a n d ,  
N. C. ,  c en t ra l  r e c o r d s  f o r  Solomons a r e a ) .  In  t h e  upper River,  t h e  s u r f a c e  sa-  
linity a t  Nottingham on 8 J u l y  1969 was 2 .7  pp t  and on 30 J u l y  1969, t h i s  s a l i n i t y  
level was d i sp laced  seaward t o  a 1)oint near  Trueman Point  (Flemer e t  a l .  1970). 

Information i s  presen ted  on DO t h a t  g e n e r a l l y  c h a r a c t e r i z e s  t h e  oxygen r e -  
sources of t h e  River (Table 1 ) .  Only l a r g e  changes can be  evaluated f o r  t h e  sum- 
aer since t h e  same s l a c k  sampling requ i red  some c r u i s e s  t o  be i n i t i a t e d  a t  n i g h t .  
Vcry low concen t ra t ions  of DO, e .g . ,  1 . 0  mg l i t e r - ' ,  were measured i n  bottom 
waters between Sheridan Po in t  and Broome I s l a n d .  

Particulate Material 

Seston. Highest concen t ra t ions  of  ses ton  occurred upstream of  Benedict Bridge 
(Fig. 2 ) .  A maximum v a l u e  of 170 mg l i t e r - '  was measured a t  Lower Marlboro i n  
the bottom sample on 5 J u l y .  Seaward t o  Benedict Bridge t h e  concen t ra t ion  of  ses -  
ton seldom was g r e a t e r  than 50 mg l i t e r - ' .  On 2 August, 168 mg l i t e r ' l  o f  s e s -  
ton were recorded a t  Nottingham, and 68 mg l i t e r - '  of  s e s t o n  were measured a s  
far seaward a s  Broome I s l a n d .  The above p a t t e r n  of  ses ton  i n  t h e  River  suggests  
that the maximum d i s c h a r g e  of suspended s o l i d s  assoc ia ted  with Agnes occurred be- 
fore 28 June. The r a p i d  washout of ch lorophyl l  - a ,  a s  discussed l a t e r ,  confirms 
this conclusion. 

High s e s t o n i c  l e v e l s  were o f t e n  encountered during e a r l i e r  work i n  t h e  River 
(Flemer e t a l .  1970). The upper t i d a l  Patuxent received very  high amounts of ses -  
ton during l a t e  J u l y  1969. Several  v a l u e s  approached 200 mg l i t e r - 1  . We have 
no quantitative d a t a  on ses ton  f o r  t h i s  event a t  Solomons, but  comparative d a t a  
forthe upper t i d a l  River taken on 8 and 30 J u l y  1969 documented t h e  impact of  
this unusually l a r g e  f reshwater  d i scharge  t o  t h e  e s t u a r y ,  These d a t a  indicated 
that the Patuxent River  has  received l a r g e  concen t ra t ions  of ses ton  i n  t h e  p a s t  
but Agnes was a s i g n i f i c a n t  evenr i n  t h e  h i s t o r y  o f  t h e  Patuxent system. Nor- 
mally the so-cal led "sediment t r a p , "  which is well  descr ibed f o r  t h e  main stem of  
Chesapeake Bay (Schubel 1968b; Schubel & Biggs 1969), exzends seaward i n  t h e  Pa- 
tuxent estuary t o  about Chalk Po in t .  Agnes b r i e f l y  extended t h e  seaward boundary 
of the sediment t r a p  downstream t o ,  a t  l e a s t ,  t h e  mouth of t h e  Patuxent River. 
The system re tu rned  qu ick ly  t o  s t e a d y - s t a t e  condi t ions ,  and t h e  seaward extension 
ofthe sediment t r a p  moved upstream between Benedict Bridge and Sheridan Point .  

Chlorophyll a, The concen t ra t ion  of  a c t i v e  chlorophyl l  5, which is  an in -  
dex o f  the s tanding crop of phytoplankton (here  poss ib ly  some mud-dwelling a l g a e ) ,  
showed a sharp d e c l i n e  between Nottingham and Sheridan Point (Figs .  3a and 3b) 
during the f i r s t  two sampling per iods .  Surface values  a t  t h i s  t ime were 5 t o  8 

m - 3 .  Seaward, between Broome I s land  and Sandy Poin t ,  t h e  s u r f a c e  concentra-  
tion of chlorophyll  a ranged between 40 t o  50 mg m - 3 .  Th i s  p a t t e r n  probably r e -  
sulted from t h e  seaward displacement o f  normally high upstream concen t ra t ions .  
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E a r l i e r  work i nd i ca t ed  t h a t  t h e  h igh  va lues  observed during t h i s  s tudy between 
Nottingham and Trueman Point  from 19 July t o  30 August a r e  t y p i c a l  f o r  t h e  upper 
s tudy a r e a  (Flemer e t  a l .  1970). Maximum su r f ace  concent ra t ions  o f  chlorophyl l  
a  observed dur ing  t h e  presen t  s tudy were 127 and 105 mg m - 3 ,  which occurred at 
Nottingham and Broome I s l and  on 9 August and 23 August, r e spec t i ve ly .  Most mod- 
e r a t e l y  deep temperate  East Coast e s t u a r i e s  show a s i n g l e  su s t a ined  maximwn con- 
c e n t r a t i o n  of  ch lorophyl l  % dur ing  t h e  l a t e  summer, e s p e c i a l l y  i n  t h e  sediment 
t r a p  a r e a  (Ryther 1963; Flemer 1970). 

Seaward of  Lower Marlboro t h e r e  was a s t ronger  temporal p a t t e r n  i n  t h e  d i s -  
t r i b u t i o n  of sur face  chlorophyl l  5 i n  t h e  presen t  s tudy than  t h a t  observed f o r  t he  
bottom waters .  The low va lues  measured a t  Queen Tree and Broome I s l and  were asso- 
c i a t e d  with t h e  low concent ra t ion  of W t h a t  was presen t  i n  t h e  bottom waters.  In 
genera l ,  t h e  concent ra t ion  of chlorophyl l  5 observed i n  t h e  presen t  s tudy compares 
wel l  with e a r l i e r  s t u d i e s  on t h e  River (Flemer & Olmon ,1971; Flemer e t a l .  1970).  
A f e a t u r e  c h a r a c t e r i s t i c  of Agnes was f o r  more v a r i a t i o n s  over time t o  occur i n  t h e  
su r f ace  waters  a t  higher  s a l i n i t i e s .  

For perspec t ive ,  we a r e  a b l e  t o  compare t h e  presen t  d i s t r i b u t i o n  of chloro-  
phy l l  a  i n  t h e  River with t h a t  f o r  t h e  summer of 1969. The l a r g e  amount of r a i n  
t h a t  occurred i n  l a t e  J u l y  1969 was s t r ong ly  assoc ia ted  with t h e  low chlorophyl l  
a  va lues  measured a t  t h a t  t ime. For example, va lues  a t  Lower Marlboro r ap id ly  
decreased from 46 t o  7  mg m-3. This c o r r e l a t e s  well  with t h e  increased  s e s ton i c  
load received by t h e  River during t h e  J u l y  1969 per iod  and i l l u s t r a t e s  t h a t  t h e  

Particulate Carbon. The concentrat ion of p a r t i c u l a t e  carbon showed a  su r -  
p r i s i n g  uniformity i n  t h e  su r f ace  waters  through most o f  t h e  River u n t i l  e a r l y  
August (Fig. 4a).  Most va lues  ranged between 100 and 200 p moles l i t e r - 1  (1.2- 
2.4 mg l i t e r - I ) .  Highest- concent ra t ions  of p a r t i c u l a t e  carbon i n  t h e  su r f ace  
and bottom waters  (Fig.  4b) occurred during l a t e  August when chlorophyl l  5 
values  were maximal. 

We observed t h a t  t h e  average va lues  o f  t h e  percent  o f  carbon r e l a t i v e  t o  
ses ton  i n  t h e  su r f ace  waters  ranged between 6 and 8% from Nottingham seaward t o  
Queen Tree (Table 2) .  Exclusive of two unusual ly  high concent ra t ions  of pa r t i cu -  
l a t e  carbon noted a t  Broome Is land  and Sandy Poin t ,  t h e  va lues  averaged 8.6 and 
10.7% a t  t he se  s t a t i o n s .  The average va lues  discussed above compare favorably 
t o  e a r l i e r  work on t h e  River (Flemer e t  a l .  1970). 

Seaward of Benedict Bridge t h e  percent  of carbon r e l a t i v e  t o  s e s ton  i n  bot-  
tom samples was about one-half l e s s  than  t h e  sur face  average va lues .  Several  
reasons may he lp  expla in  t he se  observat ions.  Possibly a  d i f f e r e n t i a l  s e t t l i n g  
of inorganic  ma t e r i a l  occurred, o r  t h e  r a t e  of decomposition was g r e a t e r  than 
t h a t  of carbon input  from upland drainage,  and marsh drainage,  and p l an t  pro- 
duct ion i n  t h e  River.  Also, d i l u t i o n  of  t h e  bottom suspended mater ia l  from the  
sediments could i n f l uence  t h e  above p a t t e r n  (Schubel & Biggs 1969). I f  we assume 
t h a t  t h e  carbon va lue s  represen t  about 50%.of  t he  organic  mat te r  on a  dry weight 
ba s i s ,  then our  va lues  agree  more c lo se ly  with t h e  winter  and sp r i ng  d a t a  on or-  
ganic mat ter  i n  t h e  upper Chesapeake Bay (Schubel 1968a). 

Particulate Nitrogen. In  con t r a s t  t o  t h e  d i s t r i b u t i o n  of p a r t i c u l a t e  carbon, 
p a r t i c u l a t e  n i t rogen  i n  t h e  su r f ace  waters  var ied  more with time than it d id  with 

- pos i t i on  i n  t h e  r i v e r .  Most maximum va lues  approximated 40 t o  50 moles l i t e r - I  
o r  600 t o  750 pg l i t e r - 1  (Fig.  5a).  The f a i r l y  high c o r r e l a t i o n  between ni t rogen 



17nblc 2. The pcrccnt particulate carbon of scston in thc surface (S) and bottom (B)  waters. Post-Agnes Study, 
Patuxcnt Rivcr Estu;~~.y, summer 1972. 
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t o t a l  dissolved phosphorus, and dissolged inorganic r eac t ive  phosphate-phosphorus, 
a r e  i l l u s t r a t e d  i n  Fig. 6 f o r  four  s t a t i o n s  along t h e  River. Total  phosphorus 
approximated 6.0 pg a t  l i t e r ' l  a t  Nottingham and-showed a gradual decrease sea- 
ward t o  Sandy Point where t h e  concentrat ion ranged between 2 and 4 pg a t  l i t e r - ] .  
Inadvertent  f i l t r a t i o n  of samples from 5 Ju ly  through 19 Ju ly  prevented analysis  
f o r  t o t a l  plrosphorus. Total dissolved phosphorus usua l ly  ranged between 20 and 
508 of t he  t o t a l  phosphorus. Thus, by d i f fe rence ,  p a r t i c u l a t e  phosphorus consti- 
t u t ed  a  subs t an t i a l  port ion of t h e  phosphorus i n  t he  r i v e r .  Dissolved inorganic 
phosphate usua l ly  accounted f o r  most of t h e  t o t a l  dissolved phosphorus. There- 
fore ,  r e l a t i v e l y  l i t t l e  dissolved organic phosphorus was present .  On a few occa- 
s ions  t h e  dissolved inorganic values were ana ly t i ca l l y  g rea t e r  than values fo r  
t o t a l  dissolved phosphorus. We be l ieve  t h a t  t h e  t o t a l  dissolved values shpuld be 
considered only approximate. Work i s  under way i n  an attempt t o  resolve t h i s  

d i f f e r  i n  any important way (see Fig. 6 ) .  

t he  leve l  of phosphate observed i n  t h e  present study a s  t he  Patuxent q u a l i f i e s  as 

r e l a t i v e l y  l e s s  change over time during the  present study. 

Nitrogen. Nitrogen determinations prefented i n  Fig. 7 show the  t o t a l  n i t ro-  
gen a s  r ep re s~n ted -by  several  f r ac t i ons .  The dissolved organic and inorganic 
f r ac t i ons  ( N H 4 ,  NO2, and NOj) a r e  added t o  t he  p a r t i c u l a t e  ni t rogen.  Some com- 
pa ra t i veda t a  taken during the  summer of 1969 a r e  included on the  f i gu re  (Flemer 
e t  a l .  1970). 

Maximum t o t a l  nitrogen occurred a t  Nottingham and during the  f i r s t  s i x  weeks i 
many values ranged between 80 and 100 pg a t  l i t e r - l .  Most values of t o t a l  n i -  
trogen during the  f i r s t  s i x  weeks a t  Benedict Bridge and Queen Tree ranged be-. 
tween 60 and 80 pg a t  l i t e r - l .  A t  Sandy Point during t h i s  period the re  was a  
s l i g h t  increase i n  t h e  t o t a l  ni t rogen.  A maximum value f o r  t he  e n t i r e  study of 
146 pg a t  l i t e r - '  occurred a t  Sandy Point on 28 June which presumably was re -  
l a t ed  t o  t he  displaced upstream mater ia l .  Total  nitrogen decreased about 50% 
a t  a l l  s t a t i o n s  durinp the  l a t t e r  h a l f  o f  t he  study with few exceptions. One 



FZemer, U Z a d c z ,  Taylor 261 

notable exception occurred a t  Nottingham on 30 August where a concentrat ion of 
140 pg a t  l i t e r - 1  was measured. 

The l imi ted  da t a  ava i l ab l e  from the  summer of 1969 suggest t h a t  t o t a l  n i t r o -  
gen was more h igh ly  concentrated during t h e  recovery period of Agnes than noted 
during the summer of 1969. By comparison, t he  concentrat ion of t o t a l  phosphorus 
failed t o  show a cons i s t en t  increase  over t h a t  of t h e  summer of  1969. 

We examined t h e  r e l a t i v e  proport ion of  NH3-N, N02-N, and N03-N t o  t h e  t o t a l  
inorganic n i t rogen  (Appendix). The concentrat ion of NH3-N decreased more rap id-  
lythan t he  concentrat ion of N03-N a t  Nottingham and Benedict Bridge from 28 June 
to 19 July. The p a t t e r n  was not a s  c l e a r l y  d i s ce rn ib l e  a t  Queen Tree a s  noted 
at the upstream s t a t i o n s .  A t  Sandy Point ,  t h e  concentrat ions o f  M13-N and NO3-N 
decreased toge ther  propor t iona l ly  f o r  most of t h e  study with t h e  pronounced ex- 
ception on 30 August. I t  is tempting t o  a sc r ibe  t h e  more rap id  decrease i n  NH3- 
N relative t o  N03-N t o  d i f f e r e n t i a l  uptake by phytoplankton (Harvy 1960). The 
analysis is complicated by a rap id  increase  i n  primary production, unknown 
changes i n  t h e  r e l a t i v e  r a t e  of supply of t h e  two n u t r i e n t s  and n i t r i f i c a t i o n .  
Nitrite-nitrogen was quan t i t a t i ve ly  unimportant compared t o  t h e  o ther  inorganic 
nitrogen sources throughout t h e  study. 

The concentrat ion of d i sso lved  organic n i t rogen  of ten  approximated o r  ex- 
ceeded the concentrat ion of dissolved inorganic n i t rogen  (Fig. 7 ) .  Most of t he  
dissolved n i t rogen  was i n  t h e  form of dissolved organic n i t rogen  a t  Benedict 
Bridge and Queen Tree on 9, 16, and 23 August (Appendix). A t  t h i s  t ime t h e  
significance of d i sso lved  organic n i t rogen  t o  t h e  b io logica l  system i s  not appar- 
ent but presun~ably con t r i bu t e s  t o  t h e  ava i l ab l e  ni t rogen pool i n  t h e  long-term. 

8a and 8b. Surface r a t i o s  showed more v a r i a t i o n  with time than pos i t i on  along 
the axis of t h e  es tuary .  Both sur face  and bottom r a t i o s  usua l ly  were within t h e  
range of 3-10. Living phytoplankton t y p i c a l l y  have a C:N (atomic) r a t i o  of about 
7 (Strickland 1960). The r e l a t i v e  constancy of t h e  r a t i o s  is  d i s s imi l a r  t o  t h e  
data reported f o r  t h e  upper Chesapeake Bay (Flemer & Biggs 1971). However, max- 
imumvalues i n  t h e  upper Chesapeake Bay usua l ly  followed t h e  maximum discharge 
related t o  snow melt i n  t h e  Susquehanna River basin.  Poss ib le  t he  small range i n  
values over t h e  swmner i n  t h e  Patuxent r e su l t ed  from averaging t h e  high C:N r a t i o s  
associated with higher  p l an t  mater ia l  with t he  lower r a t i o s  assoc ia ted  with phyto- 
plankton (Gucluer & Gross 1964). 

Par t icu la te  carbon (PC) was h igh ly  co r r e l a t ed ,  r< 0.80, with- PN a t  Trueman 
Point (bottom), Broome Is land  ( sur face  and bottom) , an3  Sandy Point (surface and 
bottom) (Table 3 ) .  A t  Sheridan Point and seaward, except Queen Tree, we observed 
that PC with chlorophyll  a and PN with chlorophyll  $were s i gn i f i c an t l y  co r r e l a t ed  
(Table 3 ) .  These cor re la7 ions  a r e  more l i k e l y  i n  t h e  more seaward of t he  es tuary  
where phytoplanktonic mater ial  i s  r e l a t i v e l y  more abundant than upstream where 
considerable mater ia l  i s  derived from upland drainage. I n e a r l i e r  work we observed 
that PN x chlorophyll  a were highly co r r e l a t ed  a t  t h e  more seaward s t a t i o n s ,  (e.  
g . ,  Trueman Point and xeaward t o  Queen Tree) .  Brooks (1970) reported f o r  t h e  
Brazos River, Texas, t h a t  t h e  p a r t i c u l a t e  organic carbon was d i r e c t l y  r e l a t e d  t o  
river discharge. In  t h e  Patuxent autochthonous sources of p a r t i c u l a t e  organic 
carbon probably mask t h e  r e l a t i o n s h i p  between r i v e r  flow and t he  concentrat ion 
of par t iculate  carbon, e spec i a l l y  a t  t h e  more seaward s t a t i o n s .  

The measured r a t i o  of PC:chlorophyll a i s  another way t o  view the  r e l a t i o n -  
ship between l i v ing  a l g a l  mater ia l  and t h e  t o t a l  suspended p a r t i c u l a t e  carbon 



Table 3. Correlation coefficients equal t o  o r  greater  than +0.80 o r  -0.70. 
Post-Agnes study, Patuxent River Estuary, 28 June-30 August 1972. ct at ion 

Nottingham 
Surface Positive 

NO2 x T D N  0.87 7 0.998 
NO3 x TDN 0.97 7 1,000 
NOS x TDP 0.87 7 0.998 
TDN x DIP 0.95 7 1.990 
TDN x TDP 0.87 7 0.998 
DIP x TDP 0.90 7 0.999 
TCL x ACL 0.996 8 1.000 

Negative 
NO3 x PC -0.86 8 0.999 
NOg x TCL -0.86 8 0.999 
NO3 x ACL -0.82 8 0.997 
NH3 x TCL -0.85 6 0.992 
NH3 x ACL -0.82 6 0.988 I 
TDN x PN -0.75 7 0.983 
TDN x PC -0.83 7 0.994 
TDN x TCL -0.81 7 0.992 
TDN x ACL -0.76 7 0.985 
TDN x SAL -0.77 7 0.987 
TDP x PC -0.91 7 0.999 
TDP x ACL -0.74 7 0-982 
TP x SAL -0.78 S 0.968 

Bottom Positive 
PN x TCL 0.92 7 1.000 
PN x ACL 0.92 7 0.994 
TCL x ACL 0.99 8 1.000 

Negative (none) 

I 
Lower Marlboro 

Surface Positive 
TCL x ACL 0.99 

i Bottom ~ o g i t i v e  - 
PC x SES 0.95 7 1.000 

! TCL x ACL 0.99 8 1.000 
Negative (none) 

Trueman Point 
Surf ace Positive 

I 
TCL x ACL 0.99 9 1.000 

Negative (none) 
i 

Bottom Positive 
PN x PC 0.84 9 0.999 

4 I 
1 

PN x SES 0.83 8 0.999 
TCL x ACL 1.00 9 1.000 

Negative (none) 

Benedict Bridge 
Surface Positive 

f NO2 x NO3 0.99 9 1.000 
% NO2 x TDN 0.88 8 0.999 
lk NO3 x TDN 0.88 8 0.999 I I 
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Posit ive 
NO2 x DIP 0.82 9 0.998 
T C ~  x ACL 0.99 

Negative 
NO2 x SAL -0.78 
NOg x TCL -0.74 
NO3 x ACL -0.76 
NO- r SAL -0-76 
TDfi x PC -0.71 8 0.984 
TDN x SAL -0.78 8 0.993 
DIP x SAL -0.70 9 0.987 

Bottom Posit ive 
TCI. r ACL 1-00 9 1.000 

Negative 
PC x SES -0.71 

Sheridan Point 
Surface Posit ive 

PN x TCL 0.96 9 1.000 
PN x ACL 0.96 9 1.000 
TCL x ACL 0.98 9 1.000 

Negative (none) 
Bottom Posit ive 

TCI. r ACL 0.96 9 1.000 I 
Negative (none) 

Queen Tree 
Surface Posit ive 

NO, x TDN 0.85 9 0.999 
TDP x SAL 0.84 9 0.999 
TCL x ACL 0.99 9 1.000 

Negative (none) 
Positive Bottom 

TCL x ACL 0.97 9 1.000 
Negative (none) 

roome Island 
Surface Posit ive 

PN x P C  0.97 9 1.000 
PN x TCL 0.94 9 1.000 
PN x ACL 0.93 9 1.000 
PN x SES 0.90 8 1.000 
PC x TCL 0.90 9 1.000 
PC x ACL 0.89 9 1.000 
PC x SES 0.89 8 0.994 
TCL x ACL 1.00 9 1.000 

Negative (none) 
Bottom Posit ive 

PN x PC 0.80 9 0.998 
PN x SES 0.82 8 0.999 
PC x SES 0.95 8 1.000 
TCL x ACL 0.87 9 0.999 

Negative (none) I! 
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Table 3. (Cont'd) 
(Figs. 9, 

l e s s  tha 
Surface Positive 1970) an 

Nn- Y NU- n ~7 n oaa AS discu 

PN x PC 0.84 9 0.999 .q 

PN x TCL 0.87 9 0.999 
dl 

d 
PN x ACL t 0.86 9 0.999 
TP x TCL 0.93 6 0.999 
TP x ACL 0.94 6 0.999 
TCL x ACL 1-00 9 1.000 '1 

Negative 
NO3 x TDP -0-73 8 0.988 

DON x TP 
Bottom 

PN x PC 
PN x TCL 
PN x ACL 
PC x TCL 
PC x ACL 
TCL x ACL 

0.94 9 1.000 .e 

0.86 9 0.999 ;1 
1 

0.87 9 0.999 
0.94 9 1.000 
0.95 9 1.000 
1.00 9 1.000 

Negat iue (none) 

l iv ing a 
oratory 
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(Figs. 9a and 9b) .  High r a t i o s  i n d i c a t e  a r e l a t i v e l y  low c o n t r i b u t i o n  o f  l i v i n g  
plant m a t e r i a l .  Throughout most o f  t h e  s t u d y  t h e  r a t i o  was l e s s  t h a n  100:1, and 
frequently v a l u e s  between 35 and 5 0 : l  were observed.  These r a t i o s  a r e  c o n s i s t e n t l y  
less than t h o s e  observed d u r i n g  e a r l i e r  summer work on t h e  River  (Flemer e t  a l .  
1970) and t h e s e  low r a t i o s  a r e  b e l i e v e d  t o  be  a t y p i c a l  of t empera te  c o a s t a l  wa te r s .  
As discussed i n  t h e  p reced ing  paragraph,  t h e s e  r a t i o s  sugges t  a h i g h  pe rcen tage  o f  
living a l g a l  ca rbon  r e l a t i v e  t o  t h e  t o t a l  measured p a r t i c u l a t e  carbon.  Many l ab -  
oratory a l g a l  c u l t u r e s  under  good growth c o n d i t i o n s  w i l l  have C:chl  a r a t i o s  be- 
tween 30:l and 5 0 : l  (Parsons  e t  a l .  1961). R a t i o s  g r e a t e r  t h a n  150 : l  were a s s o -  
ciated with t h e  e a r l y  washout o f  t h e  phytoplankton,  and h i g h  r a t i o s  fo l lowed t h e  
sudden d e c l i n e  from r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  of c h l o r o p h y l l  a, e s p e c i a l l y  
at Benedict Bridge and seaward d u r i n g  t h e  l a t t e r  p a r t  o f  r h i s  s t u d y .  We a t t empted  
to use t h e  r a t i o  o f  50 : l  o f  PC:chlorophyl l  a t o  p a r t i t i o n  t h e  measured s u r f a c e  PC 
into tha t  r e l a t e d  t o  l i v i n g  phytoplankton azd a r e s i d u a l  (Fig .  10 ) .  The r e s i d u a l  
would presumably c o n t a i n  m a t e r i a l  from such s o u r c e s  a s  d e t r i t u s  and smal l  h e t e r o -  
troplls. Some i n c o n s i s t e n t  r e s u l t s  were noted,  e s p e c i a l l y  a t  t h e  most ups t ream 
station, Nottingham; however, t h e  u s e  o f  a r e a s o n a b l e  b u t  s t i l l  lower r a t i o  of 30: 
1 eliminated most i n c o n s i s t e n c i e s ,  except  a t  Nottingham. Average v a l u e s  by s t a -  
tion, exclus ive  o f  Nottingham, o f  t h e  p e r c e n t  l i v i n g  carbon ranged between 52 and 
79%. No c l e a r  a x i a l  t r e n d  a long  t h e  e s t u a r y  was noted i n  t h i s  a n a l y s i s .  

An e f f o r t  was made t o  a s s e s s  t h e  impact o f  Agnes i n  t e rms  of t h e  r a t i o  o f  
dissolved i n o r g a n i c  n i t r o g e n  (DIN) t o  d i s s o l v e d  ino rgan ic  phosphate-phosphorus 
(DIP) (Table 4 ) .  T y p i c a l l y ,  d u r i n g  t h e  summer i n  many t empera te  c o a s t a l  w a t e r s ,  
the r a t ios  o f  D1N:DIP a r e  l e s s  t h a n  15-10:l  (Ryther  & Dunstan 1971) which i s  
interpreted t h a t  n i t r o g e n  would probably  become l i m i t i n g  t o  phy top lank ton ic  growth 
before phosphorus. F requen t ly ,  t h e  r a t i o  o f  D1N:DIP was less t h a n  5 : l  du r ing  t h e  
s m e r  s t u d i e s  o f  1969 and 1970 (Flemer e t  a l .  1970).  The r a t i o s  i n  t h e  R ive r  
following Agnes were u s u a l l y  v e r y  h i g h ,  o f t e n  between 15 and 50:1 ,  except a t  
Benedict Bridge and Queen Tree  from 9 August t o  23 August where s e v e r a l  v a l u e s  
approximated 1 t o  2. These low r a t i o s  were g e n e r a l l y  c o n s i s t e n t  wi th  h igh  concen- 
trations of c h l o r o p l ~ y l l  a .  The r a p i d  d e c l i n e  o f  t h i s  bloom fo l lowing  t h e  v e r y  
low D1N:DIP r a t i o  i s  some evidence  t h a t  n i t r o g e n  may have c o n t r o l l e d  maximum 
plant biomass. A t  Sandy P o i n t  t h e  r a t i o  o f  D1N:DIP remained f a i r l y  h igh ,  a f a c t  
which we would n o t  have p r e d i c t e d  based on t h e  p r e s e n t  and p r e v i o u s  work i n  t h e  
River. I t  i s  p o s s i b l e  t h a t  t h e  n u t r i e n t .  regime i n  t h e  main stem o f  t h e  Bay i n -  
fluenced t h e  p a t t e r n  no ted  a t  Sandy P o i n t .  

Table 4. The r a t i o  o f  d i s s o l v e d  i n o r g a n i c  n i t r o g e n  t o  d i s s o l v e d  i n o r g a n i c  
phosphate-phosphorus,  P a t w e n t  R ive r  Post-Agnes Study,  summer 1972. 

S t a t i o n s  
Benedict  Bridge Queen T r e e  Sandy P o i n t  

a. 
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probably dominated the nutrient uptake kinetics, especially from 9 to 23 August. 

ratio was.greater than 127:l. These ratios indicate that often the particulate 
material is richer in P relative to C. Below the euphotic zone in the ocean the 
particulate material usually is phosphorus poor relative to carbon and nitrogen 
(Menzcl 6 Rythcr 1964). The question is still open regarding the relative propor- 
tion of dissolved phosphorus that is associated with inorganic material between 
-the open sea and coastal waters. 

Stations 

107:lO:l 

FLUX of Materia2 t o  the Head of the Estuary 

We estimated that about 5.6 x lo3 metric tons of seston, 262 metric tons of 

available at this time. The estimate is probably conservative when compared to 
other observations during high flows (Flemer etal. 1970). Further estimates are 
possible if we assume that the ratio of the various fractions, e.g., PC and TDN, 
relative to seston contributed between 25 June and 2 September would apply during 
peak flows of Agnes. This crude approach yielded the following estimates of flux 
between 21 and 24 June: PC = 696, PN = 121, TDN = 352, and TDP = 28 metric tons, 
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I t  i s  o n l y  p o s s i b l e  t o  g i v e  a  s e m i q u a n t i t a t i v e  comparison o f  t h e  f l u x  of 
m a t e r i a l  between Agnes and J u l y  1969 s i n c e  on ly  t h r e e  samples were t aken  between 
t h e  end o f  J u n e  and t h e  end o f  August 1969. However, f o r  s i m p l i c i t y ,  t h e  r e l a t i v e  
f lows a r e  i n s t r u c t i v e .  We e s t i m a t e d  t h a t  f o r  28 J u l y  1969 and 22 June  1972, t imes  
o f  peak f lows,  t h a t  3,104 and 42,554 c f s  o f  wa te r ,  r e s p e c t i v e l y ,  were d e l i v e r e d  t o  . 

t h e  head o f  t h e  e s t u a r y .  A s  a  minimum, t h e  impact o f  Agnes was 14 t i m e s  t h a t  o f  
t h e  r a i n f a l l  o f  J u l y  1969 i n  t e rms  o f  wa te r  t r a n s p o r t e d  t o  t h e  upper  e s t u a r i n e  

meas1 

Bay), t h e  Ythan e s t u a r y  r e c e i v e d  abou t  1 6 . 8  kg o f  i n o r g a n i c  phosphate  d u r i n g  t h e  
summer. By comparison,  we e s t i m a t e d  t h a t  abou t  360 kg of t o t a l  d i s s o l v e d  phos- 
phorus  p e r  t i d a l  c y c l e  on t h e  a v e r a g e  e n t e r e d  t h e  Pa tuxen t  e s t u a r y  from upst ream 
between 25 June  and 2  September.  We shou ld  emphasize t h a t  most o f  t h e  d i s s o l v e d  

GENERAL DISCUSSION 

' E a r l i e r  work i n  t h e  Patuxent  R ive r  e s t u a r y  showed t h a t  t h e  upper  t i d a l  system 
probab ly  b o r d e r s  on h y p e r t r o p h i c a t i o n  ( S t r o s s  & S t o t t l e m y e r  1965; Herman e t  a l .  
1968; Flemer e t  a l .  1970).  Impor tant  i n c r e a s e s  i n  r e c e n t  y e a r s  have occur red  i n  
pr imary p r o d u c t i v i t y ,  t h e  c o n c e n t r a t i o n  of c h l o r o p h y l l  a ,  n i t r o g e n ,  and phosphorus. 

Patuxent  and Potomac R i v e r s  a r e  q u i t e  s i m i l a r  (Brush 1972) .  Other  f a c t o r s  s u r e l y  
p l a y  impor tan t  r o l e s .  For  example, t h e  e x t e n s i v e  t i d a l  marshes c h a r a c t e r i s t i c  of 
t h e  Pa tuxen t ,  b u t  n o t  abundant i n  t h e  upper  Potomac, may p l a y  t h e  r o l e  of a  t e r -  
t i a r y  t r e a t m e n t  system. S a l t  marsh p l o t s  n e a r  Woods Hole!, Mass., have been shown 

p o r t a n t  c o n t r o l l i n g  mechanism t o  e x c e s s i v e  biomass (He in le  1974) .  If a n  a d d i t i o n a l  
t r o p h i c l e v e l  o c c u r s  between phytoplankton and copepods,  t h e n  it is suspec ted  t h a t  " 

g r a z i n g  w i l l  b e  an impor tan t  r e g u l a t o r  t o  t h e  s t a n d i n g  c r o p  o f  phytoplankton.  Un- 
f o r t u n a t e l y ,  w e  were unab le  t o  o b t a i n  d a t a  on zooplankton d u r i n g  t h i s  s t u d y  t o  a i d  
i n  i n t e r p r e t a t i o n  of t h e i r  r a t e  o f  g r a z i n g  d u r i n g  t h e  ext reme hydrograph ic  condi-  

o f  up take  k i n e t i c s  o r  development o f  a l g a l  biomass.  

The f a c t  t h a t  modera te ly  h igh  c o n c e n t r a t i o n s  o f  phy top lank ton ic  biomass 
occurred d u r i n g  t h i s  s t u d y  compared t o  p r e v i o u s  s t u d i e s  i n  t h e  Pa tuxen t  p robab ly  
is s t r o n g l y  l i n k e d  t o  washout. The apparen t  d isplacement  o f  h igh  c h l o r o p h y l l  
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concentrations seaward t o  Lower Marlboro a f t e r  about  26 J u l y  r e f l e c t  t h e  dominance 
of o ther  f a c t o r s  t h a t  a r e  known t o  c o n t r o l  phytoplankton biomass.  Though o t h e r  
nutrients were no t  measured. we would s u s p e c t  from t h e  N:P r a t i o s  t h a t  n i t r o g e n  
played an  impor tant  r o l e .  Welch e t  a l .  (1972) have shown t h a t  phytoplankton blooms 
in the Duwamish e s t u a r y  ( S e a t t l e ,  Washington) a r e  s t r o n g l y  i n f l u e n c e d  by hydro- 
graphic c o n d i t i o n s .  

Comparative in fo rmat ion  o b t a i n e d  i n  o u r  post-Agnes s t u d y  shows t h a t  f a c t o r s  
measured i n  t h e  Patuxent  a r e  h i g h  r e l a t i v e  t o  most t empera te  e s t u a r i e s ;  Thayer 
(1971) h a s  summarized much o f  t h e  p e r t i n e n t  d a t a  f o r  t h e s e  sys tems.  L i t t l e  i n -  
formation is  pub l i shed  on t h e  e f f e c t s  o f  l a r g e  f l o o d s  on wa te r  q u a l i t y  i n  t empera te  
estuarine sys tems.  A phenomenon of comparat ive  i n t e r e s t  i s  t h e  monsoon r a i n  t h a t  
occurs i n  some t r o p i c a l  a r e a s .  These d i s t u r b a n c e s  a r e  a p a r t i a l  n a t u r a l  ana log  t o  
Agnes i n  t l ie  Pa tuxen t .  I n  t h e  Cochin Backwater, S. W.  I n d i a ,  t h e  d e p t h  p r o f i l e  
o f n u t r i c n t s ,  e . g . ,  n i t r o g e n  and phosphorus,  showed a marked seasona l  change i n -  
duced by l and  r u n o f f  (Sankaranarayanan & Qasim 1969). The system changes annua l ly  
irom a mar ine  e s t u a r y  d u r i n g  t h e  premonsoon pe r iod  t o  a f r e s h w a t e r  system d u r i n g  
the monsoon p e r i o d .  A t  t i m e s  of maximum d i s c h a r g e  and t u r b i d i t y ,  t h e  q u a n t i t y  o f  
settled d e t r i t u s  was compara t ive ly  low. T h i s  r e s u l t e d  from t h e  s t r o n g  s t r a t i f i -  
cation o r  h a l o c l i n e  t h a t  developed i n  t h e  e s t u a r y  (Qasim and Sankaranarayanan 
1972). I n  S.  E .  I n d i a  t h e  n u t r i e n t s  were i n c r e a s e d  wi th  monsoon season  i n  t h e  
Vellar e s t u a r y  (Krishnamurthy 1967).  For example, t o t a l  phosphorus ranged be- 
tween 1.01 and 5.05 ug a t  l i t e r - 1  n e a r  t h e  mouth o f  t h e  V e l l a r  e s t u a r y .  We would 
n o t  l i k e  t o  overdraw t h e  above comparison,  bu t  t i le  p a r t i a l  environmenta l  p a r a l l e l  
seemed worthy o f  mention.  

Ra t ios  o f  C:N:P and C:chl a and N:chl a used t o  c h a r a c t e r i z e  t h e  p a r t i c u l a t e  
material sugges t  t h a t  some impor tant  e f f e c t s  r e s u l t e d  from Agnes. Genera l ly ,  t h e  
emergent p i c t u r e  shows t h a t  much o f  t h e  suspended m a t e r i a l  found i n  c o a s t a l  wa te r s ,  

living a l g a l  ca rbon  t o  t o t a l  p a r t i c u l a t e  carbon seemed q u i t e  h igh .  Some specu- 
lations might prove u s e f u l ,  and t h e y  may b e  t e s t e d  a s  hypotheses  under  experimen- 
tal cond i t ions .  I t  i s  surmised t h a t  t h e  l a r g e - s c a l e  f l u s h i n g  o f  t h e  e s t u a r y  f o l -  
lowing Agnes reduced t h e  numbers of  many g r a z e r s  and, consequent ly ,  t h e  abundant 
fecal p e l l e t s  u s u a l l y  observed i n  wa te r  samples from t h e  Patuxent  (Heinle ,  p e r s .  
corn.). Also,  t h e  d e t r i a l  carbon der iv 'ed  from upland d r a i n a g e  a p p a r e n t l y  was d i -  
luted. I t  should  b e  no ted  t h a t  we d i d  n o t  obse rve  e x c e p t i o n a l l y  h igh  l ev -e l s  o f  
part iculate carbon.  Consequences o f  a h igh  p e r c e n t  o f  l i v i n g  carbon i n  a system 
usually dominated by d e t r i t a l  carbon would be  i n t e r e s t i n g  t o  examine i n  t e rms  o f  
food web dynamics. 

In t h e  wake o f  an  even t  such a s  Agnes w e  were i n t e r e s t e d  t o  l e a r n  i f  t h e  f l u x  
of p a r t i c u l a t e  carbon t h a t  e n t e r e d  t h e  t i d a l  f r e s h  wa te r s  above Nottingham was a 
significant f r a c t i o n  compared t o  pr imary p r o d u c t i q  i n  t h e  e s t u a r y .  Cronin  (1971) 
gives the  mean low wa te r  a r e a  of  t h e  Patuxent  from t h e  mouth t o  approximate ly  
Nottingham a s  137 x 106m2. A s  a  f i r s t  approximat ion,  we can  assume t h a t  n e t  p r i -  
mary production averaged about  1 g ~ m - ~  day ( S t r o s s  & S o t t t l e m y e r  1965).  Tur- 
bidity caused t h e  r a t e  t o  become somewhat h ighe r  downriver and l e s s  i n  t h e  upper  
portion o f  t h e  e s t u a r y .  Thus 10.1  x l o 9  gC were e s t i m a t e d  t o  be  f i x e d  pho tosy the t -  
ically in  t h e  e s t u a r y  from 21 June  t o  2 September 1972. Thus, 10 .1  x l o 3  m e t r i c  
tons of f i x e d  carbon from phytoplankton a c t i v i t y  f a r  exceed t h e  e s t i m a t e d  958 met- 
ric tons o f  PC d e r i v e d  from upland d r a i n a g e  above Nottingham. I t  i s  r e a s o n a b l e  
to assume t h a t  Agnes c o n t r i b u t e d  much o r g a n i c  m a t e r i a l  t o  t h e  head of  t h e  e s t u a r y  
where pho tosyn thes i s  was minimal on an  a r e a l  b a s i s ,  bu t  ove r  t h e  10-week p e r i o d  
following t h e  s torm,  t h e  a l loch thonous  sources  of PC were q u a n t i t a t i v e l y  minor 
for the whole e s t u a r y .  
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Compare t h i s  r e s u l t  with t h a t  obtained froiri t he  upper Chesapeake Bay, where 
on an annual b a s i s  t h e  PC der ived from upland drainage cons t i t u t ed  about 90% of 
t he  PC pool (Biggs 4 Flemer 1972). In t he  S t r a i t  of Georgia, B r i t i s h  Columbia, 
t h e  al lochthonous organic mater ia l  contr ibuted pe r  year  by upland drainage apprex- 
imated t he  na tu ra l  pr-ima-ry p r o d u ~ t i o n  of t he  a r ea  (Seki, Stephens, 4 Parsons 1969). 
Thus, f o r  coas t a l  bodies of water,  t h e r e  is  a broad range i n  t he  r e l a t i v e  amount 
of PC derived from land sources compared t o  na tu ra l  primary production. 
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APPENDIX 
PATUXENT RIVER POST-AGNES DATA SUMMARY, SUMMER OF 1972 

Seston (mg 1i ter- l )  
Date 

Stat ion 6/28 7/5 7/12 7/19 7/26 8/2 8/9 8/16 8/23. 8/30 

Sandy Pt. T 33 12 2 0 20 2 0 12 16 - - 24 - 12 
B 45 2 0 2 8 32 2 8 24 24 - - 2 5 16 

Broome Is .  T 27 16 16 24 20 20 16 - - 48 28 
B 45 24 28 28 25 68 ' 24 - - 70 24 

Queen T 40 16 28 2 25 20 2 0 - - 2 0 28 
Tree B 35 2 0 36 32 20 56 24 - - 24 24 

Sheridan 'T 40 64 35 28 2 5 16 24 - - 24 32 
Pt. B 35 36 4 8 36 25 2 5 28 -- 28 28 

Benedict T 50 24 5 6 36 45 24 36 -- 35 36 
Br . B 55 44 4 8 25 35 64 40 - - 35 2 0 

'hueman T 87 67 48 50 64 35 32 - - 48 32 
Pt. B 80 120 48 40 35 64 64 - - 4 8 48 

L. Marl- T 40 4 7 32 32 48 56 24 - - - - 24 
boro B 60 170 4 0 40 40 136 24 - - - 4 0 

Notting- T 27 54 24 32 4 8 72 32 - - - - 24 
ham B 40 54 4 0 32 48 168 48 -- - - 24 

. . 

Active chlorophyll (mg m-3) 
. . 

Date - ~ 

Stat ion 6/28 7/5 7/12 7/19 7/26 8/2 8/9 8/16 8/23 ' 8/30' 

SandyPt. T 46.0 13.2 33.5 35.9 31.2 19.2 38.3 9.3 44.9 54.5 
B 2.0 5.7 3.6 38.3 18.0 26.3 10..2 55.1 9.9 6.3 

Queen T 24.0 21.6 25.2 34.7 10.7 14.4 55.1 19.2 15.0 36.5 
Tree B 1.5 6.9 3.2 6.8 14.4 6.5 18.0 3.6 7.3 1.1 

Sheridan T 9.5 11.0 14.7 29.9 10.8 19.2 53.8 26.3 31.5 43.1 
Pt. B 3.5 4.2 5.2 7.2 20.3 7.3 12.0 5.2 11.6 1.6 

Benedict T 3.0 8.7 15.6 29.9 35.3 13.2 49.4 19.2 29.2 38.3 
Br . B 2.0 6.8 9.6 39.0 49.1 10.8 40.4 27.5 15.5 18.0 

Trueman T 6.0 8.6 16.3 29.9 28.7 10.8 46.4 31.1 23.9 18.9 
Pt. B 4.0 8.7 14.9 28.7 38.3 8.2 34.4 28.7 27.5 19.2 

L.Mar1- T 6.0 5.0 17.8 43.1 69.4 20.3 33.4 35.9 -- 33.5 
bore B 5.0 6.6 19.7 38.3 20.3 26.4 23.9 31.1 -- 35.5 

Notting- T 4.0 5.5 15.5 7.0 81.4 71.8 105.3 45.4 -- 74.2 
ham B 4.0 6.0 10.2 6.6 103.0 105.3 35.9 52.6 -- 75.3 
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Post-Agnes study, Summer 1972. 

Figure 3b. Bottom concentration of act ive  chlorophyll a (mg m-3) 
observed in  the Patuxent River estuary during the 
Post-Agnes study, Summer 1972. 





Figure 5b. Bottom concentrat ion of p a r t i c u l a t e  ni t rogen 
(p moles l i t e r - ' )  observed i n  t h e  Patuxent River 
es tuary  during t h e  Post -Agnes s tudy,  Summer 1972. 









Figure 9a. The part iculate  carbon: chlorophyll a r a t i o  
f or  the  surface waters, Patuxent ~ i v &  Post- 
Agnes study, Sumer 1972. 
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Figure 9b. The part iculate  carbon: chlorophyll a r a t i o  
f or  the  bottom waters, Patuxent River Post- 
Agnes study, Summer 1972. 






