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Preface 

During June 1972 Tropical Storm Agnes released record amounts of rainfall on the watersheds of 
most of the major tributaries of Chesapeake Bay. The resulting floods, categorized as a once-in-100-to-
200-year occurrence, caused perturbations of the environment in Chesapeake Bay, the nation's greatest 
estuary. 

This volume is an attempt to bring together analyses of the effects of this exceptional natural 
event on the hydrology, geology, water quality, and biology of Chesapeake Bay and to consider the 
impact of these effects on the economy of the Tidewater Region and on public health. 

It is to be hoped that these analyses of the event will usefully serve government agencies and 
private sectors of society in their planning and evaluation of measures to cope with and ameliorate 
damage from estuarine flooding. It is also to be hoped that the scientific and technical sectors of 
society will gain a better understanding of the fundamental nature of the myriad and interrelated 
phenomena that is the Chesapeake Bay ecosystem. Presumably much of what was learned about 
Chesapeake Bay will be applicable to estuarine systems elsewhere in the world. Most of the papers 
comprising this volume were presented at a symposium held May 6-7, 1974, at College Park, Mary­
land, under the sponsorship of the Chesapeake Research Consortium,Inc., with support from the 
Baltimore District. U.S. Army Corps of Engineers (Contract No. DACW 3 l-73-C-0189). An early and 
necessarily incomplete assessment, The Effects of Hurricane Agnes on the Environment and Organisms 
of Chesapeake Bay was prepared by personnel from the Chesapeake Bay Institute (CBI), the Chesa­
peake Biological Laboratory (CBL), and the Virginia Institute of Marine Science (VIMS) for the 
Philadelphia District, U.S. Army Corps of Engineers. Most of the scientists who contributed to the 
early report conducted further analyses and wrote papers forming a part of this report on the effects 
of Agnes. Additional contributions have been prepared by other scientists, most notably in the fields 
of biological effects and economics. 

The report represents an attempt to bring together all data, no matter how fragmentary, re­
lating to the topic. The authors are to be congratulated for the generally high quality of their work. 
Those who might question, in parts of the purse, the fineness of the silk must keep in mind the nature 
of the sow's ears from which it was spun. This is not to disparage the effort, but only to recognize 
that the data were collected under circumstances which at best were less than ideal. When the flood 
waters surged into the Bay there was no time for painstaking experimental design. There were not 
enough instruments to take as many measurements as the investigators would have desired. There 
were not enough containers to obtain the needed samples or enough reagents to analyze them. There 
were not enough technicians and clerks to collect and tabulate the data. While the days seemed far too 
short to accomplish the job at hand, they undoubtedly seemed far too long to the beleaguered field 
parties, vessel crews, laboratory technicians, and scientists who worked double shifts regularly and 
around the clock on many occasions. To these dedicated men and women, whose quality of perform­
ance and perseverance under trying circumstances were outstanding, society owes an especial debt of 
gratitude. 

It should be noted that the Chesapeake Bay Institute, the Chesapeake Biological Laboratory, and 
the Virginia Institute of Marine Science, the three major laboratories doing research on Chesapeake 
Bay, undertook extensive data-gathering programs, requiring sizable commitments of personnel and 
equipment, without assurance that financial support would be provided. The emergency existed, and 
the scientists recognized both an obligation to assist in ameliorating its destructive effects and a rare 
scientific opportunity to better understand the ecosystem. They proceeded to organize a coordinated 
program in the hope that financial arrangements could be worked out later. Fortunately, their hopes 
proved well founded. Financial and logistic assistance was provided by a large number of agencies 
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that recognized the seriousness and uniqueness of the Agnes phenomenon. A list of those who aided 
is appended. Their support is gratefully acknowledged. 

This document consists of a series of detailed technical reports preceded by a summary. The 
summary emphasizes effects having social or economic impact. The authors of each of the technical 
reports are indicated. To these scientists, the editors extend thanks and commendations for their 
painstaking work. 

Several members of the staff of the Baltimore District, U.S. Army Corps of Engineers, worked 
with the editors on this contract. We gratefully acknowledge the helpful assistance of Mr. Noel E. 
Beegle. Chief. Study Coordination and Evaluation Section, who served as Study Manager; Dr. James 
H. McKay. Chief, Technical Studies and Data Development Section; and Mr. Alfred E. Robinson, Jr., 
Chief of the Chesapeake Bay Study Group. 

The editors are also grateful to Vickie Krahn for typing the Technical Reports and to Alice Lee 
Tillage and Barbara Crewe for typing the Summary. 

The Summary was compiled from summaries of each section prepared by the section editors. I 
fear that it is too much to hope that, in my attempts to distill the voluminous, detailed, and well­
prepared pape_rs and section summaries, I have not distorted meanings, excluded useful information 
or overextended conclusions. For whatever shortcomings and inaccuracies that exist in the Summary, 
I off er my apologies. 
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Jackson Davis 
Project Coordinator 



Acknowledgements 

The Chesapeake Research Consortium, Inc. is indebted to the following 
groups for their logistic and/or financial aid to one or more of the 
consortium institutions in support of investigations into the effects of 
Tropical Storm Agnes. 

U. S. Army 
Corps of Engineers, Baltimore District 
Corps of Engineers, Norfolk District 
Corps of Engineers, Philadelphia District 
Transportation Corps, Fort Eustis, Virginia 

U. S. Navy 
Naval Ordnance Laboratory 
Coastal River Squadron Two, Little Creek, Virginia 
Assault Creek Unit Two, Little Creek, Virginia 
Explosive Ordnance Disposal Unit Two, Fort Story, Virginia 
Naval Ordnance Laboratory, White Oak, Maryland 

U. S. Coast Guard 
Reserve Training Center 
Coast Guard Station, Little Creek, Virginia 
Portsmouth Supply Depot 
Light Towers (Diamond Shoal, Five Fathom Bank, and Chesapeake) 

National Oceanic and Atmospheric Administration 
National Marine Fisheries Service (Woods Hole, Massachusetts and 

Sandy Hook, New Jersey) 

The National Science Foundation 

Food and Drug Administration 

Environmental Protection Agency 

U. S. Office of Emergency Preparedness 

State of Maryland, Department of Natural Resources 

Commonwealth of Virginia, Office of Emergency Preparedness 

vii 



TABLE OF CONTENTS 

Preface ..... 

Acknowledgements 

SUMMARY • •••. 

Hydrological Effects. 

Tne Storm and Resulting Flood .. 
Effects of Flood Waters on the Salinity Distribution in 

Chesapeake Bay, Its Major Tributaries and Contiguous 
Continental Shel± .............. . 

Effects of Agnes Flooding on Smaller Tributaries to 
Chesapeake Bay . . . . . . 

Geological Effects 

water Quality Effects. 

Biological Effects . 

Shellfishes. 
Fishe!:; ... 
Blue Crabs. 
Aquatic Plants 
Jellyfish .... 
Plankton and Benthos 

Economic Impact .... 

Shellfish and Finfish Industries. 
Economic Impact on Recreation Industries and Users . 
Other Impacts .... 

Public Health Impacts. 

Shellfish Closings. 
Water Contact Closings ... 
Shellfish Contamination. 
Waterborne Pathogens .. 
Miscellaneous Hazards .. 

APPENDICES: TECHNICAL REPORTS 

A. Hydrological Effects 

Effects of Agnes on the distribution of salinity along the 
main axis of the bay and in contiguous shelf waters, 
Schubel, Carter, Cronin . ............. . 

ix 

V 

vii 

1 

1 

1 

6 

12 

12 

15 

16 

16 
18 
19 
19 
19 
19 

20 

21 
23 
27 

27 

28 
28 
28 
29 
29 

33 



Changes in salinity structure of the James, York and 
Rappahannock estuaries resulting from the effects 
of Tropical Storm Agnes, Hyer, Ruzecki ... 

The effects of the Agnes flood in the salinity structure 
of the lower Chesapeake Bay and contiguous waters, 
Kuo, Ruzecki, Fang. . . . . . ... 

Flood wave-tide interaction on the James River during 
the Agnes flood, Jacobson, Fang. . ...... . 

Daily rainfall over the Chesapeake Bay drainage basin 
from Tropical Storm Agnes, Astling . ..... . 

The effect of Tropical Storm Agnes on the salinity 
distribution in the Chesapeake and Delaware Canal, 
Gardner. . . . . . . ........ . 

Agnes impact on an eastern shore tributary: Chester 
River, Maryland, Tzou, Palmer . .... 

Tributary embayment response to Tropical Storm Agnes: 
Rhode and West rivers, Han . .... 

Rhode River water quality and Tropical Storm Agnes, 
Cory, Redding. . . . . . . . . . . . . . . . 

B. Geological Effects 

Effects of Agnes on the suspended sediment of the Chesapeake 

66 

81 

104 

118 

130 

136 

149 

168 

Bay and contiguous shelf waters, Schubel . . . . . . . . . 179 

Response and recovery to sediment influx in the Rappahannock 
estuary: a summary, Nichols, Thompson, Nelson. . . . . . 201 

The effects of Tropical Storm Agnes on the copper and zinc 
budgets of the Rappahannock River, Huggett, Bender. 205 

Agnes in Maryland: Shoreline recession and landslides, 
McMuHan . . . . . . . . . . . . . . . . . . . 216 

Chester River sedimentation and erosion: equivocal evidence, 
Palmer . . . . . . . . . . . . . . . . . . . . . . . . . 223 

Effect of Tropical Storm Agnes on the beach and nearshore 
profile, Kerhin. . . . . . . . . . . . . . . . . . . 227 

Agnes in the geological record of the upper Chesapeake Bay, 
Schubel, Zabawa. . . . . . . . . . . . . . . . . . . 240 

X 



C. Water Quality Effects 

Some effects of Tropical Storm Agnes on water quality 
in the Patuxent River estuary, Flemer, Ulanowicz, 
Taylor . . . . . . . . . . . . . . . . . 251 

Indirect effects of Tropical Storm Agnes upon the Rhode 
River, CorreU . . . . . . . . . . 288 

Effects of Tropical Storm Agnes on nutrient flux and 
distribution in lower Chesapeake Bay, Smith, MacIntyre, 
Lake, Windsor. . . . . . . . . . . . . . . . . . . . . . . 299 

Effects of Agnes on the distribution of nutrients in 
upper Chesapeake Bay, Schubel, Taylor, Grant, Cronin, 
Glendening . . . . . . . . . . . . . . . 311 

The effect of Tropical Storm Agnes on heavy metal and 
pesticide residues in the eastern oyster from southern 
Chesapeake Bay, Bender, Huggett. . . . . . . . . . . . 320 

Effects of Agnes on the distribution of dissolved oxygen 
along the main axis of the bay, Schubel, Cronin. . 335 

Observations on dissolved oxygen conditions in three 
Virginia estuaries after Tropical Storm Agnes 
(summer 1972), Jordan. . . . . . . . . . . . . . . . 348 

The effect of Tropical Storm Agnes as reflected in 
chlorophyll a and heterotrophic potential of the 
lower Chesapeake Bay, Zubkoff, Warinner. . . 368 

Calvert Cliffs sediment radioactivities before and after 
Tropical Storm Agnes, Cressy . . . . . . . . 389 

D. Biological Effects 

Distribution and abundance of aquatic vegetation in the 
upper Chesapeake Bay, 1971-1974, Kerwin, Munro, 
Peterson .................... . 

Effects of Tropical Storm Agnes and dredge spoils on 
benthic macroinvertebrates at a site in the upper 
Chesapeake Bay, Pearson, Bender . ........ . 

Some effects of Tropical Storm Agnes on the sea nettle 
population in the Chesapeake Bay, Cargo . ..... . 

xi 

393 

401 

417 



Effects of Tropical Storm Agnes on Zooplankton in the 
lower Chesapeake Bay, Grant, Bryan, Jacobs, Olney. 425 

Effects of Tropical Storm Agnes on standing crops 
and age structure of zooplankton in middle Chesapeake 
Bay, Heinle, Millsaps, Millsaps. . . . . . . . . . . 443 

Short-term Response of Fish to Tropical Storm Agnes in 
mid-Chesapeake Bay, Ritchie. . . . . . . . . . 460 

The effects of Tropical Storm Agnes on fishes in the 
James, York, and Rapahannock rivers of Virginia, 
Hoagman, Wilson. . . . . . . . . . . . . . . . . . 464 

Mortalities caused by Tropical Storm Agnes to clams and 
and oysters in the Rhode River area of Chesapeake Bay, 
Cory, Redding. . . . . . . . . . . . . . . 478 

The effect of Tropical Storm Agnes on oysters, hard clams, 
soft clams, and oyster drills in Virginia, Haven, Hargis, 
Loesch, Whitcomb. . . . . . . . . . . . . . . . . . 488 

A comparative study of primary production and standing 
crops of phytoplankton in a portion of the upper 
Chesapeake Bay subsequent to Tropical Storm Agnes, 
Loftus, Seliger. . . . . . . . . . . . . . 509 

Effects of Tropical Storm Agnes on the bacterial flora 
of Chesapeake Bay, Nelson, Colwell. 522 

Species diversity among sarcodine protozoa from Rhode 
River, Maryland, following Tropical Storm Agnes, Sawyer, 
Maclean, Coats, Hilfiker, Riordan, Small . . . . . . 531 

The impact of Tropical Storm Agnes on mid-bay infauna, 
Hamiiton . . . . . . . . . . . . . . . . . 544 

Patterns of distribution of estuarine organisms and their 
response to a catastrophic decrease in salinity, 
Larsen . . . . . . . . . . . . . . . . . . . . . . . . . . 555 

The effect of Tropical Storm Agnes on the benthic fauna of 
eelgrass, Zostera marina, in the lower Chesapeake Bay, 
Orth . . . . . . . . . . . . . . . . . . . . . . 566 

Effect of Tropical Storm Agnes on setting of shipworms 
at Gloucester Point, Virginia, Wass. . . . . . . . . 584 

xii 



The displacement and loss of larval fishes from the 
Rappahannock and James rivers, Virginia, following 
a major tropical storm, Hoagman, Merriner . .... 

Effect of Agnes on jellyfish in southern Chesapeake Bay, 
Morales-Alamo, Haven . ............... . 

E. Economic Impacts 

Economic impacts of Tropical Storm Agnes in Virginia, 

591 

594 

Garrett, Schifrin. . • . . . . . . . . . . . . 597 

The Maryland commercial and recreational fishing industries: 
an assessment of the economic impact of Tropical Storm 
Agnes, Smith, Marasco. . . . . . . . . . . . . . . . . . . 611 

F. Public Health Impacts 

Public health aspects of Tropical Storm Agnes in Virginia's 
portion of Chesapeake Bay and its tributaries, Lynch, 
Jones. . . . . . . . . . . . . . . . . . . . . . . . . . . 625 

Public health aspects of Tropical Storm Agnes in Maryland's 
portion of Chesapeake Bay, Andersen. . . . . . . . . . . . 636 

xiii 



EFFECTS OF TROPICAL STORM AGNES ON NUTRIENT FLUX 
AND DISTRIBUTION IN LOWER CHESAPEAKE BAY 1 

C. L. Smith2 

W. G. Macintyre 2 

C. A. Lake2 

J. G. Windsor, Jr. 2 

ABSTRACT 

Nutrient concentrations measured in lower Chesapeake Bay 
in the summer of 1972 immediately following the flooding asso­
ciated with Tropical Storm Agnes are compared with those in the 
summer of 1973, a season of more normal rainfall. The large 
amount of land runoff produced unseasonably high concentrations 
of dissolved inorganic nitrogen in the Bay near the mouth of 
the Potomac River. Phosphate concentrations were essentially 
unaffected by the flooding. Fluxes of total nitrogen and total 
phosphorus nutrients through the mouth of Chesapeake Bay were 
calculated for both summers. The calculated net export of nutri­
ents from the Bay in both August 1972, and June 1973 was found 
to be small in comparison to nutrient inputs. 

INTRODUCTION 

The passage of Agnes in late June 1972, produced unusually heavy rainfall on 
the drainage basins of tributaries of Chesapeake Bay, providing a unique opportu­
nity to investigate the effects of a major flood on nutrients in the Bay. The 
volume of water entering the Bay during the month of June 1972 was estimated to 
be nearly 23.9 billion cubic meters, or about six times the normal streamflow for 
June (Kammerer et al. 1972). This volume of water, most of which was discharged 
into the Bay during the last week of June 1972, is nearly half the mean low water 
volume of the Bay--50 billion cubic meters (Cronin 1971). 

299 

One can envision two possible consequences of the rapid addition of such a 
large amount of water on Chesapeake Bay nutrient concentrations. If the added 
water was very low in nutrients, then the Bay would have experienced dilution of 
the nutrients already present. If, on the other hand, the added water had high 
nutrient loadings, nutrient concentrations in the Bay would have increased. The 
latter case is the more probable, as the flood waters should have contained nutri­
ents from sewage system overflows, scour from nutrient rich sediments, and nutri­
ents leached from the land, particularly agricultural land. 

The purpose of this study was twofold. First, to document the effects of 
Agnes on nutrients in lower Chesapeake Bay. Measurements of nutrient concentra­
tions along two transects across the Bay were conducted during the two months 
following Agnes for the documentation. Second, an attempt was made to measure 
the flux of nutrients out of the Bay through the Bay mouth. Because the Chesa­
peake Bay mouth is, with the minor exception of the Chesapeake and Delaware 
Canal, the only connection between the Chesapeake estuarine system and the Atlan­
tic Ocean, it is the strategic location for such measurement. Knowledge of the 
magnitude of nutrient flushing at the Bay mouth enables better understanding of 
the distribution of nutrients observed in the Bay, and on its ability to accept 
nutrient loadings from wastewater treatment plants and from land runoff. 

1Contribution No.773, Virginia Institute of Marine Science 
2Virginia Institute of Marine Science, Gloucester Point, Va. 23062 
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METHODS 

Sampling 

Most work was conducted in lower Chesapeake Bay, south of the Potomac River 
mouth. Stations were established along two transects~ one between Smith Point 
and Tangier Island, and one between Cape Henry and Fisherman Island (Fig. 1). 
Stations on both transects were occupied periodically during the two months fol­
lowing Agnes, and the stations on the Bay mouth transect were re-occupied in June 
1973. Two slack water runs were made between the two transects during the summer 
of 1973, and one sampling cruise was conducted on the continental shelf offshore 
from Chesapeake Bay. 

Current meters were deployed at each station of both transects at approxi­
mately 3 meter depth intervals, and current velocities were recorded at 20 minute 
intervals. Water samples collected with plastic Frautschy bottles were stored 
in Nalgene containers at about 4°c before processing the same in the laboratory. 
One aliquot from each sample was filtered through a .8µ membrane filter and pre­
served by the addition of 40 mg/1 HgC1 2 for later analysis of dissolved nutrients. 
A second aliquot was removed for determination of salinity by induction salino­
meter, and a third unfiltered aliquot was frozen and stored at -20°c in plastic 
bags for later analysis for total nitrogen and total phosphorus. Slack water 
run stations were sampled on the same low slack tide, and samples treated as 
above. Continental shelf stations were sampled from the R/V Ridgely Warfield in 
July 1972. Samples were treated as above. 

Chemical Ana7.yses 

Nutrient analyses were conducted using standard methods of seawater analysis 
(Strickland & Parsons 1968). Total phosphorus was determined by spectrophotometry 
of the reduced phosphomolybdic heteropoly acid after digestion of the unfiltered 
water sample with perchloric acid. Total Kjeldahl nitrogen was determined by the 
Griess reaction following H2S04-Se02 digestion of the unfiltered water sample and 
oxidation of the resulting ammonium ion by HClO. Dissolved nutrients in the fil­
tered water samples were analyzed by an automated reagent mixing and spectropho­
tometry system (Technicon Auto-Analyzer): dissolved orthophosphate by spectro­
photometry of the reduced phosphomolybdic heteropoly acid; dissolved nitrite by 
the Griess reaction; and dissolved inorganic nitrogen by the Griess reaction 
following reduction of nitrate to nitrite on a Cd column. Total nitrogen was 
calculated as: 

(Total N) = (Kjeldahl N) + (NO;+ NO;) - (N02) 

Analytical methods were tested with standards and shown to be reliable within 
+ 10% of the reported value. 

Flux Calculations 

Two methods were used for the calculation of nutrient flux at the Bay 
mouth. In the first, the cross-sectional area along the Bay mouth transect was 
divided into 20 subsections, each associated with a current meter. The product 
of the nutrient concentration, the current velocity, and the cross-sectional 
area of the subsection provided the instantaneous nutrient flux through the sub­
section. Total nutrient flux through the Bay mouth transect per tidal cycle was 
obtained by summing the instantaneous nutrient fluxes for all subsections through­
out one tidal cycle. Because adequate current data for this type of calculation 
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were available only for the June 1973 section, a second method for estimation of 
nutrient flux was employed. 

In the second method, the non-tidal transport of water through the Bay mouth 
is used to estimate the nutrient flux. This non-tidal transport is due to 1) the 
net discharge of water from the Bay, and 2) the gravitational circulation at the 
Bay mouth. The net discharge of water from the Bay was assumed to be equal the 
mean streamflow entering the Bay, which is published by the U. S. Geological Sur­
vey (Kammerer, et al. 1972 & U.S. Geological Survey 1972-1973). Mean stream­
flow for August 1972 was used for the August 1972 calculation, and mean stream­
flow for May and June 1973 was used for the June 1973 calculation. The nutrient 
flux was calculated by summing the product of mean streamflow and the average 
nutrient concentrations at the Bay mouth over a tidal cycle. 

The transport of water due to gravitational circulation was calculated from 
a model based on Rattray and Hansen's theory of estuarine circulation (1965) which 
was verified and calibrated from salinity gradient data (Kuo, personal communica­
tion). According to this model, the water mass above a certain critical depth 
of no net motion is transported out of the Bay, and that below the critical depth 
is transported into the Bay. The available water--that net volume of water in 
either layer which passes through the transect during one tidal cycle--was multi­
plied by the tidal cycle averaged total nitrogen and total phosphorus concentra­
tions in the upper and lower water layers to give nutrient fluxes. The difference 
in flux between the upper and lower layers is the net nutrient flux produced by 
the gravitational circulation. The sum of nutrient flux produced by net discharge 
of water and by gravitational circulation was taken to be the total flux for the 
Bay mouth. 

RESULTS 

Nutrient concentrations measured at both transects in both 1972 and 1973 
showed little or no systematic variation with depth, tidal stage, or distance 
along the transect. Therefore, nutrient concentrations presented in Table 1 are 
cross-sectional and tidal cycle averag~s. 

The total nitrogen concentrations measured at the Smith Point transect in 
1972 were generally higher than those at the Bay mouth transect for the same 
period (Table 1), but were well within the range of values measured on slack 
water runs in 1973 (Tables 2 and 3). Dissolved inorganic nitrogen concentrations 
(primarily N03) measured along the Smith Point transect in 1972 were considerably 
higher than those measured at the Bay mouth. These high concentrations, ranging 
from 23-27 µg-at N/1, were not observed in 1973, even at slack water run stations 
near the Smith Point transec~, where dissolved inorganic nitrogen did not ex­
ceed S µg-at N/1. 

Total phosphorus concentrations were similar at both transects in 1972, and 
were comparable to those mea:3ured in 1973. Orthophosphate concentrations at the 
Smith Point transect in 1972 were somewhat lower than those measured at the Bay 
mouth during the same period. Orthophosphate concentrations measured on slack 
water runs in 1973 exhibited considerable patchiness; no consistent trend up 
the Bay could be discerned. 

Fluxes of total nitrogen and total phosphorus at the Bay mouth estimated for 
June 1973 using current meter measurements (Table 5, A) were not only quite small in 
magnitude, but indicated transport of nutrients into the Bay. Fluxes calcu­
lated by the second method using mean streamflow and the gravitational circula­
tion model were considerably larger, and nutrient transport for both August 1972 
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Table 1. Tidal cycle averaged nutrient concentrations for transects. 

Dissolved 
Total Inorganic Dissolved 

Total Nitrogen Phosphorus Nitrogen Orthophosphate 
Station (µg-at N/1) (µg-at P/1) (µg-at N/1) (µg-at P /12_ 

Smith Point Transect 

10-11 Jul 72 45.0 ± 4.1 1.19 ± 0.28 23.0 ± 1.5 0.20 ± 0.03 
17 Jul 1972 45.3 ! 3.9 0.89 ± 0.37 24.2 ± 3.3 0.24 ± 0.03 
24 Jul 1972 50.2 ± 4.2 1.03 ± 0.30 26.6 ± 2.1 0.34 ± 0.08 

CaEe Henry Transect 

5 Jul 1972 49.4 ± 14.1 3.48 ± 1.51 1.9 ± 2.1 0.41 ± 0.24 
12 Jul 1972 40.3 ± 5.5 1.23 ± 0.23 2.8 ± 1.4 0.44 + 0.14 -
14 Jul 1972 34.2 ± 5.2 1.26 ± 0.15 3.5 ± 1.5 0.46 ± 0.13 
20 Jul 1972 38.7 ± 9.2 1.00 ± 0.13 1.5 ± 0.92 0.42 :!: 0.12 
27 Jul 1972 35.8 ± 5.2 1.23 ± 0.15 1.4 ± 0.56 0.52 ± 0.10 
17-18 Aug 1972 30.3 ± 5.1 1.61 ± 0.14 0.9 ± 0.09 0.64 ± 0.16 

5 Jun 1973 29.1 ± 5.2 1. 29 ± 0.65 0.32 ± 0.14 0.48 ± 0.14 

Table 2. Nutrients from slack water run, 21 June 1973. 

Total Total Dissolved Inor- Dissolved Or-
Nitrogen Phosphorus ~anic Nitrogen thophosphate 

Station (µg-at N/1) (µg-at P/1) (µg-at N/1) (µg-at P/1) 

1 Surface 28.6 0.58 1.1 0.39 
2 Surface 61.8 1.36 1.0 0.37 
3 Surface 39.8 0.67 0.5 0.35 
4 Surface 43.4 0.82 0.2 0.15 
5 Surface 48.9 0.81 0.1 0.24 
6 Surface 42.7 0.92 0.16 
7 Surface 48.2 0.82 0.5 0.40 
8 Surface 39.8 0.88 0.5 0.36 
9 Surface 40.1 1.33 0.3 0.16 

10 Surface 0.94 1.4 0.16 
11 Surface 59.8 1.02 0.3 0.38 
12 Surface 54.5 2.79 0.5 0.44 
13 Surface 19.2 1.36 2.5 0.44 
14 Surface 50.8 1.33 4.0 0.48 
15 Surface 55.2 1. 77 3.5 0.22 
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Table 3. Nutrients from slack water run'" 25 July 1973. 

Total Total Dissolved Inor- Dissolved Or-
Nitrogen Phosphorus ganic Nitrogen thophosphate 

Station (µg-at N/1) (µ~-at P/1) (].lg-at N/1) (JJg-at P/1) 

1 Surface 20.0 1.52 0.17 
Bottom 41.8 1.47 0.6 0.19 

2 Surface 43.4 0.89 0.6 0.10 
Bottom 1.83 1.0 0.39 

3 Surface 23.3 1.53 0.15 
Bottom 69.4 1.31 0.8 0.63 

4 Surface 52.6 1.69 2.0 0.29 
Bottom 1.91 1.4 0.49 

5 Surface 26.2 2.03 2.4 0.29 
Bottom 43.0 1.85 1.9 a.so 

6 Surface 39.6 1. 95 1. 7 0.20 
Bottom 45.9 2.25 1. 7 0.90 

7 Surface 55.4 1.95 1.6 0.29 
Bottom 42.0 1.52 1.8 0.86 

8 Surface 35.7 1.51 1.4 0.26 
Bottom 55.5 1.51 0.9 0.33 

9 Surface 2.32 2.0 0.29 
Bottom 64.2 2.66 1.1 0.21 

10 Surface 62.9 2.17 2.7 0.36 
Bottom 49.2 1.56 1.4 0.24 

11 Surface 52.5 1.86 1.5 0.29 
Bottom 32.6 1.86 1.5 0.29 

12 Surface 40.1 1.53 1. 7 0.31 
Bottom 43.5 1.95 

13 Surface 49.8 2.69 0.8 0.22 
Bottom 57.8 2.13 1.6 0.66 

14 Surface 2.05 1.4 0.23 
Bottom 70.8 1.85 0.8 0.14 

15 Surface 34.3 1.13 0.8 0.08 
Bottom 40.9 1.93 0.6 0.68 
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and June 1973 was out of the Bay (Tables 4 and 5), as would be expected. 

DISCUSSION 

Distribution of Nutrients 

The major effect of Agnes on nutrient distribution in lower Chesapeake Bay 
was an elevated concentration of dissolved inorganic nitrogen, not common to that 
area in that season. Levels were highest near the mouth of the Potomac River, 
where dissolved inorganic nitrogen comprised nearly half the total nitrogen, and 
considerably lower near the Bay mouth. Levels of dissolved orthophosphate near 
the mouth of the Potomac River were somewhat depressed relative to those at the 
Bay mouth. These effects persisted for at least a month following the passage of 
Agnes near the Potomac, but returned to normal during that time at the Bay mouth. 
The large input of nutrients from the Agnes flood-flows, mostly in the form of 
dissolved inorganic nitrogen, produced a situation in lower Chesapeake Bay simi­
lar to that normally observed much earlier in the year. For example, in upper 
Chesapeake Bay, Carpenter, et al. (1969) found strong seasonal variation of both 
total and dissolved inorganic nitrogen concentrations. Total nitrogen concen­
trations in the spring ranged from 80-105 µg-at N/1, but dropped to around SO µg­
at N/1 in other seasons. Likewise, dissolved inorganic nitrogen concentrations 
averaging near 45 µg-at N/1 in mid-April had dropped to less than lµg-at N/1 by 
September. Scattered data from the lower portion of Chesapeake Bay show that this 
basic seasonal variation occurs, but to a lesser degree. Dissolved inorganic ni­
trogen concentrations rarely exceed 20 µg-at N/1 in any season (Grant, unpublished 
data). The regular seasonal increase of nitrate concentrations presumably is due 
to the higher average rainfall, with associated higher streamflows, and the de­
creased level of primary production in late winter and early spring. 

The small depression in orthophosphate concentration observed at the Smith 
Point transect relative to that at the Bay mouth might be due to the adsorption 
of orthophosphate on sediment particles associated with the high river discharge. 
These particles mostly settle out of the water column before reaching the lower 
Bay, thus removing orthophosphate from the water. Such a phenomenon has been 
documented for the upper portion of the Potomac River (Jaworski, Lear, & Villa 
1971). 

Flux of Nutrients 

Fluxes of total nitrogen and total phosphorus calculated by the first 
method employing current meter velocity approach to flux measurement must be 
regarded as invalid. For such a large cross-sectional area as that of the Bay 
mouth, it is impractical to deploy a sufficient number of current meters to 
accurately monitor the total flow through the section. Furthermore, strong os­
cillatory tidal currents at the Bay mouth tend to obsure measurement of any net 
flow of water through the section. Consequently, a better estimate of nutrient 
flux must be obtained by the second method, employing published streamflow data 
and the gravitational circulation model. Nutrient fluxes calculated by the second 
method for August 1972 (Table 4) are comparable in magnitude to those for June 
1973 (Table 5). By August 1972, streamflow into the Bay had not only decreased 
from the June 1972 record discharges, but were even smaller than the June 1973 
flows. Sufficient data were not collected to enable complete calculation of nu­
trient fluxes for June 1972. However, it is expected that nutrient flux was 
considerably enhanced by the massive input of water to the Chesapeake Bay system. 
If one uses the nutrient concentrations measured at the Bay mouth in early July 
1972, and the peak streamflow of June 24, 1972, the fluxes of total nitrogen and 
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and total phosphorus due to the net discharge of water are two orders of magni­
tude larger than those calculated for August 1972. Unfortunately, the contribu­
tion due to gravitational circulation cannot be estimated for that time. 

Table 4. Nutrient flux for Chesapeake Bay mouth - August 17-18, 1972. 

Station 
Flux of total P* 
(gP/tidal cycle) 

A. Due to net discharge of water. 
Bay Mouth +2.70 x 106 

B. Due to gravitation circulation 
A & B +9.30 X 10s 
C +3.44 X 106 
D +1. 55 X 105 
E +o.o X 10 5 

Bay Mouth +4.53 X 106 

C. Total Flux 
Bay Mouth +7.n X 1 ()6 

Flux of total N* 
(gN/tidal cycle) 

+2.30 X 107 

+8.16 X 105 
+5.36 X 107 
+3.22 X 106 
-2.39 X 107 
+3.37 X 107 

+5.67 X 107 

*Positive sign indicates net flux out of Bay, negative into Bay. 

Table 5. Nutrient flux for Chesapeake Bay mouth - June 5-6, 1973. 

Flux of total P* Flux of total N* 
Station (gP/tidal cycle) (gN/tidal cycle) 

A. Total flux using current meter velocities 
A +3.08 +1. 75 X 101 
B -5.58 -7.98 X 101 
C +1. 77 +6.49 
D -5.20 +7.25 X 101 

E +3.50 -2.22 X 101 
Bay Mouth -2.44 -1.50 X 102 

8. Due to net discharge of water 
Bay Mouth +5.22 X 106 +5.28 X 107 

C. Due to gravitational circulation 
A -8.49 X 1Q5 -6.17 X 10s 
B -1.26 X 105 +1.02 X 107 

C -1.22 X 105 -7.31 X 106 
D -3.22 X 105 -5.80 X 10s 
E +4.31 X 10t+ -5.82 X 10s 
Bay Mouth -1. 38 X 106 +2.28 X 106 

D. Total flux 
Bay Mouth +3.84 X 106 +5.50 X 107 

*Positive sign indicates net flux out of Bay, negative into Bay. 
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The most striking result of the nutrient fluxes calculated for the Bay mouth 
is the relatively small extent of nutrient flushing. In part, this must be due 
to the gentle gradient of nutrient concentrations on the Continental shelf off­
shore from the Bay (Figs. 3 and 4). Without a water mass deficient in nutrients 
for dilution, tidal flushing is less effective. The net total fluxes of nitrogen 
and phosphorus out of the Bay calculated for June 1973 are respectively two and 
ten times smaller than the normal rates of addition of those nutrient species to 
the Bay via the Potomac River from the wastewater treatment facilities in Washing­
ton, D. C. alone (Jaworski, Lear, & Villa 1971). When the additional loading from 
land runoff and wastewater discharges from other metropolitan areas (Baltimore, 
Hampton Roads, etc.) are considered, it is apparent that in times of normal stream­
flow, vastly greater amounts of nutrients are being added to the Bay than are being 
removed at the Bay mouth. Since the Bay waters are not drastically increasing in 
concentration of nitrogen and phosphorus, there must be other mechanisms operating 
to remove these nutrients. Excess phosphate is probably removed by adsorption on 
suspended sediment, and subsequent deposition on the bottom. Nitrogen may behave 
similarly, and be deposited on the bottom with organic detritus, or may be con­
verted to volatile compounds (i.e. Nll3, N2) and lost to the atmosphere. 
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Figure 1. Smith Point and Bay mouth transect stations. 
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Figure 2. Slack water run stations. 
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Figure 3. Distribution of total nitrogen concentration 
on continental shelf, July 1972, 2 m depth, 
in µg-at N/1. 
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Figure 4. Distribution of total phosphorus concentration 
on continental shelf, July 1972, 2 m depth, 
in µg-at P/1. 




