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PREFACE

The report titled "The Delaware Estuary: Research as Background for

Estuarine Management and Development" was completed in July 1983 for the

Delaware River and Bay Authority. The first i3 chapters of that report,

reprinted here, address the state of the Delaware Estuary. Chapters 14-19 of

the original report address potential roles that the Delaware River and Bay

Authority might take in improving management and planning development of the

estuary; these chapters and the executive summary of the original report are

not included here. A copy of the original report or the separate executive

summary may be request'ed from the Delaware River and Bay Authority, P-0- Box

71, New Castle, DE 19720.

A single combined reference list is given after Chapter 13 that lists all

cited references from the report. A total of 25 authors have contributed to

the writing of this report. Each chapter indicates the appropriate authors at

its beginning. In the acknowledgements section at the end of the report, the

authors' affiliations are identified. Other people who have contributed to the

research and to this report are also recognised in the acknowiedgements.
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INTROOUCTION TO SCIENCE CHAPTERS

~.H. Sharp

THE DELAWARE ESTUARY PROJECT

This report is the culmination of a study of the Delaware Estuary by

researchers from the University of Delaware College of Marine Studies and the

New Jersey Marine Sciences Consortium  specifically Princeton University,

Rutgers University, Stevens Institute of Technology, and Lehigh University! ~

The study has been called the bistate Delaware Estuary Project. It was

initially funded by the Office of Sea Grant of the National Oceanic and

Atmospheric Administration  NOAA!; later, major support came from the Delaware

River and Bay Authority  DRBA!.

The proposal sol.iciting the funding was titled "Water quality, biological

producrion, and management strategies for the Delaware Estuary." The majoz
tenet of thar. proposal and the ensuing research is that. the best stance for

estuarine management decisions is sound scientific understanding of the

specific estuary in question. To that end, our effort has addressed the

question of "How does the Delaware Estuary work?"

Table 1-1 lists the original individual research components and princzpal
investigators for the Delaware Estuary Project from SePtember 1980 thz.ough
April 1983 as specified in the contract  DRBA 1982! ~ A portion of the pzoject
 University of Delaware chemical study, item F in Table 1-1! began as



Table 1-1. Original components of Delaware Estuary Project.

PRIHCIPAL INVESTIGATORS PERIODSUBJECT

Harold H. Haskin
 Rutgers University!

1982-83A. Oyster quality

1982-83Richard A. Lutz
 Rutgers University!

B. Neroplankton
grazing

C. Physical
oceanography

1982-83George L. Nel lor
 Princeton University!

Richard I. Hires
 Stevens Insti.tute of

Technology!

1982-83D. Hacrozooplankton
and mysids

Sidney S. Herman
Bruce R. Hargreaves

 Lehigh University!

1982-83Richard Bartha
 Rutgers University!

E. Mercury
transformations

1980-83F Water quality and
biological
production

Jonathan H. Sharp
Robert B. Biggs
Thomas M. Church
Charles H. Culberson

 University of Delaware!

preliminary srudy in 1978 and became a formal program with Sea Grant funding in

1980. The rest of the project began in 1982 with DRBA funding. Considerable

work on oysters and environmental conditions in the Delaware Bay  Haskin's

Rutgers oyster study! has gone on for several decades prior to formally

becoming part of this projecr. in 1982   item A in Table 1-1!. Continuation and

expansion of some of the original components plus some new components are

presently underway with Sea Grant funding. These new components include a

study of dispersal and recruitment of blue crab larvae by C.E. Epifanio and

R-W- Garvine of Delaware, a study of sport fishing economics by 1..G. Anderson

of Delaware, and proposed studies on larval and juvenile weakfish feeding and

survival by C.E. Epifanio of Delaware and C.B. Grimes of Rutgers. The report

gives results from the original research project and discusses some potential

research necessary for a fuller understanding of the Delaware Estuary.



This part of the report addresses the "basic relationships between

hydrography, chemistry, and biology in the Delaware Estuary so that maj or

natural and man-induced changes can be ant.icipated and adverse effects

minimized"  DRBA 1982!. It contains twelve chapters in adition to this

introduction, each on a major scientific research area of the Delaware Estuary,

but stressing those more basic areas pursued in this original project. Thus,

emphasis is on the hydrography and chemistry of the estuary with less

information on the biology. Clearly, future research must put more emphasis on

biological considerations. The chapters are not all uniform in size and do not

necessarily represent equal levels of research effort. Some, where information

was available, are based primarily upon historical information, others are

based almost exclusively upon our research of the past several years, and still

others principally discuss future research needs. In all cases, data and

illustrations presented are from our research project unless otherwise

indicated. Before presenting the findings of the scientific investigations, it

is helpful to describe the Delaware Estuary.

THE DELAWARE ESTUARY

The Delaware Bay was discovered by western man in 1609 when Henry Hudson

sailed into the mouth and found the bay too shallow to navigate. Prior to

Ib40, permanent colonies were esrablished at the mouth and the head of rhe

estuary  Eckman et al. 1938!. In the ensuing three and one-haLf centuries,

major industrial and municipal activities have become established along the

upper estuary and agricultural development dominates the drainage basin of the

entire estuary. Today the Delaware Estuary serves as the second largest port

in tonnage in the United States  GTF 1972! and its drainage basin serves about

5'7. of the population of the country. The Delaware Estuary is heavily urbanized

at its head  Philadelphia, Camden, Trenton, and Wilmington!, yet supports

important wetlands and fisheries at its terminus. Much of the demographic

description and history are given in a previous report supported by the DRBA

 URS 1980!.



Figure 1-1 shows the Dele~are Estuary relative to the east coast of the

United States. The drainage basin of the Delaware River is indicated on the

insert. The tidal region of the estuary runs from the fall line near Trenton,

Hew Jersey, to the mouth of the Dele~are Bay. This entire stretch of about 115

nautical miles  nmi! will be referred to as the estuary. The saline reach of

the est.uary runs about 65 nmi from a point south of Philadelphia, indicated by

point 1 on the figure, to the mouth of the bay. The stretch fr.om point 1 to

Trenton will. be referred to as the freshwater portion of the estuary. The

lower estuary, or Delaware Bay, generally refers to the wide region, below Port

Nahon at point 2 on the figure; a length down the center of about 30 nmi.

The Delaware Bay is the drowned river valley of the Delaware River and

during, mean flow conditions is essentially a vertically homogeneous estuary

 Biggs 1978!. The Delaware River at Trenton, New Jersey, has a mean flow of
3

320 cubic meters per second  m /s!; the onLy major subtributary, the
3

Schuylkill River contributes about 80 m /s; and all other gauged flows have a
3

total input of under 40 m /s  Polis and Kupferman 1973! . The total mean
3

freshwater inflow to the estuary is estimated to be about 550 m /sec. A

significant volume of the Delaware Estuary exchanges with the fresh- and

saltwater marshes along, its periphery. Ketchum �952! has calculated that the

cumulative flushing time for the Delaware Estuary is about 80 days. The

estuary is rather simple; it has a si.ngle major source, the Delaware River,

which receives urban and agricultural inputs and a single bay within which

these inputs and saltwater mix.

The Delaware River Basin Commission  DRBC! has broad authority i.n the

Delaware Estuary and has been involved extensively in maintenance of water

quality in the freshwater portion of the estuary as well as the Delaware River

above the fall line. A great deal of research has been done pertaining to

river flow, salinity intrusion, and water quality in the upper estuary  e.g.

see DECS 1966, Kneese and Bower 1968, and Albert 1982!. While the DRBC has

been very active in the upper Delaware Estuary, priorities and limited

resources have restricted their activities in the Delaware Bay- As a result,

much less is known about the Delaware Bay than about the freshwater portion of

the upper estuary.



Figure 1-1. The Delaware Estuary, insert indicates location and
shows the drainage basin  stippled area!. The estuary extends
from Trenton to the bay mouth, the saline port ion runs from ooint

co mouth, and the De laware Bay runs from point 2 to mourh.



The focus in the Delaware Estuary Project has been on the lower estuary,

with major sampling efforts in either the entire saline portion  Figure 1-1,

from point 1 to the bay mouth! or the bay  from point 2 to the bay mouth! .

THE OCEANOGRAPHY OF THE DELAWARE ESTUARY

Technical aspects of water quality of the lower estuary are addressed in

chapters 2 through 11 of this report. Lower estuary management must also

address fisheries and thus technical background for fisheries is covered in

chapters 10 through 13. A sound knowledge of how the estuary works is

essential for management of transportation, waste disposal, or fisheries to

occur with minimal environmental impact. Such knowledge is essential for the

most efficient pursuit of planning and development activities suggested in the

second part of the report. Thus, this first. part of the report treats the

various scientific aspects of the estuary that can be referred to holistically

as the oceanography of the Delaware Estuary.

We have atempted to write these first 13 chapters so that they can be

understood by a reader without much formal scientific background and also they

can be i.nformative to estuarine scientists. Obviously, some chapters are more

descriptive and easily understood than others which treat more complex

concepts. 1 note especially that chapters 2,4,7,12, and 13 may be on more

familiar subject matter to the non-scientist reader and that chapter 3 treats a

relatively complex subject.

Very little information was available on the oceanography  circulation,

chemistry, and biology! of the lower Delaware Estuary prior to the Delaware

Estuary Project. A great deal has been learned in a relatively short period of

time. The project has completed the intended goals in the proposal submitted

to the DRBA in January 19S2. The information gathered in this project should

be valuable to the DRBC as the present water quality manager of the upper

estuary and to the Delaware Department of Natural Resources and Environmental



Control and the New Jersey Department of Environmental Protection as managers

of both water quality and fisheries. It should also prove valuable to the DRBA

in their present and potential roles in the Delaware Estuary.

Through accomplishing the proposed work, beginnings have been made on

important future studies for the Delaware Estuary Project. Currently, some of

these are partially funded by the Office of Sea Grant. As a result of the

completed research, strong cooperation has been developed with maj or research

agencies on the Delaware Estuary  div isions within the two stat.es and the DRBC!

and with the National Ocean Service of NOAA which has proposed circulation and

bathymetric studies.

Our understanding of the Delaware Estuary has increased through the

Delaware Estuary Project. Great potential exists for furthering our knowledge

of the estuary that will guide better management and development of this very

valuable resource.

Cited references for all chapters in this report are given in a composite

reference list at the end of the report  after Chapter 13!



Chapter 2

RIVER FLOW AND SALINITY

J.T. Smutfen, J.H. Sharp, R.W. Garvire, H.H. Haskio

INTRODUCTION

Salinity is an important environmental property that affects the

distribution of fish, bottom-dwe.lling invertebrates, marsh, aquatic and marine

plants, as well as some birds and mammals in and around the Delaware Estuary.

Host of these organisms have a range of tolerance for salinity, or an optimum

salinity. Some species of organisms can tolerate a wide range of salinities

while others tolerate only a narrow range  Ghezik 1981!. When organisms are

subjected to salinities near the limits of their natural tolerance, they

undergo stresses that can adversely affect the rates and patterns of their

growth, reproduction, and mortality'

The distribution of salinity in the Delaware Estuary has a direct effect

on society through the salinity contamination of freshwater supplies for

municipalities and industries. In 1979, 56 industrial and 5 munic.ipal

supply systems in the Delaware Valley were withdrawing water either directly

from tidal surface waters or from groundwater adjacent to the tidal system

between Trenton and Artificial Island  WAPQRA 1979!. Large � scale pumping from

groundwater supplies causes surface water to intrude into adj acent aquifers.

This practice may increase the salinity of the aquifer if the recharge water is

of higher salinity than the groundwater already stored there. For instance,



Lewes, Delaware, saltwater contaminated the municipaL well-field when the

pumping rate was increased during World War II, forcing the town to seek a new

supply  Marine and Rasmussen 1955!.

The saLinity of the upper Delaware Estuary is increasing steadily  Cohen

and McCarthy 1962, Parker et al. 1964!. This is probably due to a combination

of the rise in sea level over time and the increasing consumptive Losses caused

by upstream withdrawals. The increase in salinity in the estuary caused the

city of Chester, Pennsylvania, to abandon its local water supply in 1951 for a

safer source  Parker et al. 1964! ~

This chapter describes the distribution of salinity in the Delaware

Estuary and discusses the factors that affect salinity.

SALINITY DISTRIBUTION IN THE DELAWARE ESTUARY

Salinity is defined as the concentration in grams of the inorganic salts

in 1000 grams of ~ater. It is expressed as parts per thousand and written as
0

/oo. Generally, it is assumed that chemically one can consider estuarine

waters as dilute seawater. It has been recently demonstrated that this

approach is indeed acceptable in the Delaware Estuary, where waters with
osalinity as low as 0.5 /oo appear to be influenced very little by the chemistry

of the river water  Sharp and Culberson 19S2!.

The salinity distribution in the tidal Delaware estuarine sysrem is

caused primarily by saltwater infLow from the ad]acent Atlantic continental

shelf and freshwater inflow from the upstream tributary drainage area.

The sea Level of the ocean near Cape May and Cape Henlopen at the mouth

of the bay is the main influence on the amount of saLtwater entering the
0

estuary. Salinity there is typically 30-31 /oo. Freshwater enters the system

primarily from above the head of tide of the Delaware River  at Trenton, NJ!

and from the Schuylkill River  at Philadelphia!, and secondarily from smaLLer

intermediate tributaries discharging to the tidal waters. Freshwater in the

estuary dil.utes the saltwater entering from the ocean. The concentration of

10



salts in river waters is usuaLly negligible relative to that in estuarine

~aters  Parker et al. 1964! ~ Reported values for daily-averaged total

dissolved salts in the estuary at Trenton, New Jersey, are less than 300 parts
0

per million �.3 /oo!-

The Delaware is generally considered a well mixed estuary and thus there

is little sustained variation in salinity from surface to bottom. According to

one classification system  Harleman and Ippen 1967! the degree of mixing in an

estuary can be expressed by computing a functionally defined Estuary Number.

Estuary Numbers greater than about 0.15 indicate a high degree of mixing.
3

Under a typical freshwater inflow condition of about 572 m /sec �0,200
3 3 3

ft /sec! ac. the capes or 340m /sec �2,000 ft /sec! at Trenton, the Estuary

Number for the Delaware is about 0.76 indicating that the estuary is well mixed

most of the time  U.S. Army Corps of Engineers 1973!.

Figure 2-1 shows typical differences in salinity variation for the upper,

middle, and Lower estuary. The upper most station near the Port of W11mington
0

exhibited salinities from 0 to 4 /oo from May 1978 through March 1983. The

most seaward point sampled at the capes also showed little variation; salinity
0there ranged from 28 to 31 /oo. The middle estuary, represented here by data

taken near Ship John Light, shows the greatest salinity variation over time
0

with a range from 4 to 22 /oo. Figure 2-2 shows t.his location as well as

locations of several other geographic positions mentioned below.

The spatial vari.ations of salinity in the estuary can be shown better by

plotting the distribution of salinity in the estuary over a relatively short

time. Figure 2-3 shows the longitudinal salinity distribution envelope for 20

individual periods sampLed between May 1978 and March 1983. The envelopes are

created by drawing two Lines on the plot, one capturing the maxima of all

values of the plot and a second plotted just belo~ the minima of the plot.

Also shown is the salinity distribution envelope for nine sampling periods
between November 1951 and August 1954.

11
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Figure 2-2. The lower Delaware Estuary showinwing ocat ions
indicated in other illustrations in this chac apter.



30

20

10

0

80 2060 40

Distance  nautical miles!

Figure 2-3. Longitudinal surface salinity distribution
envelope for 20 periods between Hay 1978 and March 1983 and
for 9 periods between November 1951 and August 1954.
Distance measured from mouth of bay along central axis of the
estuary.

Lt can be seen by examining Figure 2-3 that not only is there great

variability in salinity as one moves up or down the estuary but also there is
almost as much variability in the middle estuary at one place over a short

period of time. However, over a 30-year period there is no obvious change in

the overall salinity distribution.

flow; the average flow at Trenton for the month preceding the sampling was 113
3 3m /sec �000 ft /sec!. Figure 2-48 shows the distribution at a time of high

Figure 2-4 shows the distribution of salinity vertically and laterally in
a cross-section through Brandywine Shoal. Sampling was done in 1952 over the
period of one month. Sections shown are composite pictures from samples taken
near low tide. Figure 2-4A shows salinity distribution at a time of low river
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unpublished. Location indicared in Figure 2-2.
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river f Low �80 m /sec = 24,000 ft /sec! ~ Note The vet'y strong stratification
3 3

under high-flow conditions and lack of stratif ication under Low-flow

conditions.

Recently elect.ronic equipment has enabI.ed us to gather data for such a

section quickly. Figure 2-5 sho~s sections done in July 1982 and March 1983 at

which time al.l the sampl.ing was done in about eight hours. These sections are

farther upbay from those in Figure 2-4. Figure 2-5A is from a moderate flow
3 3

condition of 403 m /sec �4,200 ft /sec! averaged at Trenton 30 days prior and
3 3

2-5B is from a low-flow condition of 131 m /sec �600 ft /sec!. Again,

signif cant strat if ication is obvious under high-flow conditions. The sections

in Figure 2-5 depended on sampling, done independent of the tidal cycle. Figure

2-6 sho~s salinity variations over one tidal cycle at the bay mouth during

high-flow condit ions. Considerable stratification sets up and then lessens

with the alteration of tidal flow. Figure 2-7 is a cross-section across the

mouth of the bay sho~ing the salinity during both ebbing and flooding r.idal

stages.

Considerable var iabi 1 it y is presenr. with more sa1 ine ~aters near the New

Jersey shore on flooding r.ide. This is common for estuaries on the east coast

of the United States where higher sal inity ~aters, which are more dense than

freshwater, tend to be offset to the northerly shores. This is thought to

occur because of forces exerted by the rotation of the earth. Other

explanat.ions for this phenomenon are possible, such as the longshore current

pattern along the ocean coast  see Chapter 3!. Ketchum �952! observed that at

certain times in the tidal cycle, salinities were higher on both sides of the

lower bay spanning the deep channel than in the channel itself. Various

investigators  Cohen 1957, Cohen and HcCarthy 1962, Parker et al. 1964! have

reported that sa linity in the upper esruary above Reedy Point is, for the most

part, laterally homogeneous.
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Table 2-1- Water inputs to the Delaware Estuary shown with
di stance as nautical miles upsr.ream from the mouth of the
Delaware Bay. Data from USACE �973! except Delaware River
 personal communication from R. Shop, USGS, Trenton, NJ!-

Average Annu~l Flow
 m /s!  fr. /s!

Distance Drainyge Area
 km !

Source

115

81

61

Total at mouth 33,062 550
�9,c 70!

FACTORS THAT AFFECT SALINITY DISTRIBUTION

As previously mentioned, one of the most important factors that affects

sal inir y is the freshwater inflow regime. The sources of freshwater inflow to

the Delaware Estuary are primarily from drainage of the main srem of the

Delaware River above Trenton and from the Scbuylkil1 river at Philadelphia.

Together, these rivers dra in abour. 687. of the total 41,750 sq km �2,765 sq mi!

terrest rca 1 drainage of the estuary and carry about 73% of the total freshwater

flow. Most ot this drainage area lies in five physiographic provinces: the

Appalachian Plateau, the Valley and Ridge, the Great Valley, the New England
Upland, and the Piedmont. Other tributaries drain mostly Coastal Plain

provinces. Table 2-1 sho~s drainage areas and average annual discharge for the
ma jor and small intermediate tributaries.

Delaware River at
Trenton

I nt e rme d i ate sma 1 1
tributaries

Schuylkill River at
Phi lade lphla

Into rmediate small
tributaries

Christina-Brandywine
near Wi lmington

Intermediate smal 1
tributaries

17,560

3,367

4,944

1,202

1,475

4, 514

319
�1,280!

51
  1,800!

78
  2, 750!

18
  650!

21
  750!

63
  2,240!



Table 2-2. Delaware River discharge at Trenton given as averages
based upon the record from 1954-81 ~ Data from R- Shop, USGS
 Trenton, NJ!.

3
Monthl Avera es  m /s!

172
177
162
219
282
352

338
366
545
603
381
246

July
Aug.
Sept.
Oct.
Nov.
Dec.

Jan.
Feb.
March

April
May
June

3
Seasonal Avera es  m /s!

Winter  Nov-Feb!
Spring  Mar-May!
Summer  June-Oct!

334
510
195

3
Annual Avera e  m /s!

320Oct-Sept

The distribution of salinity with distance up the estuary for extreme

flow regimes was indicated by the salinity envelope in Figure 2-2- Figure 2-8
sho~s isohalines  lines of equal salinity! for an extreme flood and an extreme

drought documented in the 1930s. Examination of Figures 2-3 and 2-8 clearly
shows the Long,j.tudinal variability of salinity that occurs with freshwater

fLuxes.

21

In general, large freshwater inflows push saLine waters seaward, while

low flow rates allow landward intrusion of salinity. Discharge of freshwater

varies with season, typically greatest in spring because of the thawing of

frozen surface ~ster and near-surface groundwater and higher rainfal,l in

spring, and decreasing through the growing season as soil moisture is taken up

by plant evapotranspiration. The mean monthly discharges of freshwater for th<

Delaware River at Trenton are shown in Table 2-2. In addition to the mean

monthly mean values, averages are given for three seasons; these are the three

seasons used for analyses in chapters 5,6, and 10.



Fi<usi 2-8. lsoh;il ines   l ines at equal salinity, foo! for
oxr r mn f l,ii 3 gnat in "xt rome drought oocurr tnp in the

lu>Os  after Mznson and Pietsch 1940!.

22



During periods oE Low flow, the Longitudinal salinity distribution is

characterized by a small salinity gradient  i ~ e ~ a longer path from the bay

mouth to the point oE zero salinity in the estuary! and intrusion of high salt

concentrations up the estuary. During periods of high f low, Longitudinal

salinity dist.ribution is characterized by a large salinity gtadient and

extension ot the point of zero salinity farther down the estuary.

Simply stated, saline waters are fLushed out of the estuary during high

freshwater flow conditions, and saline waters enter the estuary during low flow

conditions. However, other factors must be considered with regard to

freshwater inflow and its influence on salinity. The most importanc of these

is the duration of the Ereshwater inflow. Another factor is inflow conditions

beEore the period of concern.

Freshwater inflow also affects the vertical distribution of salinity.

Cohen  L957! documented the response of the estuary above Reedy Island to the

largest observed discharge event �0 years! on the Delaware, which resulted

from two hurri. canes that crossed the basin between August 12 to 19, 1955. The

two hurricanes struck during a period of steadily decreasing freshwater flow

and increasing upbay salinity intrusion. An estimate of the aforementioned

Estuary Number for this flow condition yields a result of about 0.09,

indicating a stratified system.

As freshwater inflow is the primary control of the dilution of salt i' n

the estuary, sea level is the primary control of the supply of salt to the

estuary. Periodic short term changes in sea level, caused chiefLy by the

t ides, cause salinity distribut ion fluctuations that are periodic on the order

of half a day. At any given point in the estuary, salinity varies from a

maximum around the t ime of high-water slack tide, to a minimum around the time

of low-water slack tide. At periods of a few days to a week, less energetic

variations are found that are driven by the Large-scale wind field. As Wang

 l979! found for the lower Chesapeake Bay, persistent northerly winds tend to

raise the sea leveL which causes water and salt to move up the estuary.

Southerly winds cause water and salt to flow down the estuary to the sea.

2$



Variations in freshwater inflow also produce salinity changes at still

longer periods of a week to several months. Under sustained average flows,

brackish water may extend up the estuary only 121 km �6 nmi! at high-water

slack ~ During a prolonged dry period, however, salt may intrude as far as 177

km  95 nmi.!  COE 1973!.

Very Long, term changes in sea leve 1 cause similar long term trends in

salinity intrusion. It is believed that in the past sea levels have been as

much as 107 meters �50 ft! lo~er rhan present and at least 15 meters �0 ft!

higher than present  Oostdam 1971!. Nore recently, sea level rose about 0.1

meters �.34 ft! i.n the 1930s and 1940s at an annual rate of about 0.006 meters

�.02 ft!  Narmer 1951!. The overall sea-level rise in this region since 1930

was more than 0.15 meter �.5 ft.!, a rate which, if continued, will amount to

a 0.61 meter �.0 ft.! rise during the next century. As previously mentioned,

the municipality of Chester lost its water supply in 1951, probably due in part

to this sea-level rise  Parker et al. 1965!. In the tidal areas just below

Trenton, rhe observed maximum concentration of chLoride during periods of low

freshwater flow  Nanson and Pietsch 1.940! was only about half th t of more

recent observations  maxima of 40-50 par'ts per million chloride; HuLE and

Tortoriello 1980!. If the sea-level rise continues as in the recent past, the

salt front will intrude farther and increase the salinit ies in the muni.cipal

region downstream of Trenton beyond those appropriate for municipal and some

industrial users  Parker et al. 1964!.

CONCLUSIONS

The salinity in the Delaware estuary is controlled primari,ly by the

saltwater inflow from the adjacent Atlantic Ocean and the flow of freshwater

f rom the Delaware River. Sa I inir.y ranges from aLmost zero near the
oPhi lade Lphia municipal region to about. 30 /oo at the cmouth of the bay  between

Capes Nay and Henlopen!. While the overall salinity range is fairly constant

over time, salinity at ariz geographical point in the estuary, especially the

middle estuary, can vary appreciablv over a short period of time because of

fluctuations in river flow. The Delaware is a relatively well-mixed estuary
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with no Long,-term vert. ical stratification; however, strong vertical

stratification can occur for short time periods, especially in the high flow

spring runoff period.

The salinity distribution at any one t.ime can be seen as a fairly regular

trend going down the axis of the estuary. There i.s, however, considerable

variation in salinity latitudinally across the estuary. These Latitudinal

variations are ephemeral and influenced by fluctuations in tidal and river

flow. To describe adequately the totaL salinity distribution picture requires

a computer-based modeling approach rather than a more extensive monitoring

program; this has been discussed in the previous chapter.

The ability to predict the distribution of salinity in the estuary is

needed to accurately assess the consequences of impoundment and release of

water in the upper porrion of the drainage basin. It is imperative to

appreciate the influence that controlLed river flow has on salinity

concentrations down the entire length of the estuary and on the stratification

of the estuary.



CIRCULAT1ON OF THE ESTUARY

R.I.Hires, G.L. Melior, L.Y. Oey, R.W. Garvioe

INTRODUCTION

The circulation in the Delaware Estuary, as in most estuaries, is

complex. It is dependent on astronomical tides, freshwater discharge, and

meteorological effects. It will prove useful in the subsequent discussion of

circulation in the Delaware Estuary to treat separately the tidal and subtidal

parts of the overall circulation. Such separation is usual in estuarine

studies.

Components of circulation are discussed in the first section followed by

a discussion of tides and tidal currents, and then subtidaL circulation in the

Delaware Estuary. In the fourth section we briefly review the present and

proposed studies of the circulation in the DeLaware Estuary, with emphasis on

the anticipated benefits that will be derived from this research.

COMPONENTS OF CIRCULATION

The currents driven by the astronomical tides are oscillatory; they

flood upstream through the Delaware Estuary for about 6 hours, then reverse

direction, and ebb seaward for about another 6 hours. The subtidal or

residual currents may be defined initially as the average of the observed



currents over one or more complere tidal cycles. Thus, the tidal currents

represent an oscillatory motion superimposed on a tidally-averaged residuaL

circulation. Typically, the amplitude of the tidal currents in De Laware Bay

is an order of magnitude larger than the subtidal currents' For example, peak

ebb and flood tidal currents can readily exceed l00 centfmeters per second

 cm/s!, about 2 knots, at various Locations r.hroughout the bay while the

subtidal currents ~ould more likely have speeds in the range fram 1 to 10

rm/s. Tidal currents may transport water l0 to 20 kiLometers  km! during

either the flood or ebb portions of the tidal cycle but by themselves they do

not contribute ta a net transport in the estuary. Such net movements are

accomplished by the subtidal circulation.

It should be noted here that Coriolis effects caused by the earth' s

rotation and the i.nteract ion of the tidal currents with variations in bottom

topography or shoreline geometry can give rise to a tidally-induced residual

circulation. Other factors that contribute to subtidal circulation are

freshwater discharge, local ~inde acting directly on the bay craters, and

regional winds over the adjacent continental shelf waters' Both freshwater

discharge and wind condit.ions are variable; thus, subtidal circulation should

also exhibit variabiLity as it responds to changes in these macroscopic

boundary conditions imposed on the est.uary.

In view of these introductory considerations a somewhat more preci.se

differentiat.ion between tidal and subtidal circulation can be developed. A

long-teem record of currents at any particular location in the estuary would

reveal variations about the mean velocity over a wide range af time scales,

or, in other words, the variance in current velocity would be spread over a

range of frequencies. Because of the reLatively large amplir.ude of the tidal

currents, the major portion of the current velocity variance will ocrur at

frequencies that correspond ta the important tidal periods. In t.he Delawat'e

Estuary, the predominant tidal constituent has a period of L2.42 hours.

Periods of other significant constituents range from L2 to 25 hours ~ The

variance at tidal frequencies can be removed from the record using a suitable

low-pass f liter. The filtered record would consist of the mean and the

variance about this mean only at frequencies lower than the tidal frequencies,
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that is, at subtidal frequencies. The term subtidal  rather than mean or net!

is used to characterize the residual circulation that remains after removal of

the tidal currents.

TIDES AND TIDAL CURRENTS

There have been sufficient observations of the ti.des in the Delaware

Estuary to enable a reasonably complete description of their chief

characteristics. Polis and Kupferman �973! provide a summary of tide

observations in Delaware Bay. The Nat.ional Ocean Service  NOS, formerly U.S.

Coast and Geodetic Survey! provides daily tidal predictions at three

locations: Breakwater Harbor, Reedy Point, and Philadelphia. The locati.on of

the two lower reference tide stations is shown on the map of the region in

Figure 3-1. The NOS Tide Tables also provide tidal constants at over 60 other

l.ocations along the estuary. These constants serve to relate tidal conditions

at these sites to the three reference stations.

The tide propagates through the Delaware Estuary from the ocean entrance

between Cape Hay and Cape Henlopen to Trenton and exhibits some of the

characteristics of a progressive, shallow-water wave. The high-water phase of

this intruding tidal wave requires about 7 hours to propagate from Breakwater

Harbor to Trenton. Interestingly, the low � water phase requires over 8.5 hours

to traverse the length of the estuary. There are systematic changes in the

amplitude and shape of the tidaL wave with longitudinal distance along the

estuary. There are also significant differences in the tide between the

Delaware and New Jersey shores of the lower bay.

Tidal range is the difference in height between one high ~ster and the

preceding or following low water. The tidal range is not constant but

exhibits significant diurnal, semimonthly, and monthly variations, because the

observed tide represents a response to lunar and solar tide-producing forces

of various known periodicities. The actual tide may be represented as the sum

of constituent sinusoidal variations whose periods correspond to par'tjcular

periods of the tide-producing forces. Harmonic analysis of the observed tide

enables the amplitude and phase of these tidal constituents to be determined.



Eigure 3-1. The Delaware Estuary ~ith geographic locations
<iscussed in text .



Table 3-1. Tidal constituents at Breakwater Harbor.
The first three constituenrs  8 , N , and S ! are
semidiurnal; the other two  K and 3 ! are IIiurnal.

1

Amp 1 i rude
 m!

Period
 hours!

Tidal Const ituent
Symbol Name

0.60912.42Pri.ncipal lunar

Larger lunar elliptic

Principal solar

Luni-solar

Principal Lunar

0. 13412.66N

0.115

0.106

0.086

12.00S2

23.93K

25.820

The name, period, and ampl itude of the f ive most important r.idal constituents

for Breakwater Harbor are presented in Table 3-1.

rnaxirnum or spring tide; when out of phase the range reaches a minimum or neap

tide. The interaction of the M and N constituents produces a second

modulation of tidal range over a 27-day period.

Thus, tidal ranges during successive spring or neap tides may differ

substantially. For example, the NOS daily prediction at Breakwater Harbor for

September 1980 showed two periods of spring tides' The first was centered

about 10 September and the maximum predicted range on that date was 1.4 m �.5

feet, ft!. During the second period of spring tides 15 days later, the

rnaxirnum predicted range was 1.9 m � ' 2 ft! ~ For the intervening neap tides

the minimum predicted tidal range was just 0-9 m �.8 ft!. The variation in

tidal range at the ocean entrance to the estuary, as illustrated in the

From Table 3-1 it is clear that the H2 constituent is dominant. The
effect of the diurnal constituents, K and 0 is to produce diurnal variations

in the elevat ions of successive high or Low waters. The interaction of the H
2

and S constituents produces a modulation of tidal range over a 15-day period.

When these constituents are in phase, the tidal range reaches a relative



foregoing example, produces a similar variation in the magnit.ude of the tidal

currents; the ebb or f lood current speeds are approximately proportional to

the t idal range.

The average tidal range on both the New Jersey and Delaware sides of the

entrance to Delaware Bay is 1.2 m. The tidal range generally increases «ith

upstream distance through the estuary: at Reedy Point it is 1.7 m, at

Philade lphia 1.8 m, and at Trenton 2.1 m. At comparable upstream distances in

the lo~er bay, ho«ever, the mean range on the Ne« Jersey side exceeds that of

the De la«are side by as much as 0.3 m. This difference has been ascribed to

the Coriolis effect  from the rotation of the Earth! by Polis and Kupferman

  1973!. These lateral differences diminish in the upper port ion of the bay as
its width decreases.

T«o other features of the tide in Delaware Bay and River deserve brief

mention. First, higher harmonics of the N const ituent become increasingly

significant at upstream stat ions . For example, at Ph i lade lphia the N
const ituent  period of 6 ~ 21 hours! has an amplitude of 0.106 m and the fi

e
constituent <period of 4.13 hours! has an amplitude of 0.047 m. These higher

harmonics serve to distort the shape of the tidal curve. Second, channel

improvements have produced substantial changes in t ida1 range. At Trenton the

mean t ida l range has nearly doubled bet«een 1890 and the present Conversely,
tha range at marcus Hook has decreased by about 0.3 m during this time.

Tidal currents in the estuary represent the direct response to the
changes in astronomical tidal elevation at the ocean entrance. As such, the
variation in currents over a tidal cycle can be represented as the

supe rposit. ion of t ida l const ituents analogous to those described above for the
tide. Serial observations of currents have been obtained by NOS at Overfalls
Light Vessel at the entrance of the Delaware Bay for a sufficient length of
time �69 days in 1940-41! to determine the amplitude and phase of the tidal
constituents in the observed current. Table 3-2 sho«s the amplirude in knots
of the f ive largest tidal constituents. Note that the H const.ituent is again

2
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Table 3-2. Constituents of the tidal current at the
entrace of the Delaware Bay,

Tidal Constituent Amplitude  knots!

1.661

0.295

0.253S2

O. 130

0.0590

dominant ~ The analysis of the Overfalls Light Vessel current observations for

the amplitude and phase of the tidal constituents forms rhe basis for daily

predictions of tidal currents at this location provided by the NOS Tidal

Current Tables.

Tidal currents at other locations throughout Delaware Bay and River are

predicted by use of tables that show the time dif ferences between maximum

currents  ebb and flood! and slack ~ater relative to those at the enrrace of

tbe Delaware Bay, and ratios of peak ebb and flood currents relative to the

peak currents at the entrance. The basis for establishing these tidal current

differences are current measurements taken at these l.ocations over periods of

1-4 days. The last comprehensi.ve tidal current survey in Delaware Bay by NOS

was performed in 1947. Some additional observations were made in 1953. A

graphical depiction of the hourLy distribution of near-surface  surface to 6.1

m! currents throughout a tidal cycle is provided by the NOS Tidal Current

Charts.

Several. general features of the tidal currents can be discerned readily

from the NOS Tidal Current Tables and TidaL Current Charts. First, parr.icular

phases of the tidal current cycle, such as slack water, peak ebb, and peak

flood, propagate upstream. For example, at a location one miLe east of Reedy
Point, the phase lag in the tidal current cycle is about 3.25 hours relative

to Breakwater Harbor; near Philadelphia it is about 5.5 hours. There is also



a phase difference across the entrance to the bay, with the current cycle in

Cape Hay Channel leading that at Delaware Bay entrance by about 1,25 hours.
In the lower bay there is significant Lateral variability in the current

strength. Peak ebb and flood currents are largest along the axis of the bay
and decrease toward either side. For spring tides, the peak ebb and flood

currents along the axis of the bay and river as far upstream as Bristol,

Pennsylvania, range between 1.5 and 2.8 knots with values Less than 2.0 knots

occurring only in the wider portions of the lo~er bay.

Three concluding comments concerning tidal currents are pertinent to

subsequent sections of this chapter. First, the number and geographic

distribution of current observation stations in the estuary appear sufficient

to provide an overall view of tidal current patterns. They fail, however, to

resolve fine-scale variability in tidal circulation. Second, the predicted

currents in either the NOS Tidal Current Tables or Charts for a particular

location represent estimates of the expected real currents at that location.

Thus, the effects of the subtidal component of the current are included in

these predictions. Finally, the predictions of tidal currents are for average

conditions of winds and freshwater discharge. Extreme events such as

hurricanes can affect dramatically both the observed tidal elevations and

currents.

SUBTIDAI CIRCULATION

There are four components that may contribute to subtidal circulation in

the Delaware Estuary. �! a gravitational estuarine circulation driven by

density differences between freshwater discharge into the estuary and

intruding ocean water; �! a tidally-induced residual circulation arising from

the effects of variations in bottom topography, coastline geometry, and

Coriolis force; �! a local wind-driven circulation; and �! a circulation

driven by subtidal elevation changes at the ocean boundary, which reflects

effects of wind variability over the adjacent coastal ocean region. In the

f l'owing paragraphs each of these components will be briefly discussed

together with available evidence for their importance in the Delaware Estuary.



The now classical studies by Pritchard �952! served to establish the

features of the estuarine circulation patterns expected in partially mixed

estuaries such as the Delaware. The basic feature of this circulation is a

net seaward flow of water in a near-surface layer of less saline ~ater over a

deeper inflow of higher-salinity water from the ocean. Tidal currents provide

energy for mixing between these layers. The ratio of the volume flux in the

upper Layer outflow to the freshwater discharge depends inversely on the top-

to-bottom salinity difference, i.e., if this difference is small relative to

the upper layer salinity, the seaward flux may be an order of magnitude

greater than the freshwater discharge rate. On theoretical grounds, Hansen

and Rattray �965! have shown that changes in freshwater discharge should lead

to variations in the downstream estuarine circulation.

Polis and Kupferman �973! have provided a crude estimate of tidally-

averaged volume transports at the ocean entrance to Delaware Bay- Data for

this computation were drawn from NOS current meter observations in Hay and

June of 1947 and 1953. Figure 3-2 shows the generaL pattern of net ebb and

flood transports. As expected, there is a net outflow of water in the upper

layer throughout most of the transect, except for a relatively small segment

toward the Cape Hay side. There is a near-bottom inflow of water, except in

the immediate vicinity of Cape Henlopen.

The departures of the observed transport pattern from the simple two-

layered estuarine circulation model may possibly be ascribed to Coriolis

effects. It has been found, however, in model studies of New York Harbor  Oey
et al. 1983! that variations in coastal geometry and bottom topography can

produce at the ocean entrance a tidally induced residual patter~, in the

absence of Coriolis effects, with a net inflow on the right-hand side  looking
upstream!, and a net outflow on the left-hand side similar to that suggested
for Delaware Bay in Figure 3-2 . It is interesting to note that the

calculated total volume flux entering the bay during the flood half of the
5 3tidal cycle is 1.9 x 10 m /s, about 300 times larger than the average

freshwater discharge into the estuary. The caLculated net outflow through
this section is about 40 times Larger than the freshwater inflow. This larger



Cape Hen!open Cape May

Further evidence of estuarine circulation rhroughout Delaware Bay has

been provided by an extensive surface and seabed drifter study performed by

Pape and Garvine �9S2! ~ Apparent drifter trajectories were determined and

the mean water velocity at each station was con!poted for each release

experiment.

Frgure 3-2. Tidal
1awa re Ba!,

lv-aver aged volume transport t hroush the moor h
owr! w.!th posirjvt n«~h~

mar - ot mean volume r1ux in uni!.s «10 cubic
Adapred from pol! s and Kupferman < 1973 >,

..!f!.'ioo! r I s .tn
neters per second.

result agrees with the previously expressed expectation for the magnitude of

circulation in the estuary. The very small ratio of river discharge to tidal

volume flux minimizes top-to-bottom salinity dif ferences in the bay.



A slight digression at this point is appropriate to distinguish between

Lagrangian and Eulerian mean velocities. Lagrangian mean velocity can be

inferred by averaging the movement of passive drifters; Eulerian mean velocity

represents the time average at a particular location, which could be

determined by averaging current meter records. It suffices here to note that

the two velocity fieLds in Delaware Bay may differ. The velocities derived by

Pape and Garvine are Lagrangian mean vel.ocities and correctly describe the

transport of material through the estuary.

Pape and Garvine found seven features of the mean velocity distribution

that illuminate the character of subtidal circulation.

�! Surface velocities in Delaware Bay are generally directed seaward.

There is a persiste~t deviation in the direction of current toward the

Delaware side of the bay. This deflection could be caused by the

CorioLis force.

�! Surface current speeds in the bay increase with- distance

downstream, which is to be expected for estuarine circulation in

partiall.y mixed estuaries. Hean speeds near the bay mouth were about 10

cm/s.

�! For the stations at the bay mouth and on the continental shelf,

mean surface currents were generally directed to the south. Surface

current. speeds at the shelf stations were consistently greater than at

the bay stations.

�! The near-bottom mean currents at aLL shelf stations were directed

onshore. The seven stations off the bay mouth, located up to 40 km

offshore, showed that bottom currents converged to the mouth. For

station to the north of the mouth and 10 km off the New Jersey coast and

for another station just S km offshore from the Delaware-maryland

border, the bortom currents were directly onshore' The significanr

offshore extent of an estuarine-type circulation suggested by these

results bas important implications for the development of numerical

model.s of this circulation.
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�! The magnitude of the near-bottom mean velocities was generally less

than 10% of the surface speeds at all stations. This result differs

from Long-term current meter records obtained by Hartin �978! in the

lower bay just north of the Tanker Lightering Area. Hartin reports mean

speeds of nearly 7 cm/s at a height of just 2 m above the bottom;

however, these were Eulerian mean velocities.

�! Within the bay, the mean bottom currents exhibited a marked

tendency to be directed toward the nearest shoreline. For stations on

the Delaware side of the deep channels, the bottom currents were

directed toward the Delaware shoreline, and a similar pattern was found

at stations on the New Jersey side of rhe ship channels

�! Pape and Garvine found significant correlations between wind stress

over the coastal region during each of their drifter release experiments

and the return rate and calcul.ated mean speeds for both the surface and

bottom drifters. Similar correlations with variations in freshwater

discharge were not found to be significant. A tentative conclusion is

that the effects of wind-forcing on subtidal circulation is considerably

more important than variability in freshwater discharge.

What emerges from the work of Pape and Garvine is a picture of subtidal

circulation in the Delaware that consists of classical gravitational estuarine

circul.ation, modified to some extent by Coriolis effects, and on which winds

can induce a substantial variability. The significance of wind-forcing on

subtidal circuLation in estuaries has become increasingly apparent in recent

years from the analysis of Long-term current observations. For Delaware 5ay,

the only long-term current meter obsez.vations that allowed statist ical

analysis of the impact of winds on the subtidal circulation are those reported

by Hartin �978! ~ These observations were at just one location in the lower

bay; thus, there is a complete lack of direct field data to reveal the spatial

distribution of circulation as it responds to winds. Nevertheless, Hartin's

results clearly reveaL the significance of winds; a summary of his analyses

will be provided below. It is useful to consider first, however, the nature

of local and regional. wind-forcing'



The surface wind stress associated with local winds over the estuary

transfers momentum from the wj,nd to the water. Wind-induced near surface

current. speeds may be on the order o f l to 3% of the wind speed. For example,

a LO-knot wind could induce sur face currents with speeds of about O. 1 to 0.3

knots- The local wind-induced current speeds diminish substantially with

depth-

An important aspect of local winds over semi-enclosed bodies of ~ater

such as the Delaware Estuary is the establishment, by virtue of wind-driven

transports, of dif ferences in longitudinal and/or transverse surface

elevation. The combined effects of direct wind stress and elevation gradients

drive wind-induced residual circulation. Clearly, variability in the ~inds

will contribute to variability in local wind-forced circulation.

A second component of wind-induced circulation arises from the effects

of regional winds over the continental shelf adjacent to the Delaware Bay

entrance. The chief feature of shelf circulation, which results from a wind

component parallel to the coastline, is an along-shelf transport in the same

directio~ as the wind component, on which a less intense cross-circulation is

superimposed. The transport component for near-surface ~aters is to the right

of the wind and for near-bottom waters to the left. Depending on its

direction, a cross-shelf wind component will either intensify or diminish

these cross-shelf transports. For the roughly north-south orientation of the

Hew Jersey and Delaware coasts, a wind toward the north would move surface

waters offshore and bottom waters onshore; for winds toward the south, these

transports are oppositely directed'

Onshore transport of surface shelf water would raise the sea level ar.

the Delaware Bay entrance, but offshore movement would lower it. Variability
in winds over the shelf therefore would produce subtidal elevation changes at
the ocean boundary of the estuary that, in turn, would affect net transport
through the estuary. These elevation variations at the downstream boundary,
generated by regional wind systems over the shelf, may produce a more

pronounced effect on subtidal circulation in Delaware Bay than the direct
effect. of local winds.



Hartin �978! demonstrated the importance of wind-forcing on subtidal

circulation in Delaware Bay via statistical analyses of concurrent wind,

freshwater discharge, and current observatl.ons in lower Delaware Bay. The

current velocity data used by Hartin consisted of current meter records from

either two or three meters on a single mooring, obtained on four occasions

over a two-year peri.od wi.th record lengths ranging from 33 to 40 days. The

mooring sites for these observations are shown in Figure 3-1. Wind data were

obtained during 3 of the 4 observational periods from an anemometer mounted

l0 m above the mean water Level at Brandywine Shoal ~ Freshwater discharge

rates into the estuary were obtained from U.S. Ceological Survey data for the

Delaware River at Trenton, the Schuylkill River at Philadelphia, and

Brandywine Creek at Chadds Ford, Pennsylvania.

The coupling betwee~ variability ar. various time periods in either the

winds or freshwater discharge and variations in observed currents was

investigated using cross-spectral analyses and the evaluation of transfer

functions. One result of cross-spectral. analysis is coherence, a measure of

the degree of correlation between two records as a function of frequency.

From Hartin's analysl.s, the coherence between wind and currents was

statistically significant for several frequency inrervals; the strongest

response of the currents to wl.nds occurred at frequencies corresponding to

period ranges of l.5-2 days, 2-4 days, and 5-7 days. The coherence levels

were generally less for the analysis of the effect of Delaware River discharge

on currents, but statistically significant at several frequencies. Coherence

between the SchuylkiLL River discharge and currents was not statistically

s igni f ic ant at any f requency.

Hartin developed a simple stat. istical model for the prediction of

current variability at subtidal frequencies as a response to wind and

freshwater discharge. The inputs to the model were the time histories of the

east-west and north-south components of the observed wind and the Delaware

River discharge. The outputs were the components of longitudinal and

transverse current velocity. Transfer functions, representing the frequency-

dependent gain and phase for the current response of the model inputs were

derived from spectral analysis of the observations obtained from October ro

November 1974. These rransfer functions were then applied to wind and



discharge data obtained from July ta August 1976 in order to compare model

predictions with the observed currents during this time. Fi.gure 3-3 shows thi

results of this comparision. Except for some shift in phase, the predicted

subtidal current variability agrees remarkabLy well with the observations. Ii

should be noted that the characters of the wind and discharge data were

significantl.y different during these two periods. For example, the 1976

observations included the passage of Hurricane Belle through the region- No

comparabl.e wind event occurred during the 1974 observations.

One conclusion ta be drawn from Martin's results is that subtidal

circulation, at Least in the lower part of Delaware Bay, responds more

vigorously to winds than to variatians in freshwater' discharge. It is not

possible from Martin's result, however, to distinguish between the effects of

local and regional wind-forcing. A second conclusion is that there is

substantial variability in subtidal circulation. Thus, efforts to predict net

transports in the estuary must address both long-term average currents and

short-term variations about these averages.

The finaL component of subtidal circulation to be described in this

section is that due to tidaLly induced residual currents. For this

discussion, results from present research in the Delaware Estuary provide the

basis for a far more comprehensive overview than is available for the other

components of the subtidal c.irculat ion. The first phase of our study has

focused primarily on the development of a vertically averaged numerical model

for the prediction of tides and tidal currents with high spatial resolution

throughout the entire Delaware Estuary and at reduced spatial resolution for

the adjacent continental shelf. The initial intent was to develop two models,

one at coarse resolution to study the bay and shelf, and a second at much

finer resolution for the bay and river. It has been possibLe, however, to

produce a combined model with variable computational grid-spacing to model

simultaneously both the entire estuary and the adjacent shelf region with

appropriate spatial resolution.

Figure 3-4 is a map of the bay and adjacent continental shel,f region

which sho~s the out.line of the model domain  .area to which the model is

applied!- Within Delaware Bay, the horizontaL computational grid is 1 km by
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E V Figure 3-3. Cotnpax i son of predicted  dashed l ine! and observed
 solid line! subt idal currents. Adapted from Hartin �978!.



km; on the shelf the grid is 3 km by 4 km. Thus, by using this combined

mode l, we can achieve the desired horizontal resolution over both the bay and

sheLf regions. The computer time required to run the combined model is

substantially Iess than that required to run the two mode ls sequentially'

moreover, the combined model removes the problem of requiring great detail in

defining the boundary conditions at the bay mouth that were inherent in the

original fine scale modeL. A further advantage of the combined model is that

it enables the investigation of shelf-bay exchange processes, which, according

to the results of Pape and Gazvine   1982!, extend at least 40 km offshore.

An initial series of calculations has been made with the combined model

to investigate solely the effect of tidal-forcing on subtidal circulation in

the estuary. To achieve this, river discharge was set equal to zero and there

was no applied wind stress' The imposed open-ocean boundary condit.ion was the

82 tidal constituent with an amplitude of 45 cm. The modeL was run for a
sufficient number of tidal cycLes to achieve equilibrium. The tidally induced

depth-averaged residual currents were then calculated by averag,ing over one

complete tidal cycle. The distribution of these currents in Delaware Bay is

shown in Figure 3-5.

A striking aspect of this tidal residual circulation pattern is its

complexity. In the lower portion of the bay there is an alternation of

seaward and Landward currents that appears to correlate with alternatfons in

deep and shoal water. In the upper poztion of the bay there are several

eddies that further complicate the residual circulation.

At the site of Hartin's current meter moorings, the computed tidal

residual velocities have a component directed upstream along the longitudinal

axis of the bay and a transverse component directed toward the Delaware side

of the bay. The computed current speed at this site is about 2 cm/s.

estimate of the depth-averaged Eulerian mean current velocity at this location

can be obtained from Hartin's z'esults; this observed velocity is directed

similarly to the computed velocity. Its magnitude is about 3.5 cmjs.

suspect, therefore, that a substantial fraction of the observed mean velocity

at this location may be attributed to tidally-induced residual circulation.
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FiSure 3-4. De laware Bay and continental she li model domain iarea
co which the rnodi l is applied!.



Figure 3-5. Coraputed tidal residual currents tn Delaware Bay for
condi t <ons described tn the text.



PRKSELLT AND PROPOSED RESEARCH ON CLRCULATION

A detailed knowledge of the circulation in the Delaware Estuary, the

ability to predict both mean and Cime-varying features of concentration is
fundamentaL to a rational assessmenc of biological, chemical, and geological
processes in the estuary. These features can be illustrated by a simple

example. Suppose a passive substance is int.roduced at some point in or along
the estuary. We wish to have suf f icient predictive abi.1ity to determine the

transport of this substance both over short time periods  within a portion of

one tidal cycle! and over longer periods. We recalL that for such transport
we require Lagrangian rather than Euler ian mean ve loci.ti.es. There are, of

course, several other features that we would like to be able to predict, such

as subtidal exchange rates between the estuary and shelf, and exchange rates
between various subsections of the bay and river and residence times. In all

of this, the variability in the circulation's response to variations in the

forcing processes also would need to be addressed.

The deveLopment of a substantially enhanced capability to predict both
tidal and subtidal circulation in the Delaware Estuary and ad]acent shelf
~aters is a ma!or objective of the present and proposed physical oceanography

studies wiChin the Delaware Estuary Prospect. The research to accomplish this
purpose consists of two highly interactive components, numerical model studies

and field observations. Some preLiminary two-dimensionaL  vertically
averaged! model results fot. the tidal circulation were mentioned above. The

development of this t idal model is, ho~ever, an intermediate goal of che
numerical work. The final objective wiLL be the development of a fully
three-dimensional model for the prediction of the velocity, salinity, and
temperature distibutions at high spatial and temporal resolution over the

domain shown in Figure 3-4. The modeL requires the specification of boundary
conditions that correspond to the processes  previously described in the third

and fourth sections! that force circulation in the estuary; astronomical tides

at the open-ocean boundary, freshwater discharge to the estuary, and winds.

Field observations will focus on obtaining Long-term current meter

records. The lack of this type of observational data in Delaware Bay, with
the exception of Chose obtained by Hart in at one location, has been previously



noted. Thus, the field program will provide a substantial advance in our

knowledge of subtidal circulation. In combination with the numerical modeling

effort, the results of field work will provide a crucial assessment of the

rsodel's predictive skill.

The co~piete three-dimensional numerical rsodel presently under

development for the Delaware Bay and shelf region wiLL provide more detailed

information than can be obtained either from two-dimensional  vertically

averaged! or from one-dimensionaL  cross-sectionally averaged! models' These

simpler models have an advantage, however, in substantial reductions in

computer storage capacit.y and computational tirse requirements. It is

important to note that the information developed from the three-dimensional

model can be used to establish the empirical dispersion coefficients required

i.n these one- or two-dimensional models.

Furthermore, the volume of data that can be developed from the three-

dimensional model is extraordinary. A signifi.cant aspect of the proposed

research is to find ways to present these results in various reduced forms to

enhance their immediate utility to other investigators in the Delaware Estuary

Project. The final practical. goal of these studies will be to use the

predictive capability inherent in the full model to assist in the rational

management of the estuary.

CONCLUSIONS

The main features of the circulation in the Delaware Estuary that can be

summarized from the foregoing sections are these:

 I! Circulation is a complex response to tidal and subtidal

elevation forcing at the ocean boundary, freshwater

discharge, and winds. With the exception of astronomical

tides, the processes driving circulation exhibit considerable

variability. The resulting currents from these essentially
stochastic driving mechanisms show a corresponding

variability over a broad spectrurs of time.
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�! Effec.ts of estuarine circulation in Delaware Bay can be

observed at substantial seaward distances over the coastal

ocean. Conversely, circuLation in the continental shelf

waters, in particular wind-driven transports, can affect

circuLation in the bay.

The data base for studies of circulation in the Dele~are Estuary is,

within limits, reasonably comprehensive for tidal currents. It is noted,

however, that the last comprehensive survey of these currents was conducted 36

years ago. The observations that bear on suicidal circulation consist of

drifter studies, such as those reported by Pape and Cervine �9S2!, earLier

drift-bottle experiments by Ketchum �953!, and Long-term current meter

observations by Hartin �978!. There is a remarkable paucity of direct

current measurements suitable for analysis of subtidal circulation.

The present and proposed physical oceanographic research within the

Delaware Estuary Project is a joint numerical-observational study. A major

objective of this research is to produce a fully three-dimensional numerical

model for the prediction of velocity, salinity, and temperature distribution

in the estuary and in the adjacent shelf ~stere. A second objective is to

obtain relevant field data to assess the model's predictive skill. Once

established, this model should prove a valuable tool to predict the response

of the estuarine system to both natural and manmade changes.



DISSOLVED GASES AND

THE ACID-BASE SYSTEM

CA. Culberson, J.H. Sharp

INTRODUCTION

The concentration of dissolved oxygen in natural waters is perhaps the

most fundamental measure of water quality. Without oxygen normal aquatic life

cannot exist. The distributions of four chemical parameters in the Delaware

Estuary are discussed in this chapter: �! dissolved oxygen; �! acidity; �!

alkalinity; and �! total dissolved inorganic carbon. Dissolved oxygen is

present in the estuary as dissolved oxygen gas � !. The acidity is discussed

in terms of the pH. The alkalinity is a measure of the concentration of bases,

primarily bicarbonate ion, and the total dissolved inorganic carbon  TCO ! is

the sum of the concentrations of the three dissolved species of carbon dioxide.

Severe oxygen deplete.ion in the upper estuary lead to a major cleanup

effort starti.ng about two decades ago. This activity, under the jurisdiction

of the Delaware River Basin Commission  DRBC!, has been successful and

improvement of the water quality of the freshwater portion of the estuary

be demonstrated. Improvement in water quality is discussed briefly in this
chapter.

Oxygen and carbon are considered together in this section because

processes that affect one generally affect the other, and because they are
associated with major gas reactions- Thus, the disti ibution of inorganic



carbon cannot be understood without reference to the distribution of dissolved

oxygen. This is discussed in a general section on dissolved gases, folio~ed by

sections on dissolved oxygen< pH alkalinity, and dissolved inorganic carbon.

DISSOLVED GASES

The four most abundant and most important gases in both the atmosphere

and the sea are nitrogen, oxygen, carbon dioxide, and argon. Nitrogen is very

abundant in all natural ~aters and is not appreciably influenced by inputs or

reactions; argon is inert and does not react at all. Oxygen and carbon dioxide

are very reactive and, in estuarine waters, these two gases are intimately tied

to biologicaL activity. Oxygen and carbon dioxide, like other gases, dissolve

in water when the atmosphere and water mix and their concentrations depend upon

their individual solubilities. In general, both gases would be found in

natural waters at saturation Levels  concentrations determined by solubility!

if it were not for bioLogica 1 reactions' All gases are more soluble in colder

water so saturation levels are lower in warm water than in cold water.

Natural processes and human inputs influence the concentrations of

dissolved oxygen and carbon dioxide  n the Delaware Estuary, Natural processes

include  l! respiration and photosynthesis; �! gas exchan «,«: ross the air-

~ster interface; �! chemico I exchange across the sediment-water interface; and

�! physical mixing ~ The above processes occur in all estuaries, but the ir

rates are also af fected by manmade  anthropogenic! inf Luences. The most

important anrhropogenic inf Luence on rhe Delaware Estuary is �! the discharge

of municipal and industrial wastes into the estuary.

The ef fe c s of rs spit'-'««> on:he distribut iona of oxygen and inorganic

carbon are illusr.rated by epuations l and 2.



0 +CH 0=CO + HO
2

20 + NH~ = 2H + NO + H20
2 �!

organic molecule,In equation I, the molecule CH 0 represents a hypothetical

and the equation represents the net effect of respiration: the consumption of

dissolved oxygen � ! and the production of carbon dioxide  CO ! during the
2

degradation  oxidation! of organic matter by organisms.

concentration of dissoLved inorganic carbon. Ho~ever, it has an indirect
+

effect, in that the acid  H ! produced during nitrification changes the

chemical speciation of the dissolved inorganic carbon.

The effects of photosynthesis on the concentrations of dissol.ved oxygen
and inorganic carbon are shown by equation 3, whi.ch is the reverse of equation

C02 + H20 = 0 + CH C �!

In photosynthesis, sunlight i.s used as the energy source for plants to convert

dissoLved inorganic carbon into organic matter. Oxygen is introduced inr.o the

water during this process' In addition to carbon dioxide, nutrients, such as

nitrogen and phosphorus are also required during photosynthesis. For

simplicity, these are not considered in equation 3.

The inorganic chemistry of dissolved oxygen in water is simple; it is

onLy present as the molecule 0 . In contrast, the inorganic chemist.ry of
dissolved carbon dioxide is complex, and dissolved inorganic carbon can

present in one of three distinct forms:  I! molecular carbon dioxide CO - �!
2'-2bicarbonate ion, HCO ; �! carbonate ion, CO . All three forms coexist

simultaneously in natural waters, and their relative abundance depends on the
+

hydrogen ion  N ! concentration of the water.

Nitrification  equation 2!, which is the oxidation of ammonium by

microorganisms, also consumes oxygen. This process has no direct effect on the



DISSOLVED OXYGEN

Figure 4-1 shows the distribution of dissolved oxygen in the Delaware

Estuary for ~inter  January-February! and summer  July! conditions averaged for

the years 1972-83. It shows two obvious features: �! oxygen concentrations

in the entire estuary are higher in winter than in summer; and �! dissolved

oxygen decreases as the Delaware River flows past Philadelphia. Higher

di.ssolved-oxygen concentrations in winrer are due to the greater solubility of

oxygen at low temperatures. In the absence of biologicaL effects, dissolved

oxygen concentrations in the estuary should be close to equilibrium with

atmospheric oxygen. The dotted lines in Figure 4-1 show the equilibrium

concer trations of dissolved oxygen at the temperatures and salinities

characteristic of winter and summer. The data in Figure 4-1 approach oxygen

saturation both upstream and downstream of Philadelphia. During the spring and

summer, oxygen concentrations in the estuary north of Philade Lphia and south of

Port Hahon often exceed saturation due to the production of oxygen during

photosynthesis.

The decrease in dissolved oxygen in the estuary near Phlladelpl ia is due

to the degradation of carbonaceous and nitrogenous wastes added to the estuary

in this region. The consumpt ion of oxygen by these wastes is illustrated by

equations 1 and 2.

The data in Figure 4-1 represent average conditions ower the period

1972-83. There are both shorr-term and long-term processes which cause

perturbations on these average conditions. Short-term effects include diurnaL

 day-night! effects due to photosynthesis and respiration. These are

illustrated in Figure 4-2 in which the results of an experiment during

September 1981 are plotted. In r.his experiment, one body of seawater was

monitored over a 3O-hour period to deter.t changes in water chemisr.ry due to

biological processes. The data show that respiration and photosynthesis can

change the observed oxygen concentrations by more than 10',. over the course of a

day. Liuch larger day-night effects have been observed in the upper freshwater

portion of the estuary  Thomann 1'974! ~
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Figure 4-1. Distr itut ion of dissc.lved oxvgen  microgram-atom.,
oxygen per liter! vs. distance from tf e mouth of rhe estt ar y.
Dat f rem e veraged summer   July! and winte r   January/Febr ua ry!
ssmplirg. Delaware River Basin Commission  DREC! data from
1972-81 � ope n circle .; data f rom our tudy f rom 1978-83 � so I id
circles. The dotted Lines indicate saturation Levels  see
text.!.

Long-term effects on the concentration of dissoLved oxygen include

changes ir: ant hropogenic inputs to the estuary. Albert �982! has shown thar.

average oxygen concentations in the estuary have significantly improved over

the 20-year period from 1961 to 1981 due to major cleanup of sewage ef f Luents
 Figure 4 � 3!. The average oxygen concentration at the Delaware-Pennsylvania
state Line �0 miles from the bay mouth! has more than doubled over this
period.

The data in Figure 4-1 show that oxygen concentrations in the lower

estuary south of Port Hahon  refer to Figure 1-1! are everywhere greater than
90'%%d saturation wirh respect to atmospheric oxygen. In the winter,
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Figure 4-2. Disso 1 ved oxygen  microgram-atoms oxygen per lice= !
iver tsme ~ Samp1 i ng done in September 1'981 by following a

0
constant sa1initv of; 2. S /oo tor a period of � hours.

concentrations are close to 100% saturation due to intense mixing and reduced

biological activity, whereas in the summer, oxygen concentration of ten exceed

100% saturation due to oxygen produced during photosynt hesis,

The biological oxygen demand lBOD! is a measure of the maximum amount of

oxygen consumption that c-n occu«n a water sample due to its Load of

suspended nd dissolved wastes - Discharge of BOL! into the Delaware Ec tuary is



Table 4-1. Input of biol.ogical oxygen demand  BOD! to the
Delaware Estuary from maJor nunicipaL and indu triaL
ef f Lvents. Al Locat ions are the maximum pounds per day
permitted by tl e Dc laware River Basin Cormnission  DRBC! .
These allocations are the mes current as of April 19SO;
those listed constitute 907 of the total allocations tnade by
DRBC ~

AllocationDischarger

regu! ated by the De! aware River Basin Con<mission  DRBC! . Table 4-1 lists the

maJor municipal and industrial cor tributors of BOD in te rms of their permitted
al.location as of 1980. The improvement in dissolved oxyge~ concer trations over
the last 20 years  Figure 4-3! in the Delaware Estuary is due to improved
m»thods of waste treatment which have sibnificantl.y reduced the level of BOD jn
the estuary  Figure 4-4!.

Anothe way of looking at oxygen demand is with th» concept of apparent
oxygen utilization  AOU! which comes from seawater chemistry  Redfield
1963!. The AOU is the difference between the dissolved oxygen that should be
I resent from equi litrium of the water and atriosphere and that which is present.
Figure 4-5 is an envelope of AOU vs ~ salinity for all our center-channel

surface samples from 197S-83. Negative AOU values indicate that waters are

Philadelphia NE Sewage Treatment Plant  STP!
Philadelphia SW STP
Philadelphia SE STP
City of Wilmi.ngton
E. I. duPont, Cl embers Works
City of Camden, Nain STP
Deice ra STP  Delaware County, PA!
City of Trenton
G loucester Co., NJ
gobi L Oi 1  Paulsboro, N. !
Getty Oil  Delaware City, DE!
Monsanto Co.  Bridgeport, NJ!
Atlantic Richfield  Phi>adelphia!
U.S. Steel  FaLls Twp., PA!
Lower Bucks Co., PA
Gulf Oil  Philadelphia!
Hamilton Twp., NJ

72,500
37,020
33,600
20,800
14,000
11,90C.
10,500

5,000
4,320
4,250
3,750
3,170
2,59C
2,500
2,410
2, 170
2, 160
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Figure 4-3, Comparison of mean dissolved oxyge~ values
 milligrams/liter! for 1957-61 and 1977-81 from sampling in the
period of June through October. From Albert 1982.

4
O
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Figure 4-4. Biological oxygen demand  BOD! compared for the
same period as shown in Figure 4-4. BOD in units of
milligrams/lirer of dissolved oxygen. From Albert 1982.
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Figure 4-5. Apparent oxygen uti 1 ization  microgram � aroms oxygen
per liter! vs. salinity for surface central channel samples from
the pe].aware Kst vary from 1978-83 .



DISTRISL TIDN DF H

Carbon dioxide is a weak acid; nd ~ herr it is produced during respiration

 equation I! it rezcrs with water acct rding to the eqration,

CO -.- H 0 = H + HCO �!

+wto yield hydrogen ion  H .' and bicarbonate ior  HCO ! . The hydrogen ions

produced by equation 4 make the water more acidic and lower the pH which is
defined as

+
pH = -log H !

A pH decrease of one un it co> responds to a 10-Fold increase i n tl.e hydrogen ion
concentration.

The pH is an important me asure c f water quality tecause its val.ue

reflects the bio/ogical. processes occurring in the estuary and pH controls the
distribution of many trace metals through its ef fects on solubilities,
adsorpt ion, and t omp l.exa t i on ~

Since tot h dissolved oxyger, and pH decrease during resp<ration and
increase during photosyr thesis, there is a direct correlation between these two

parameters down t he length of the estuary. This is i 1 lust rated in Figure 4-6
which sh< ws pH prof >les tor winter and summer conditions from the same samples
as t} ose used for Figure 4-l - It is clear that the pg minimum in Figure 4-6
occurs at the same lccat i on as the oxygen minimum in Figure 4

supersaturated with oxygen; positive values indicate undersaturatio" and

approximate the extent of the oxygen demand. The data set i.s from al seasons

ftr a five-year period. It is obviou' that the upper e'tuary ccntinually has a

pronounced oxygen demand whi le the lower estuary does not- T»s ««ept

been discussed with consi de ration of the chert ist ry in Sharp et al ~ �982! ~
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Figure 4-6. VaLues of pH for the same sample averages as in
Figure 4-1. Open circles � DRb" summer data  July!; open
triangles � DRBC ~inter data  January/February!; solid circles
our summer data and sol id triangles - our winter data.

The pH is subject to the same day-night effects as dissolved oxygen, and
Figure 4-7 shows the vari ation of pH in one water mass over the same 30-hour

The correlation between pH and oxygencycle as the oxygen data in Figure 4-2.

is evident.

As the water quality of the DeLaware Estuary has improved, there have

been long-term changes in the pH of the estuary south of Philadelphia, and the
pH in this section of the estuary has increased over the last 20 years  Albert
1982 !.
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Figur~ 4-2. Values of pH ever ti.mc for the same 30 hour
sampling period sho~n in Figure 4-2.

P LKAL I N ITY

The lkalinity is a measure tf the buffer rapacity of natural waters, and

in the Delaware Estuary the aJkalinity is essentially equal to the

concentration of b carbonate ion  HCO !. Since the bicarbonate ion is the
3

mo t abundant of the three carbon dioxide species, the concentrations of

alkalinity and tot; l inorganic carbon are approximately equal.

The alkalinity is a major constituent of seawater, and at salinities
ogreater than l /oo, alkalinity behaves conservatively in the Ds laware Estuary.

That is, a graph of alkalinity vs. salinity is linear for salinities greater
0than l /oo. Th s is clearly shown in Figure 4-8 whic} is based on samples from

1978-83.
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Figure 4-8. Alkalinity  microequivalents per kilogram! vs .
salinity for all samples from 1978-83.

Alkalinity is not conservative in the freshwater portion of the estuary

as is illustrated in Figures 4-9 and 4-10. In July 1979  Figure 4-9!, the

alkalinity decreased by 50% between Trenton and Marcus Hook. The alkalinity

decrease is also shown in the historical DRBC data for July  Figure 4-10!.

this case the alkalinity decrease averaged over a 14-year period was 36%. The

cause of this alkalinity decrease is no known, but part of it may be due to

the production of hydrogen ions  acid! during nitrification as is indicated by

equation 2.

As the water quality of the Delaware Estuary has improved over the last

30 years, there have been long-term changes in the alkalinity of the estuary
south of Philadel.phia, and the al.kalinity in this section of the estuary has

81
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Figure 4-9 ~ Alka 1 inity  microequivalents per kilogram! vs.
chloride  both rnicromoles per kilogram and mil limoles per
ki logram! for sarnpl ing in July 1979.

increased. Tl e average alka1 iriity at Marcus Hook for the period of 1964-65 w. s

2Q4 micrcequivalents per liter and in 1977-78 thr average value was 616

The average alkalinit! at this station has tripledmic roequiva lent s per l i. t e r .

apparently due tc the cessat 5.on of -cid waste discharge into the estuary by

indust ry  DECS 1966; ~

D1SSCLVED INORGANIC CARPO1il

by two pr

igure 4-8,

oce sse s: the mixing, c. f

arid the input and

62

Because of the relative ly lo PH

concentration of carbonate

in< rganic carbon are bicarbonat   3
 CC !. The term TCQ refers tc the- sum o

2 2
carbor. system in thr. estuary dominated

freshwater and sa] twar er i 11 ~st rated b F

the estuary  Figure ~ -6!, the

low, and the two m-jor species of

fo!lowed by molecular rarbor. dioxide

f all the species. The inorganic
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Figure 4-10. Alkalinity  microequivalents per liter! vs.
distance from the mouth of the estuary. Values averaged for
July sampling for 1.967-81.

subsequent decomposition of organic carbon in the Philadelphia area. Due to

the production of molecular carbon dioxide during respiration  equation 1!, the

entire uppet' estuary from Philadelphia to Port Hahon is supersaturared with

respect to armospheric carbon dioxide, by as much as 25 times near Philadelphia

 Sharp et al. 1982!. The supersaturation of carbon dioxide and r,he

undersaturat ion of oxygen result from the carbon dioxide that. is released

oxygen that is consumed during respiration ~ The relationship between oxygen
consumption  AOU! and carbon dioxide production was shown in Sharp
�982!.



CONCLUSIONS

The distribut ion of dissolved oxyg«, pH, alkalinity, and carbon dio~ide

in the Delaw;re Estuary are very much irrerrelated- Concentrations of these

parameters are cortrol led by microorganisms in photosyr thesis-«sp«at«n

reversible at tivities. gicrcscopic algae add oxygen To The water a"d emote

carbon dioxide in phatosyr:theseus; bacteria remove oxyger. and add carbor dioxide

in respiration. Lhe e c Iassical seawater chem/stry balances held throughout

The salinity regime: of the estuary wi,t.h the minor exception of excess acidity

in the municipal region.

Levels of dissol.ved oxygen and pH have increased over the last 20 yeats

with in provements in waste treatment in the Philadelphia region- At present,

The Oxygen demand in the uppe r Sa! inity reaCheS of the eatuary is meaaurab J e,

but probably not of a magnirude to b< corsidered dangerous to the water quality

of the saline port ion of t ht estuary.

There are severa I aspects of the oxygen and carbon dioxide ystems in the

estuary that are poorly understood and need further tesearch. These are the

following: �! tf e oTcygen demand of the sed.'mer ts in the estuary; �! the

cause of the a Lha 1 in i t y min imum found in the Ph i l dade l phi a region; �! the

ef feet that the low pH in the Philadelphia region has on trace n;etal and

nutrient conc< nt rat iona in the eatuary. It is vet y imporrant tO recognize That

Changea in T he gaS chemist r! of 'tl e estuary PrOfnundly influence metal S and

nutrient chemistry.



NUTRIENTS  NITROGEN,

PHOSPHORUS, SILICON!

A.C. Frake JH Sha& SE pike

JB. Pennock, C.H. Culberson, W.J. Canzonier

INTRODUCTION

Nutrients in the ~ater are necessary to support the growth of

phytoplankton and marsh grasses. Yn turn thi.s plant material supports the
rest of the food web, including zooplankton, shellfish, and finfish. The

growth of plant material is also dependent upon light, temperature, and

physical processes that are discussed in other chapters of this report.

The major nutrients required for pl.ant growth are carbon, nitrogen,
phosphorus, and silicon. These nutrients are found in both inorganic and
organic forms with the exception of silicon, which exists only in the
inorganic state. Nutrients may also be subdivided into two classes based on

whether they are found in the particulate or dissolved state in the water.
The inorganic dissolved forms of nitrogen  ammonium, nitrate, nitrite!,
phosphorus  phosphate!, and silicon  silicate! are the subject of this
chapter. Dissolved and particulate organic fractions are discussed in Chapter
6; particulate silicon is treated in the Chapter 7.

This study posed several questions related to nutrient dynamics. Nhat
are the sources of nutrients. How are nutrients distributed temporally and
spatially. Qhat are the processes affecting their distribution. Accordingly,
they form the three sections of this chapter.



SOURCES OF NUTRIENTS

Nutrients enter the estuary from natural sources and they may be

introduced by man. Natural sources of nutrients include the Delaware River

and other tributaries, marshes along the estuary, sediments, and the ocean.

Nan's input to the estuaries are from sources such as municipal sewage

effluents, industrial effluents, and urban and agricultural runoff.

Atmospheric precipitation is a source of nutrients to the estuary thac has

natural as well as man-induced components.

A majority of the nutrients enters the estuary at the freshwater end.

Comparisons of nutrient inputs f."m primarily natural sources  DeLaware and

Schuylkill Rivers! and human sources  municipal and industrial effluents! are

shown in Table 5-1. The rivers are a major source of nitrate to the estuary

while effluents are the main sources of ammonium and phosphorus. Comparison

of the two major types of effluents shows sewage as the predominant source of

ammonium and phosphorus, and industrial effluents as the main source of

nitrate.

DISTRIBUTION QF NUTRIENTS

Natural and human sources of nutrients in the upper estuary result in

freshwater nutrient concentrations much greater than those at the mouth of the

estuary. Nixing of high-nutrient, low-salinity waters with low-nutrient,

high-salinity waters sets up a natural gradient for studying nutrient

distributions. Plotting the concentration of any constituent against salinity

should result in a straight Line if the constituent does not undergo any

bioLogical, chemical, or geologicaL changes during the mixing of freshwater

and saltwater. If a consti,tuent shows a curvilinear relationship when plotted

against saLinity, ir. is probably nonconservative and should have an estuarine

sink if the curve is concave, or an estuarine source if it is con~ex.

The conservative or nonconservative behavior of any nutrient can change

seasonally due to changes in inputs, flow rates, and utilization or production

within the estuary. Over the past four years of this study, seasonal trends



Table 5-1. Discharges of nutrients to the Delaware River.
Values are averaged from data reported on a monthly basis
by the Delaware River Basin Commission. All values are as
moles of the element  nitrogen or phosphorus! discharged
per second. NO = nitrate, NH = ammonium, P04 =

3 4
phosphate.

A. River dischar es-avera ed for the eriod of 1964-1979 ~

PONO� 3 ~NH

Delaware River at Trenton
Schuylkill River at Phila.

20. 7
14.7

2.5
1.7

0.6
0.5

Total 35.4 4.2

B. Host significant discharges from maj or effluents averaged for
the period of 1976-1980. Total phosphorus  TP! reported rather
than phosphate ion. STP = Sewage Treatment Plant.

Sources TP

Total 7.10 30.91 3.68

Trenton STP
Hamilton Twp., NJ
U.S. Steel. Sanitary
Lower Bucks Co.
Fhila. NE STP
Camden Main STP
Phila. SE STP
Phila. SW STP
Gloucester Co., NJ
Mobil Oil  Paulsboro, NJ!
DuPonr.  Gibbstown, NJ!
Delcora STP
Wilmington STP
DuPont  Deepwater, NJ!

0.02
O.oe
o.19
0.03
0.24
0.03
0.28
0.29
0.13
0.15
1. 47
0.21
0.07
3.93

1.42
0.38
0.42
0.55
7.67
1.2

2.16
5.33
0.55
0.06
0.22
0.4
4.06
6.49

0.06
0.06
0.02
0.08
1.07
0.15
0.55
0.91
F 1
0.01
0.00
0.1
0.46
0.11



in nutrient distribution have remained consistent from year to year. For the

Delaware Estuary, we consider three seasons: winter  November-February!,

spring  March-Hay!, and summer  June-October!. These same three seasons were

delineated for river fLow in Table 2-2  Chapter 2!.

into 10 salinity intervals: 0-1, 1-2 ' 5, 2.5-5, 5-7.5,

20-25, 25-30, and 30-32 loo. Data from the 23 cruises
o

7.5-10, 10-15, L5-20 >

were then grouped

according to season for anaLysis. For ammonium and silicate, which show

greater year-to-year variation, data from one year are presented to show the

seasonal fluctuations in concentrations.

Highest phosphate concentrations oc,cur in the upper estuary during the

summer, decrease slightly during the ~inter, and are Lowest in spring  Figure

5-1A!. In the middle estuary, phosphate levels remain approximately 1-5
micromolar  uH! during summer and winter. During spri~g, unlike other

seasons, phosphate is rapidly removed i.n the middle and Lower estuary. Some

areas of the estuary show total deplet'ion of phosphate at this time.

Phosphate concentrations in the lower estuary remain approximately 0.6 uH in
winter and summer.

Nitrate-vs-salinity diagrams for the estuary indicate conservative

mixing occurs throughout winter and spring, although nitrate is lower in

spring than winter throughout the estuary  Figure 5-IB!. There is no rapid
removal of nitrate during spring as there is for phosphate and ammonium. In

summer, nitrate sometimes shows nonconservative behavior, indicating an

estuarine sink. Nitrite is typically less than 5% of the total inorganic

nit.rogen pool  nitrate + nitrite + ammonium!.

general, ammonium concentrations in the estuary are highest during

winter and decrease in spring and summer throughout the estuary  Figure 5-2A!

In winter, ammonium shows nonconservative behavior and has an estuarine sink.

During spring, ammonium decreases rapidly in the middle and Lower estuary,

To examine the seasonal distribution of nutrients in the estuary, we

analyzed data from surface samples down the main channel in two ways,

depending on year-to-year variation i.n concentrations. For phosphate and

nitrate, which show relatively Little year-to-year variation, data were pooled
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Zn surrrrner, ammonium concentrations are uniformilyuH.

throug ou the estuary. Levels of arrrrronium are higher ir

s umme r t ha n r. n s P r i ng

often to Less than I

low � less than 5 uN

the lower estuary in

highes't

and lowe y

vior, concentratio

than in sp g

estuary  Figure 5-2B!. In summer, silicate shows nonconservative behavior

Low concentrations in the upper estuary, a major input of silicate in th<

middle estuary, and higher concentrations in the lower estuary than during
spring.

Nutrients were measured in the surface and bottom waters to examine

vertical concentration gradients - In the upper estuary, nutrient differences

between surface and bottom waters are not significant because the estuary here
is generally well mixed. In the Lower estuar'y, conce'ntration differences

between surface and bottom waters are evident when there is a vertical

salinity gradient ~ In general, concentrations are higher in the surface

warers due to the higher nutrient concentrations in the outflowing freshwater.

some areas, there are a 1 so pat terna in nutrierrt di s tribut ion across

the estuary. There are no concentration gradients between the central channel
and the shoal areas j.n the upper estuary. In the lo~er estuary, lateral
d j f ferences in nutrient concent rat ions exist between the cent raL channel and

extensive temPoral sampling of the New Jersey shoals has shown seasonaL
patterns in ammonium "d PhpsPha te concent rat ion simi lar to those described
for the centr channel; this i s shown in Figure 5-4 for sampling from the

7>

shoal areas along Delaware and New Jersey. In summer, shoal waters have
hjgher concerrtrations of ammonium, nitrate, and silicate than does the water
of the cenrral channel  Figure 5 � 3A! . !n spring, when runoff is greatest, the
s I tuat ion is re«r sed r the cent r'a 1 channe I has s igni f icant1y h igher
cpncentrat r ons of ammon«m r nitrate, and s i I icate than the shoal areas  Figure
5-3B!.
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Figure 5-4. Yearly cycles of ammonium and phosphate
 uH! for the Ridge station in the New Jersey shoals.

ridge station  see Figure L3-I for Location!. Our.ng spring, phosphate is

almost tota lly removed from the water, and ammonium concentrations are less

than 2 uM throughout the regi.on.

PROCESSES THAT INFLUENCE NUTRIENT DISTRIBUTIONS

Physi.cal, biological, and chemical processes occur in the estuary that

influence the distribution of nutrients. Physical processes that affect

distributions include the mixing of freshwater and saltwater and the movement

of freshwater through the estuary.
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Biological processes that influence nutrient dynamics include

phytoplankton utilization, nitrification, and regeneration- In spring we

observe decreases in silicate, ammonium, and phosphate in the middle and lower

estuary  Figures 5-1 and 5-2!. These nutrients are almost depleted at times,

and their suppLy is crucial in sustaining the high rates of production

observed in spring.



Turnover times measure how long it would take phytoplankton during

photosynthesis to deplete all the nutrients present in the water column.

Turnover times are calculated by converting estimates of carbon fixation into

equivalent fixations of nitrogen, phosphorus, and silicon, using the Redfield

ratio  Redfield et al. 1963! and then dividing that estimate into the

concentrati.on of nitrogen, phosphorus, or silicon present in che water. These

calculations show how rapidly nutrients are cycled in the highly productive

portion of the estuary during spring. Average spring turnover times for

nitrogen, phosphorus, and siLicon at the mouth of the estuary are 0.5, 1, and

3 days, respectively. In the upper estuary the corresponding rates are 20, 7,

and LOO days, respectively. For comparison, winter turnover t.imes are

considerably longer due to decreased production and higher nutrient

concentrations- In the freshwater end of the estuary, average turnover times

for nitrogen, phosphorus, and silicon are 800, 230, and 7000 days,

respectively. Values for the Lower estuary are 10, 5, and 20 days for

nitrogen, phosphorus, and silicon, respectively, in the winter. These

estimates show that nutrient,s in the lower estuary are rapidly uriLized and

recycled during periods of high productivity. They also show that the high

nutrient Levels in the upper estuary are not being used rapidLy by the

phytop lankton.

In the lo~er estuary it appears there are insufficient quantities of

nutrients to sustain pri,mary production during spring and summer. Other

sources of nutrients to the Lower estuary could be marshes, the ocean, and

regeneration from the sediments and water column.

A. Large study of the Delaware marsh indicates saLt marshes do nor.

provide a source of nutrients to the estuary  Neredith L9S2!. In Localized

areas, however, marsh runoff may be important  Figure 5-3!. Infrequent storm

events may also cause localized nutrient inputs'

Regeneration of nutrients within the water column and in the sediments

is an important process in rhe estuary. Some of the organic matter formed in

che water column sinks to the bottom, where bacteria convert this material

into inorganic constituents. Nutrients formed during this process may remain

in the sediments or diffuse upward into the water column. We are c,urrently
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performing experiments to measure the short-term flux of nutrients to or from

the sediments. The flux of nutrients from the sediments may be an important

source of nutrients in Localized areas and to the entire estuary over longer

time periods. Sediment regeneration of nutrients has shown to supply 10-100

percent of nutrients for production in various estuaries  Hixon 1981, Harri.son

1978!.

While benthic fluxes of nutrients are important, water column

regeneration causes a considerably Larger flux than benthic regeneration.

Utilization of organic materiaL by both heterotrophic bacteria and zooplankton

resuLts in the release of inorganic and simple organic compounds of nitrogen

and phosphorus, which are then available for uptake by phytopLankton. Indeed,

bacterial release of ammonium from amino acids is a significant source of

nitrogen for phytopfankton  Hollibaugh 1976, Hollibaugh et al ~ 19SO!-

During spring, primary production in the lo~er estuary requires more

nutrients than are available in the water column. Regeneration of nutrients

in the water column must be an important source of nutrients in sustaining the

spring bloom. This has been demonstrated in other estuaries  Harrison 1978,

Stanley and Hobbie 1981!. Bacteria in the water column may release inorganic

nutrients rapidly enough to maintai.n the observed primary production. Future

studies will attempt to quantify bacteriaL populations and measure this aspect

of their activity in the estuary. Al.so, in shallow waters the metabolic

activity of filter-feeding bivalves could contribute a considerable fraction

of the recycled nutrients, especially amino compounds appearing as soluble

reacti.ve ammonium, which are directly available to the phytoplankton  Galassi

and Canzonier 1977!. Further study would be needed to quantify the

contribution of nutrients from this source.

Anmonium values in the upper estuary are considerabLy lower in summer

than in winter. This reduction is caused by the bacterial conversion, or

nitrification, of ammonium into nitrite, then nitrate. Figure 5-5 depicts
ammonium, nitrite, and nitrate concentrar.ions as a function of distance from

the mouth of the estuary. In the Philadelphia area, most of the sewage input
of ammonium is oxidized to nitrite  peak at SO miles! and then to nirrate
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Figure 5-5. iVicz.ire, ammonium, and nitrate  uH! vs.
distance from the. bay mouth ~ Data are averaged August
values for l957 � 80 from the Delaware River Basin
Commission.

 peak at 5p miles! . Higher' water temperature during the summer increases the

rate of conversion from arnrnc>aium to nitrate and rhus accounts far the

diminished ammonium values found throughout the estuary i.n summer.

/he ef fects of nitrif ication are also sho~n in Figure 5-6.

Concentration of nitrate in the upper estuary as a function of time show

highest values in the late fa l I whe»oMnonium concentrations are low and water
temperatures are high. Ni t r i f ication rates are highest at thi s time. In the
winter, when nitrification rates are low because of cold temperatures,
ammonium concent rat ions are >ig h at rhe freshwaterer end.
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F'igure 5-6. Hitrate and ammonium  uM! vs. time. Dara
are from stations in the upper estuary at the location

0
of the freshwater end member  at 0-2 /oo salinity! .

Geochemical processes also influence the distribution of nutrients. With the

explained by the operation of a phospl;ate buffer. In laboratory experiments,

phosphate has been shown to move from suspended particulate material into the

water column  Pomeroy et al. 1965!. This exchange phenomenon maintains the

concentration of about 1.5 uH phosphate in the upper Delaware Estuary. The

occurrence of this phosphate buffer sysrem has been found in other estuaries

 Butler and Tibbitts 1972, Horris et al. 1981!.
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exception of the spring bloom, there is a relatively constant concentration of
o

phosphate in estuarine waters between 0 and 15 /oo salinity. This can be



CONCLUSIONS

High concentrations of nutrients introduced in the freshwater region of

the estuary are reduced by mixing with seawater. In spring, ammonium,

phosphate, and silicate are depleted from the middle and lo~er estuary and may

limir. primary production in the estuary. Physical, biological, and

geochemical processes that add and remove nutrients also occur within the

estuary.

Increased or decreased inputs of nutrients would have an initial effect

on the level of production during spring. Changes in inputs would lower or

raise nutrient levels throughout the estuary in summer and winter, but would

have little effect on distribution trends. Inc,reased or decreased inputs in

spring would affect the level of productivity in the lo~er estuary, Changes

in sediment loading could greatly influence nutrient patterns and processes ~

Research on processes is crucial to increase our understanding of the

nutrient dynamics of the estuary, Important areas of research presently being

undertaken are benthic and water column regeneration and modeling of nutrient

behavior,



Chapter 6

ORGANIC MATTER

LA. Cifuentes, J.H. Sharp, A.C. Frake, S.E. Pike

INTRODIJCTION

Estuarine organic compounds are found in both dissolved and particulate

forms, and originate from natural biological systems and anrhropogenic sources.

The distribution of organics in estuaries depends on source concentration,

degree of mixing, transport, geochemical reactions, and biological

interactions. Organics can be either beneficial or toxic to phytoplankton

productivity and higher trophic levels in food webs. For example, dissolved

organic compounds react with trace metals and often decrease the toxicity of

metals  Saar and Weber L982!. Labile organics provide material for bacterial

remineralization of nutrients which can lead to greater productivity  Williams

1981!. On the other hand, in water with high organic concentration the

oxidation of organics can result in oxygen depletion. Some manmade organic

compounds  e.g. PCBs, DDT! are harmful to che biota even at parts per billion

concentrations  Goldberg 1975!.

To study organics in natural environments by cataloging and measuring

individual organic compounds is an enormous and essentially impossible task, A

more successful approach is to divide organics into several classes, such as

carbon-, nirrogen-, and phosphorus-containing organics. These classes are

usually subdivided into dissolved and particulate groups. The

dissolved/particulate division is by definir.ion: dissolved organics are those



that pass throuSh a microporous filter  various conventions use cut-offs
ranSsng from 0.2 to 2 micr oem!, and particu]ate organics are those that are
retained on the filter. Thi s s ize cj,assification is functional, not chemical;
the choice of f il ter is somewhat arbitrary  Sharp 1973!

Recent advances in anal yt ical chemistry have improved the ability to
measure specific organic comp~~nds in seawater, particularly those that are
important in biological and ap<mical processes of estuarine systems. Examples
include amino acids, sugars, and urea; these are alL organic compounds that
function in estuarine biochmrnicaL cyc]es, Also of interest are halogenated
organics which Eo" when naruraL waters are chlorinated. Although the exact
nature of these compounds im vnknown, there is suf f icient evidence to suggest
that some of them are highLy toxic  Tardiff et al. 1978!. Natural and altered
hydrocarbons are ubiquitous in industrial environments and high concentrations
of these compounds can also be. harmful to living systems  Goldberg 1975! .
Finally, humic materials arm h ighly condensed organics naturalLy deri,ved from
runof f of Land that can corn~ Lex metals in aquatic systems  Saar and Weber

1982! ~

The following section discusses sources of organics to the Delaware
Estuary and possible remova L during estuarine mixing. Upper and lower estuary
seasonal trends are exami.ned next, and biological and geochemical ef fecrs on

organics are discussed in the f inal section.

SOURCES AND HIXING OF ORGAN IG MATTER

To facilitate examinat i.an of sources, transport, and seasonal changes o

organic concentration, a Lang< >rg»ic data set was reduced. Two years of
from bimonthly cruises begirLaing September 1980 and ending November 1982 were
analyzed in three ways: by Pooling data into six estuarine regions and
averaging; by pooling data i<to salinity intervals and averaging and by taking
pooled data, separating into three "seasons", and averaging,



Organic matter comes into estuaries from rivers, exchange with marshes,

atmospheric fallout, and exchange with marine waters. In addition, organic

matter is produced in situ in estuaries  municipal and industrial sources of

BOD are discussed in Chapter 4!.

During five cruises  spring and summer only! extensive sampling was also

done in shoal areas of the estuary. Data from this set of cruises were

separated into six zones to compare regional differences in organic

concentration. Zones include the river above 75 nmi, the turbid region of the

estuary �0-7S nmi!, the central channel of the lower estuary, the coastal are;

beyond the estuary mouth, the New Jersey shoals, and the Delaware shoals' The

average concentration of each constituent was calculated for each zone.

River run-off strongl,y infLuences dissolved organic concentrations in th~

Delaware Estuary. For example, concentrations of dissolved organic carbon

 DOC!, dissolved organic nitrogen  DON!, and humic acid nitrogen  HAN! were

highest in the river where terrigenous run-off, and also aquatic production an<

anthropogenic inputs, all are important  Table 6-l!- On the other hand,

dissolved organic phosphorus  DOP! concentrations were rel.atively uniform

throughout the estuary. Of the dissolved organics, only humic acid carbon

 HAC! had highest concentrations in the shoals and lower estuary.

Results were consistent with earLier studies that, in general, showed

higher riverine dissolved organic concentrations than coastal or oceanic

organic concentrations  Head 1975!. This study is the first to report

estuarine concentrations of organic phosphorus. The uniformity of DOP could

reflect the biogeochemical reactivity of phosphorus in estuarine systems.

Results for humic acids suggest that marshes could be an important. source of

humic material with a higher carbon-nitrogen ratio than riverine humic

material. As expected, dissolved organic concentrations were al~ays lowest in

the coastal region; DOP and HAC showed minor differences between the central

channel of the estuary and coastal regions.
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Table 6-1 Average concentration  five spring-summer
cruises! of salinity and organics in six different regions of
the Delaware Estuary: river above 75 nmi  region 1!, turbid
portion of the river � 30 to 75 nmi  region 2!, central
channel in the lower bay  region 3!, coastal region  region
4!, New Jersey shoals  region 5!, and DeLa~are shoals  region

0
6!. See text for organic symbols. Units are /oo for salt
and micromolar of the element  carbon, nitrogen, phosphorus!
for the organic matter.

REGLON
2 3PARAHKTER

Lieasurements of urea and dissolved amino acids  nitrogen containing

compounds! were made throughout the estuary during the first year of this

study. Results showed higher urea concentrations in the upper estuary, whereas

amino acid concentrations were higher in the lower estuary  Fi.gure 6-1!.

Nitrogenous effluent inputs could account for high river concentrations of

urea. Removal indicated by the property-salinity diagram probably resulted

from biological uptake. High dissolved amino acid concentrations are likely to

be found in highLy productive areas. Lov values in the turbid region of the

estuary were due either to Low production or to adsorption on particulates and

subsequent removal.

High particulate organic concentrations were found in regions of high

suspended load. Particulate carbon  PC! and particulate nitrogen  PN!

concentrations were highesr. in shoal areas. Particulate phosphorus  PP! was

highest in the upper estuary and the New Jersey shoals. However, when

normalized to seston values, PC concentrations were Lower in the entire upper

estuary and the Delaware shoals. Normal ized PN and PP concentrations vere

Sa l r.
DOC
DON
DOP
PC
PN
PP
HAC
HAN

0.06 4.30 23.90 31.23
319 325 217 166
67.7 46.3 25.5 11.1

0.40 0.32 0.41
58 102 91 55
15.3 13.1 9.6 5.2
2.38 2.34 0.87 0.42
20.5 13.6 24.1 24.5
3.6 1.7 1.7 1.4

21.02 24.87
289 247
35.4 29.1
0.44 0.35
159 194
19.8 24.9
1.70 2.42
29.4 32.0
2.4 2.3
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Figure 6-1. Urea and ami,no acids vs. salinity. Data are from
salinity intervals  see text for explanation! from six sampling
periods, 19BO-81 ~ Concentrations in micromoles nitrogen per
li.ter.

In estuarine mixing of organics, removal, addition, and chemical

alteration are important processes. Removal mechanisms of organic matter in

estuaries include sedimentation, geochemical removal, and biological uptake.

Addition occurs by in situ production, sediment resuspension, and lateral

inputs  e.g. marshes, tributaries! ~ Chemical changes are discussed below.

Data �5 cruises! from srarions taken down the longitudinal axis of the

estuary were pooled into 10 salinity intervals: 0-1.0, 1-2.5, 2.5-5,0, 5.0 7,5

7.5-10.0, 10.0-15.0, 15.0 � 20.0, 20.0-25.0, 25.0-30.0, and greater than

30.0 /oo. Salinity intervals were chosen to emphasire physical.-chemical

lower in the turbid and Delaware shoal regions. In shallow turbid regions,

organic matter in suspended sediments is diluted by inorganic silts and cl.ays.

This effect is not as strong in the New Jersey shoals in spite of high seston

concentration.
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Figure 6-2. Disso ived organic phosphorus  DOP! and particulate
phosphorus  PP! vs. salinity. Data are averages  see text for
exp lanar ion! from f i fteen cruises, 1980-82. Concentrations in
micromoles phosphorus per liter.

property-salinity diagrams were generated from these reduced data.

straight mixi.ng line between ri««nd-member �-1.0 /oo interval! and coastalo

end-member �Q Q /oo! would i" « that a constituent is mixed conservativelconserva ive y

84.

processes in the upper estuary, particularly increasing ionic
suspended sediment loads. For each constituent,

interval were averaged-
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in the estuary; in ef feet, there are no other sources or sinks. A concave-down

curve would suggest. const ituent removal, ~hereas a concave-up curve would

suggest constituent addition. Property-salinity diagrams only indicate net

loss or addition of constituent relative to the concentration predicted by

end-member mixing. 4o information can be drawn from property-salinity diagrams

regarding the nature of removal or addition mechanisms.

Removal was implied for DOP and PP  Figure 6-2! in the upper estuary

while rhe removal of DOff occurred in the upper and middle estuary  Figure 6-3!

The removal of DON and DOP could be biological. Part iculate phosphorus and,

perhaps, some DOP removal could be attributed to phosphate buffering in this

region.

1
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Figure 6-3, Dissolved organic nitrogen  DOH! and particulate
nit rogen  PN! vs. salinity. Data are averages  see text for
explanation! from fi f teen cruises, 1980-82. Concentrations in
micromoles nitrogen per liter.
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Figure 6-4. Humic acid carbon  HAC - micromoles caIbon per
liter! and humic acid nitrogen  HAN - micromoles ni" rogen per
liter! vs. sal inity. Data are averages  see text for
explanation! from fifteen cruises, 1980-82.

Removal of HAC and HAN occurred in the upper estuary  Figure 6-4!.

Similat behavior is found in other estuaries  Fox 1982!. It is thought that

humic acid removal in estuaries i.s geochemica lly controlled  Sholkovitz 1976!.

During individual cruises, particularly during the spring bloom, the removal

curves for HAC were shallow. A possible explanatio~ is that humic material

produced in situ in rhe estuary behaves differently from river humic material

dominated by terrigenous sources  Fox 1982!. In addition, changes in humic

carbon-nitrogen ratio  discussed below in Biogeochemistry of Organic '<atter! in

the uppet' estuary suggested either selective removal of HA% or another source.
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Inspection of mixing diagrams showed conservative mixing for DOC  Figure

6-5! and PN  Figure 6-3!. Higher concentrations of these constituents in shoal

regions do not appear to be mixed into the central channel of the lower

estuary. Small increases in the PN concentration probably refIected increases

in suspended sediment concentrat.ion.

Only particulate carbon shoved ddition throughout the estuary  Figure

6-5!. While HAC and DOP also shoved addition, it was only in the lower estuary

 Figure 6-2, 6-4!. In the upper estuary, PC increase probably resulted from

Yesuspension. Lower estuary increase in PC, HAC, and 9OP probably resulted

from in-situ production and from marsh sources that are mixed into the central
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channel of the estuary. If Lateral mixing were the ma jor source of increased
organic concentrat ions in the cen t ra I channe I, s imi l.ar increases in DOC and PN

would be expected.

Organic carbon concentrat ions in the Delaware Estuary are average for
coastal plain estuaries  Hantoura and goodward l983!. No pronounced increases

were found in the vicinity of Philadelphia, Pennsyjvania, or Wilmington,

Delaware. However, organic nitrogen concentrations are relatively high. There

is a large nitrogenous oxygen demand in the Delaware River  EPA Report 1973!,
primarily f rom ammonium input s - Based on our measurements, b iogenic ni trogen

compounds  urea, amino acids, p rote ins! account for Less than 50%%u of the

organic nitrogen  Cifuentes 1982! - Some of the uncharacterized pool of organic

nitrogen could be organic amines. The role of the uncharacterized organic

nitrogen in biological and geochemicaL cycles merits future study.

A recent study of hydrocarbons in the Delaware Estuary  Wehmiller and

Lethen 1975! suggests that there is recent deposition of estuarine organic

material in the turbid region of the estuary  see Chapter 7!. In the rest of

the estuary, it is difficult to distinguish between diagenetically altered

organic material and petroleum deposition. Thorough studies of the organic

composition of sediment in all the regions of the estuary are needed to

distinguish areas of petroleum contamination from areas of impoverished organic

deposit ion or rapid diagenesis.

SEASONAL TRENDS

Seasonal changes in organic constituent concentrations reflect seasonal

changes in river flow, productivity, and temperarure. Changes in river flow

can either increase or decrease c.oncentrations depending on the sources. Point

sources are diluted by increased f I«~ awhile some runoff products increase in
concentrat.ion because of increased weathering. During highly productive

seasons, particulate organics are formed a« dissolved organic concentrations
increase because of excretion, Leachingi and "s loppy" zooplankton feeding.



Table 6-2. Seasonal averages of 30-day-averaged gauged river
3

flow  m /sec! prior to each cru'ise  Trenton, NJ!, areal primary
production, and organic concentrations for upper and lower
estuary. Summer   June-October!, ~inter   Novembe r-Fe br ua ry !,
spring  March-May!. See text for organic symbols. Units for
organic matter are micromolar of the element carbon, nitrogen,
phosphorus.

WINTERPARAMETER SPRING

136
0.0-10 parts per
5.0
363
63.2
0.38
104
«.6
2.4
6.7
0.9

River

parts per thousand sal.inity
60.2
217
26.9
0.37
71.4
11.1
1.0
17.2
1.7

Conversley, increasing temperature stimulates higher heterotrophic uptake of

organic matter. Because all of these factors are interrelated, care must be

exercised in interpreting seasonal changes in organir. concentration.

In order to understand seasonal changes, the organic data were separated

into three seasons: summer-fall  June-October !, winter  November-February!, and

spring  March-May!; the same three seasons were delineated for river flow

Table 2-2  Chapter 2!- The data were also separated into less than and greater

Aprod
DOC
DON
DOP
PC
PN
PP
HAC
MAN

Aprod
DOC
DON
DOP
PC
PN
PP
HAC
HAN

flow 144

Upper - main axis stations,
37.0
351
64. 6
0.38
95.4
10.5
1.8
14.4
1.7

Lower � main axis stations,
79.2
236
23.1
0.51
66.4
6.3
0.7
18.4
1.4

10-32
12.7
230
26.6
0.29
67.2
8.3
1.1
7.3
0,8

511
thousand salinity

21.2
311
54.4
0.33
104
14.7
2.6
16.3
2.0



than IO.O /oo intervals to emphasize the differences in upper a d lower estuaryo

processes between seasons. Seaso�al trends are discussed in terms o«pp«
Lower estuary averages  Table <-2!.

In the upper estuary, DOC concentrations were Low in spring during
condit ions of maximum ri~er f low. DON and DOP concentrations showed only
slight decreases. Particulate carbon, nitrogen, and phosphorus concentrations
were Lowest during summer, presumably because of Low average f Low. Humic acid
carbon and nitrogen concentrations were much lower in winter.

In the lower estuary, DOC, DON, and PC concentrations were uniform

throughout the year. The coocentration of DOP was substantially higher in the
summer; seasonaL changes fo I Lowed changes in areal production. Particulate

ni.trogen and phosphorus concentrations were lower in summer. As in the upper

estuary, humic ac id concent rat.ions were substantially lower in the winter.

Seasonal trends in humic materials reinforce the hypothesi.s thar in-situ

production could also be an important source of humic materials in the estuary.

BIOGEOCHEMISTRY OF ESTUARINE ORGAN ICS

The biogeochemistry of estuarine organics is complex. Different types of

organics originate from the sources discussed above and these inputs behave

dif ferently in the changing, environments of estuaries. Our attempts ro

understand the chemistry of estuarine organics focuses on relationships berween

estuarine production and ambient concentrations in the Delaware Estuary.

Marine algal material has been characterized by what is called the

Redfield ratio of carbon to nitrogen to phosphorus  C:N:P! which is 10e: le.l

 Redf iel,d et al. 1963!. These values are idealized; there are significant

dif f erences among marine environments ~ For example, these va Lues ca. be

af fected by the physiology of algae and the ratio of nitrogen to phosphorus in

nutrienrs available to algae. Ln complex estuarine environmenrs majorl



Table 6-3. Regional particulate, dissolved, and humic carbon-
nitrogen  C/N! rat i os normal i zed to Red f ie ld rat ios. Reg iona L
particulate carbon-phosphorus  C/P! ratios normalized to
Redfleld ratios. See Table 6-1 capt ion for Location of
regions. See text for organic symbols.

REGION
4PARAMETER

1.2
1.5
2.3
1.2

1.6
2.2
2.7
1.1

1.2
1.3
2.1
1.6

1.2
1.4
1.3
0.5

1.5
1.6
2.2
1.1

PC/PN
DOC/DON
HAC/HAN
PC/PP

0.6
0.7
0.8
0.2

deviations from Redfield ratios occur because of changes in growth conditions

of estuarine populations or because of inputs of organic material with

different C, N, and P composition.

The river portion of the estuary c lose to Philadelphia was enriched in

nitrogen and phosphorus  Table 6-3!. Particulate, dissolved, and humic.

fractions were similar in carbon-nitrogen ratio. These data suggest that all.

riverine organic fractions come from similar sources. Nitrogen and phosphorus

enrichment could be explained by riverine production in a nutrient-rich

environment or by anthropogenic inputs. In addition, phosphorus enrichment

could be explained by dissolved-particul.ate interactions.

interactions should be important in this region. High PP concentrat ions may

not be truly organic but in fact are probably from adsorbed inorganic

phosphate. Since behavior of PN in the estuary was conservative, the increase

in carbon-nitrogen ratio suggested inputs of carbon-rich particuLates. A

likely source was resuspended bottom sediments.

In the turbid region of the estuary, suspended sediments were not as rich

in organi cs  Chapter 8! . Particulate organics remained phosphorus-r ich, but

were no longer nitrogen-rich. Inorganic phosphorus and particulate



Removal of dissolved organic nitrogen resulted in higher dissolved
carbon-nitrogen ratios. This mechanism could not explain higher observed humic

carbon-nitrogen ratios. Humic materials are known to be removed from the water

column in estuarine salinity gradients  Sholkovitz 1976!- Ho~ever> no studies

indicate that humic nitrogen is preferentially removed. Thus, this increase in

humic carbon-nitrogen ratio also suggest.s a source, perhaps resuspension,

mixing with lower estuary humic materiaL, or tributary inputs ~

Tn the body of the estoary, there was organic enrichment in pazticulates.

A slight increase in particulate carbon-nitrogen zatio was seen in the central

channel relative to the shoal and turbid regions upstzeam. Particulate

material was no longer enriched in phosphozus. There was sLight phosphorus

depletion in New Jersey shoaLs compared to the rest of the estuary. Dissolved

carbon-nitrogen ratios were uniform and closely resembled particulates. Humic

materials had a high carbon-nitrogen ratio and were also uniform throughout the

lower estuary. Organics in this region probably represented a mixture of in-

situ-produced organic material resembling normal ratios and of marsh inputs

enriched in carbon.

The coastaL region contained particulates that were comparatively organic

rich  Chapter 8! . Particulate carbon-nitrogen and carbon-phosphorus ratios

resembled those for the central channel. However, dissolved and humic carbon-

nitrogen ratios were nitrogen poor.

CONCLUSIONS

Our approach has been to understand the sources and transport of organics

in the Delaware Estuary. We have measured gross classes of carbon-, nitrogen-,

and phosphorus-containing organic compounds and have made preliminary

measurements of amino acids, urea, and hu»c acids. Using this generalized

approach, we conclude that the majority of dissolved and particuLate organics

in the Dele~are Estuary comes from natural sources. There are no indications



that manmade organics are quantitatively a major component of the tot.al. organi<

pool. However, they may make up a significant fraction of potent ia l ly toxic

organics which could be present in the estuary at harmful leveLs.

During low flow periods, one and a half times the gauged flow at Trenton

New Jersey, could pass through power pLants for cooling purposes. Chlorine,

added to retard biofouling, is known to react with dissolved organics and to

form highly toxic halogenated organics  Tardiff et al. I978!. The high levels

of residual chlorine in power plant effluents vanish within a short distance o'.

the e f f luent plume  He lz and Hsu 1978! . In f act, our own measurements near th<

Edgemoor  Delaware! plant ef fluent plume recorded no residual chlor ine. Futur<

efforts should focus on monitoring Levels of halogenated organics. These

compounds can accumulate in the estuary and, at sufficiently high

concentrations, may severely limit product ivity.

While the organic concentrations in our area of study in the Delaware

Estuary do not appear to cause severe oxygen depletion, the nature of organics

may give insights into future management decisions. In addition to more

research on halogenated organics, study is also warranted on the nature of

organic matter, especially the uncharacterized organic nitrogen, and on

specific organic matter of anthropogenic origin, e.g. petroleum hydrocarbons
and coa L leachates.



Chapter 7

BOTTOM SEDIMENTS

R.B. Biggs, T.M. Church

INTRODUCTTON

Bottom sediments in an estuary can be envisioned as historical records

of conditions both within the estuary and in its immediate drainage basin.
The bottom sediments of estuaries are important for their influence on water
quality because the sediments often contain fallout. from waterborne

components, which can be remobilized and returned to the water column. Bottom
sediments are also significant considerations in transportation management
because stable channels needed for port facilities are maintained by dredging.

This chapt.er is organized into three sections: sediment texture, which
treats the size of the sediment components; sediment mineralogy, which deals
with the inorganic sediment makeup listed by mineral type; and sediment
organic matter, which treats the organic content and nature of sediments.

SEDIMENT TEXTURE

Figure 7-l illustrates the texture of bottom sediments. The estuary may
be divided into two zones north and south of Liston Point �9 25'!; the zone0
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Table 7-1. Sediment characteristics for upper Delaware
Estuary open waters, shown with percentages of totaL
area occupied by the sediment type. Upper Delaware

o
Estuary defined as area north of 39 25', south of Marcus
Xook and belo~ mean low water. Tabular data obr.ained
from plots of Army Corps of Engineers  USAGE 1973!.
Based on Fol.k �974! sediment texture classes.

/. Total AreaSediment Type

Percent mud in the se diment s

0-10
10-25
25-50
50-75
75-100

less than
less than

1

1 7
25

greater than 66

north characterized by muddy sediments, and the zone south to the sea,

characterized by coarser sediments.

The characterist ic sediment types found in the upper estuary are over

90"., muds and sandy muds. Locally important exceptions can occur, especially
in the Lower estuary shallow waters where sands may dominate, or in certain

channe l pockets where silts dominate. These narrow zones are not shown on

Figure 7-1 or in Table 7-1. Weil �977! has described the lower portion of
this reach as the submarine delta of the Delaware River. The area in the

vicinitv of Artificial Island is approximately the null point of the Delaware

Estuary  the Location in the estuary where bottom currents are exactly
balanced during the ebb and flood tidal phases!. The null point is a likelv
place for fine sediments to accumulate. Thus the upper estuary is generally
characterized by the sediments from the null zone extending downbay to Liston
Point  where the fine sediments are also organic-rich!.

97

Gravel
Gravelly sand
Slightly gravelly sand
Sand
Muddy sand
Sandy mud
Mud

less than 1
Less than 1
Less than 1
less than 1

7

36
greater than 53



Table 7-2. Sediment characteristics for lower Delaware
Est.uary open waters, sho~n with areas and percentages of
total area occupied by the sediment c,ype. Lower defined
as area south of 39 25', north of Cape May-Cape
Henlopen, and below mean l.ow water. Tabular data
obtained from maps presented in Weil �977!. Based on
Folk �974! se/iment text~re classes. The area does not
include 412 km   159. 1 mi ! of salt marshes that border
the estuary.

Bottom Area  km !
2 '7 Total AreaSediment Type

Percent mud in the sediments

51
18

7

22 2

155
54
21
67

6

0-10
10-25
25-50
50-75
75-100

0Lower Delaware Estuary sediments  south of 39 25'! are texturally

distinct from those upstream of the null point. While the upper estuary

bottom is 90% sandy muds and muds, the Lower estuary contains less than 25%

sediments of these textures  Table 7-2!. WeiL �977!, ~sing statistical

techniques, has identified three major sedimentary environments in the lower

estuary: channeL sands and gravels, open estuarine fine sands wirh mud, and

estuarine quiet water muds  Table 7-3!. The principal sources of rhese

sediments are shore and bottom erosion, the remains of estuarine organisms,

and input from the ocean  U.S. Army Corps of Engineers 1973! . The sands just

inside the bay mouth appear to be derived from rhe New Jersey and Delaware

coasts or the shaLlow continenral shelf. The New Jersey and Delaware ocean

coasts contribute approximately 200,000 and 350,000 tons per year

respectively, of sands to the bay  USACE 1973!.

Grave 1
Gravelly sand
Slightly gravelly sand
Sand
Muddy sand
Sandy mud
Mud

21
53
12

115
30
67

5

7
18

37
10
22

2



TabLe 7-3. Naj or estuarine sedimentary environments in the
lower Delaware Estuary, shown by dividing the same area of
Table 7-2 into three regions defined by cluster analysis of
the mud fraction of 411 bottom samples  Weil 1977!.

2
Bottom Area  km ! % Total AreaSedimentary Environment

Channel sands � med. to
coarse sands with Low
mud content   less than 35%! 55168

Open estuary sediments
fine sands with variabl.e
mud content �-5O%! 41125

Estuarine muds � primarily
mud  greater than 50%!
with fine sands! 10

The principal processes responsibLe for the observed sediment texture in

the Lower estuary are the strong tidal currents, which produre coarse

sediments in the bottom of deep channels, and windwave suspension of bottom

sediments in shallow areas. Superimposed on and modifying these processes is

a circulation pattern, influenced by the Coriolis effect, which is caused by

the rotation of the earth. This pattern causes the ocean-derived waters to

dominate on the New Jersey side of the bay and fresher waters from the river

to hug the Delaware shore. Sands containing characteristic minerals derived

Delaware ocean coast are swept around Cape Henlopen into the bay where they
are deposited almost immediately, causing the Cape to grow rapidly to the

northwest. Fine sediments, carried downstream from the river in the fresher

waters, are preferentially deposited on the Delaware side of the estuar y ~
Figure 7-2 illustrates important paths of sediment transport.

from the New Jersey ocean coast are swept around Cape Hay into the bay and can

be traced as far upbay as the Cohansey River mouth. Sands derived from the



Figure 7-2- General.ized sediment transport pa! tern fpr the
De laware Fstuary.



Table 7-4. Average miner a logical content of bot tarn
sediments, shown for three regions the Delaware Estuary.
The upper region is from Wilmington to Ship John
Lighthouse, the lower region is from Ship John Lighthouse
to the capes, and bay mouth is the immediate vicinity of
the capes. Composition is given as percent of total
sediments for that location; additionally, percentages of
individual clay minerals are shown in parentheses. Data
are from USAGE �973!.

Bay Mouth  'L!Lowe r  'j.!Upper   4!Const it uent

0.2
16.5

1.8
4.3

0.5
1.4

Individual minerals  as percent of total clays!

�5!
�0!
�0!
�!

�9!
�6!
 8!
�!

Illite
Chlorite
Kaolinite
Montmorillonite

�2!
�3!
�!
�!

SEDIMENT MINERALOCY

Table 7-4 summarizes the average composition of bottom sediment for the

Delaware estuary. All sediments are predominant ly quartz. The percentage of
quartz increases, and the feldspar concentration decreases towards the sea,

reflecting the quartz-rich, mineralogically mature coastal and shelf

sediments, which are the source of the lower estuary sands. Clay mineral,
diatom, and organic matter contents decrease down the estuary following the
general decline in concentration of fine material. The clay minerals present

10s

Quartz
Feldspar
Mica
Heavy minerals
Organic matter
Goal
Diatoms
Amorphous iron
Shell, slag, and rock

particles
Clay minerals

57
10
0.7
1
2.2
3.2
8.0
0.7

83
6

2.8
0.5
0
0.3
0.1

93.5
3.4
0.2
0.5
0.3
0
0.1
0.1



in Delaware bottom sediments are il lite, chlorite, kaolinite, and

montmorillor'ite. There is no measurable variation in bottom sediment

proportions of these minerals along the escuarine gradient.

SEDIMENT ORGANIC HATTER

Numerous investigators have studied the distribution of totaL organic
materials in Delaware Estuary sediments  USACE 1973, Haurer and Watling 1975,
Strom 1976, and Bopp 1980!. Figure 7-3 is a composite of all of the data on
organic content for Delaware Estuary sediments. Values are based on

measurement of loss on ignition, a standard technique for estimating organic
content of materia ls.

As a generalization, the distribution of organic matter in the estuary
sediments follows the mud content. Sediments are richer in organics in the
upper estuary and along the Delaware coast where mud content is relatively
high, and are poorer ip the coarse sediments near the bay mouth and in thej
deep channels.

Wehmiller and Lethem   1975! have separated and analyzed the hydrocarbon
f race ion of the organic mac.ter from 23 bottom samples in the estuary,
Although hydrocarbons are a minor component of the sedimentary organic pool,
they can be used as gross indicators of petroleum contamination. Hydrocarbons
are a iso present in living systems and are dominated by odd-carbon chains
 C21-23-25,...! ~ The carbon preference index  CPI! is a measure of the
abundance of biologically dominated organic matter  odd carbons! compared with
petroleum products or diagenetically altered organic matter  uniform odd-even
carbons! . Wehmi 1 let and Lethem computed the CPI for sediments in the estuary.
Their resuLcs are illustrated in Figure 7-4. Low CPIs  equal to or less than
1! indicate extensively altered organic matter or petroleum contamination;
high values indicate fairly "fresh" organic matter. In the Delaware River
below Philadelphia the CPI is low, perhaps due to sewage or petroleum and
ocher natural organic materials which have been extensively modified. The
region from Marcus Hook to Artificial Island has the highest observed CPIs,
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Figure 7-3. Organic content of sediments as shown bv loss Qn
igni t. ion  LOI! . Composite af data cited in text.



P."are ~-4- Carbon preterence indext  CP1! for Delaware Estuar;
'- ' imencs. From data of Webmi 1 ler and Le hem   1o75!,



indicating the deposition of the freshest organic matter. In fact, the

sedimenrs of this area are also found to contain the highesr concentrations of

diatom remains in the estuary  USACE 1973! . Farther downstream, intermediate

CPIs are found along the Delaware side of the bay with lowest values found

associated with the coarse channel sands. The extent to which this

extensively modified organic rnatter of the lower bay is due to natural or man

derived sources is unknown.

Organic matter in the bottom sediments is a compl.ex mixture of natural

sources produced by plankton, marsh and upland vegetation, and man-derived

sources from sewage and petroleum. All. of these can in time be modified after

deposition by biogeochemical processes  diagenesis! within the sediments.

Thus it is not possible, at the present time, to indicate the sources of this

organic matters

CONCLUSIONS

The bottom of the lower Delaware Estuary is blanketed by sandy sediments
dominated mineralogically by quartz with organic content of less than one

percent carbon. The upper estuary consists of quartz-rich, muddy sediments

with more abundant clays and a higher content of organic rnatter.

Host of the data on the ~ater depth of the estuary were collected in

1845-55; an extensive survey has not been repeated- The National Ocean

Service is now conducting new bathymetry and has completed the survey from
Trenton to Wilmington. In the absense of this detailed new bathymetry, we
cannot estimate rates or volumes of sedimentation or erosion benearh the

estuary in non-navigation areas  see Chapter 8 for a gross sediment budget!.
However most organic and inorganic toxic material.s show a marked preference
for attachment to fine-grained particles  see Chapter 9 for trace metals!.
Since most of the fine material coming from upstream is preferentially
deposited on the Delaware side of the estuary, one mighr expect most of the
toxic elements to be also. However, as is seen in Chapter 9, increased
concentration of some trace metals are seen on either side of the estuar'y.



These lateral increases are thus a complex process that combine riverine

sources of toxic materials  including some local industrialized tidal rivers

of the lower estuary! with processes of fine particle deposition and

biogeochemical  sulfate-reducing! effects of trace metal enrichment at the

surfaces of bottom sediments.



Chapter 8

SUSPENDED SEDIMENTS

R.B. Blggs, J.W. Sharp, 84. Howell

INTRODUCTION

Suspended sediments include tiny colloidal particLes, phytoplankton

aLgae, organic detritus, clays, silts, and sands present in the ~ster column.
These materials affect geochemical processes such as crace metal and pollutant
transport and also may affect biological production by reducing the light
available to phytoplankton. In addi. cion, deposition of suspended sediments has

an economic impact on the maintanence of shipping channels. Suspended sediments
are introduced to estuarine waters primarily from erosion of Land in the

drainage basin and from a number of minor sources.

The distribution of suspended sedi.ments in estuaries is determined by
inputs of sediment, circulation, settling characteristics, and resuspension of
bottom sediments Regional differences in suspended sediment concentrations are
responsible for differences in the color of various waters- The brown color of
estuarine waters is due primarily to inorganic suspended sediments; awhile
coastal waters often appear green because of high concentrations of
phytoplankton.

The primary focus of our research has been to examine the dist ribes[ ion of
suspended sedinen' s f-, t>~ estuary and their role in light attenuation. These
areas are discussed in the first two sections of this chapter. In the f jnal
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Figure 8-1. Seston  mg/L! vs. distance above the mouth of
the estuary; shaded area envelopes all data from 1980-83
sampling.

section a si.mple suspended sediment budget is presented for use in assessing

gross impacts that may occur due to major changes in inputs of suspended

material to the estuary.

DISTREBUTIOH OF SUSPENDED SEDlMENTS

Seston is defined as the total weight of suspended sedijnent removed from

a sample by i i 1 t rat ion. For analysis, suspended sediments are usually

separated from the water via filtration through microporous filters with

retention pore sites on the order of one-half to one micron. The material

retained on the filter is called suspended sediment or sesron, and is often

referred to as particulate matter  see Chapters 6 and 9!.
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Figure 8-2. Seston  mg/L! vs. distance above the mouth of
the estuary for November 1980 sampling,. Solid line is a
statistical fit of the data by least squares regression.

Figure B-I shows concentrations of seston vs. distance for samples taken
in the centraL channel of the estuary. Values for the ent' Dire e a~are Estuary
range from 0.3 to 230 milligrams per liter  mg/L!. Seston concentrar ions in
the river and turbi.dity maximum regions are high �0-140 mg/L!, but not
exceptional compared to values for some subtributaries  up to 670 mg/L! or
turbid estuarine regions such as the Severn Estuary E 1 d hy, ng an, w ere values are

reported as high as 4000 mg/L  Kirby and Parker 1983!.

Along the estuarine main axis, highest seston concentrations fns are ound in

the upper estuary. Two turbidity maxima are often observed on indiv idual
sampLing cruises  Figure 8-2!; one below Philadelphia and a hanot er in the region
50 miles upstream from the mouth of the bay  Biggs et al. 1983! High seston
values, up to 230 mg/L, are also found in the shallow shoal regions where
resuspension of bottom sediments often occurs during mixi bng y strong wind or
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Figure 8-3. Lines of equal seston concentration  mg/L!
from sampling down the axis of the Delaware Estuary in
January I983.

maximum tidal currents. In the -Delaware Estuary, suspended sediment

concentrations in the shoals are almost always higher than in the central

regions.

In addition to variations in the surface ~aters of the estuary there are

often increased concentrations of suspended sediments in bottom waters. Figure

8-3 depicts differences in vertical concentration along the main axis.

Increased concentrations of sediments on the bottom are often caused by a Layer

of sediments that are resuspended and carried by strong tidal currents. These

near-bottom ~aters are i.mportant because a significant portion of sands and

heavier materials are transported in these Layers, and microbial breakdown of

organic materials is often concentrated in these regions.

Table 8-1 represents seston and values for percent carbon in the six

regions of the estuary  described in Chapter 6!. In the turbidity maximum



Table 8-1- Suspended sediment concentrations  seston! in the
six regions of the estuary described in Chapter 6. Region 1
the upper estuary, 2 � the turbidity maximum, 3 � the central
lower estuary, 4 � the mouth of the estuary, 5 � the New
Jersey shoals, and 6 � the Delaware shoals. Percent carbon in
the suspended sediment is also shown. Values are averages for
16 sampling periods from 1980-83.

o
Salinity /oo Seston  mg/L! 7. CarbonRegion

15.4
44.9
11.8

6.3
38,7
23.1

11
3.4

l3
20
16
15

1
2

3 5
6

0.1
4.3

23.9
31 .2
21.0
24.9

region, the average content of organic carbon in the seston is low � less than

five percent. High seston values are also observed in both the New Jersey and
Del.aware shoal regions; however, in these regions, seston i.s comparatively
enriched in carbon - about 15 percent carbon. The most organic-rich seston is
in the coastal region at the bay mouth. It is likely that suspended sediment
in the turbidity maximum region comes from river input and the resuspension of
inorganic bottom sedimentary material. In the shoal areas, considerably more
biologically produced organic matter and detrital organic matter from marshes
is found in the water columns At the bay mouth, productivity of the water
column has an even greater influence on seston concentrations.

LIGXT ATTENUATION

Light penetration in water is controlled by absorption and scattering af

with particles suspended in the water  Champ et al. 1980!. Attenuation of
light in water is the combination of adsorption  principally from dissolved
substances! and scattering  principally from particLes!. In the open ocean,
blue light penetrates water most deeply; in coastal and estuarine waters,
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the light. Absorption is the conversion of light into heat ~bile scartering i.
the change in direction of Light waves, principalLy because of interact ions
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-1Figure 8-4. Correlation of light attenuation  m ! with
seston  mg/L! for all samples down the axis of the Delaware
Estuary from 1980-83 sampling.

yellow or orange light penetrates farthest- This is explained by high
concentrations of suspended sediment and dissolved organic compounds that

selectively attenuate the shorter, blue wavelengths of light.

Light attenuation is measured using a light meter that records the amount

of light penetrating to a specific depth. The attenuation coefficient k is an

estimate of how quickly light is scattered and absorbed in the water column,
usually recorded in units of reciprocal meters- High values of k represent
strong attenuation of light  i.e. high turbidity!; low values indicate deep
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light penetration. Typical coastal vaLues range from O.l to 0.5 per meter.

Values of k for the Delaware Estuary range from 0.5 to more than 10 per meter.

Figure 8-4 illustrates the relationship between k and seston for all samples

from 1980-83. The observed linear relationship shows that seston dominates

light attenuation in the Delaware Estuary. Absorption by dissolved substances

and scattering by phytoplankton or detrital organic matter are minor components

of the overall light attenuation.

SEDIMENT BUDGET

Sediment budgets for the Delaware Estuary have been proposed by the Army

Corps of Engineers  Wicker 1973! and by Oostdam �971!. Using data from both

of these studies and from our current work, we present a new sediment budget

that represents the best present estimate for the Delaware Estuary. These

models consider the estuary as a closed system. Using the assumptions that no

sediment leaves the estuary and that all inflowing material is trapped within

the shoaling regions, estimated sources and sinks for suspended sediments

should balance.

Eight sediment sources have been considered and evaluated. They are:

�! erosion from non-tidal watercourses, �! erosion of shores, �! dredging

leakage, �! storm and sanitary sewer outfalls, �! industrial effluents,

�! accumulation from phytoplankton, �! the Atlanti.c Ocean, and  8! airborne

particulates. Net erosion of the bed of the estuary cannot be estimated at

this time because of Lack of adequate historic bathymetric data.

Only two sediment sinks are considered. The estimated. amount of

materials lost from the estuarine waters represents- '�! sediment removed by

dredging and deposited on upLand areas and �! sediment lost to the marshes.

Suspended sediment introduced from gauged tributaries, along with

inferences for contributions from ungauged areas, represent 68'/. of the total of

2,927,000 tons  Table 8-2! estimated input of sediment to the Delaware Estuary.



Table 8-2. Estimated annual sediment budget for the Delaware
Estuary. See text for derivations and references for vaLues.
All values are annual averages in thousands of tons.

% of Total
Amount Sinks

%%d of Tot al
Amount Inputs SinksSources

Rivers-
upland

Shore
erosion

Dredging
Leakage

Sewer
outfalls

Industrial
e f f luents

Phytoplankton
product.ion

Atlantic
Ocean

Airborne
particulates

78/Dredge spoil 3,300

Harsh accumulation 935

Total 4,235

2,000 687.

22/260 97

67.175

121

52 2'/

233 87.

86 37.

2,927Total

Shore erosion, dredging leakage, and phytoplankton production are minor

but significant sources of sediment to the estuary �-10% each!. Erosion of

upper estuary banks  between Trenton and Wilmington! is not a significant

source of sediment, as extensive industrialization and commercial buildup has
bulkheaded much of the shoreline. On the other hand, the marshy shorelines of
the lower estuary are actively eroding at about 1.5 m per year and supply the
totaL estimate of erosional input,s. Wicker �973! includes dredging of the
estuary as a source of sediment, despite the fact that the major result of

dredging is removal of sediment from the estuary. The source of sediments

comes from r.he resuspension of silts and clays, and from runoff of newly
deposited dredge wastes. Again, most of this runoff contains fine-grained
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The estimate from literature review of upland river inputs, 2,000,000 tons per

year, compares well with Mansue and Commings' �973! earlier estimate of

fluvial transport of 1,500,000 tons.



materials. Biological production of particulates within the estuary was

estimated from our productivity data, based on a net producrion equal to 25/ ol

gross primary production  see Chapter 10!, plus a contribution from diatom

skeletal material.

The remaining sources of suspended sediment, including sewer outfalls,

industrial effluents and airborne particulates, are each less than 5'K of the

annual estimated inputs. The Atlantic Ocean is considered a source of sedimen~

both by Wicker �973! and by Oostdam and Jordan �972!. However, its

contribution is not weLl quantified, and was considered to be a minor input;

therefore it will not be included in this budget. Analysis of bottom sediment

in the lower estuary shows that sandy materials enter Delaware Bay through the

mouth of the bay from the continental shelf and/or from erosion of the ocean

coast. Materials that enter the bay around Cape Henlopen are principally

deposited in or near the Cape; sands entering the bay around Cape May are

transported over vide bottom areas as far up the bay as the mouth of the

Cohansey River.

Dredge spoil and salt marsh accumulations remove 4,200,000 tons of

suspended sediment per year, Dredge spoils account for 78/. of the suspended

sediment sinks in the estuary. The remaining 22/. i.s attributed to marsh

accumuLation  Table 8-2! ~

The total annual input of sediments from the eight sources Listed above

is about 3,000,000 tons; the total loss from the two sinks listed is about

4,000,000 tons  Table 8-2!. There is an obvious discrepancy between the amoun

of material coming into the estuary compared to that which is removed. A

possible explanation is that riverine contribution may be underestimated,

because neither gauged tributaries nor the main river system are monitored

continuously. lt is possible to miss the influx of significant amounrs

material due to storm activity. These storm floods may occur an average of 2

to 3 times per year, and may contribute close to 20'4 of the yearly discharge.

A second explanation may be that extreme events such as hurricanes have

been accounted for, but they are likely sources of sediment. Anorher

explanation is that the Atlantic Ocean's contribution, not included
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budget because of difficulty in obtaini.ng quantitative measurements, is

significant. For example, the bay could receive about 1,000,000 tons of

material per year if 5 to 6 gm/m /sec of material are carried in and deposited3

COHCLUSIOHS

Throughout the estuary, the turbidity of the wat~~ i~ predominantly

caused by suspended inorganic sediment. Seston values range from less than 1

to over 200 mg/Liter, with highest concentrations found in the upper estuary

turbidity maxima and in lower bay shoals, The high suspended sediments are the

major cause of attenuation of light and are related in a di.rect predictable

fashion to the attenuation-

The major sources of these sediments are rivers and shore erosion.

Suspended sediment entering Delaware Estuary is either dredged and disposed of

on upland areas or transported onto the salt marshes that surround the estuary.

Our suspended sediment budget does not balance. This indicates that one or

more of the sources may be underestimated or that the estuary may not be in

balance.

Lt is important in future research to attain a better estimate of all

sediment sources and sinks so that a better budget can be considered.

Associated with that research is a better estimate of the causes of suspended

sediments, sorting between new inputs and resuspension of bottom sediments.

This latter assessment is necessary prior to any management decisions on

sedimentation and erosion controls.
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during each flood tide. This i,s a reasonable, but undocumented, assumption.

Finally, the estuary may well be our. of equilibrium. Because of continued

dredgi,ng, man has modified the cross-sectional area of the bay to the extent

that materials are being eroded from the shoals and deposited in the navigation

channels. If this process is occurring and has not reached a steady state,

then only a portion of the material removed in maintainence dredging is from

rivers or shore erosion.



Chaptef 9

TRACE METALS

TM Church, JM Tramxrtano, R.B. Biggs, G. Luther, R. Bartha

INTRODUCTION

Trace metals are those elements that are not the primary components of

crustal rocks or seawater. Usually incLuded in this category are metals that

are moderately rare in the natural environment, including iron, manganese,

cobalt, nickel, copper, and cadmium. Other trace metals, some of which are

quite rare in the natural environment, are also of interest because of their

roLe as pollutants; these include mercury, lead, zinc, and arsenic. Metals are

found in natural environments either attached to particles or in solution. By
con~ention, these forms are referred to as particulate and dissolved,

respectively, with separation usualLy accomplished with a filter of about 0.5

micron pore size.

The role of trace metaLs in the estuarine environment is the subject of
the first section of this report. This is followed by sections on the

distribution of trace metals in the ~ater column, trace metals from

tributaries, and trace metals in bottom sediments.



THE ROLE OF TRACE METALS

Trace metals enter estuaries by diverse routes. NaturaLLy, trace metals

enter as runoff through the weathering of crustal rocks and more indirectly by

the base flow of groundwaters. The activities of man can also conr,ribute trace

metals to estuaries. These include point source discharges of waste effluents,

secondary runoff of contaminated surface and groundwaters, and atmospheric
input from industrial emissions. On reaching the estuarine environment, trace
metals display a variety of behaviors. Encountering the f irst traces of sea
saLt, many of the metals carried in river water are converted from dissoLved to

particulate form by the general action of flocculation. Flocculation occurs
because many trace metals have different oxidation states and upon introduction
to estuaries they exist in a more reduced and soluble state. When reduced

trace metals reach the more oxygenated turbid waters of an estuary, they are
often oxidized to less soluble forms which flocculate, or can be adsorbed onto
particles. With increasing salt concentration farther down an estuary, some
adsorbed trace metals can in turn be converted to dissolved form by the action
of ion exchange; others may be involved with algal production that can result
in uptake and recycling of metaLs; while still others may be cycled by
oxidation-reduction in sediments of the estuary.

As a result of their estuarine behavior, trace metals can undergo a
number of fates on their way to the sea. Trace metals flocculated from
dissolved to particulate form may settle out as integral components of the
bottom sediments. Due to their fine particle size, some of these flocculated
precipitates may also be exported to surrounding saLtmarsh areas or to offshore
coastal areas. After deposition in estuarine sediments, degradation of organic
matter can dissolve trare metaLs, which can result either in their return to
the water column or in the formation of new solid phases. This process, a form
of diagenesis, is largely promoted by the presence of sulfate ion in estuarine
waters and is referred to as sulfate reduction. Since a primary byproduct of
sulfate reduction is sulfide, many trace metals in estuarine sediments are
converted to sulfide precipitates. Another outcome for trace metals in
estuaries is uptake by estuarine biota and conversion to organic forms,
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Ultimately trace metals have two fates in estuaries. One is incorporation intc

estuarine sediments and the other is export in dissolved or particulate form tc

offshore waters.

T~ace metals provide several unique geochemical roles in the transport of

materi.als from the land to the sea. The flocculation of trace metals can

coprecipitate other materials such as nutrients and remove them from the water

to the sediments. Trace metals are involved in bacterial activity in sediments

and thus serve to recycle other trace ei.ements from sediments.

DISTRIBUTION OF TRACK METALS IN THE WATER COLUMN

Trace metals have been sampled from the water column of the Delaware

Estuary for over three years resulting in good documentation of seasonal

distributions for both di.ssolved and particulate metals. Dissolved trace metaf

samples were collected with metal-free sampl.ing bottles on non-metallic wire

and were processed in a metal-free environment of ultra-filtered air. These

precautions are essential for accurate low-level analysis and without them

serious sample contamination occurs' Dissolved samples were acidified and

frozen onboard pending analysis. Particulate samples were collected on

0.40 � micron Nuclepore filters and subiected to a cold 0.1N HC1 leach; thus,

in the present study, the term particulate means only "environmentally active"

metals.

Generally the trace metal resul.ts fall into two groups. Hetais in the

first group, iron  Fe!, manganese  Mn!, and cobalt  Co!, are characterized by
rapid conversion from dissolved to particulate state at low salinities  Fi.gure

9-1!, thus these are called geochemically active. The extent and rare of this

removal is highly dependent on season such that conversion to particulates is

apparently faster during warmer drought or low-fi.ow conditions; and there is

probably a greater contribution from natural sediment inputs in higher-sa],inity
portions of the estuary. Converselv, during cold or high-flow conditions the

conversions were slower with appreciable amounts of dissol.'ed metals reaching
the lower bay  noted during winter 1981-82!. The geochemically reactive trace

tip



10

1.0

0.6

0.4

0.2

2010

Salinity %e

Figure 9 � IA. Geochemically reactive trace metals  iron,
manganese, cobalt! vs. salinity in the Oelavare Estuary,
dissolved metal concentrations in parts per billion.



0
100

0
10

Figure 9-lB. Geochemically reactive trace metals as percent
dissolved and particulate vs. salinity.

0

100

100

0

O 3l
 
O



metal group appears to undergo removal from the dissolved state by the

formation of fine-grained metal-ri.ch oxides. This is demonstrated by enriched

metal particulates accumulating in the turbidity maxima of the estuary, while

being diluted in the intermediate null zone  Biggs et al. l983!. Fe, Nn, and

Co is the order of less to greater reduction of the metal to more soluble ion

species. As a consequence, the dissolved proport ion for these metals  Figure

9-1B! varies in the reverse order  Co, Nn, Fe!. Previous results for

dissolved i.ron by the U.S. Geological Survey  USGS 1965-69! and by the U.S.

Army Corps of Engineers  USAGE I973! are consistent in quantity and behavior

with this study. However the quantiti.es of dissoLved manganese reported by

this study are significantly Lower than those of tbe USGS.

The second group of trace metals, copper  Cu!, nickel  Ni!, and cadmium

 Cd!, show rather gradual mixing with saltwater, and show equal distributions

bet~can particulate and dissolved phases at the freshwater end  Figure 9-2!.

The enriched riverine proportion is then graduaLLy diluted throughout the

remaining length of the estuary with trace-metaL-poorer particulates from

of fshore  Figure 9-2B!. The behavior of the second group of metals resembles

in many ways the nutrients  Chapter 5!, suggesting the involvement of these

metals in biological processes of the Lower bay. Thus, this group of trace

metals is called the nutrient type. Ni and Cd show behaviors cl,osely parallel

to phosphate uptake and release down the salinity gradient, including greater

proportions as dissolved during the winter.

In a detailed study of mercury  Hg!, Lepple �973! analyzed Delaware Bay

waters. No simple relationship was found between salinity and Hg content,

although the middle bay had concentrations higher than either the upper or

lower bay, by as much as several fold. No dif ference was observed between

surface ~ater and deeper waters. A hypothesis was presented that attributed

rhe maximum c.oncentrations in the center of the bay to associ.ation of adsorbed

Hg onto smaller-sized, organic-rich parr.icles.

Discrete particles from the Delaware Estuary have been inspected using
scanning electron microscopic analysis. The results show some anomolous

metal-rich particles such as oxides of iron and titanium near the freshwater
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end, associated with industrial activity. In the lower estuary, individual

shells of microscopic algae, as well as iron sulfide particles, were observed.

Colloidal particulates of the lower estuary include flocculated aluminosilicate

material containing potassium, iron, and titanium as accessory elements- This

suggests sites of dissolved metal removal in the lower estuary as shown in the

water column data.

The dissolved trace metal data for the Delaware can be compared to

neighboring major East Coast estuaries. Comparison with the Chesapeake Estuary

 Church et al. unpublished! shows the Delaware with generally comparable but

higher trace metal concentrations near its river source. However, the reverse

is true for Cu and Cd in the Chesapeake because of its downbay sources off the

Potomac River and Norfolk areas. The Hudson River Estuary  Klinkhammer 1981!

shows higher concentrations of trace metal introduced into the mid � salinit.y

area of the Hudson off New York City. However both estuaries show comparable

trace metal concentrations at their saltwater ends.

TRACE METALS FROM TRIBUTARIES

During this study, trace metals were analyzed in waters bordering or

entering the main stem of the Delaware Estuary ~ In shallow waters bordering

Delaware Bay, dissolved Fe, Mn, and Cd often show higher concentrations than

in the main channel, by a factor of two to four  Figure 9-3!. The geochemical

group of trace metals  Fe, Mn, and Co! as well as Cd show the greatest lateral.

increases, perhaps due to their release from bordering salt marshes.

Pellenbazg and Church �979! reported higher dissolved concentz'ations of Fe

 IO-fold! and Cu �-fold!, but similar concentrations for Zn in salt-marsh

waters compared to the levels reported here in the lower bay. Subsequent

studies on the lower Delaware salt marshes  Church et al. in preparation! show

salt marshes to be significantly enriched relative to the lower estuary, in
most of the dissolved trace metals zeported in this study. However in salt

marshes, maximum concentrations of trace metals are seen at middle rather than

low salinities. The trend for salt-marsh enrichment relative to the lower

estuary is Fe to Mn to Cu to Ni, in roughly decreasing order. Cd
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enriched in the estuary ~ The sources for these enriched trace metals dissolved

in salt-marsh waters are attributed to the vigorous action of sulfate reduction

in intertidal sediments.

Measurements of the dissolved trace metaL concentrations in the ~aters of

rivers entering Delaware Bay were monitored on at least two samplings. The

dissolved trace-metal concentrations in most riverine sources, including the

Chesapeake and Delaware Canal, are nearly equivalent to levels measured in

corresponding waters in the main stem of the estuary with some exceptions. At

times the concentrations of Fe, Mn, Co, Ni, Cu, and Cd can be as much as a

factor of two higher at the mouths of Christiana, Cohansey, Smyrna, Leipsic,

and Maurice Rivers than fn the main stem of bay. This was during wi.nter and

summer and perhaps reflects characteristics of municipal or tide-marsh inputs.

However, while the absolute concentrations of trace metals in tributary sources

tend to be higher than in the bay, it is the Delaware River itsel.f which

probably dominates the absolute flux of trace metals to the lower bay.

TRACE METALS IN BOTTOM SEDIMENTS

An initial comprehensive study of trace-metal concentrations in the

surface sediments of Delaware Bay was carried out by Bopp and Biggs   1972 !. As

with suspended sediments in the present study, metals were extracted by a cold,

weak, HCL acid Leach and thus correspond to an "environmenta lly active"

fraction. The metaLs Fe, Cu, Ni, Cd, and lead  Pb! were found most

concentrated along the shores of the bay, par'ticularly off lower bay tidal

rivers, suggesting riverine sources. In addition, hi.gher trace-metal

concentrations in the center of the bay also point to fine particle deposition
that appears to augment trace metal concentrations. Both Cu and Cd showed

higher concentrations along the New Jersey shore in the upper bay suggesting,
as does the water column data, that primary sources for these metals are from

the Delaware River itself. In a subsequent synthesis of this data set, Bopp
and Biggs  f981! performed a factor analysis on sources for the trace-metal
concentrations in surface sediments of Delaware Bay. They found three groups
of varfance that they attributed to the following: riverine sources for Fe,



Mn, potassium  K!, Lithium  Li!, and aluminum  Al!; marine sources for

strontium  Sr!, magnesium  Mg!, sodium  Ma!, and calcium  Ca!; and pollution

sources for Cu, chromium  Cr!, Pb, and organic carbon  Figure 9-4!.

Included in the pollution source was mercury which had an average

concentration of 0.73 ppm  Lepple 1973! with some values greater than I ppm in

the central bay; this is attributed to concentration with the fine organic-rich

sediment fraction. As part of this srudy, similar Hg concentrations  less than

2 ppm! have been found; wi.th higher concentrations, about 5 ppm, in the upper

bay near industrial sites; and 3 ppm in middle bay areas in accord with

central-bay accumulation. Methyl mercury was found to be a minor fraction of

the total  less than 2 ppm! for all samples.

Bopp �980! also reported chemicaL separations of trace metals into

adsorbed, oxide, organic, and weak hydrochloric-aci.d-leachable  environment. aLly

active! fractions in DeLaware Bay surface sediments. The adsorbed fraction of

total metaLs shoved minor �%! amounts of Fe, Cu, and Zn with appreciably more

Mn �0%! ~ Adsorbed Mn was the most evident in fine particles while Fe, Cu, and

Mn were the most evident on the oxide coatings of coarser fractions. The

organic fraction showed appreci.able amounts of Fe and Cu similar to the

exchange fraction. The maj or portion of the particulate Fe, Cu, and Zn was

found in the hydrochloric-acid-leachable  environmentally active! fraction.

From bottom disrributions of the envizonmentalLy active fraction, it was

summarized that Fe, Mn, and Cd have major sources from the Delaware River.

In the present study two cores were analyzed from the middle bay region
of the Delaware Estuary  near Artificial Island!. The core fz'om the bay showed

no discernable pattern of trace metals; depth distribution in the core

suggesting tidal resuspension, bioturbation, or disposed older mater ial.

However the core from an adjacent salt marsh showed higher concentations of pb,

Zn, and Cd in the upper layers of the core, indicating more recent atmospheric

pollutant inputs. This corroborates the earlier findings of Dreiez  l982! for

three different salt-marsh coze locations down the length of the estuary in

which trace-metal concentrations were measured on the larger  plant-fragment!

portions of the sediment as an indicator of biologically accumulated tzace
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sources  chromium, copper, lead, and mercury! sources  afterBopp and Biggs 1981!.



metals. All three cores sho~ed surface enrichment of Cu, Zn, and Pb indicative

of recent industrial sources. Both Zn and Pb sho~ed little variation between

sites indicating atmospheric sources, while Cu decreased from the upper to

Lower bay salt-marsh sites indicating more riverine sources. However Ni and Cd

showed little depth variation, suggesting less input or natural sources' In

addition, Pb correlated negatively with changes of sea level rise in the upper

7-8 cm, supporting conclusions of intertidal atmospheric accumulations.

Another study of environmentally active trace-metaL concentrations in

surface sediments of tidal rivers entering Lower Delaware Bay was carried out

by Bopp er. al.  L972! and Bopp �980!. The concentrations of Zn, Cr, Cu, Pb,

Cd, Ni, and Hg were found to be comparable to the Delaware Bay and increased

toward the upper ends in the St. Jones and Cohansey Rivers near their presumed

sources from the industrialized towns of Dover and Bridgeton, respectiveLy.

Similarly, conc,entrations of Cd, Ni, and Pb increased downstream in the

NurderkiLL River toward presumed sources of Bowers Beach and its recreational

boating activities. Generally the Cohansey river sediments  Bopp 1980! had

lower trace metal concentrations than did the bordering salt marshes, perhaps

indicative of tidal transport of enriched fine particuLates to intertidal

surfaces.

CONCLIJSIONS

Trace-met,al distributions in the Delaware Estuary are reported for the

water column and bottom sediments, and values from tributaries are discussed.

Trace metals in the water column may be divided into two behavioraL groups.

The "geochemicalLy reactive" group  iron, manganese, and cobalt! has riverine

inputs as the dominant source; these metals are converted to particulate, form

by the action of seawater flocculation. This group appears to have largely

natural sources. The "nutrient type" group  copper, nickel, and cadmium! has a

more even distribution between dissolved and particulate forms and a

distribution somewhat similar to nutrients  i.e. nitrogen, phosphorus, and



silicon!. Such apparent behavior suggests involvement in the Living processes
of the bay; this is important since this group is thought to have some sources

from human activity in the tributary rivers ~

Trace metaLs in bor tom sediments show strong association with fine,

organic-rich particles resulting in their bottom deposition near municipal
sources, and in the central area of the bay where there is a tendency for net

sett ling. Hany of these sedimentary trace metals are found in metal oxide and

biological shelL debris which points to those chemical phases that can extract
and transport trace metals in the Delaware Estuary.

Trace-metal levels in the ~ater coLumn of the DeLaware Estuary are not
exceptionally high compared to neighboring east coast estuaries. An indication
in the water column of serious environmental deterioration from human inputs
has not been clearly demonstrated at present- On the other hand, some
elevations of metal concentrations in the sediments are definitely attributable
t o human ac r. ivi t ie s .



Chapter 10

PHYTOPLANKTON

JAR Peacock, J.H. Sharp, W.J. Canzonier

INTRODUCTION

The pervading question behind our phytoplankton research in the Delaware

Estuary is this: How do nutrients introduced in the metropolitan region of r.he

upper estuary, and rhose regenerated naturally, influence growth of
populations throughout the estuary'. To approach this question we

several factors:  I! phytoplankton biomass  quantity of

phytop lankton

have examined

phytoplankton organic matter present! and phytoplankton taxonomy  species
composition!; �! phytoplankton growth rate  the rate at which organic matter

The microscopic. floating algae in estuaries or other bodies of ~ster are

called phytoplankton. Phytoplankton production provides the major source of
organic matter to higher trophic levels in the Delaware Estuary. During

photosynthesis, light energy is used to fix carbon dioxide into organic matter
for growth. In con]unction with photosynthetic carbon fixation, phytoplankton
require inorganic nutrients  nitrogen, phosphorus, silicon! and trace metals
for growth. Phytoplankton photosynthesis thus serves two ma]or functions:

carbon fixation provides organic matter which supports finfish and shellfish

populations in the estuary, and nutrient utilization removes nutrients from the
water column which have been introduced from both natural  runoff,

remineralization! and human sources  municipal and industrial inputs!.



is being produced!; and �! phytoplankton nitrogen uptake rates. These

measurements, which enable us to estimate the overall impact of nutrient

enrichment on the health of the estuary, are discussed in the following

sections.

PHYTOPLANKTON BIOMASS

Assessment of phytoplankton biomass involves chlorophyll analysis and

taxonomic identification. Chlorophyll is a photosynthetic pigment that, in the

~ster column, is unique to Living phytoplankton thus giving a good estimate of

their presence and quantity, Taxonomic analysis is used to identify ma!or

species of phytoplankton present. Significant shifts in species composition

are often indicative of changes in the estuarine food web. Previously, few

chlorophyll data have been obtained for the Delaware Estuary, particularly for

open reaches of the Lower bay. Chlorophyll data have been collected

sporadically by the Delaware River Basin Commission  for the upper river to

Ship John Light from 1967 to the present: EPA STORET data base! and Rutger's

Oyster Research Lab  lower New Jersey shoal regions: 1979-80!, Taxonomic data

for the Lower estuary have been summarized in Watl.ing and Maurer �976! and

Watling et al.  L979!, Taxonomy has also been enumerated for freshwarer and

upper estuarine regions  Schuyler 1977! and for the MurderkilL tributary  Simek
1982!.

Chlorophyll distributions i.n the estuary are the net result of both input
and removal of phytoplankton from the system. Inputs of chlorophyll include
phytoplankton deLivery by river and tidal currents  from freshwater or marine
populations! and in-s itu growth. Losses of phytoplankton chlorophyll may be
due to grazing by animals or flushing out of the estuary by currents or
sinking- Each of these factors is important at different times of the year.
In-situ increases in phytoplankton biomass  chlorophyll! in estuaries are often
related to the total nutrient load to the system. In the Delaware Estuary,
nut r ient concent rat ions in the water column are almost a lways more than
adequate and light appears to limit total biomass observed. Two parameters are
critical for our understanding of observed phytoplankton concentrations: light



energy  a function of daylength and turbidity! and mixed-layer depth  the depth

to which waterborne compounds are mixed verti.cally!. All other factors being

similar  e.g. light, turbidiry!, a decrease in mixed-layer depth  mixing to a

lesser depth! allows phytoplankton to spend a greater period of time in the

photic zone, the upper portion of the water column where photosynthesis occurs.

Under these conditions growth inputs are greater than losses and biomass levels

increase in the water column.

Chlorophyll patterns in the Delaware Estuary fall into three

characteristic seasons separared by r.ransition periods which may vary

temporally from year to year.

The spring season occurs from March to May and is characterised by a

large middle-estuary phytoplankton "bloom", usually occurring in t: he area

between Ship John Light and Miah Maull Shoal. Phytoplankton spring blooms are

common phenomena in both estuarine and marine waters due to increasing light

levels from longer days, and the presence of adequate nutrient concentrations.

Chlorophyll concentrations along the main axis of the estuary reach levels as

high as 60 micrograms of chlorophyll per liter  ug chl/L! in the bloom but

decline significantly to concentrations less than S ug chl/L both upstream and

downstream  Figure 10-1!. Although we have observed late-spring chlorophyll

levels in excess of BO ug/L in i.nner shoal regions  Figure 10-2!, the early

bloom of Skeletonema costatum appears to be centered more towards the central

channel. Our current hypothesis is that light limits phytoplankton growth

during this period in both upper and lower estuary. Light limitation in the

upper estuary is due to high turbidity while a deep mixed-layer is responsible

in rhe lower estuary where there is l.ittle flow-induced stratification. In the

middle estuary, vertical stratification due to high river flow maintains the

phytoplankton in surface layers where they have enough light to grow. In

Thaiassiosira sp. are dominant species during the spring period; all are

species characteristic of spring blooms in the Mid-Atlantic Bight and other

systems.
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transition  Figure 10-1!. Chlorophyll concentrations at the freshwater end

 south of Philadelphia! vary from 30 ug chlfL under high-flow conditions to L5

under low-flow conditions. Higher temperatures and increased light

availability appear responsible for freshwater biomass increases during the

transition from spring to summer. Data collected by the Delaware River

20

c 80
0

60

40

20

19821981 1983

Figure 10-2. Seasonal distributions of chlorophyll  ug/L!
for two stations in the lower estuary from September 1981
to March 1983. "Hiah MauLL" station is in deeper water;
"Ridge" is in shallow water.

The transition from spring to summer  July-September! is significant for

phytoplankton populations in the estuary. Chlorophyll levels generally

increase at the freshwater end and decrease in the lower estuary during this



Basin Commission  DRBC! for freshwater regions from Trenton to Philadelphia

record surrlrer chlorophyll concentrations as high as 70 ug chl/L in the

metropolitan area. These values are reduced below Philadelphia due to mixing

with more turbid water incapable of supporting an increase in biomass  Light

limitation!. The ma]or freshwater forms observed are CLosterium sp., Hesosira

sp., and Asterionella formosa.

In summer, chlorophyLL Levels aLong the main axis of the lower estuary

range from 1-10 ug chl/L, much lower than those found in the freshwater region.

Although ambient light availability is greater i.n summer than other seasons,

chlorophyll levels remain low. The deep central channel in the lower estuary

appears to limit high chlorophyll accumulations because a large portion of the

water column lies belo~ the photic zone- In inner shoal regions of the lower

estuary chLorophyll concentrations reach greater than 20 ug/L in surrrrrer due to

the welL-mixed shallow ~ater column. Chlorophyll levels in the shoals have

been examined intensively at select stations over a two-year period. These

data show elevated shoal concentrations in summer when compared to the central

channel  Figure 10-2!.

Species dominance shifts from spring diatom popul.ations to green

flagellated algae and centrate diatoms during early summer. Pennate diatoms

become more signif icant towards late summer. Although Wat ling et al. �979!

cheer ed several species of dinof legal lates  ~Am hidinium sp., G~mnodinium sp.,

and Prorocentrum sp. !, these species seem to have played a minor role over the

last few years.

Winter  November-February! chlorophyll distributions in general are

characterized by low chLorophyll levels �0 ug chl/L! throughout the estuary

 Figure 10-1!. This is due primarily to low Light levels. Although upper-
estuary distributions appear consistent from year to year  our data and DRBC

data!, the lo~er estuary shows significant variation. Relatively high flow in
the fall of 1982 caused verrical stratification in the middLe estuary and a
subsequent minor bloom �7 ug chl/L! of the diatoms Coscinodiscus sp.,

Skeletonem co.tatu , and Asterionela ~a onica. Similar chlorophyll
concentrations were observed in the shoals with the bloom reaching maximum



concentrations in Hovember. LJnder low-flow conditions in 1981 rAiddle estuary

chlorophyll levels were 3 ug chL/L during the same period but a minor bloom of

15 ug chl/L occurred at the estuary mouth-

Chlorophyll is a measure of phytoplankton biomass available to the food

web of the estuary. Phytoplankton-produced organic matter is more available to

fiLter-feeding shellfish and finfish that breakdown material  detritus! from

marsh plants  Tenore and Hanson 1980!. However, large increases in

phytoplankton biomass have been shown to be detrimental in sorr~e estuarine

systems because of high biological oxygen dersand that can occur following large

blooms.

The spring diatom bloom in the Dele~are Estuary is comparable in

magnitude and tirsing to those occurring in other major estuaries  Table 10-1!

High chlorophylL concentrations in the upper estuary during summer result from

inputs of freshwater phytoplankton populations. Although these concentrations

are significant there is no indication that the Delaware Kstuary suffers severe

oxygen depletion due to degradation of phytoplankt.on organic matter after bloom

events. This may be explained by turbulent mixing in the estuary, whi,ch serves

to mix oxygen into bottom waters ~here unconsumed phytopLankton may settLe, and

natural grazing  consumption by planktonic animals! that removes organic

rnatter, passing it on to higher trophic levels of the food chain.

Several important points emerge from this descriprive chlorophyll picture

of the Delaware Estuary: �! Chlorophyll Levels reach maximum concentrations

within the central estuary of 60 ug chl/L during the spring bloom and during

surmner in the upper estuary. Shallow inshore areas may have slightly higher

concentrations; up to 80 ug chl/L. �! Although high, these levels of

phytoplankton biomass have not resulted in oxygen depletion and the resultant

disruption of the estuarine food web. �! Phytoplankton biomass in

estuary appears to be light-limited rathe~ than nutrient-limited, except

possibly at the termination of the spring bloom when nutrient concentrations

reach low levels  see below!.



Table 10-1. Concentrations of chlorophyll a, in micrograms
per liter, are given as minimum to maximum and average
values for several Uni.ted States estuaries.

Chlorophyll a
Min-Max Average ReferenceEstuary

Day �973!5 � 16

10- 25

10Barataria Bay, LA

Pamlico River, HC Kuenzier et al.
�979!

Chesapeake Bay
upper estuary
middle estuary

2 - 25
1-13

14
7

Boynton et al.
�982!

Patuxent River, HD
upper estuary
middle estuary

2 � 43
5-33

Flemer et al.
�970!

23
16

Patten �961!2 � 45 16Rari.tan Bay, HJ

Hudson River, HY 1 � 5 Boynton et al ~
�982!

Long Island
Sound Bowman �977!

2-12Harragansett Bay, RI Furnas et al.
�976!

Delaware Bay
upper estuary
lower estuary
shoals

1-50
3 - 65
3 - 95

this study17

PHYTQPLAHKIOH PRODUCTIQH

Phytoplankton production is measured using carbon-14  radioactive

isotope! uptake, oxygen evolution, and nitrogen-13  heavy stable isotope!

uptake. Carbon uptake and oxygen evolution methods are used to estimate

photosynthetic rates occurring in the water column. Light-dark oxygen

measurements that have been made periodically in the upper estuary provide the

only previous record of productivity in the estuary. These, however, lack the



necessary sensitivt.ty to gjye a good estimate of phytoplankton production

because they were designed specifically as long-term biological oxygen demand

monitoring experiments  EPA STpRET, lchthyological Associates 1977!. Because

photosynthesis is Light-dependent, optical measurements of attenuation

coefficients  see Chapter 8! are used in conjunction with carbon-14 simulated

in-situ incubations at sjx light Levels ro derive an integrated photosynthetic

rate through depth in the water column. This measurement is the most useful

estimate of total photosynthetic demand and growth rate in the estuary.

Nitrogen uptake, indirectly coupled with carbon fixation is measured using

nitogen-15-labeled asssonium and nitrate to determine the relative importance of

these major nitrogen sources to the nitrogen requirement of phytoplankton.

Primary productivity measurements have been made for the entire estuary

using carbon-14 incorporation techniques. Incubations were carried out for 24

hours; thus the results are considered ta be a representative estimate of net

primary production  gross uptake minus losses due to plant metabolism!.

Estimates have been obtained from P-max  the maximum uptake rate at saturating

light intensity!, areal production  production per square meter of estuary

surface integrated over depth!, and assimilation number  P-max/chlorophyll!.

These related measurements provide different types of information.

Areal production measurements provide the best estimate of total

phytoplankton activity in the estuary on a temporal and spatial scale. As with

chlorophyll, phytoplankton production in the Delaware Estuary can be divided

into three seasons: spring, sussser, and winter.

Spring leveJ.s of productj.on are related to chlorophyll distributions,
2reaching a maximum of 1.4 gm G/m /day in the middle estuary  Figure 10-3!.

This spring diatom bloom is responsible for significant utilization of rhe

inorganic nutrients ammonium, phosphate, and silicate in the midd.le estuary.
Mass balance estimates suggest that phytoplankton production can account for

observed losses of these nutrients from the water column of the lover este over estuary

 see Chapter 5!. During the secondary bloom in May, ammonium, phosphate, and
silicate concentrations approach o« analytical detection limits in the lover

estuary, suggesting that they could limit phytoplankton growth at this time.
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Figure 10-3. Phytoplankton areal production along the
main axis of the estuary vs. distance from the bay mouth
for January, March, and May.
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Figure 10-4 ~ Phytoplankton areal production along the
main axis of the estuary vs, distance from the bay mouth
for July, September, and October.



Summer production in the estuary is high both upstream and downstream of
2

the turbidity maximum  Figure 10-4!. Rates as high as 1.1 gm C/m /day have

been observed in the Philadelphia area while rates in the lower estuary in July
2have reached 2.1 gm C/m /day. These rates are comparable to rates found in

coastal upwelling zones and other major estuaries  Table 10-2!. Production in

the lower estuary is not correlated with chlorophyll concentrations because

small plankton �-20 microns in size!, which are low in chlorophyll, are the

dominant producers in the sunsner.

Winter production in the estuary is variable  Figure 10-3!. It appears

that production is positively related to river flow. During low flow in 1981,
2

winter production rates reached a maximum of 0.12 gm C/m /day in the lower
2

estuary, while during higher flow in 1982 values reached 0.65 gm C/m /day.

An integrated estimate of phytoplankton production for the entire estuary
2

over the last 2 years gives an average production value of 228 gm C/m /year.

This value lies above the average estimates made for estuarine and coastal

systems over the last decade  Table 10-2!. Estuaries often have greater

phytoplankton production rates than coastal waters because of their increased

nutrient levels and ma]or differences in physical processes  stratification,

two-layered flow found in estuaries!. Production in marshes of the Delaware
2region averages 180 gm C/m /year  Morgan 1961!, comparable to rates we measured

for phytopl.ankton in the water column. However, several factors suggest that

phytoplankton input to the estuarine food web is more important than marsh

inputs: �! The areal extent of open waters is five times the areal extent of

marshes in the estuary. �! Phytoplankton organic matter is known to be more

available than marsh detrital matter to consumers. �! Only a portion of the

organic matter produced in the marshes is exported to the food webs of the open

estuary  Roman 1981!.

Ninety percent of phytoplankton production in the estuary lies in the

middle and lower estuarine regions below Ship John Lioht  Figure 10-5!. This

suggesr.s that a large percentage of phytoplankton organic input to the food web



Table 10-2. A comparison of phytoplankton production in
several United States estuaries is shown with productio~
i.n units of grams of carbon produced per square meter of
estuary surface on a daily and annual basis'

Production
Da i ly Annual Re f erenceEstuary

Turner et al.
�979!

0. 9-2. 2 90Wassaw Estuary, GA

0.1-3.3 200Pamlico River, NC

Flemer �970!0.1-3.3

Flemer et, al.
�970!

0.1-1.5

Fatten �961!0. 1-1. 5Raritan Bay, NJ

0. 1-2. 2

0.1-6.0 370

Long Island Sound 166 Ryther and Yentscb
�958!

0.2-3.2 220Narragansett Bay

0. 1-0. 5
0.1-0.9

Cloern �979!
Peterson �979!

0.1-1.3
0.1-3.0 22B Fennock et al.

 this study!

Chesapeake Bay

Fatuxent River, MD

Hudson Estuary
lower bay
New York Bight

Apex

San Francisco Bay
lower bay
upper bay

Delaware Estuary
upper estuary
lower estuary

Kuenzler et al.
�979!

Davis et al.
�97B!

Malone �977!

Malone �976!

Fumes et al.
�976!

Smayda �973!



by Section

Figure 10-5. Average yearly areal production values for 8
sections along the salinity gradient of the estuary.



and nutrient uptake occurs in open waters of t.he lower estuary the
geographical region which has been studied least and is the most difficult to

evaluate.

p-max values  maximum photosynthetic rates! are indicative of the
photosynthetic potential of the est.uarine phytoplankton population. This
potential may or may not be real ized in areal production ~ For example, high
P-max values observed during the spring bloom are closely associated with high
esti.mates of areal production. In contrast, summer P-max rates and chlorophyll
concentrations in the upper estuary are greater than five times those found in
late spring but areal production is about equal. The potential, indicated by
P-max, is not realized due ro upper-esruary high turbidity that restricts

production to all but the surface water. We find that P-max is often at a
minimum where the estuary's turbidity is greatest 40 to 60 nmi  nautical miles!
upstream  Figure 10-6!. We believe that this is due to two factors: Net
growth of phytoplankton does not occur in this region due to light limitation
 populations are thus diluted by simple mixing with saltwater!; and freshwater
phytoplankton populations which dominate in the Philadelphia region above the
turbidity maximum are physiologically impaired in the low-salinity regime of

the turbidity maximum. Other variati.ons observed in P-max are due to

variations in chlorophyll concentration  previous section! and seasonal

variations in available Light.

Assimilation number  p-max/Chl! is indicative of the photosynthetic

efficiency of phytoplankton ~ Assimilation numbers vary from 1 during winter to

300 during summer  Figure 10-7!. These values are comparable to values

reported for other systems  Harrison and Platt 1980!. Natural variation in

assi~ilation number may be due to several factors, including temperarure,

ambient light, and species composition. Deviations in assimilar.ion number may

also be due to physiological stress to the phytoplankton, making assimilation

number estimates valuable in determining the health of the phytoplankton

population. High assimilation numbers found during summer in the lower estuary

result from high temperatute, increased light, and species composition

dominated by small plankton �-20 microns!. Malone �976, 1977! has shown that
small plankton under a variety of environmental conditions, consistently have

14k
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Figure 10-6, Maximum phytoplankton productivity rates
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assimilation numbers higher than larger ones. In contrast, assimilation

numbers found in the upper estuary, near Philadelphia, do not rise above 60

even in summer. This indicates that riverine populations are stressed either

by salinity, as previously mentioned, or potentially by some growth inhibitor

or toxin in the water. This requires additional research.

Several important points evolve from an analysis of our phytoplankton
production data:  l! PhytopLankton production is at a maximum during sunnner;
highest rates occur in the lower estuary. Production rates during the spring
bloom in the middle estuary are sLightly lover. �! Phytoplankton production
in the Delaware Estuary is comparable to that found in other ma]or estuaries
previously studied- �! Ninety percent of phytoplankton production occurs in

the lower estuary below Ship John Light. �! Assimilation numbers show natural

variation i.n the lower estuary but are depressed in the Philadelphia region,
suggesting that the phytoplankton may be physiologically impaired.

NITROGEN UPTAKE

Experiments have been made to determine specific uptake of annnonium,
nitrate, and nitrite by phytoplankton in the estuary. Knowledge of the uptake
of nitrogen is important to our understanding of the Delaware Estuary because
nitrogen is the major biologically active human input to the estuary and,
potentially, the controlling element for phytoplankton production  see Chapter
5 for nitrogen species and distribution!. During spring, phosphate and
silicate are also potentially limiting although we have little data available
on phytoplankton uptake of these nutrients.

Phytoplankton usually take up ammonium-nitrogen in preference to
nitrate-nitrogen. HcCarthy et al. �977! have suggested that ammonium

concentrations in excess of I rnicromolar  uM! viLL inhibit uptake of nitrate;
if this is correct, we would expect to see little uptake of nitrate in the
Delaware Estuary because of annnonium concentrations higher than I uH found
throughout the estuary.



Results of nitrogen uptake studies have clearly shown annnonium to be the

major source of nitrogen for phytoplankton in the estuary  Figure 10-8!. This

occurs even though nitrate is usually present i.n concentrations several-foLd

higher than ammonium. When we compare phytoplankton nitrogen uptake with an

estimate of nitrogen inputs from runoff, and effluent inputs at the freshwater

end of the estuary  using a simple fluid dynamics model!, we calculate that

nitrogen uptake in the lower estuary is 10 to 20 times greater than total

nitrogen input  nitrate + ammonium! during late spring and sutmner. This

suggests that recycling of ammonium   in the water and bottom sediments by

animals and bacteria! is occurring, and that this recycling is supplying a

significant portion of the phytoplankton nitrogen demand in the summer. We as

yet have inadequate data to be confident in the rates of recycLi.ng occurring in

the estuary.

ALthough ammonium uptake dominates total nitrogen uptake by phytoplankton

we have seen significant rates of nitrate uptake  Figure 10-8!. Nitrate uptake

appears to be most significant during the spring bloom and other periods of

active growth when ammonium concentrations are reduced to 1.0 uN. Ho~ever, we

also observe nitrate uptake occurring at ammonium concentrations well in excess

of 2-3 uht  Figure 10-9!. This is an observation not previously stressed in

reports for other estuaries and presumably is the result of the extremely high

nitrate concentrations found in the Delaware. Huch of the observed nitrate

uptake ar annnonium concentrations greater than 3 uH occurs in the lower estuary

in conjunction with phytoplankton populations of coastal origin. We suspect
that these populations are adapted to nitrate uptake in coastal regins where

ammonium is scarce, and that they continue to utilize some nitrate when carried

into the estuary because of preconditioning to nitrate offshore.

Interpretation of our data on phytoplankton nitrogen uptake yields

several important observations: �! Ammonium is the dominant source of

nitrogen for phytoplankton in the Delaware Estuary although nitrate is the form

present in highest concentration. �! Annnonium uptake in summer is 10 to 20

times our best estimate for inputs from freshwater sources  runoff and input!.
This implies that recycling in the lower estuary is important during summer.
�! Although nitrate uptake is observed, phytoplankton are not capable of
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processing, the large input from freshwater sources. �! We have observed

significant nitrate uptake when ammonium concentrations were greater than 3 uM.

CONCLUSIONS

Phytoplankton populations in the Delaware Estuary appear relatively
healthy compared to non-industrial. estuaries despite high nutrient

concentrations and turbidity which limits significant phytoplankton production
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Figure 10-9. Nitrate uptake as percent of total nitrogen
uptake vs. ammonium concentration  micromolar! . Our data
 dots! compared with data from McCarthy et al. �975! for
the Chesapeake Bay  stippled area!.



in the upper estuary- Distribution of phytoplankton in the estuary appears to

be controlled by light. Light limitation in the upper estuary may suppress

formation of noxious blooms that have plagued other estuaries with elevated

nutrient levels ~ Highest phytoplankton levels appear during spring when a

large diatom bloom occurs in middle estuary. Some of this biomass presumably

enters the estuarine food web through zooplankton grazing or bacterial

processes. We do not observe oxygen depletion associated with degradation of

this biomass in the middle estuary.

Annual phytoplankton production in the DeLaware Estuary averages 228 gm

C/m /year. This value is above average compared to other estuaries. High2

productivity can be attributed to high nutrient concentrations. The areal

phytoplankton production is similar to estimates of marsh production in the

Delaware region but the former is probably a far more important input to the
estuarine food web.

Nitrogen uptake studies have shown that phytoplankton are capable of

taking up more nitrogen than is carried into the lower estuary from runoff and
human i.nputs. Thus, recycling of nutrients is important in maintaining
phytoplankton in the lower estuary. Ammonium recyc1 ing appears to supply a
large percentage of the nitrogen requirement for the phytoplankton in the
summer. Much of the nitrate which is carried down the estuary is either
utilized by microbial populations in the sediment or carried out into coastal
waters where it may support elevated rates of phytoplankton production.

Decreased turbidity levels would undoubtedly Lead to higher phytoplankton
production because sufficient nutrients are available in this light-limited
system. Increased production has often resulted in noxious phyt.oplankton
growth in other eutrophic estuaries.

Production under lov-flov conditions is decreased compared to high-flow
conditions. This is because vertical stratification is important in a light-
limited environment. Increased diversion of river water from the lower
estuary, particularly under low-flow conditions, would be expected to decrease
middle-estuary phytoplankton production.



Inputs of high concent.rations of potential chemical toxins could have a

severe impact on phytoplankton popuj,ations of rhe estuary. We have not

examined the potential for toxic inhibition of phytoplankton populations in

detail but examination of growth efficiencies suggests impairment of

phytoplankton growth in the upper estuary below Philadelphia. This effect,
which could be due to natural mixing dynamics or anthropogenic toxins, requires
additional research.

A decrease in nutrient inputs from municipal and industrial sources could

decrease the magnitude of the spring diatom bloom because nitrogen and

phosphorus inputs during this period are significantly depleted. Since

recycling appears to supply most of the nurrient requirements in the lower

estuary in the sussser, a decrease in nutrient input probably would not decrease

summer production in the short term. However, a decrease in input in the long

term would cause a decrease in the rates of remineralization which drive suesser

production. Since production in winter is light-limi.ted, one would expect

little effect from reduced nutri.ent loading. The potential impact of changed
nutrient input on the overall annual production is difficult to assess at this

time. This is an area requiring further research, especially through nutrient
mass-balance modeling and laboratory research.



Chapter 11

ZOOPLANKTON AND PARABENTHOS

S.S. HemarL, BR. HaqpzaVeS, RA,. Lvtz, LW. Fritz, C.E. EprfaniO

INTRODUCTION

One approach to investigating how the Delaware Estuary works is to
identify the most important animal species and to study their population
dynamics and the patterns and underlying forces that determine population size.
Figure 11-1 represents a model food web for the Delaware Estuary showing
biomass exchange. It attempts to show the predator-prey relationships between
organisms and the various envir'onmental parameters. The previous chapter dealt
with the phytoplankton; this one deals with zooplankton and associated
organisms thar are directly or closely dependent on the phytoplankton for food.

ZoopLankton are animals that float in the water column at the mercy of
the ocean currents. By definition, they are incapable of strong horizontal
swimming movements although they may swim vertically. In generaL the
zoopLankton may be divided into two major catagories, the macroplankton
 organisms greater than 0.5 mm diameter! and the micropLankton  those less than
0.5 mm!. Each group requires different sampling gear and techniques. This
report deals with three studies of the macroplankton including blue crab
larvae, oyster larvae, and a survey of all major groups.



Figure 11-1. The Delaware Estuary food web. Arrows point from
a component used by the component at the end of the arrow.



Finally, studies have been initiated on one component, the mysids

 opossum shrimp!, of the animal.s living on or near the bottom referred to as
Parabenthos or bottom plankton. Mysids and copepods are important. food for
many postlarval and juvenile fish. Oyster larvae in the macrozooplankton go
through dispersal, growth, and development before settling on the bottom. The
b««rab life cycle begins with planktonic forms hatched within the estuary;
they are quickly carried out of the estuary but must return from the
continental shelf to maintain adult populations. Each species has a unique
combination of factors that determines population size, but the cossaon
biological factors are food availability and predation rate, while the common
physical factors are temperature, salinity, oxygen, light, and water currents.
We are reporting on studies of population dynamics of macrozooplankton and
mysids, dispet'sal of blue crab larvae, and ef fects of food quality and quantity
on feeding in oyster larvae.

GENERAL ZOOPLANKTON

The pat tern of change in population size for mysid shrimp and
macrozooplankton in the Delaware Estuary was studied L982-83. The pattern
should indicate when food is available for post lar~al and juvenile fish and
when there will be extensive grazing on phytoplankton  Figure Il-l!. The
Delaware Estuary is a major spawning and breeding ground for fish  Shuster
1959, Daiber and Smith 1969, Maurer and Wang 1973! ~ Postlarval and juvenile
fish feed on macrozoopLankton, mysids, and small benthic invertebrates, and are
themselves eaten by larger fish and crabs- The total numbers or species
composition of macrozooplankton and mysids at any given time may determine the
success of a year cLass of young fish, especially fish with specialized diets.
Among such species in Delaware Bay is the juvenile weakfish which feeds
primarily on copepods and mysids  Stickney et al. 1975, Allen et al. 1978!.

In the present study, samples of plankton and mysids were taken
approximately twice monthly for 11 months  beginning in May 1982! at 9 stations
in the Delaware Estuary  Figure 11-2!. These samples were analyzed for species
composition, popuLation densities, and totaL biomass. Numbers and biomass were



Figure 11-2. The Delaware Estuary sho~ing locations of
zooplankton samp1 ing stat' ions.

1%



expressed per cubic meter of water for plankton and per square meter of water

column for mysids because the former are distributed rather uniformly with

depth awhile the latter are concentrated within one meter of the bottom during
daylight hours.

«pepods vere the most abundant organisms, in the zooplankton, accounting

«r 94'y by number in samples taken from Hay 1982 through February 1983. While
than 30 species of zooplankton vere recorded in the present study, five

species of copepods accounted for most of rhe recorded numbers. Two distinct

regions of the estuary were evident, the upper low-salinity region  stations I,

29 39 IO in Figure 11-2! and the Lower high-salini.ty region  stations 5, 6, 7,
8 > 9 in Figure I 1-2! . Acarr.ia tonsa and 0 ithona sp. were the only abundant

minutus, and ~Castro a es hamatus were in the lower more saline region only.

These latter three "marine" species vere present only in winter and spring,
while the other tvo were present most of the year. Overall, Acartia tonsa was

the dominant copepod both geographically and seasonally. Haurer et al. �978b!

observed a similar pattern near our stations 6 and 7 but with less frequent
sampling. Heredith �982! observed strikingly similar population cycles with
frequent sampling in a salt-marsh creek near our station 6.

Figure 11-3 shows seasonal abundance for all zooplankton as number per
cubic meter and grams dry weight per cubic meter. There was general agreement
between numbers and dry weight except in January when detritus levels rose and
these materials, which included decaying plants, animals, etc., exceeded the
amount of macrozooplankton- In the first summer peak  early Hay!, increases in
four species, remora, ~Centre a es, Pseudocalanus, snd Cithona, plus copepodites
 copepod larvae! accounted for 797. of the nu bere observed, while Acartia tones
and copepodites accounted for 79'7. of the peak in total numbers in late June and
ear ly July. Zooplankton numbers rema ined we I I be low peak Levels throughout

column No previous studies f rom the Delaware Estuary have reported
ry

weights of zooplankton, nor did any have the spatial or temporal resolution to
show these population cycles-
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Mysids typically make up a large percentage of the invertebrates that
live near the bottom. They are omnivores, feeding on phytoplankton,
zooplankton, and detritus  Figure ll-l!. Two species of mysid shrimp were
observed in the esruary, ~geom sis americana and ~Mstdo sis ~bi elowi. ~geom sis
was "e most abundant mysid although ~Msido sis was nea ly as abundant during
The winter months

Mysid abundance was determined by combining data from replicate plankton
tows and epibenthic sled tows taken ar. each site. The only previous study of

mysid abundance  PSE8G 1980! did not include sled tows and thus probably

greatly underestimated the mysid population size. Those earlier results did

not show the striki.ng seasonal changes in number and biomass that we observed.

Apparent from the graph in Figure 11-4 are two major peaks of monthly means of
2mysid numbers and biomass  dry wei.ght! per m

The mean size of mysids changed seasonally. In spring, the peak
consisted of large overwintered adults and their of fspring; in late summer the

peak consisted of small summer adults and their offspring. The mean size of
individuals  Figure 11-5! remained low through the sunnner and fall, rising from
November through February as the young, released in the fall, grew and matured
in cold ~ater. The winter rise in population biomass is probably attributable
in part to an increase in mysid numbers  from reproduction and perhaps
migration!, but mainly to growth of the individual mysids. In warm
temperarures rnysids grow and reproduce rapidly  e.g. during late Augusr. of
1952!, but never reach the size of the overwintering animals. In addition to
growth and reproduction, another important factor in the size of the mysid
population is predation. Two periods of heavy predation are apparent in Figure
11-4, from late May through August and from rnid-September through November.
The next srep in modeling fish population dynamics should include a study of
feeding selectivity of the dominant species of fish, and simultaneous
measurements of prey and fish population size and distriburion.
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BLUE CRAB LARVAE

Th of bl b larvae in the zooplankton co

fi he ies i ld of ad lt blue crabs - The P»t yea
a dispersal model for these larvae that may explain
landings from year to year Hatching of blue crab gg
at salinities greater than 25 /oo. Hatching

high tide; larvae immediately migrate to the surface
bay during the ensuing ebbing tide  Epi.fanio et al ~ 1983! . The a
dispersed in the waters over the inner continental shelf and it i

waters that the larvae undergo their 5-6-week period of gro th and deve oem

While the exact mechanism is unknown, post larval blue crabs app««o be
transported back to the vicinity of the bay by wind-driven surface currents

over the continental shelf  Sulkin et al. 1982!. Once in the vicinity of the
bay mouth, postlarvae appear to undergo vertical migration up into the water

column during periods of flooding tidal currents and down to the bottom during
periods of ebbing tidal currents. This pattern of vertical migration allows

the postlarvae to move upstream in spite of the net seaward movement of the bay
waters  Meredith 1982!.

Our present understanding of the population dynamics of blue crabs in

Delaware Bay suggests that the recruitment of new individuals is relatively
independent of the size of the spawning population in the bay  Sulkin et al.
1982!. This can be explained by the following: �! Gravid females migrate to
the lower bay for spawning. �! Each female may produce as many as 3 million
eggs. �! Larvae are flushed to the waters of the continental shelf where
mortality due to predation and food l.imitation are density-dependent . That is,
the rate of mortality increases as the population of larvae increases. The
result is that the number of larvae available for transport back to the bay
does not vary much from year to year- �! The number of Larvae transported
back to the vicinity of the bay varies with wind and current conditions in the
Mid � Atlantic Bight. The effects of these variations upon larvae survival ~ould
be density-independent and, hence, i.t is the yearly variations in these
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Figure 11-6. Feeding by oyster larvae on phytoplankton is shown
as mean percent. decline in density of phytoplankton before and
after feeding trials. The small-celled phytoplankton were less
than 10 microns and large cells were greater than that size.
Experiments were done at 3 larval densities; total refers to the
percent decline for all three larval densiti.es.



physical factors that control recruitment of post larvae into the bay. Thus we
hypothesize that year-c]ass strength in blue crabs in Delaware Bay is
determined by var ia t ions in phys ica 1 rathe r than b i o logical conditions ~

BIVALVE LARVAE

Bivalve larvae are members of the macrozooplankton corrlunity  part of the

zoop].ankton in Figure 11-1!. During the past year, we studied feeding habits

of a commercially important bivalve species, the oyster Crassostrea ~vir inica.

These Larvae have a 14-to-21 day planktonic phase during which they develop

from fertilized eggs to eyed Larvae  Galtsoff 1964!. Nost information about

the natural phytoplankton diet of the larvae has been inferred from laboratory

growth experiments with either pure or mixed cultures of various phytoplankton

species  e.g. Davis and Guillard 1958!. While these experiments provided

necessary information on which species of phytoplankton are ingested and which

promote rapi.d growth rates, they do not address which phytoplankton species the

Larvae feed on in nature. To investigate the phytoplankton component of the

Larval diet, feeding experiments were designed using natural assemblages and

densities of phytoplankton.

Comparisons of phytoplankton cell counts before and after feeding tr'ials

showed that populations of small cells  less than 10 microns in the largest

dimension! declined more rapidly than larger forms  Figure 11 � 6!. The larvae

used in the experiments are known to have mouth diameters of approximately 10
microns  Ukeles and S~eeney 1969!. Larvae did not appear to be sel.ecting
particular cell types from the small phytoplankton fraction. The relative

proportions of each of five small-cell types  coccoid cells, centrate diatorns,
pennate diatoms, flagellates, and dinoflagellates! remained approxirnatel thapproximate y t e
same during larval grazing after correction for changes in control trials where

no oyster larvae were present. A difference in larval feeding rate was
when long and short trials were compared. The lower rate uring pro onge
exposure suggests either that Larvae became satiated within 6 hours
slowly thereafter or  more. likely! t.hat larvae ceased feedi ing active y when
phytoplankton levels dropped below a threshold concentration. The lack of
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selectivity by oysrer Larvae, and the demonstration of active feeding on
natural assemblages  at least at starting concentrations!, suggest that growth
and development of oyster larvae are not limi..ed by food availability in the
Delaware Estuary.

CONCLUSIONS

Macrosooplankton populations showed generally high levels in winter,
spring, and early summer, with reduced levels in the late summer and fall; this
is based on only one year's sampling. Copepods made up 947 of the samples with
five dif ferent genera dominating. Mysid population peaks occurred in the
spring and summer periods. Mean siae of mysids changed seasonally with the
largest mysids appearing in the spring.

Studies on blue crab larvae and postlarvae indicate that the year-rlass
strength in Dele~are Bay is dependent on physical conditions in the bay rather
than the siae of the spawning population. Investigations on oyster Larvae
suggest that growth and development in the Delaware Estuary are not limited by
food avai.lability.

Clearly the studies included are preliminary in nature. More
sophisticated, in-depth investigations are necessary for further understanding.
Different approaches that may be used to provide greater insight into the food
web include:  I! examination of parts of the food web that have not been
studied  e.g. microsooplankton! or �! examination, in gz'eater depth, of an
area of the food web that has been shown to be significant to the productivity
of the estuary. '4e feel that the more rational approach at this time is the
latter and suggest concentrating on the interactions between mysid shrimp,
certain rooplankton, and the most important sports and commercial fish in the

Delaware Estuary, the weakfish.

Information on these interactions should be useful in the management of

the Delaware Estuary. Eventually we should be able to develop modeling

criteria to predict Long-term effects of manmade and natural perturbations.



Chapter 12

NEKTON  FINFISH!

CAR. Grimes

TNTRODUCT ION

The swimming animals in an aquatic environment are referred to as the
nekton in contrast to the plankton which are not able to move against the
currents' For the most part, nekton are finfish. Marine mammals, such as
whales and porpoises, and some molluscs, such as squid, are also nekton. The
former are rarely fished today and the latter fall technicalLy into the
category of shellfish. The only nekton of present commercial interesr in the
Delaware Estuary can also be referred to as finfish.

The Delaware Estuary supports a Large sport-fishing activity and
moderate, but significant, commercial fisheries. Ultimately, much of the
effort in the Delaware Estuary Project wiLL be aimed at gaining more
information for management of the Delaware Bay fisheries. At present, we have
done no research directly on finfish and much of the information available
comes from routine monitoring surveys.

The majority of finfish species are not harvested
ichthyofauna, this group is treated in the first section of
second section deals with the commercial and sport
Estuary.



THE FAUNA

The ichthyofauna of the Mid-Atlantic Bight, including the Delaware Bay

area, may be characterized largely as seasonal and migratory. The Delaware Bay

area marks more or less the center of the geographic distribution of many

fishes that range between Cape Cod and Cape Hatteras  June and Reintjes 1957!.

The region is the southern limit of several boreal forms such as the silver

hake and Atlantic herring and the northern limit of many temperate species like

Atlantic croaker, spot, and weakfish that migrate north i.n the summer.

As might be expected of a region characterized as a transition zone

between warm- and cold-vater fishes, temperature regimes are extremely variable
o oyear to year. For example, 21 C �0 F! surface water penetrates northward only

to Virginia during cool years, but extends as far as Cape Cod in warm years.
0 0Similarly, in winter 6 C �2 F! surface water extends to Cape Hatteras during

cold years, but in warm years only reaches Cape Cod  NcHugh 1981!. The highly
variable water temperatures that characterize the region influence how far

north the southern species will come in summer and how far south the northern

species wiLL move in winter. Under these oceanographic conditions it is not

surprising that species composition and abundance are quite variable.

The fish fauna of Delaware Bay is diverse, but a reLatively few species
account for the preponderance of total fish abundance, or biomass. For

example, Smith �982! lists 76 species that have been collected during several
trawling surveys in Delaware Bay  Table 12-1!, however only 13 fishes accounted

for about 90» of the numbers and biomass in 1979-81  Table 12-2!. Weakfish,
hogchoker, and windowpane fLounder were by far the most important species,
collectively accounting for about 60 to 70/. of the biomass and 50 to 60'y. of the

numerical abundance  Table 12-2!. The results of these trawling surveys
 Daiber and Smith 1972, Smith 1981, Smith 1982! provide the basis for this
description of the Delaware Bay fish fauna. Some fishes, such as pelagic,
criptic, and predominantly marsh forms, are able to avoid the trawl or simply
inhabit areas not sampled. However, the majority of the fauna are represented
in the data from these surveys, almost certainly those most important from an
ecologicaL or fisheries point of view.
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Sand tiger shark
Sandbar shark
Smooth dogfish
Spiny dogfish
Atlantic angel shark
Clearnose skate
Little skate
Winter skate
Roughtail stingray
Bluntnose stingray
Smooth butterfly ray
Spiny butterfly ray
BuLl. nose ray
Compose ray
Atlantic sturgeon
Conger eel.
American shad
Blueback herring
Hickory shad
ALevife
Atlantic menhaden
Atlantic herring
Gizzard shad
Striped anchovy
Bay anchovy
Inshore lizardfish
Oyster toadfish
Goosefish
Silver hake
Red hake
Spotted hake
Striped cusk-eel
Ocean pout
Striped kiLlifish
Threespine stickl.eback
Whit.e perch
Striped bass
Black seabass
SnoBfy grouper
Bluefish
Florida pompano
CrevaLle jack
Blue runner
Lookdown
Atlantic moonfish
Pigfish
Scup

~Odontas is taurus
Carcharhinus milberti
Mustelus canzs
~Sualus acanthias
~suatina dumeri1 i
~Ra a ~elanteria
~Ra a erinacea
~Ra a ocellata
~Das atis centroura
~Das atis ~sa i
~Grmnura micrura
~Gnura altavela
~M liobatis freminvillei
~Rhino tera bonasus

~Con er oceanicus

Alosa aestivalis
Alosa mediocris
Alosa d h
Brevoortia ~t rannus
~Ctu ea ~heron us ~heron us
Oorosoma ~ce edianum
Anchoa ~he actus
Anchoa mitchil li
~Snodus f octans
0 tau
~ho hius americanus
Merluccius bilinearis
~Uro h cis chuss

Rissola m~ar inata
Macrozoarces americanus
Fundulus ~ma 'alia
Gasterosteus aculeatus
Morone americana
Morone saxatilis

E ' h l nzveatus
P orna tomus s al t atr ix
Trachinotus carolinus
Caranx
Caranx
Selene vomer
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Table l2-l. Common and scientific names of fish that have been
caught by otter travel in pelabfare Bay. Names taken from Robinson
et al. �980!   from Smith l982 ! .



TabLe 12-1  Continued!

Eairdiella ~chr souraSilver perch
Weakfish
Northern kingfish
Spot
Black drum
Atlantic croaker
Atlantic spadefi.sh
Tautog
Striped mullet
Northern stargazer
Harvestfish
Butterfish
Northern searobin
Striped searobin
Sea raven
Grubby
Longhorn sculpin
Seasnail
Fringed fLounder
Smallmouth flounder
Summer fl.ounder
Fourspot flounder
Windowpane flounder
Winter flounder
Hogchoker
Orange filefish
Planehead filefish
Northern puffer
Striped burrfish

~tnoscion ~re alia
Menticirrhus saxatilis
Leiostomus xanthurus
~Po onias cromis

~Tauto a onitis
~ttu il ~ce halus
~Astrosco us Euttatus
~Pe rilus ~ale idotus
~Pe rilus triacanthus
Prionotus carolinus
Prionotus evolans

~tt aria atlanticus
~Etre us crossotus
~Etre us microstomus

Pseudo l.euronectes americanus
Trinectes maculatus
Aluterus ~schoe ii
itonacanthus ~his ides
~dhoeroides maculatus

Seasonal species composition was variable, the warm months dominated by
species such as weakfish, summer flounder, spot, butterfish, and smooth

dogfish, while the cool months were dominated by white perch, windowpane, and
red and silver hake  Table 12-3!. Total fish biomass and numerical abundance

is much greater during warmer months  June-October!  Tables 12-2 and 12-3!,
therefore warm-season species account for the preponderance of numbers and
biomass.

Since 1966 there have been some notable fluctuations in the abundance of
several of the dominant species, as shown in Table 12-4. Weakfish numerical

abundance declined from 29%%d in 1966-71 to 13%%d in 1981. Weakfish biomass
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Table 12-2. Comparison of species dominance  in numbers and
biomass! between the years 1979, 1980, 1981 for those sPecies
comprising 907 of the research trawl catch in Delaware Bay   from
Smith 1982!.

'/, of Total Catch
by Number

of Total Catch
by WeightSpecies

1979 198O 1981 1979 1980 1981

46.4 37.1
3.0 13.2

10.8 11.2
3.7 6.0

46.5
4.3

17.8
1.2

91.2 89.9 92.2 89.0 89.8 91.3Totals

also declined from 47%%d in 1979 to 37K in 1981. However the decrease in biomass
was not as marked as the decrease in numbers, presumably due to increased size
 growth! of individual fish  see following discussion of weakfish fisheries!.
Scup appear to have declined sharply in abundance. In 1966 scup accounted for
127. of the trawl catch  by number!, in 1979-80 only about 17, and in 1981 the
species was not collected. Hogchoker and windowpane abundance has varied
inconsistently. Spot and smooth dogfish showed increasing abundance for rhe
three periods surveyed.

Trawl survey results also show a decline in overall fish numerical
abundance fx'om a hi.gh of 60 fish/0-1 nautical mile  nmi! in 1 966 to a low of
fish/0.1 nmi in 1979. As noted by Smith �982! this is mostly due to the
conspicuous decline in numbers of weakfish, scup, hogchokers, spot, lo ho
sculpin, northern sea robin, and black drum. However, the decline i o 1

29.5 29.4
14.9 9.8
19.0 11.8

3.8 10.4
3.2 4.9
4.8 5.9
4.6
2.4 2.6
2.0 1.8
1.1 4.8
3.1 1.3
1 ' 5 1.3
1.3 1.5

13. 1
29.0

7.3
15.3
10.9

5.2
0.7
2.9
3.0
1,8
0.6
1.6
0.8

Weakfish
Hogchoker
Windowpane flounder
Spot
Smooth dogfish
Whit:e perch
Red hake
Oyster toadfish
Sunsner Flounder
Butterfish
Silver hake
Alewife
Striped searobin

5.8
2.5
1.7
4.8
0 ~ 3
1.7
0.6
1.8

6-7 4.6
6.0 0. 8
3.8 6.5
4.7 7.5
1.0 0.7
1 ~ 5 0.1
0.6 1.0
1.6 2.6
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Table 12-4. Comparison of the most numerically abundant
species of the Delaware Bay research trawl catches between
1966 and 71 survey  Daiber and Smith 1972!, 1979 and 80
 Smith 1981!, and 1981  Smith 1982!. Blank values indicate
that rhe species was not caught.

o f total catch

1981Species of Fish 1966-1971 1979-1980

13.1
29.0

0.0
15.3

7.3
0.1

10.9
1.8

0.0
2.9
0.5
1.0

5.2
0.2
0.7
0.8
0.6

1.9
0.7
0.2
2.0

3.0
0-8
0.1
3.0
0.0
0.1
0.3
0.2
1.6

0.2
0.4
0.0
1.4

157,196Total fish caught
12,222

fish biomass is probably not nearly as marked because, alth h kf h  
dominant species! declined fro 30/o to 13'/o in numerical abundanc b- 1�
decreased from 47/ to 37%.

Weakf ish
Hogchoker
Scup
Spot
Windowpane flounder
Northern searobin
Smooth dogfish
Butterfish
Longhorn sculpin
Northern puffer
Oyster toadfish
Clearnose skate
Spotted hake
Slack drum
White perch
Atlantic herring
Red hake
Striped searobin
Silver hake
Silver perch
Summer flounder
Roughtail stingray
Wintet' flounder
Sullnose ray
Northern kingfish
Bony dogfish
Bluntnose sti.ngray
Little skate
Alewife

32.4
20.4
11.8

4.9
4.3
4.0
2.7
1 ' 8
1.8
1.7
1.6
F 6
1.5
1.4
1.1
1.0
0.8
0.8
0.8
0.6
0.5
0.4
0.4
0.3
0.3
0.3
0.2
0.1
0.1

29.4
12.4
0.7
7.1

15.4
0.4
4.0
3.0
0.0
0.1
2.5
0.8
0.4
0.0
5.4
1.0
4.6
1 4
2.2



FIN FISHERIES

Not unlike most areas of the United Srates, the fisheries of the Hid-
At Lant ic Bight in genera, an d the Delaware Bay region in particular, have
declined very substant a y si 2 1 ince in late 29th century. Another prominent

characteristic of the fisheries of this region has been their variability. As
noted previously, the Delaware Bay is approximately the center of a geographic
region wir,h markedly variable water temperatures. Consequently, the
ichthyofauna supporting the fi.sheries is largeLy seasonal and migratory, and
quite variable. For' the discussion of historical and recent trends in
commercial and recreational catches I will include not only fishes that are
harvested solely in Delaware Bay, but also severaL estuarine-dependent fishes
that are harvested in nearshore marine zones as welL  e.g. weakfish, bluefish,
and Atlantic menhaden!. These aLL rely on Delaware Bay as essential spawning,

feeding, and/or nursery grounds.

As shown by Seagraves �982!, the fish that are important components of
currenr. recreational and cossserciaL fisheries are weakfish, bluefish, American

shad, ~hite perch, striped bass, windowpane flounder, spot, sharks, summer

flounder, black drum, Atlantic sturgeon, and butterfish  Table 12-5!. Based on

historical information, alewives, Atlantic croaker, and Atlantic menhaden

should be added to the species list  NcHugh 2982! - The catch of most of these

species has declined steadily since the end of the 19th century, although there

have been periods of temporary i.ncrease.

Industrial fin fisheries, those used for nonedible fish products such as

f ish meal, oi l, and fertilizer, are exclusiveLy Atlantic. menhaden. This

fishery, was not wel.l developed unti.l the mid-2940s, The east coast fishery

developed rapidly until the earLy 1960s, then quickly collapsed ~ From the

early 2950s until about 1960 New Jersey and Delaware were the foremost menhaden

landing star.es along the Atlantic coast. The last menhaden processing plant in

Dele~are closed in 1966 and only one presently operates in New Jersey. The

deterioration of the menhaden fishery in the mid-Atlantic resulted in general

from overfishing. Truncation of the size composition of the population that

naturally statified
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Table 12-5- Estimated catch in weight and value of the inshore
gill net fishery for the State of Delaware during 1981  from
Seagraves 1982!.

Estimated Value
 Dollars!

E s t imate d La nd in g
 Metric tons!Species

Totals 769 650,058

by size along the Atlantic coast removed larger  older! fish. Because the

larger fish were in the mid � Atlantic area, their removal by fishing

disproportionately damaged the fishery in the mid-Atlantic  Broadhead et al.

1980!.

Among food finfish, those first to show sharp declines in catches were

anadromous species, those using the river as spawning and nursery area.
Degraded water quality and habitat destruction in the river and upper' bay, in
particular in the Philadelphia-Camden area, presumably made passage to upriver
spawning areas difficult or impossible, and eliminated or reduced nursery
grounds. According to HcHugh �981!, the sturgeon fishery was first to
decline ln 1887, 1300 met~ic tons  t! were landed in Delaware alone, but by
]908 on]y 15 t were caught  one metric ton = 1000 kilograms = 2204.6 pounds!.

Weakfish
Bluefish
American shad
White perch
Striped bass
Windowpane f 1o under
Spot
Shark
Summer flounder
Black drum
Atlantic sturgeon
Butterfish
Tautog

477
89
88
22
10

5.4
5.0
3.4
3.0
1.1
I. I
0.9

0.05

462, 748
39,200
87,030
28,740
19,125
2,400
2,750
1,875
4,355

250
1,250

400
10



American shad followed soon after, landings dec~easing from 800 t in 1890

to 18 t in 1931. However, the shad population may have recovered slightly in

recent, years. They ranked third in weight and second in vaLue in the 1981 gil L

net landings in Delaware. The gill net harvest in 1981 of 88 t represented an

increase over 1980 when 43 t were caught  Seagreaves 1982! . Also, recent

abundance estimates made by the New Jersey Division of Fish, Game, and

Shellfisheries suggest abandance is increasing  A. Lupine, personal

consnuni.cation!. Despite their decline in commercial importance, shad are

highly sought recreational fish during their spring spawning run up the

Delaware River.

Alewi.fe catches peaked in Dele~are in 1930 at 1450 t, but eight years
later had declined to 21 t  McHugh 1981!. They do not appear now in

appreciable amounts in current fisheries in Delaware Bay  Seagraves 1982!,

however they are landed by recteational anglers along with American shad.

White perch, another anadromous species, had peak landings in the estuary
in 1897 at 180 t but declined to 7 t in 1940  McHugh 1'981!. In 1981 an

estimated 22 t of white perch were caught in the Delaware gill net fishery
 Seagraves 1982!, showing a slight improvement in landings.

Historically the Delaware River supported a substantiaL striped bass

commercial fishery, as did major tributaries such as the Maurice River. In the

earLy 1900s commercial landings totaled hundreds of thousands of pounds per
year. By 1960 landi.ngs had declined to thousands of pounds per year, and today
there is no commercial striped bass fishery in the Del.aware River  Hemchak

1982!. Several recent studies suggest that although Dele~are Bay was once a
major spawning and nursery area for Atlantic coast fish, it no longer produces
eggs, larvae, or juveniles  Murawski 1969, Hemchak 1982!. Chittenden �971!
reported no striped bass from extensive fish collections in the non-tidal

Delaware River from 1960-67 and concluded that they were an insignificant part
of the ichthyofauna from Chester, Pennsylvania upstream. Seagraves   1982!
estimated striped bass gill-net landings for the upper bay at 10.2 t in 1981;
apparently these fish were not of Delaware River origin.
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HisCorically, weakfish were and remain today, perhaps the most important7

edible species in the De 1.aware Sa region. Total l.and ings of weakf ish fore aware ay region

Delaware in 1889 were 1500 t, Lat« landings fluctuated bur attained a low of
2 r. in 1968  NcHugh 1981!. The same trends were evident in mid-Atlantic

landings since 1940 with peak catches of about. 11 ~ 5 t in 1945, then declining
to a low of less than 1 t i� 1967  Wilk 1981!. Weakfish landings began to

increase in 1970 and cont.inued through 1979 when about 3600 t were landed in
the mid-Atlantic  Wilk 1981!. Ln 1981, weakfish dominated the commercial

gill-net landings in the Delaware Esruary, accounting for 71/. of the toral
value of the fishery . Estimated landings for 1981 were 477 t compared to 89 t

for bluefish, 88 t for shad, and 22 C for white perch  TabLe 12-5!.

Weakf ish are landed commercially by gill nets, haul se ines, pound nets,

and otter trawls, although trawls and haul seines cannot be operated legally

within Delaware waters. The use of high-speed pe Lagic trawls  paired and mid-

water! began during the mid-1970s and continues. This innovative methodology,
centered off the mouth of Dele~are Bay, concentrates on spawning adults

entering and leaving t.he bay; young of the year leaving in the fall are taken

in otter trawls  Shepherd 1982! ~ Pelagic trawls annually land in excess of 700
t  Wilk 1981! ~

National Marine Fisheries Service recreational fishing surveys suggest
that recreationaL catches of weakfish folLowed the same rrends as conasercial

catches, low during che 1960s folLowed by increases in the 1970s. According co
these surveys recreationaL and commercial landings were about equaL in 1960,
�815 and 1725 t respectively! and in 1974-75  8850 and 9990 t respectively!.
Sport catches reportedly were double comserciaL landings in 1970 �264 and 3632

t respectively! but in I'979 �990 and 12i700 t respectively! and 1965
commercial catches predominated �040 and 2720 t respectively!  Wilk 1981!.
Wilk �981! reported that 95% of the to tal 1979 recreational catch of weakfish
�990 t! was taken in the mid-Atlantic region, and 657 of that amount in
Delaware and New Jersey alone. About seven times more weakfish than the
nearest rival, summer flounder, were la~ded in Delaware in 1980 and 1981
 Seagraves 1982!, however due to a rather sharp decline in 1982 catches,
weakfish droPPed to r-hird behind summer flounder and bl.uefish  Seagraves

17% ~



personnal communication!. Both Wilk �981! and Seagraves �982! noted an

increase in average size of recreational weakfish and a concomitant decrease in

catch per unit effort. Mationally, average size increased from fust over

0.5 kg � lb! in 1960 to more than 1 4 kg � lb! in 1974-75 and 1979  Wilk

1981!.

Historically bluefi.sh were less important in Delaware Bay commercial

fisheries than they have been in recent years. About 1970, bluefish landings

increased dramatically nationwide and regionally. Since 1973, total U.S.

landings have averaged in excess of 4500 t and the rnid-Atlantic landings over

900 t  Wilk 1977!. Not surprisingly, bluefish were the second ranking species

in the Delaware inshore gill-net fishery landings in 1981  Table 12-5!.

Bluefish have become an increasing important recreational fish as well. An

estimated 55,000 t were caught nationwide in 1970, many in the rnid-Atlantic

region  Wilk 1977!. Recreational catch rates in Delaware have remained

relatively stable in recent years, 0.5 and 0.3 fish per angler-day i.n 1980 and

1981, respectively  Seagraves 1982!. Ho~ever, in recreational l.andings they

have increased from third, behind weakfish and summer flounder in 1980 and

1981, to second behind summer flounder in 1982, presumably due to a rather

sharp decline in 1982 weakfish catches  Seagraves, personal communication!.

At times, Atlantic croaker have been important commercial fish in

Delaware Bay. About 500 t were landed in Delaware in 1930, but landings fell

off irregularly, producing no catches from 1960 to 1975  HcHugh 1981!. Croaker

are not currently important in gill-net landings in the bay  Seagraves 1982!

and they accounted for only 0.4!, by number in 1979-81 research trawls in the

bay  Smith 1982!. Croaker, primarily a southern species, comes north of

Chesapeake Bay only when conditions are particularly favorable and populations

high.

Commercial landings of spot in the bay were reportedly 295 t in 1880, but

catches were not reported again until 1904  HcHugh 1981!. Peak landings of

about 100 t were recorded in 1931 and 1955, with landings averaging around 40



in between. Since 1958 never more than 10-15 t were landed  McHugh 1981!.

Seagraves �982! estimated the 1981 gill-net catch in Delaware at 5 t. Spot,

like croaker, is a southern species near the northern limit of its range.

Windowpane flounder, summer flounder, bl.ack drum, butterfish, and tautog

are less important commercial species in Delaware Bay  Table 12-5!. Another

species of recreational importance in the bay is summer flounder. ln 19SO and

1'981, flounder ranked a poor second behind weakfish with 5.3 weakfish and 0.8

flounder per angler-day in 1980, and 2.8 and 0.4, respectively in 1981

 Seagraves 1982!. However, in 19SZ sunrner flounder became the number one-

ranking recreational species in Delaware; bluefish ranked second and weakfish

declined to third  Seagraves, personnal communication!. Summer flounder is

also a predominantly southern species, which visits Delaware Bay only during

summer.

CONCLUSIONS

The most abundant species of fish caught year round in research trawls on

the Delaware Bay are the weakfish, hogchokers, windowpane flounder, and spot.
The weakfish is also the fish of greatest abundance in commercial fishing and
was until the past year �982! the most often caught sport fish. The weakfish

is undoubtedly the species of greatest significance in the Delaware Estuary.

Host fisheries in the Delaware Estuary, as is generally true for the
entire east coast of the United States, have declined markedly in the past 75
years. Some of this decrease was probably due to estuarine pollution; this is
especially critical for anadromous   river-spawning! species like shad and
striped bass. However, the major cause of the decline was overfishing. The
environmental status of the Delaware Estuary today is sufficiently healthy to
maintain major fisheries.
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Since the weakfish is so important, thorough knowledge of its life cycle

and populations dynamics is essential. Por any future management activity, an

understanding i.s necessary of larval and juvenile feeding, growth, and

survival. This must be done over and above any surveys of adult population

size.





THE BENTHOS

In an extensive bay-wide study the benthos of Delaware Bay has been found

to be very low in density by "one ot' two orders of magnitude" when compared

with "temperate estuaries in North America and other parts of the world"
2 Maurer et al. 1978a!. These investigators, with a O.l m -grab sample at each

of 207 srations, collected 169 different species with an average density of 722
individuals per square meter, with density per square meter written here as

-2 They compare this density with figures r'anging from 1300 for Moriches Bay
in Long Island, 4000 to 9000 for Buzzards Bay, Massachusetts, up to 30,000 for
a salt pond in Rhode Island. Maurer et al. support their f inding of low
densities in Delaware Bay in citing the earlier work of Kinner and Leathern

-2�974! who report average densities of 100 m in 277 benthic. samples at the
mouth of Delaware Bay. In discussion of low secondary production of the bay
Maurer et al.. strongly suggest that a major causal influence is the heavy input
in the upper estuary of industrial and municipal pollution. Sediment

transport, predation, and hydrogr'aphy are also cited as "natural mechanisms"

that may explain low secondary production in the lower bay.

These "natural mechanisms" are highlighted in another report on the
benthic community composition of the lower bay  Haskin et al. 1978!. In this

two-year study on the biota of lower Delaware Bay  contracted with the Delaware

River and Bay Authority! of the effects of overboard spoil di.sposal from the
Cape May Ferry terminal, it was apparent that the area selected for disposal
was characterized by low density and diversity of organisms- There is also a
strong seasonal influence on density, lowest in winter  November 1971! at 77

-2 -2organisms m mean density and highest in spring  June 1972! at 2972 m
-2Summer and fall densities were 272 and 380 m respectively. This seasonal

pattern in density largely reflected the reproductive activity of two dominant
hi alee species, act' e small clam Tell isa ~alii* and the rater clam Ensis
directus. At 24 stations sampled in the disposal site in June, the mean

-2density for the juvenile razor clams alone was 2627 m and the range in
-2station counts for all species was from 32 to 26E340 m . Like many other

bivalves with pelagic larvae, the populations of Ensis and Telling are subject



to random f l uc tuat ions in recruitment due to va r i a t i ons in the environment

 temperature, storms, hydrography, etc.! with the subsequent appearance of
strong and weak year c,lasses.

Follo ing rh ir dra atic appearance in J«e
ll 1am sp ci s h d n e ually dramatic decreas

by a variety of crabs in the area, inclodiflS
ocellar ns., the spider crab Lfbinfa ~emar inata.
pollicaris er,c. One small calico crab had fraftmenrs

and nearly 4po Bnsis were found inside a single»rge

In evaluating the faunal densities of

several factors must be considered. �! The shoreline, in cont o "y

areas with which it has been compared, is open and exposed' The Delaware shore

is battered by easterly storms; the New Jersey shore is battered by wind-driven

wa~es of north~est and sour.heast storms. �! The sediments of the shallow

areas bordering these shores are unstable and almost continually shifting. �!
The sediments shift in response not only to storms but also to st.rong tidal
currents.

As pointed out by Haskin et al. �978!:

for the raost part benthic infauna and epifauna of this

region are maintained by recruitment from the plankton.

barvae released from brood stocks spend a variable amount

of time in the water column and are dispersed by currents.
Some control on distribution is effected by larval behavior
as demonstrated by oyster larvae  Haskin 1964! cypride

barnacle larvae  Knight-Jones and Horgan 1966!, and mussel
larvae  Bayne 1963!. After large losses fromrom predation and

other hazards of planktonic life, the larvae»vae settle with

the possibility of colonizing any suitable substrate.
l,arval recruitment within a defined area Us depends upon
the presence of brOod stocks, a i'urrent SystsVstem which can

carry larvae to or trap larvae in the area
and a favorable

combination of environmental conditions f survival of



each larval species. In lower Delaware Bay, brood stocks

are not well established, as evidenced by the faunal

densities reported here. But, because of the length of

pelagic life of many species, and the presence of tidal

currents which can carry larvae long distances, the entire

benthic population in the bay and in ad]oining coastal

areas, may serve as the brood stock for the i.ndividuals

which chance to set in the study area.

There is ample evidence that the lo~er bay is a rigorous natural

environment for the benthic fauna. One need not look to pollution inputs in

the upper estuary as a cause for the low faunal density in the lower bay. It

also seems illogical to do so since the lowest faunal densities are in the

parts of the bay farthest removed from the ma]or sources of pollution and most

generously flushed by ocean waters. The importance of a stabilized substrate

for the development of a relatively high-density community is dramatically

illustrated by comparing the densities reported by Maurer et al. �978a! with

those found by Ismail �980! on three oyster grounds in the Ridge and Deepwater
sections of the bay  Figure 13-1!.

Ismail was examining the effect on the oyster community of using a

hydraulic dredge. He quantitatively sampled the three oyster grounds before

dredging and successively during the period of recovering the faunal

assemblages. He sampled five control and five dredged-area stations on each of
-2the three grounds and reported average densities of 9,122, 4,763, and 1,739 m

for ground 515 in deepwater, lab ground, and ground 154 in the Ridge section

respectively. Maximum densities on the three grounds were 17,947, 30,700, and
� 2

4,860 m respectively. Ismail noted that the paucity of organisms on ground

] 54 is probably due to a layer of shifting mud on three stations of the control

plot, It should also be noted that ground 154 was sampled by use of a Petersen

grab. On the other two grounds, because of the presence of large volumes of

shell, a quantitative suction sampler was used, which may have drawn in some

mat.erials from the surrounding bottom.



F'igure 13-1. Oyster seed beds in New Jersey  cross hatched!
and Delaware  solid! are shown as well as areas of planted
beds for the two states  delineated by dashed lines!.
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Table 13-1. New Jersey oyster production.

Oysters**
Marketed
 Bushe ls!

Seed *

Planted
 Bushels!

Year

1,406,064
1,456,210

953,634
874,904

4,255,138
2�90,182
1,128,337

937,000

949,741852,880

1,072,550
1,549,610

754,165
1,006,563

893,504785,970

711,533
860,614
846,892
973,409

612,700
487,500
253,600

Beds closed
512,000

Beds closed
450,850

Beds closed
Beds closed

166,000
172,000

Beds closed
170,700

Beds closed
221,300
142,100
I45,100
82,000

123,000

1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970

836,143
855,471

1,012,243
1,206,967

960,217
1,065,840
1,060,562

916,113
650,563
687,725
453,333
138,167
34,333
23,829

137,513
194>175

64,425
137,213

87,183
115,733
171,200
220,000
176,500
112,833
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Table 23-1  Continued!

Oysters**
Marketed
 Bushels!

Seed "
Planted

 Bushels!

Year

*Figures from 1930-56, federal statistics; from 1956-81, N.J ~
Oyster Research Laboratory.

**ALL harvest data from federal statistics.

These densities place the Delaware Bay benthos, on stabilized bottom,
within the same order of magnitude as the benthos in most productive estuaries
around the world. They also negate the speculation that upper-estuary
pollution inputs have seriously damaged lower-bay populations. Also, it is
interesting to note that at all three locations Ismail reported a total of 148
species, compared with the bay-wide total of 169 species taken at 207 stations
by Haurer et al- �978a! ~ Other information specifically comparing oyster
production in Delaware Bay with that in other estuarine systems will be
presented below. Of special interest among the benthos are the oyster
 Crassostrea ~vtr inica! and the hive crab  Call nectes ~sa ides! hich provide
the base for important commercial f isheries.

1971
1972
2973
1974
1975
1976
1977
1978
1979
1980
1981

172,000
165,825
227,840
395,755
370,425
335,975
298,000
385,140
460,175
434,270
458,800

145,167
285,500
232,667
168,167
162,000
233,767
204,167
194,038
209,413
145,577



THE OYSTER INDUSTRY

The oyster industry is based on the native oyster populations that extend

from the Hope Creek beds, below Artificial Island, to the vicinity of

Brandywine Shoals in the lower bay  Figure 13-1!. The populations thus range

over 33 nautical miles measured along the central axis of the bay. At mean
0

river flow, salinities at the upper edge of this range vary around 5 /oo and at
0the lower edge are about 30 /oo. The oyster is quite tolerant of salinity over

a broad range, although, as discussed below, it does not grow, reproduce, and

condition equally well over its entire salinity range.

In addition to favorable salinities oysters require a stable substrate.

They grow naturally in discrete beds, the most prominent of which comprise the

natural seed beds in the upper bay. Over a century ago oystermen began the

practice of oyster culture in which they transplanted small oysters from

natural beds to growing and fattening grounds. Frequently, they first

established a layer of shells to stabilize the bottom and to prevent the young

seed oysters from settling into the softer sandy and muddy sediments. About.

the turn of the century, by act of the legislature, the New Jersey portion of

the bay was divided into two general areas: the natural seed beds and the

planting grounds  Figure 13-1!. The Southwest Line was established as the

boundary between the two areas. The planting grounds are available for lease

by the state to individual citizens of the state. The seed beds are held under

state management and traditionally are open in the spring of each year when

planters may dredge seed oysters for planting on their individually leased

grounds.

Approximately 28,500 acres are under lease in the New Jersey planting

area and the major producing seed beds total about 13,000 acres. The State of

Delaware oyster bottoms are similarly divided, though the producing seed beds

and leased planting areas are sma1.1er at 900 and 8,950 acres, respectively.

The planting and harvesting practices have been developed empirically by

the oystermen and result from several generations of experience. Two

ecological principles underlie this empirical system- �! Although the oyster



can exist over a broad range of salinities  in Delaware Bay from approximately
5 to 30 /oo!, at the Lower salinities it grows more slowly, does not condition

o

well, and fails to reproduce as abundantLy. �! The second principle i.s that
over time most of the animal species inhabiting the estuary have invaded from

the sea and they differ in their abi.lities to withstand the lower salinities as
they penetrate the inner reaches of the estuary. Consequently, the number of
animal species associated with the oyster declines with the decreasing salinity
or increasing distance from the sea. We find for example about 150 species of
animals in the oyster comraunity on the planted grounds below Egg Island Point,
while on the uppermost seed beds, the species list drops to about 40. Similar
species distributions along the salinity gradient are reported on Delaware
oyster beds  usurer and Vatling 1973!. Among the species in the oyster
community that drop out at the lower salinities of the upper beds are, most
importantly, the oyster drill which is the principal oyster predator, some of
the mud crabs which prey on smaller oysters, and in addition several species
that, compete with the oyster for food and space.

The result is that at the upper end of its salinity range, the oyster is
in a naturaL sanctuary where it is free from several of its major enemies as
well as many competitors for space and food. This means that, although the
oyster does not reproduce as freely here, those that settle here from the
plankton generally have much higher survival rates than those settling downbay.
Here, beyond reach of drills and some of the mud crabs, they grow slowly over
several years until they reach a size less vulnerable to the oyster drills and
crabs. They are then moved downbay and, after one or two growing seasons on
the planted grounds, are ready for harvest.

The Delaware Bay oyster industry is slowly recovering from a low point of
about 20 years ago after a series of misfortunes, some of which are not yet
completely understood. Using the available statistics of the New Jersey
industry for reference, these misfortunes will be discussed briefly. The
history of the Delaware industry roughly parallels that of New Jersey. This
would be expec.ted since both industries are based on the same oyster population
al.though they have not always been managed in exactly the same way.
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For the first 46 years �883-1929! for which oyster landing statistics
are available, harvests in New Jersey were highly variable, ranging from 1 to 3
million bushels and averaging approximately 2 million bushels annually. For
the next two decades �930-50! landings were relativeLy steady, averaging about
1 million bushels annually  Table 13-1!. The cause or causes of the 50/

reduction in production starting in 1930 are unknown. With a sharp decline in
oyster seed production in the early 1950s, planters imported seed from the

Chesapeake Bay. Even with these imports harvest production dropped to a little
over half a million bushels by the mid 1950s. Then with the advent of a new

production plummeted to a record Low of approximately 24,000 bushels in 1960.
The earlier decline, starting about 1950, was not caused by MSX but was most
probably the direct result of overfishing of the natural seed beds.

When setting of larvae on major lower beds  New Beds and Bennies! became
irregular and scant, a serious shortage of seed developed  Figure 13-1!. In
1953, the New Jersey Oyster Research Laboratory made its first recommendation
for restriction of seed-bed dredging to permit rebuilding of upper bay brood
stocks. Brood stocks were seriously depleted further by the MSX kill starting
in 1957. We estimate that in three years 90 to 95/. of all oysters on the
planted grounds and about 60'X of the stocks on the seed beds, up to and
including Cohansey Bed, were killed by this disease  Figures 13-2 and 13-3 !.

Two major devel.opments over the intervening years now shape the industry:
the seed beds have been brought back into more regul.ar production; and native
bay stocks, under continuing disease selection, have devel. oped a level of
resistance to kilL that enables the industry to maintain production of market
oysters though at a level seriousLy reduced compared to the pre-1950 period.
Oyster production data for New Jersey from 1960 to the present are also shown
in Table 13-1; production data for Del.aware from 1970 to the present are shown
in Table 13-2. Seed-bed production figures and the official harvest data
 Table 13-3! highlight some questions on current status of the industry.



Figure 13-2. Oyster mortalities in spring of 1957 are shown
with areas of 65-80X and of 33-45X mortality. The dashed
line outlines the planted oyster grounds.



Figure 13-3 ~ Oyster rsortali ties in 1958-59 are shown with
75-85'X, 60-70%, and 50-607, Isortality. The dashed line
outlines the planted oyster grounds.



Oysters
Narketed
 Bushels!

Seed
Planted

 Bushels!

Year

112,395
70,015

Data from Delaware Department of Natural Resources  personal
communication from Richard Cole!.

In the pre-HSX years the long-term experience in the Delaware Bay
industry was to get one bushel yield of market oysters for every bushel of seed
planted, given 600-800 seed oysters per bushel and an average of 250-300 market
oysters per bushel. This means that, on average, half to two � thirds or more of
the seed oysters died before harvest. Oyster-dril.l predation was recognized as
a principal cause of this mortality, From more recent experience a background
mortality death from unrecognized causes, of about 11 monthly could be
expected. With planting cycles of two to three or four years, such background
mortality would account for a substantial. portion of the total mortality
experienced.

HSX has changed the traditional planting practice. Oysters on the
lower � salinity seed beds are under substantially less disease pressure than
those on the planting grounds. The present practice is to allow, whenever
yoss'ble, oysters on the seed beds to gro almost to marketable size, and then
plant for one growing and fattening season before harvest. This only exposes
the oysters to a singl.e HSX infection period in the lower bay and substantially

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981

Table 13-2. Delaware oyster productio~.

18,600
43,000
77,975
41,095
52,060
16,625
24,425
21,725
14,280

30,857
45,000
72,000
56,114
25,128
27,857
37,471
18,214
9,751
1,263

91,350



Table 13-3. Ratio of oysters harvested to seed planted over
selected periods.

Year Harvest
 Bushels!

Seed
 Bushels!

1956
1957
1958
1959
1960
196 1.
1962
1963
1964
1965

512,000

450,850

H/S = 1.33166,000
172,000

170,700

1966
1967
1968
1969
1970
1971
1972
1973

H/S = 1.14

LL/S = 0.49

reduces disease loss as well as loss to predators. Careful. study of disease-

related mortality for more than 20 years enabLes us to draw firm conclusions on

mortality levels. On average, in the first year after planting 177. of the
oysters will be killed by predators and 37/. will die of other causes. Since

LiSX began to kill. oysters in 1957 two-thirds of the 37/ dying of other causes,

approximately 25/. of all oysters planted, have died with HSX within their

fi,rst year. If oysters are held a second year, the nonpredation kill increases
to 507. and by the end of the third year to 56'.

508 '

1974
1975
1976
1977
1978
1979
1980
1981

221,300
142,100
145,100
82,000

123,000
172,000
165,825
227,840

395,755
370,425
335,975
298,000
385,140
460,175
434,270
458,800

687,725
453,333
138,167

34,333
23,829

137,513
194,175

64,425
137,213
87,183

115,733
171>200
220,000
176,500
112,833
145,167
285,500
232,667

168,167
162,000
233,767
204,167
194,038
209,413
145,577



One would expect that, wi.th the MSX mortal ity of planted oysters added to
the other mortalities that exisred before HSX appeared, the ratio of

harvest oysters to seed planted would be reduced sharply from the traditional
However, f or the first eight years   1966-73 inc Lus ive ! of cons istent

improved seed production af ter NSX was we Ll entrenched, a totaL of 1,279, 165
'bushels o f seed y ie lded 1,459,600 bushels o f marke t oyst e rs for a rat io of
I: 1 ~ 14 ~ In cont ras t, for the next seven years �974-80 inclusive!, wi th a
conspicuous increase in seed planted, 2,679,740 bushels of seed yieLded only
1 >317>129 bushels of market oysters for a ratio of 1:0.49  Table 13-3!, With
no overall increase in HSX losses in those Last 7 years, how can we account for
the dramatic reduction in ratio of oysters harvested to seed planted?

Some of this reduction may be the result of planting smaLler oysters.
With a record heavy set in 1972 foLlowed by a series of good general setting
years, smaller ~ younger oysters have been mixed with the larger seed. Although
they add to the bulk of the seed planting, they are too smaLL to be marketed in
the f irst harvest season following planting. If culled and returned to the
planted ground a higher proportion dies before the next year's market season.
Examination of shucking-house shell piles indicates that as many as one third
of the oysters run were too small to shuck and were passed through and died on
the piles. There is also reason to believe that landings are underreported,
and that this practice has increased in late years.

This belief is stengthened by the Delaware landing data  Table 13-2! for
1972-80, which yielded a harvest to seed ratio of I: 1. The Delaware harvest
f igures are est imated by observat ion of deck loads by Department of Natural
Resources personnel' rather than by reports of the oystermen.

Given the history of the Hew Jersey-Delaware Bay industry over rhe past
25-30 years as reviewed above, it is very encouraging that the seed beds have
made a strong recovery and have produced an average of slightly over 380 000

I
bushels of seed annually since 1974 ~ Since HSX has not caused substantial
mortalities on the seed beds except in drier years, we know of no res soo no reason w y

seed beds should not continue to improve to aPProximate ly double the



current annua l seed product ion, thus equaling the pre-1950 product ion. What

yield of market oysters can we reasonably expect from such an increased seed

production7

Assuming that the seed is similar in size and quality to that currently

a~ailabLe we could expect that doubling the planting, on the average, would

double the harvest. Based on official current landing figures this would mean a

harvest of about 400,000 bushels annually. As indicated above, however, actual

present landings are probably substantiaLly higher than reported, and the

400,000-bushel estimate ~ould then be increased proportionately.

Obviously the present utilization of small seed is wastefuL and costly,

and shifts in management will be explored. In the spring of L98L, areas

immediately above the Southwest Line were leased for planting for the first

time in our history. Expansion of this above-the-line area will probably

provide an opportunity to grow small "plants" for a year or two in relative

safety from heavy HSX kill. Then, in a second transfer, the larger oysters

resulting may be moved for a brief period, perhaps from late summer to early

fall, downbay for rapid market conditioning with Little or no risk of loss to

NSX. If with such a system the 1:1 seed to yield ratio  obtained as recently

as in the 1966-73 period! is realized, an annual harvest of about three fourths

of a mi.l lion bushels would be obtained. This is our current management

obJective. We think that i.t is reaListic barri.ng unforeseen catastrophes.

OYSTER UALITY AND ROLE OF OYSTERS IN THE BAY

Another avenue of attack directed toward improving oyster production is

to understand what controls differences in oyster qual.ity  oyster meat content!

from year to year and from place to place within the bay. Oyster planters and

packers have long known that in good years Delaware Bay oysters will produce up
to 9 to 10 pints of oyster meat per bushel. Ln poor years the meat yield may
be less than half of this. Furthermore in any one season meat quality will
vary from ground to ground in any one area of the bay. The Rutgers Shellfish
Research Laboratory is now examining this problem on the premise that oyster



meat content is related t t o measurab le env ironme
arameters. Seven oyster-

b i d kl for hyt

and are

f S of the results
oyste 8

h h i

Fi L3-4 how the oyster

d f o h f ll of 198I to the present. The
h f rh o ster»ell

te meat. It is apparent that

at ontent usual ly about double

Bo th groups build to a peak of conditio
in June and again in late fall before the Period
f ll d Ly inter of L9g2, compared with 1981, is reflect y d p
of th o dition peak to December and generally bet tee
early winter. This also correlates nicely with the increased phytoplankton
abundance in the second winter as shown by the chlorophyll values in Figure
L3-5B.

Reasons for the difference in meat condition in the two grounds are not
yet evident. This is no real dif ference in the tota 1 ph r. L k Ip ytop an t,on populations
over the two grounds  Figure 13-58!. There is a cons i t t d f fcons stent ifference in the

total organic particulates over the two grounds but e greater concentration
is at the Section "K" ground where the oyster conditio ion is relatively poor
is clear that more work wilL be required to def ine paPar arneter di f ferences in the
two areas.

It is of interest to esrimate what portion of total primary
production of the bay may be utilized by the oysterer and to compare thts with
similar estimates in other estuaries. Ryther  I969! pointed out that
Chesapeake Bay had an annual production of approximate I<>mately 15,000 metric tons  t!
of o� ter meats compared with Japan' s Inland Sea anannua I production of about
25 000 t, Divided by the area of the resPective estuae estuaries these production
aLues reduced in both cases to aPPro i ately IOO k' I

1 Io Rrams per hectare
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 kg/ha!, or about 100 pounds per acre. At 7 pounds of oyster meat to the

bushel, these values would reduce to about 15 bushels of oysters per acre per
year.

The best oyster bottom in conventional culture, however, will produce

500-1000 bushels per acre  about 5000 kg of meat/ha!. This is the density at
which oysters are planted in the Delaware Bay. The Japanese oyster rafts in

the Inland Sea produce 10 times this value or 50,000 kg/ha per year! In both

cases, the oysters are obviously harvesting the phytoplankton  food! carried to

them from surrounding areas by the estuarine currents and the rafted animals

are harvesti.ng from a larger volume of water.

Ryther also notes that the average estuary produces organic matter at the

annual rate of 3 metric tons  dry! per hectare  primary production!. Assuming
a plant-food-to-animal-tissue conversi.on efficiency  secondary production! of
about 10/., the 3 dry metric tons �,000 kg! could produce 300 kg of oyster meat
 dry weight!, or, at 20/ solids, 1500 kg wet weight. This is equi, valent to
about 200 bushels of whole oysters per acre per year, Such a production in an
"average estuary" would imply that the oysters are getting the entire primary
production of the water column above them. With competiti.on in the food web

this could easily drop to the a~erage values cited above �5 bushel.s/year! for
the Chesapeake Bay and the Inland Sea of Japan.

In our work on oyster quality in Delaware Bay we are finding values for

carbon fixation over the various oyster grounds that extrapolate to 235 to 329
2gra~s  g! of carbon f ixed per square meter per year  gC/m /yr! . Assuming a

2mean value for carbon fixation of 280 gC/m /y and that dry organic matter
produced by the phytoplankton is 40'/. carbon, this would calculate to 700 g dry

2
matter/m /yr. This will mean that, for Delaware Bay, if all primary production
over the beds were available to the oysters, at 10% conversion efficiency, 470
bushels of oysters per acre per year would result. This compares with the 200
bushels for Ryther's "average estuary."



What is the actual record of production for Delaware Bay oyster beds and

how does this compare with the production estimated if all phytoplankron
produced in overlying water were converted to oysters, To avoid the problems
involved in dealing with planted grounds, three of the natural seed beds have

been selected to provide an answer to this question. The basic data have been

developed from the Rutgers Shellfish Laboratory yearly surveys of the natural
seed beds and daily estimates of seed-oyster catch by individual boats during
the spring planting season. New Beds and Bennies have been in continuous

production since the early 1970s, for 11 years and 8 years respectively.
Cohansey Bed was a major producer of seed for 9 years between 1956 and 1970,
excepting the years when either Cohansey and/or the entire bay was closed for
conservation reasons  Figure 13-1! . The production figures may be summarized
as follows:

Productive area 800 acres; in 11 years, 1971-81,

produced 1,133,720 bushels of seed oysrers. Yield of
129 bushels/acre/year.

New Beds:

Bennies Bed: Productive area 450 acres; in 8 years, 1974-81,

produced 731,435 bushels of seed oysters. Yield of 203
bushels/acre/year.

Cohansey Productive area 300 acres; in 9 years, 1956-70,
produced 771,400 bushels of seed oysters. Yield of 286
bushels/acre/year.

The ahorse values of natural seed-bed production �29, 203, and 286
bushels/acre/year! would indicate that somewhat less than half of the total
production of the immediately overlying waters is being converted, at 10%
efficiency, to oyster meat. Lf one includes in rhe estimate the areas
surrounding the beds that appear to support a comparatively much less dense
population of infauna and epifauna than do the beds themselves, rhe fraction of
primary production utilized by the oyster drops proportionally.



0v'erall, it seems clear that the production of seed oysters on Delaware

»y beds compares very well with that of other estuaries and that the primary

production of the surrounding water could be exploited further by expansion of

the oyster-producing areas'

THE BLUE CRAB FISHERY

The status of the blue crab fishery of Delaware Bay is probably best
represented by a consideration of landings in recent years  Tables 13-4 and

13-5!. Landings from year to year are highly variable; no long-term trends are
apparent.

From 1948 to 1982 the Delaware pot fishery has ranged from extremes of
62,000 lbs �948! to 3,186,000 lbs �975!. From 1956 to 1982 rhe New Jersey
total landings have ranged from 63,380 lbs �968! to 1,913,470 lbs �975!. As
one ~ould expect, New Jersey and Delaware landings usually have risen and
fallen together, but those of Delaware generally exceed those of New Jersey.

When one adds the trot line and dredge Landings to the DeLaware pot
fishery, the disparity between the Landings of the two states is increased. It
is of interest that the apparent cessation of the winter dredge fishery in
Delaware in the early 1960s was not followed by an increase in the landings of
the pat fishery. This adds credence to the claim that the crabs taken in the
lower-bay winter dredging are for the most part crabs in their last winter that
would not, in any event, survive to enter the pot fishery of the following
summer ~

Except for winter-kill, as evidenced by the decLine in Landings in years
following unusually long, cold winters, there seems to be no predictable
relationship with environmental or other known parameters to size of the blue
crab population.



Table 13-4- State
from Delaware Bay.

Pots Trot Line ~Dred e Total
Pounds Dol lars pounds Dollars pounds Dollars Pounds DollarsYear

900
147

3,652
3,853

300
421
338
600

1,321
1 >711
1,176

533
542
131
209
266

40

49406
1, 582

232
151

147
19
12

60
38
49

118

40
62

107
203
657
642
736

1,195

227
145
168
594
308
281

223
510
eoS

1,014
2,504
1, 682
1,962
3,917
3,298

439
560
551

1,823
982
825

40
62

107
203
657
642
736

1,195

227
195
168
594
331
281

731
465

227 50

105
10

23

Delaware, Divison of Fish and Wildl
Richard Cole!. Pounds and Dollars

Data from State of
communication from

ife  personal
are in thousands.

1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
196S
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982

62
504
536
642
950

1,300
2,572
2,149
2,221
3,164
1,260
1,114
2,601

682
1,701

260
275
558

223
510
608

1,014
2, 504
1,682
1,962
3,186
2,833

439
333
551

1,823
877
815

16
47
37
45

127
174
224
289
2S6
281
113

90
187

61
121

21
31
47

of Delaware cotmnercia1 blue crab landings

90 1,368
2,233

162 4,420
271 4,646

15 1,250
50 1,721
29 2,911
52 2,809

161 3,580
131 4,924

71 2,554
35 1,650
43 2,149

4 813
8 1,910

14 526
2 316

558

156
207
218
329
142
224
253
249
423
41.6
186
125
231

66
129

34
33
47



commercial blue crabTable 13-5. State of New Jersey
landi~gs from Delaware Bay.

Landings
 Pounds!

Landings
 Dollars!Year

ALL figures
Commerce.

from NationaL Marine Fisheries Service, U.ST Dept. of

It is generally encouraging that the blue crab fishery though
unpredictable in its extremes of abundance, seems as viable as ever. Its

tolerance of widely ranging salinities and gross pollution levels in other east

coast estuaries, coupled with its record of production over the last 30 years
or so, leads one to predict that this species wiLl continue to thrive in the

Delaware Estuary.

1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982

332,074
733,160
584,680
706,360
947,681
418,120
833,560
243 >440
414, 330
380,321
302,395
384,090

63,380
469,920
478, 140
585,718
886,480

1,528,658
I,S49,400
1,913,470
1,736,480

111,645
503,821
463,825

1,183,760
1,162>120

601,960

33,614
82,431
58,035
80,870

111,017
48,419
88,060
29,891
59,118
53,695
42,066
49, 710
11,126
61,787
73,327

101,947
102,466
407>033
466,392
424,305
547,791

40,047
217,590
186,974



CONCLUSIONS

Although the Delaware Bay benthos has been ccns sidered by earlier

investigators to be of low densit and impoverished corn arison with other

estuaries, evidence is presented here that the benthic assemblages on stablized
bottom are diverse and rhe population density co~pares with that in other

"ighly productive t'emperate estuaries. In particular the assemblage of
species, generally recognised as the oyster community, is highly diis hi hl diverse and

t"e production of oysters per unit area compares favorably with other oyster
areas around the world. As evidenced by its shel lf isheries, Delaware Bay is

"healthy" and its benthic populations demonstrate a more than respectable
secondary production.

The oyster industry is recovering from a per iod csf low production

resulting f 1 om mismanagement and the advent of a acr ious new disease  HSX! in

the 1950s. The continued pressure of HSX on the oyster popuLation has required
some changes in industry operations. Better understanding of requirements for

consistent seed production and for consistent high meat quality on planted
grounds wilL increase the production of market oysters. It is reasonabl.e to

expect that the current oyster production in Delaware Bay can be approximately
doubled.

ALthough highly variable in its annual production, the blue crab industry
of Delaware Bay is no Less predictable than that of the Chesapeake or other
producing areas.
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