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IN REPLY R E F E R  TO~ WESYV 15 February 1978

SUBJECT: Transmittal of Technical Report D—78—3

TO: All Report Recipients

1. The technical report transmitted herewith represents the results of
Work Unit 2A05 regarding mineral cycling in salt marsh—estuarine eco-
systems. This work unit was conducted as part of Task 2A (Effects of
Marsh and Terrestrial Disposal) of the Corps of Engineers’ Dredged
Material Research Program (DMRP). Task 2k is a part of the Habitat
Development Project (HDP) of the DMRP and is concerned with defining and
quantifying the effects of dredged material disposal on shallow water,
wetland, and terrestrial sites.

2. The purpose of this work unit was to address nutrient and heavy
metal cycling in marsh—estuarine ecosystems through an intensive litera-
ture survey, discussions with recognized authorities, and application of
information from allied fields. The specific area of concern was the
environmental impact of dredged material disposal in marsh and estuarine
environments. A major conclusion of this report is that present knciwl—
edge is Inadequate to permit accurate predictions of environmental
impacts resulting from marsh development with heavily contaminated
material. Consequently the author recommends that only those materials
containing nutrients and heavy metals in no greater amount than those in
nearby natural marsh soils should be used for marsh development. This
recommendation is justified at this time. However, several DMRP work
units (4A06, 4A11H, 4A11L, 4A15A , 4A26, introduced below) have specif i—
cally addressed the potential hazards involved In shallow—water disposal
of contaminated materials. A preliminary assessment of the resultant
data indicates that accurate quantification techniques will be forth-
coming with a synthesis of this research information.

3. Work Unit ZAGS was one of several research efforts designed by the
DMRP to assess the potential for the uptake and mobilization of contami-
nants through disposal of dredged material in marsh and estuarine
systems. Closely related work units were 4A06, which demonstrated the
effect of Eh, pH, and salinity on heavy metal uptake by marsh plants;
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WESYV 15 February 1978
SUBJECT: Transmittal of Technical Report D—78—3

4A11H, which compared the water quality and sediment status of a natural
and a man—made marsh on the James River, Virginia; 4AllL, which evalu-
ated the uptake of organohalides from contaminated sediments into plant
and animal tissues; 4Al5, in which marsh plants were subjected to various
concentrations of heavy metals in a hydroponic solution; 4A15A, in which
an extraction procedure was developed to predict heavy metal uptake from
dredged material; and 4A26, which provided a rapid, Inexpensive bioassay
technique for predicting heavy metal uptake from dredged material under
field conditions. Additional supportive and comparative data will be
forthcoming with the final analysis of the results of field studies at
Windmill Point, Virginia (4All); Buttermilk Sound, Georgia (4A12);
Apalachicola, Florida (4Al9); Bolivar Peninsula, Texas (4A13); Pond No.
3, California (4A18); and Miller Sands, Oregon (4B05). The results of
these research products will be integrated in a synthesis report entitled
“Upland and Wetland Habitat Development with Dredged Material: Ecological
Considerations” (2A08). That document will provide the Corps with a
comprehensive basis for sound management decisions regarding disposal
in marsh—es tuarine systems and habitat development on potentially contami-
nated dredged material.

JOHN L. CANNON
Colonel , Corps of Engineers
Commander and Director
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estuarine ecology. Information from allied fields of research was used to
supplement direct sources of information. (Continued)

~~ 
~~~~~ 

EDITION OF I NOV61 IS O $OLETE “~ Unclassified
SECURI? CLASSiFICATION OF ThIS PAGE (NSt... D.C. HnI.rod)

,i~
g 1OO



Unclassified
SECURITY CLASSIFICATION OF THIS PAO ES’IThw Dat. Ent.r.d)

20. ABSTRACT (Continued).

Marshes and estuaries function as a single integrated ecosystem . Marshes
are dependent on estuaries for their origin and maintenance, and supply 50 to
95 percent of the total organic matter contained in the estuarine water column.
Detritus of marsh ori€,in forms the major portion of a food chain that supports
an extensive estuarine—based fishery.

The proximity of oxidizing and reducing environments within marsh—estuarine
ecosystems permits the nitrogen and sulfur biogeochemical cycles to exist in
complete forms. The intimacy of oxidizing—reducing zones permits oxidation of
aznmonium to nitrate, followed by anaerobic production of molecular nitrogen.
Reduction of sulfate to sulfur and sulfide also requires anaerobic conditions .

Marsh—estuarine ecosystems regulate phosphorus release to the sea. Marsh
grasses mobilize phosphorus by acting as pumps, steadily removing phosphorus
from soil and then losing phosphorus to estuarine water. Estuarine regenerative
processes remove phosphorus from decomposing marsh grasses. Some of this phos-
phorus also moves to the ocean.

Heavy metals, including dissolved inorganic cadmium , copper , and lead, move
out to sea through the estuary. The particulate forms of these metals are de-
posited within the ecosystem along with insoluble compounds formed from iron and
manganese. Zinc and mercury move through the system, but are slowed in their
passage because of their involvement i~ith estuarine biota and organic
part iculates.

Chemical release of contaminants from dredged materials may cause problems.
Oxygen demands exerted by reduced materials placed in aerobic waters can deplete
oxygen. SE’~eral heavy m~tals have increased mobility once their binding sul—
fides have been oxidized . Oxidation of heavily contaminated marsh soils can
cause mt~tal toxicity for plants and cat clay formation. Eutrophication result-
ing from use of contaminated materials for marsh creation is not a problem ,
except in unproductive estuaries. Present knowledge is inadequate to permit
accurate predictions of environmental impacts resulting from use of heavily
contaminated materials in marsh creation. It is recommended that only those
dredged materials containing nutrients and heavy metals in quantities no greater
than those in marsh soils at the creation site be used for marsh development.
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SUMMARY

A nutrient and heavy metal cycling study of marsh—estuarine ecosys-

tems was undertaken for the Dredged Material Research Program to address

problems concerning : (a) environmental impacts of dredged material dis-

posal in marsh—estuarine ecosystems , (b) pollution of estuaries from use

of contaminated dredged materials for marsh creation, (c) heavy metal

mobilization by marsh primary producers and subsequent metal concentra-

tion in the biota , and (d) harmful effects of dredged material disposal

on marsh—estuarine ecology .

The study objective was to gather as much of the existing informa-

tion as possible on mineral cycling in marsh—estuarine ecosystems ; this

was used to construct a compartmental model outlining pathways of min-

eral cycling within the ecosystem. The study approaches included an

intensive literature survey and discussions with authorities in marsh—

estuarine ecology. Indirect information from allied fields of research

was used to supplement direct sources.

Marshes and estuaries function as a single integrated ecosystem.

Marshes , while dependent on estuaries for the ir origin and maintenance ,
supply 50 to 95 percent of the total organic matter contained in the
estuarine water column; this forms the base of a food chain supporting

an extensive estuarine—based fishery.

The proximity of oxidizing and reducing environments within marsh—

estuarine ecosystems permits the nitrogen and sulfur bio~ eochemical

cycles to be completed. The intimacy of oxidizing—reducing zones per-

mits aerobic oxidation of ammonium to nitrate, followed by anaerobic

production of molecular nitrogen. Reduction of sulfate to sulfur and

sulfide also requires anaerobic conditions .

Marsh—estuarine ecosystems regulate phosphorus release to the sea.

Marsh grasses mobilize phosphorus by acting as pumps, steadily removing

phosphorus from soil and then losing it to estuarine water . Estuarine

regeneration processes remove phosphorus from decomposing marsh grasses.

Some of this phosphorus then moves to the ocean.

Heavy metals, including dissolved inorganic cadmium , copper , 
and1



lead , move easily out to sea through the estuary . The particulate forms

of these metals are deposited within the ecosystem along with insoluble

compounds formed from iron and manganese. Zinc and mercury move through

the system but are slowed because of involvement with estuarine biota

and organic particulates.

Present technology does not give a viable means of assessing the
exact or even a general value of each unit area of marsh. However ,

destruction of marshes is environmentally unsound and should be avoided

when possible .

Chemical release of contaminants from dredged materials can cause

problems. Oxygen demand exerted by reduced materials placed in aerobic

waters may deplete oxygen. Several heavy metals have increased mobility

once binding sulfides are oxidized . Oxidation of heavily contaminated

marsh soils can cause metal toxicity for plants and cat clay formation.

Eutrophication resulting from use of contaminated materials for marsh

creation is not a problem , except in unproductive estuaries. Present

knowledge is inadequate to permit accurate predictions of environmental

impacts resulting from use of heavily contaminated materials in marsh

creation. It is recommended that only those dredged materials contain-

ing nutrients and heavy metals in no amounts greater than those in marsh

soils at the creation site be used for marsh development .
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PREFACE

This research was supported by the Dredged Material Research Pro-

gram (DMRP), Work Unit 2A05, of the U. S. Army Corps of Engineers. The

DMRP is sponsored by the Office , Chief of Engineers (DAEN—CWO—M), and
administered by the Environmental Effects Laboratory (EEL), U. S. Army

Engineer Waterways Experiment Station (WES).

The rdsearch was conducted during the period November l9T14 to Octo-

ber l9T5. The study was conducted by Dr. Douglas Gunnison, Research

Microbiologist, Ecosystem Modeling Branch, EEL , under the direct supervi-
sion of Dr. R. L. Eley, Chief , Ecosystem Research and Simulation Divi-

sion , EEL , and general supervision of Mr. D. L. Robey , Chief , Ecosystem
Modeling Branch, EEL. Dr. John Harrison was Chief, EEL. The study was

funded as part of the DMRP Habitat Development Project with Dr. H. K.

Smith serving as Project Manager . Many persons provided valuable assist-

ance during the information—gathering phase of the study . The staff and

students of the University of Georgia Marine Institute, Sapelo Island ,

Georgia , and the Department of Agronomy and the Coastal Studies Insti-

tut e, Louisiana State University , Baton Rouge, Louisiana, were partic-

ularly helpful in providing literature and technical information.

Dr. W. H. Allaway , U. S. Plant, Soil , and Nutrition Laboratory , Cornell

University, Ithaca , New York; Dr. W. M. Dunstan, Skidaway Institute of

Oceanography , Savannah , Georgia ; Dr. J. L. Gallagher , University of

Georgia Marine Institute, Sapelo Island , Georgia; Dr. S. P. Meyers,
Department of Food Science, Louisiana State University ; Dr. W. H.

Patrick, J r . ,  Department of Agronomy, Louisiana State University ,

Dr. L. R. Pomeroy , Department of Geology , University of Georgia, Athens ,
Georgia ; Dr. H. J. Reimold , University of Georgia Marine Resources Exten-

sion Program , Brunswick , Georgia; Dr. J. W. Teal, Woods Hole Oceano—

graphic Institute , Wood s Hole , Massachusetts; and Dr. I. Valiella, Bos-

ton Marine Program , Marine Biological Laboratory , Woods Hole, Massachu-

setts , contributed much of their valuable time in providing the princi-

pal investigator with background on marsh—estuarine ecosystems and on

various aspects of mineral cycling in aquatic ecosystems . Many of these
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persons also kindly provided detailed descriptions of their own research

programs .

Directors of WES during the study and preparation of this report
were COL G. H. Hilt, CE, and COL J. L. Cannon , CE. Technical Director

was Mr. F. R . Brown .
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CONVERSION FACTORS : METRIC TO U. S.
EQUIVALENT UNITS OF MEASUREMENT

Metric (SI)  units used in this report can be converted to U. S. custcrn.-

ary units of measurement as follows :

Multiply By To Obtain

centimetres 0.3937 inches

litres 0.2614 gallons

metres 3.281 feet

square metres 10.76 square feet

microns 0.000014 inches

hectares 2.)47l acres

square centimetres 0.155 square inches

grams 28.35 ounces

milligrams 0.028 ounces

micrometr en

millimetres 0 .039)4 inches

kilograms 0. 145)4  pounds

micrograms per gram 1.00 parts per million (ppm)

milligrams per kilogram 1.00 parts per million ( ppm )

milligrams per l i tre 1.00 parts per million (ppm )

micrograms per litre 1.00 parts per billion (ppb)
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MINERAL CYCLING IN SALT MARSH—ESTUARINE ECOSYSTEMS

ECOSYSTEM STRUCTURE , FUNCTION , AND GENERAL

COMPARTMENTAL MODEL DESCRIBING MINERAL CYCLES

PART I: INTRODUCTION

Problem

1. As a result of the passage of the River and Harbor Act of 1970

(Public Law 91—611), the Corps of Engineers was authorized to initiate

an ext~nsive environmental research program on dredged material disposal .

In a subsequent study by the U. S. Army Engineer Waterways Experiment

Station (wEs) (Boyd et al., 1972), one of the possible productive uses
contemplated. for dredged material was as a source of new marsh substrate

for the creation of additional salt marsh habitat .

2. During the process of artificial salt marsh establishment ,
several potential d i f f icu l t ies  may be encountered, including the achieve-

ment of proper substrate elevations for marsh plant development , the

selection of marsh species that are compatible with the environmental

conditions at the site , and the successful dissemination and establish-

ment of marsh plant propagules in the new marsh. Hopefully, several on-

going studies being conducted as part of the Dredged Material Research

Program (DMRP) will provide adequate guidance to solve these potential

problems. However , a field office conducting a marsh development pro-

ject or any other activity involving the movement or disposal of dredged
material in marshes and estuaries always must answer a question that

poses problems of even greater magnitude : What will be the environ-

mental impacts of dredged material disposal in the salt marsh—estuarine

ecosystem? The National Environmental Policy Act of 1969 (Public Law

91—190) and the Federal Water Pollution Control Act Amendments of 1972

require an evaluation of the potential environmental impacts of proposed

management activities in an ecosystem prior to the initiation of such

work.
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3. Coastal wetlands in general and marsh—estuarine ecosystems in

particular require close examination to assess the potential ef fects  of

dredged material disposal within these environments. Marsh—estuarine

ecosystems are biologically and economically important to man and to

nature. Their high productivity and consequent importance is partially

a result of the close biogeochemical and physical coupling between

marshes and estuaries. The coupling , as will be described later , is
intense enough to warrant consideration of salt marshes and estuaries

as one ecosystem. Therefore , perturbations in a marsh have potential
effects on the ecology of the estuary and vice versa (Teal, 1962;

Pomeroy et al., 1972; Gosselink et al., 1973; and Eley et al., l975a).

For example, if the dredged material used for marsh development were
contaminated , would the new marsh be a source of contamination for the

surrounding estuaries? If the dredged material contained excessive lev-

els of plant nutrients , would the developing marsh be overproductive and,
perhaps , be responsible for the eutrophication of adjacent estuaries?

In addition , if the dredged material were contaminated with high con-

centrations of heavy metals , could these metals be mobilized by some

biogeochemical mechanisms with the subsequent concentration of such con-

taminants in the salt marsh—estuarine food web? Also, dredging and

dredged material disposal in estuaries might have significant and harm-

ful consequences on the ecology of marshes or might serve to decrease

the total area of productive marshes at a given site.
14• Several projects have been initiated by the DMEP to assess the

impact of artificial marsh creation , and several reports on this sub-

ject have been prepared (Barko et al., 1977; Eley et al., l975a; and Lee

et al., 1976). However , the ability to effectively address the problem

of Corps activities in the marsh—estuarine ecosystem has been somewhat

hampered by the failure to have available all current information on

nutrient and heavy metal cycling in thse coastal ecosystems.

Study Objectives

5. The major purpose of this study was to gather as much of the

currently existing information on nutrient and heavy metal cycling in

8



marsh—estuarine ecosystems as possible under existing constraints of

time and money . ‘.a order to make this knowledge available in an easily

used form , a diagrammatic compartmental model was to be formulated that

would outline the pathways of mineral cycling within the ecosystem and

between its compartments. The compartmental model had the following

constraints placed on its construction:

a. It was to be developed in a detail reflective of the cur-
rent state of the art.

b. The format was to consist of a generalized set of compart-
ments (marsh substrate, detritus, marsh grasses , ~iecom—
posers , herbivores , carnivores , water , plankton , benthos ,
sediment , etc.); for each of these compartments , a detailed
subcompartmental model was to be formulated.

c. The data obtained on mineral cycling , specifying the rat e,
form , amount , and direction of transfer of minerals among
the components , were then to be integrated into the com-
partmental model.

6. The information thus summarized would be available to the DMRP

for the following purposes :

a. To serve in guiding work unit experimental studies by point-
ing out areas where pertinent environmental information was
weak or lacking.

I. To provide Corps of Engineers District and Division offices
concerned with coastal activities with a factual body of
available information on the mineral cycling and associated
ecology of marsh—estuarine ecosystems.

c. To emphasize the implications of these mineral cycles to
the environmental effects of dredged material disposal in
coastal ecosystems.

d. To serve as a reference document for the preparation of en-
vironmental impact statements in conjunction with Corps of
Engineers activities in coastal ecosystems.

In addition , the data on mineral cycling would 1-’e available to any per-

sons desiring general information on marsh—estuarine ecosystems for re-

search purposes or for mathematical modeling.

7. In order to effectively integrate all aspects of mineral cy-

cling in marsh—estuarine ecosystems , a second parcel of knowledge was
assembled and incorporated into the compartmental model. This informa-

tion consists of the biological , chemical , and physical entities, which

9



collectively characterize marsh—estuarine ecosystems . Thus, this report
will provide the reader with a general knowledge of:

a. The important major biological, chemical , and physical
processes operating within marsh—estuarine ecosystems and
the names of the organisms , materials , or processes
involved.

b. Several important ecological functions of marshes and
estuaries.

c. Some of the predominant biological, chemical , and physical
interactions between marshes and estuaries .

d. Some of the possible origins and potential fates of marshes
and estuaries .

Study Approaches

8. To provide information on the structure and function of marsh—

estuarine ecosystems as well as on mineral cycling within these ecosys-

tems , a series of three separate study approaches were used. In order

to ensure that the facts obtained were both current and accurate , an

attempt was made to obtain corroborating evidence for the same informa-

tion with each of the approaches . The following methods were used to

gather the information: intensive survey of literature, contact with

authorities in marsh—estuar ine ecology , and recourse to indirect

information.

9. Intensive survey of literature. Many current journal articles

were surveyed in the areas concerned. Books were used where appropriate.

The work of Teal and Teal (1969) on the salt marsh and Perkin ’s (19714)

treatise on estuarine and coastal water biology were particularly useful

starting points. Pertinent articles supplied by authorities in the

field of marsh—estuarine ecology were also helpful. In addition , the

normal literature survey methods of examining literature obtained by

cross—reference from journal and review articles and backtracking of

references from abstracting journals were used.

10. Contact with authorities in marsh—estuarine ecology. Personal

contacts were made and discussions held with known authorities in marsh—

estuarine ecology or closely allied fields either by telephone , at per-

tinent regional and national meetings , o: by on—site visits with author-

ities conducting relevant ongoing research.

10



11. Recourse to indirect information. When information was unob-

tainable directly from the literature or from appropriate authorities ,

indirect information obtained from other relevant areas of research was

used. The fields of agronomy , plant ecology , aquatic and soil micro-

biology, plant—soil chemistry , and fisheries biology were especially

useful sources of data.

Formulation of compartmental model

12. The development of a compartmental model was a process of con-

tinual evolution and refinement during the entire study. However , three
distinct stages occurred during the model formulation process. An ini-

tial model formulated by Eley et al. (1975b ) served both as the starting

point for the literature search and as the prototype from which suc-

ceeding models were developed. In addition , this model also provided
the organizational structure upon which particular details concerning

marsh—estuarine biology , chemistry , ecology , and physics could be as-
sembled as they were obtained.

13. The general model , which is described in this report , is a

direct descendant of the initial model of Eley et al. and d i f fers  in

only a few important details from the initial  model . The general model

serves to integrate the major compartments of the marsh—estuarine eco-

system into a descriptive diagram that outlines the major pathways or
potential pathways of mineral cycling in the ecosystem.

lit. The final stage in the model development was the construction

of rate tables for each of the nutrients and heavy metals examined. The

rat e tables present data on the amount , form , and direction as well as
the rate of transfer of each of the minerals between compartments of

the general model. Each rate table has been related to the appropriate

part of the model by numbers of the various compartments or arrows

within the general model. In addition , relationships between each of
the tables and its corresponding model component have been explored in

depth by discussions in the text. A nutrient-by-nutrient and metal-by-

metal accounting system was selected over the alternative process of

going through all nutrients and metals for each compartment of the model

on an individual bases because:

11



a. It provides the greatest continuity within a given mineral’s
cycle; that is , one nutrient or metal and all the facets of
its movement through the ecosystem have been presented in a
single package. Thus, its cycling may be traced easily and
any ramifications of ecosystem perturbation to the cycling
of this mineral can be understood.

b. It enables one nutrient or metal to be studied in detail
separate from the clouding that could exist if all minerals
were discussed simultaneously. This permits a person who
is interested in only one or two of the minerals presented
here to get the information without having to separate the
desired facts from all other details .

15. While this method of presentation does have these advantages,

the method necessarily entails a large degree of repetition. To avoid

overwhelming the reader who is interested only in the general patterns

of mineral cycling while providing access to details for the research

worker , a special approach has been used tc separat e general knowledge

from details. The differences between the packages of information are

as given below.

Contents of main text

16. The main text presents general descriptions of salt marshes and

estuaries and describes in detail the manner in which the general com-

partmental model is related to the natural ecosystem. Once the general

model itself has been presented , a description of the types of organisms
or abiotic entities occupying each of the compartments is given. A de-

scription is presented for each of the interactions listed as occurring
between compartments in the model. Following this, general descriptions

are made of the cycling of each nutrient or heavy metal; these are then

related to the patterns evident in the general model. Data are pre-

sented in the text for mineral cycling within the constraints of the

general model and from this , conclusions are drawn and recommendations
made with respect to the use of marsh—estuarine ecosystems for the dis-

posal of dredged materials .

Contents of appendix

17. The appendix focuses on each of the compartments in the general

mode l and , in turn , presents the detailed contents of the compartment .

Each individual table , then , presents a study of a nutrient or heavy

12



metal cycling to a depth reflective of the present state-of—the—art

knowledge .

18. The main text is intended for use where the details contained

in the appendix may be neither needed nor desired. The appendix is in-

tended for general reference , impact statement preparation , and research
use. However , the appendix does not repeat the more general ecosystem

level descriptions , which are given in the main volume. Thus, the re-

searcher will wish to review the main text before studying the appendix.
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PART II: DESCRIPTION OF THE MARSH-ESTUARINE ECOSYSTEM

Overview of the Ecosystem

Estuaries

19. Estuaries are transition zones (ecotones) between freshwater

streams or rivers and marine ecosystems. Functionally , the estuary is

a body of water semi—enclosed by land in which fresh water of terres-

trial origin meets with and dilutes seawater (Odum , 1959; Reid , 1961;

Perkins, 197)4). Since the estuary has a unidirectional freshwater cur-

rent in its headward end and an oscillating saline tidal system at its

mouth , the estuary necessarily possesses some of the properties and

biota of each contributing ecosystem as well as several characteristics

that are uniquely its own.

20. The dominant properties of the physical environment of the

estuary that can be characterized include sediment transport , morpho—

metry of the estuarine basin , mixing and salinity , color and turbidity ,
current flow , heat , and temperature (Reid , 1961; Perkins , 197)4).

21. Sediment transport has two facets. Sediments moved by fresh

water are imported through the erosive powers of streams in their water-

sheds. Following transport into the estuary , dense particles are de-

posited as a result of the decrease in transporting stream velocity

which occurs when incoming saltwater currents meet outgoing fresh water;

less dense particles fall out as a result of the coagulating activities

of saltwater ions. The result of depositional influences combined with

estuarine currents , tides , and wave actions are the construction of

deltas and tidal flats. After the erosive activities of waves have

scoured materials from headlands , peninsulas , offshore dunes , sandbars ,
and bottom deposit s, sediment can also be transported back into the

estuary from the sea. If inflowing salt water has sufficient magnitude ,

materials are imported into the estuary from the sea (reverse flow).

Alternatively , suspended sediments may be imported by incoming tides

providing the incoming tidal current is sufficiently stronger that the

outgoing stream currents. For materials imported by seawater to build



up in an estuary , the import of materials must obviously exceed the ex—
port by outgoing tides and currents. Both stream and tidal deposits can

contribute substantially to the filling of the estuary . Filling , in
concert with the erosion of coastline features and in the absence of

compensational uplifting or sinking of a region, can cause the demise

of an estuary.

22. Estuarine basin morphometry can play a determining role in the

establishment or lack of salinity gradients , the development of sedi-

mentary features, and the degree of fluctuation of tides.

23. Although mixing and salinity are interrelated in estuarine

ecosystems , salinity is a physicochemical factor rather than a purely
physical phenomenon. Salinity is, perhaps, the dominant factor in the
estuarine ecosystem. Because salinity increases the density of water,

the lighter fresh water flows seaward through the estuary over the

inland— flowing , denser , more saline seawater. As fresh water flows sea-

ward , it gradually becomes more saline as a result of diffusive or tur-
bulent exchanges with seawater. By contrast , because salt water become s
increasingly diluted with fresh water as it moves landward, the sea-

water becomes indistinguishable from fresh water. The amount and rate

of this mixing are dependent not only on diffusion and turbulence at

the saltwater and freshwater boundary, but also on the strength of winds

and tides ; these, if of sufficient strength , can hold back or even re-
verse the flow of the freshwater stream at flood tide . The pattern of

outward flow in the estuary is dependent on morphometry of the estuary

basin , direction and }ieight of tides and winds , Coriol is ’ forces, degree
of stratification (thermal or saline), and the current velocity . The

magnitude of freshwater inflow into the estuary will also influence the

pattern of outward flow. In general, the freshwater stream has greater
influence on estuary composition during the heavier precipitation

seasons (Reid , 1961).

2)4. Color and turbidity are often produced by dissolved humic

substances and by suspended silt and organic detritus particles. These

often impart a brownish appearance to estuarine waters that can be

aerially visible for many miles seaward. Excessive turbidity in
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estuaries often causes light ext inction at such a shallow depth as to
make light limiting to phytoplankton growth and to bottom floral pro-

duction. Heavy phytoplankton blooms can themselves impart coloration

to waters, particularly in estuaries having little or no turbidity. In

the case of more turbid estuaries , phytoplankton blooms may reach signi-

ficant levels within a few centimeters of the surface of the water. In

turbid estuaries, a zone of higher turbidity may be flanked on both the
upstream and downstream sides by zones in which the turbidity decreases

with increasing distance from the central region of i~reater turbidity.

Such zones (turbidity maxima) oscillate upstream and down~;t re~~ with

each respective flood and ebb tide and may persist for i rolon~ e i periods

in a given section of estuary .

25. There are two important aspects of current flow in es tuar ies:

flushing number and tidal prism volume (Reid , 1961; Perkins , 197)4) .

Flushing number is a mathematical description of the time required for

a parcel of water to move out of the estuary and is , therefore , a meas-

urement of discharge (Perkins , 19714). Tidal prism volume is that amount

of water imported into the estuary from the sea during a flood tide .

Knowledge of these two parameters plus stream inflow will give some idea

of water exchange dynamics occurring in the estuary . The forces that

actually generate estuarine currents are tides , stream flow , and wind .

Th impact of these forces depends on estuarine basin morphometry , stream

channel morphometry, seasonal variation in stream flow, tidal height ,

and tidal movement along with related wind effects (Reid, 1961).

26. Heat and temperature are additional physical parameters of im-

portance in estuaries. Heat content may be imparted to estuarine water

directly by solar radiation (insolation) or indirectly by stream and

tidal additions (Perkins , 19714). The thermal regime in estuarine water

is greatly affected by the depth of the sea into which the water enters ,

the tides , and the stability of the intruding salt wedge. The tempera-

ture regime also reflects fluctuations in thermal input from the stream

source; a spring— fed stream would probably have less effect on tempera-

ture than a stream possessing a large watershed. More general tempera-

ture determinants of estuaries include climate, adjacent sea currents ,

16
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and the seasonal periodicity of flooding of the marshes and mudflats

(Reid , 1961 ; Perkins , 197)4) .  The latter can be strongly warmed by sum-

mer sunshine but also may be severely cooled by winter climates . Estu—

an ne vertical temperature distributions reflect depth , stream and tidal
flow , and seasonal variation in latitudinal and longitudinal distribu-
tion . In temperate climates , temperature may vary seasonally in a pat-

tern analogous to that occurring in dimictic lakes (Hutchinson , 1957;

Perkins , 197)4).

27. The chemical entities that dominate in estuarine waters in-

clude : oxygen , carbon dioxide , dissolved organic matter , pH , salinity,

and dissolved solids.

28. Dissolved gases are influenced in estuarine waters by salinity ,

t emperature , turbulence , current biological properties , and dissolved
materials. The current biological properties and dissolved materials

in estuarine waters are, in turn , determined by the chemical contents

of the stream and seawaters and the position in the estuary of the gra-

dient between these two waters (Nash, 19)47).

29. The concentration of carbon dioxide is primarily influenced

by salinity . An increase in salinity causes a corresponding decrease in

carbon dioxide solubility. Solubility decreases with increasing tem-

perature. However , salt water does have a chemical feature that tends

to favor the solubilization of carbon dioxide. Carbon dioxide reacts

with water in accordance with the equation :

+11
2
0

4- + + + — 4- + =CO ÷ CO *- H CO ÷ H + HCO ÷ H + CO
2 2 aqueous 2 3 3 3

This equation is strongly pushed toward the bicarbonate (HC0
3
) - car-

bonate (Co ) side by the alkaline nature of seawater arising from an
+ + ++

excess of cations of strong bases (Na , K , and Ca ) over the anions
of strong acids (Cl , SO~~~, Po~~) [618 milliequivalents of cations/kg
of seawater vs 609 milliequivalents of anions/kg of seawater (Perkins ,

19714)]. For this reason , the total amount of CO
2 
in solution in
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estuarine waters will increase in the seaward direction , regardless of

other factors .

30. There are many relationships between the occurrences of oxygen

and carbon dioxide. The solubility of oxygen if greatly affected by
salinity and temperature, an increase of either causes the concentration

of oxygen in solution to decrease. Since temperature and salinity un—

dergo both diurnal and seasonal variations, the levels of oxygen and

carbon dioxide in the water are likewise subject to .such shifts.

Changes in oxygen and carbon dioxide are primarily biological and thus

opposite in pattern. This difference is accentuated by the lack of

reaction of oxygen with water in a manner that can be shifted by alka-

linity . Bottom flora can use CO
2 

and produce 0
2 

if not shade d out by
turbidity. The presence or absence of salinity and temperature strati-

fication also affects dissolved oxygen content at the bottom of the

estuary.

31. Dissolved organic matter can enter the estuary from streams ,

groundwater, and , to a lesser extent , rain water (Valiela et al., report

in preparation). Alternatively , dissolved and particulate organic mate-

rials can enter from local sources including tidal marshes. Dissolved

organic materials consist largely of humic acids that have their pri-

mary origins in the marshes, but some fraction may also be generated in

the watershed. Most of the particulate organic particles occurring in
turbid estuaries consist of organic detritus of tidal marsh origin; such

particles may comprise up to 90 percent of total seston (living and dead

particulates suspended in the water) in an estuary in the immediate vi-

cinity of the marsh (de la Cruz, 1973). Much of the humic matter trans-

ported to the estuary by incoming streams in acidic in nature. The

humates often will tend to coagulate and precipitate upon meeting the

cations found in salt water.

32. The pH of seawater, in contrast to that of most fresh water,

is remarkably well buffered and tends to resist pH changes as a result

of the presence of the carbon dioxide—carbonate buffer system, and the

boric acid borate buffer system. This tends to restrict the saltwater

pH range to 7.8-8.14 with a mean of approximately 8.2 (Harvey , 1955).
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33. The dissolved salts contributed to estuarine waters by the sea

are nearly constant as a result of the sea’s relatively homogeneous com-

plement of major di ssolved components relat ive to that of estuaries
(Hoar, 1966). By contrast , fresh water can vary widely in its content
of dissolved sol ids, although river waters generally contain more sul-

fate than chloride and more calcium than magnesium (Ross , 1970). This

reason is , in itself , sufficient to permit estuaries to dif fer  from
each other in their chemistries without consideration of the tremendous

variations in flow rate and dissolved solids content that a given in—

flowing stream may undergo on an annual basis. Since the estuarine

salt water is diluted by its freshwater component , the dissolved solids

can vary in concentration along the length of the estuary , with concen-

tration increasing towards the mouth .

314. The amount and direction of movement of water , the salinity,
temperature , and chemical factors are each critical to the organisms and

have an impact on their distribution and well-being. Estuarine orga-

nisms must either be widely tolerant of fluctuations in t emperature and

salinity or else have adapted some means of confining themselves to a

single , fairly homogeneous parcel of water that oscillates with the
tides. The estuarine biota must adapt to a wide range and magnitude of

diurnal and seasonal variations in salinity and dissolved chemicals

rather than to a set of mean conditions . Tolerance to alterations in

salinity with an emphasis on osmoregulatory adaptation is probably the

most important response (Reid, 1961; Hoar, 1966).
Marshes

35. The salt marsh ecosystem develops on flat areas of mud or

sand , which are sheltered from strong wave action by sand dunes, sand
bars , or other barriers , or along river banks . An elevation of the

phyr,ical substrate at or slightly above midtide height is optimal for

marsh development . Such a flat elevation may result from the submer-

gence or emergence of a section of coastline relative to sea level, the

phys ical activities of winds , tides , and waves upon a section of land,
or the deposition of mud and sand by the estuarine sedimentary processes

previously described (Teal and Teal, 1969; Ranwell, 1972).
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36. Once the substrate has reached the proper elevation, propa—

gules from one of the marsh plant species that prefer che shoreline

habitat can move in and , under proper cond it ions , develop. As many

marsh grasses mature , they send out rhizomes from which separate plant

populations develop . The presence of vegetation presents an obstacle to

the tidal excursions. As a result, the currents in incoming tides can

be slowed sufficiently to cause deposition of suspended sediments (Teal

and Teal , 1969; Ranwell , 1972). In addition , organic mater ials are

added to the marsh surface in the form of dead grass roots and rhizomes

plus any decomposing aboveground vegetation that has not been scoured
from the marsh by tide and storm. Thus, the marsh surface develops from
its initial mud or sand composition to a mixture of muds or sands and

plant residues .

37. With continued addition of sediments and plant materials , the

level of the marsh surface can actually rise above mean midtide. If the

rate of marsh growth is sufficient to permit the surface level to reach

that of mean high tide , the marsh will then be flooded by only one half

of the tides while being exposed during the other half. This lack of

flooding causes a decrease in tidal sediment input , decreases the rate
of growth in marsh surface height, and also limits the amount of nutri-

ents available to marsh grasses. Once the marsh surface has risen to a

level approximately 30 cm, about the level of mean high t ide , an equilib-
rium between marsh growth and tidal input is achieved. As a consequence

of the lack of t idal sediment input , the presence of poorer substrate—

stabi l iz ing  grasses , and a decreased rat e of plant matter accretion that

Thifts the marsh soil from an accumulating to a decomposing economy ,

~~ie marsh level ceases to rise as rapidly (Teal and Teal, 1969). Con-

tinued decomposition of organic matter coupled with marsh soil compac-

tion and erosion of marsh soil can cause an actual subsidence in the

marsh surface level. Once the level of the marsh has been lowered to a

point where marsh—building grasses can become reestablished , the level

of the marsh can rise again. Normally, however , marsh building con-

tinues in a seaward direction from the original site. A large estuary

may be formed at the confluence of several rivers and streams with the
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central estuary ’s salt wedge ir~ ruding along the bottoms of many or all
of the component streams (as, for example, in Chesapeake Bay); in this

ease , each stream may possess a gradation of marsh types ranging from
brackish marsh at the point of main estuary entrance to freshwater marsh

farther upstream. The formation of pools in the marsh surface and the

destruction of sections of marsh by storms or by submergence and eleva-

tion may proceed at rates in excess of the marsh’s adjustment ability.

However , the marsh surface is normally maintained at slightly above mean
tide level by the elevating and depressing forces of tides , erosion ,

plant growth, compaction , and decomposition of peat (Teal and Teal, 1969;
Ranwell, 1972).

38. Salt marshes are irrigated and drained by a series of channels

that connect directly to the main body of the estuary. The channel sys-

tem is , in fact , a part of the estuary and the component channels are
termed tidal streams or creeks. Once developed in the marshes , these

creeks may undergo changes in position similar to other rivers , includ-

ing formation of oxbows, meandering, etc. Since the amount of water

necessary to flood the marsh cannot be moved in channels of lesser ca-

pacity , the outgoing (ebb) tides are able to erode from the creeks any

filling resulting from collapsing creek banks or deposition by the in-

coming (flood) tides (Teal and Teal, 1969; Chabreck , 1972).

39. The biota of the marshes are attuned to the periodic inunda-

tions by the tidal waters. In addition , the vegetative composition of

the marsh itself is determined to some extent by the salinity of the

flooding waters as well as the properties of the marsh soil (Chabreck ,

1972). In a riverine estuary, the type of marsh on its borders will

vary in a continuous gradation from a true salt marsh near the mouth of

the estuary through brackish marshes at midestuary to freshwater marsh

at the headwaters of the estuary (Reid , 1961). Similar gradations in

marsh type may also be seen along tidal creeks with freshwater sources

at their headwaters .

Interactions Between Marshes and Estuaries

140. Salt marshes and estuaries are closely coupled , and many
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interactions occur between them. As previously discussed , estuaries are
the sources of various physical and chemical substrates necessary for

marsh formation and development . The addition of nutrients to the marsh

either in the form of nutrient—laden sediments deposited on the marsh

surface or in the case of nutrient—poor sandy soils , in the form of nu-

trient—rich tidal waters , is a mechanism of plant fertilization.

~4l. Estuaries also support various herbivorous , detritivorous , and
carnivorous organisms that move up into the marsh with the flooding

tides in order to feed. In this manner, estuarine species are quite
dependent upon marsh production .

)42. The destructive power of waves and shifting currents in estu-

aries can tear up the same marshes that have been built up by estuarine—

marsh interactive processes. In addition , the erosive power of rainfall

on the marsh at low tide can tear at the banks of tidal creeks , pro-
moting headward erosion of their tributaries, thus causing a further

dissection of the marsh surface with channels (Teal and Teal, 1969).

143. The processes of nutrient uptake from the sediments and scrub-

bing of nutrients from tidal waters enable marshes to store and subse-

quently to regulate the re—release of some of the nutrients to the estu-

ary in the form of particulate organic matter (especially carbon and

nitrogen). The dominant mechanisms of nutrient release from a marsh

include uptake of marsh soil nutrients by marsh grasses through their

root systems followed by release of some of these nutrients to water
through excretion from stems or leaves of living marsh plants and

through microbial decompostion of dead plant and animal materials .

1414. Apparently marshes are important as a source of nutrition for
those estuarine animals that feed upon organic detritus (although some

authors feel otherwise; see Heinle and Farmer , 1976). The marshes are

the principal source of detritus to the estuaries. The continuous input

of large quantities of detritus permits estuaries to serve as nursery

grounds for large numbers of species of animals , many of which are
prized as sources of food or sport by man (Scheiske and Odum , 1961; de

la Cruz , 1973).
145 . In many ways , salt marshes act as buffers for estuaries. By

22

- - - - 

~



regulating the release of nutrients to the estuaries , marshes provide a

steady input level that minimizes periods of slack production in the

estuary (de la Cruz, 1973). By serving as a source of detritus for the

estuary , marshes enable the estuary to support trophic pathways that

supplement many estuaries that have a light-limited low level of primary

production. Indeed , the maximum detritus supply made available to the

estuary often occurs during the winter months when estuarine primary

production is at or near its minimum (Day et al., 1973). By functioning

as tortuous passageways for water during periods of localized heavy ter-

restrial runoff , marshes can decrease or ameliorate the suddenness with

which slugs of local runoff materials are discharged into the estuary.

146. The intimate relationship between marsh and estuarine ecosys-

tems has several implications with respect to the importance of these

ecosystems to terrestrial and marine environments. Marsh—estuarine eco-

systems are buffer zones on which marine storms may dissipate their
energies before moving inland and through which terrestrial runoff must

move before flowing out to sea (Teal and Teal, 1969). In addition ,

these ecosystems are exceedingly important to marine ecosystems and to a

lesser degree to freshwater ecosystems as nursery grounds for biota.

Many marine organisms and several freshwater species use highly produc-

tive estuaries as a source of food and shelter during at least a portion

of their development . As a consequence of these functions , any of man ’s

activities that result in the destruction , contamination , or other per-

turbation of the marsh-estuarine ecosystem can have far—reaching effects

on marine , freshwater , and marsh—estuarine productivity and, ultimately ,

upon man himself.
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PART III : GENERAL COMPARTMENTAL MODEL
OF THE MARSH-ESTUARINE ECOSYSTEM

Structure of the Model

Organization of the model
147. The diagram persented. in Figure 1 depicts the format used in

the construction of the compartmental model. The major subdivisions of

the model are the ecosystem components. These are the elements that

either form or exert major influences on the marsh—estuarine ecosystem .

The ecosystem components are contained within the blocks denoted by

Roman numerals I and II in Figure 1 and by the name “Ecosystem Component”

appearing in boldface type in the upper left—hand corner of each compo-

nent block.

148. The Ecosystem Component I block surrounds three smaller blocks

or compartments that contain the major biotic and abiotic elements of

this ecosystem. Although Ecosystem Component II could be similarly

divided, the detail is unnecessary here; this is also the case with

several of the components in the general compartmental model. Each of

the compartments is identified by a compartment name and a compartment

number. The latter is composed of a Roman numeral, which denotes the

larger component of which the compartment is a member. Specific compart-

ments within components are denoted by the hyphenated capital letter

following the component number. In the case of a compartment that con-

sists of two or more sections, the compartment number will further

contain a section number in Arabic numerals, as is the case with Compart-

ment I—C of Figure 1 that possesses Sections I—Cl and I—C2 .

Interact ions between com-
ponents and compartments

149. The arrows that run between the various components and compart-

ments in Figure 1 represent interactions occurring between and among the

various constituents of the model. The direction of an interaction is

indicated by an arrow. The number closest to an arrow designates the

interaction number. Double—headed arrows indicate two—way interactions.

50. When reference is made to an interaction , the interaction
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ECOSYSTEM COMPONENT I
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~~~ 9L I ~~~~~~~~~~~ I
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ECOSYSTEM COMPONENT II

Figure 1. Format used for construction of diagrammatic compart-
mental model. Labels in bold face type are ecosystem components
or events occurring between components. Compartment s within a
component are outlined with dashed lines. SoLid arrows represent
interactions between components. Dashed lines are interactions
within compartments or between compartments. Details are in text



number will be used. In the case of a two—way interaction , each direc-

tion of the interaction will be referred to separately. In order to

specify the direction of such an interaction , the interaction will be
followed by the numbers of the compartments involved ; these numbers will

be enclosed in parentheses and separated by a comma. The compartment

number appearing first in the parentheses designates the source or or-

igin (donor) of the interaction , while the second compartment number

denotes the target (recipient) of the interaction . For example, in
Figure 1 the term 1(1—A , I—B) would indicate the interaction running

along arrow 1 from compartment I—A to I—B . The term 1(1—B, I—A) would

indicate an interaction in the opposite direction. The number assigned

to a given arrow does not assign a priority to that interaction that is

greater or less than that of an interaction of lower or higher number .

51. In certain cases two arrows rather than a double—headed arrow

will be used to designate a two—way interaction . In this instance, each

arrow will bear the same interaction number , but the directions of the

arrows will be differentiated by the letters A and B included as a part

of the interaction number . See, for example, interactions LtA and 14B in

Figure 1. This system of interaction designation is used only when an

interaction is of a large magnitude and consists of only a single proc-

ess that occurs in more than one direction. In Figure 1, interactions
hA and 14B represent the flooding and ebbing of the tide, respectively.

While the motion of the tide is really only one process (movement of

water), it is of fairly large magnitude and runs in two directions

(flood and ebb).

52. Interaction 5 in Compartment I—C is a two—way interaction in

the same sense as interaction 1, but interaction 5 is occurring between

two sections within one compartment rather than between two compartments

or components. The meaning is the same as for an interaction between

compartments.

Components and Compartments of the Model

53. The details of the general compartmental model are presented

in Figures 2 and 3. Figure 2 depicts the salt marsh ecosystem component
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along with th e major links to other components that are vital to the
functioning of the salt marsh. Figure 3 describes the estuary ecosystem

component and gives the major links of this component with other compo-

nents pertinent to estuarine ecology. The watershed (Component III),

the atmosphere (Component IV), and the ocean (Component v) ecosystem com-
ponents were not the major concern in this study and , thus , were not re-
fined enough to require detailed compartmentalization .

Salt marsh ecosystem component

5)4. The salt marsh ecosystem component (Component I) houses a

total of seven different compartments including : marsh soil (I—A),

marsh grasses (I—B), soil and epiphytic algae (I—C), herbivores (I—D),

detritus—microbial decomposers (I—El, I—E2), detrivores (I—F), and
carnivores (I—G).

55. When tidal waters flood the marsh (arrow 35A), the salt marsh

and estuarine components are effectively joined to form a continuous

ecosystem . At this time, the salt marsh component will acquire three

additional compartments from the estuary component including : estuarine

water (Il—A), dissolved mineral pool (II—D), and phytoplankton (II_E).*

In addition , the compartments of the marsh component that have corre-

sponding compartments in the estuary component may be modified at high

tide to contain a few estuarine representatives of the same category .

For example , the brown shrimp Penaeus aztecus is normally an estuarine
inhabitant that feeds largely upon detritus . As a result, this organism

should be classified as a member of estuary ecosystem Component II, det—

ritivore Compartment Il—H . However , when the high tide moves up onto
the marsh , Penaeus may move with it in order to browse upon the detritus

lying on the marsh surface. At this point Penaeus might technically be

considered a member of salt marsh ecosystem Component I, Detritivore

Compartment I—F. Also , some fish (Fundu.lus heterclitus) enter the marsh

to feed (Vince et al., 1976). Many other constituents of the estuary

* As will be noted later in this paper , the intimacy of compartments at
high tide is such as to permit an exchange of substances between the
marsh and the estuary . Some substances, for example , nitrogen , show
a net export from the marshes .
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will participate in the same phenomenon . For simplicity , however , any
organism or material that tends to remain chiefly within a single compo-

nent will be considered as a permanent member of that component regard-

less of temporary translocatioris.

56. Compartment I—A. Compartment I—A of the salt marsh is the

marsh soil. While the exact composition of marsh soil varies exten-

sively both within the same marsh system and among di fferent salt

marshes , a marsh soil may be generally considered to consist of sand ,
silt , clay, and varying amounts of organic matter in the form of peat

and humic acids (Kurz and Wagner , 1957; Teal and Teal, 1969; Chabreck ,

1972; Ranwell , 1972). While the muds and sands can come from terres-

trial, riverine , estuarine, or marine sources , the soil organic sub-
stances are mainly formed within the ecosystem . The amount and nature

of organic materials in the soil is dependent upon : the geographical

situation of the marsh site; the types and productivity of plant species

growing at the site; in situ decompositional capacity of the site; the
geological age and history of the site; and the meteorologic , erosive ,

and tidal characteristics of the site (Alexander , 1961; Buckman and

Brady , 1969; Chabreck , 1972; Ranwell, 1972).

57. Compartment I—B. Marsh grasses form Compartment I—B of the

salt marsh ecosystem component . Marsh grasses , like their terrestrial
counterparts, may be considered as plants of the family Graminae , which
includes plants having jointed stems, sheathed leaves, flowers borne

or~ spikelets, and fruits consisting of seedlike grains (Hitchcock , 1971).

The salt and brackish water grasses differ from their freshwater and

upland counterparts in their ability to tolerate saline conditions . It

is probably the tolerance of saline conditions rather than a strict re-

quirement for salt water that is responsible for their coastal distribu-

tion . Most salt—adapted plants are unable to successfully compete with

other plants in nonsaline environments (Uphof, 19)41; Reimold and Queen,

19714). There are many species of marsh plants that are important in

the marsh—estuarine ecosystem. However , for the sake of brevity, the

present general discussion will be limited to the grass Spartina alter—

niflora, which is important in Gulf Coast marshes and is the dominant
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species along Atlantic Coast marshes (Adams, 1963; Teal and Teal, 1969;
Stowe et al., 1971; Chabreck , 1972; Day et al., 1973; de la Cruz, 1973).

Available data for other marsh grasses are given in Appendix A.

58. Compartment I—C. Compartment I—C includes the soil and epiph—

ytic algae. The soil algae (the edaphic algae of Gallagher , 197)4; Van

Raalte et al., 19714 ) consist of those species that live within or on the

marsh soil surface. Algae living within the soil are most commonly dia-

toms, while the surface forms include green and blue—green algae in

addition to diatoms and others (Hustedt , 1955; Pomeroy , 1959; Stowe

et al., 1971; Brkich, 1972). Many of these algae are also representa-

tive of the epiphytic algal community , i.e., those algae that attach

themselves to and grow upon the marsh grasses. Many of these forms are

intertidal or estuarine organisms that because of the frequency of tidal

inundation , are able to extend their domain into the marsh. Some algae,

typically diatoms , migrate into and out of the base marsh soil, moving
out at the onset of flood tide and burying themselves in the mud at low

tide in order to prevent direct exposure to the overly strong summer sun

that may damage their photosynthetic processes. This situation is elim-

inated during the less intensive sunlight of winter when the algae usu-

ally remain on top of the mud (Teal and Teal, 1969). In New England

marshes , however , diatoms move into the sand at high tide and during
the night , coming to the surface only at low tide and in the daylight

during cloudy weather ; these organisms are able to do this because of

the relatively lower intensity of the New England summer sunlight (Teal

and Teal, 1969). During the marsh growing season , algal growth in the

grassy areas of the marsh containing a canopy of marsh plants is

limited by light . During the winter , however , when the aerial portion s
of the marsh plant s have died back , light no longer limits algal
production .

59. Evidence has been found that suggests that some soil algae

float as a film upon the surface of the flood tide (Gallagher, 1956);
they conduct their activities on this surface and subsequently return

to the soil surface as the tide moves out.

60. Compartment I—D. Compartment I—D contains the salt marsh
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herbivores , those organisms that obtain most of their food directly
from the marsh primary producers (algae, marsh plants). Many of the

other organisms in Compartment I—D are not truly herbivorous. Indeed ,

many of the marsh—estuarine animals are not strict herbivores , detri—

tivores , or carnivores , but instead are opportunists , i.e., omnivores
that are able to consume and use any of the appropriate—sized organisms

or organic particulates that they happen across. In addition , season

can have much to do with the types of food that are available . For the

purposes of this report, the various categories of herbivore, detriti—

yore, and carnivore serve as functional definitions to describe the food

that comprises the bulk of the intake of the organisms. In many cases ,

the organism classified as an herbivore will secondarily feed on detri-

tus , which is mainly a plant product. The dominant marsh herbivores are

insects that graze on the grasses and the snails that feed on the algal

mats (Smalley , 1958). Raccoons , muskrats (nutria in the gulf Coast

marshes), ducks, and geese feed upon roots and rhizomes of marsh grasses

while several bird species consume the seeds of the various grass

species (Teal and Teal, 1969; Chabreck, 1972; Day et al., 1973).

61. Compartment I—E. Compartment I—E represents the detritus—

microbial decomposer unit of the salt marsh ecosystem component. Al-

though this compartment is considered as a single unit, it possesses two

functional subdivisions, the organic particles and the decomposer micro-

organisms attached to these particles. Detritus consists of all types

of materials of biological origin in various stages of biological decom-

position. These materials serve as ener~~r sources for the consuming

organisms (detritivores). Detritus encompasses all dead organisms (in-

cluding dead decomposer microorganisms) together with all subsequent

particulate decomposition products that still represent potential ener~~r

sources (Darnell, 1967a; Mann, 1972). The decomposer microflora is it-

self a potential energy source , and these organisms often form the bulk

of the critical or usable portion of organic detritus (Newell, 19614;
Fenchel, 1970).

62. Detritus is often divided into subcategories based upon size.

One of the more common fractionation schemes involves: (a) “particulate
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organic detritus ,t’ which is considered as that material retained by fil-

ters having a pore diameter in the 0.2— to 2.O—i,t size range, and (b)

“subparticulate organic detritus ,” which is composed of colloidal and

dissolved organic material that is able to pass through these filters

(Hoim—Hansen , 1972; Sharp, 1973).

63. Many of the organisms that function as the “microbial decom—

posers” (Compartment I—E2) are intimately associated with the decompos-

ing substrates. The decomposer microflora help to increase the nitrogen

content of detritus (often in the form of microbial cellular protein) to

the point where detritus can serve as a nitrogen source of substantial

nutrient value (Mann, 1972; de la Cruz, 1973). Marsh grasses and algae

often have high carbon—to—nitrogen ratios with the former material often

being so nitrogen—poor as to be unsuitable as a food source (de la Cruz,

1973). Decomposing microorganisms acting upon dead marsh vegetative

materials can decrease the substrate carbon—to—nitrogen ratio by two

mechanisms including : (a) metabolism of organic matter with subsequent

loss of carbon as CO2, while retaining substrate nitrogen either in the

substrate (nonutilization) or incorporating the nitrogen into microbial

cellular materials (immobilization); and (b) concentration of free ni-

trogen compounds (ammonium , nitrate, amino acids, etc.) from the ambient

aquatic environment followed by incorporation of this nitrogen into cel-

lular materials (Alexander, 1961; Thimann , 1963). In either case, lit-

tle or no nitrogen from the substrate is excreted as waste products by

the microflora until the carbon—to—nitrogen ratio has declined to a

favorable level (Alexander, 1961).

6)4. Compartment I—F. The detritivore compartment contains those

organisms that obtain their nutrition primarily from detritus particles

and the decomposition products and the attached decomposer microflora

sorbed or attached to the detritus. As a result of their food sources,

the detritivores are primarily filter feeders and scavengers . Because

of their ability to utilize substrates, which would otherwise be lost

to processes of decomposition , and to “package ” the nutrients so ob-

tained into a form usable by other organisms (carnivores), the detriti—

vores form the base of a secondary food chain (Lindeman , 19)42).
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Moreover, detritus feeders also coinminute detritus , thus increasing the

surface to volume ratio, thereby increasing decomposition rates . In the

marsh—estuarine ecosystem , the detritus—based food chain is the major

mechanism by which marsh primary production is exploited (Mann, 1972).

While there are only two or three marsh—estuarine species that may be

considered to be true detritivores in the sense that they obtain all of

their nutrition from detritus (Odum, 1970), many species are so classi-

fied because they derive a minimum of 20 percent of their sustenance

from detritus ( Odum , 1970; de la Cruz, 1973).

65. Compartment I—G. Compartment I—G contains those carnivores

that are secondary consumers. Their foods consist of live prey drawn

from the herbivore (I—D ) and detritivore (I—F) compartments and , often ,

other carnivores (tertiary consumers) (I—G). While some marsh animals

are carnivorous , the majority of the carnivores having an impact upon
marsh inhabitants are estuarine species that hunt in the marsh during

flood tides or terrestrial species that move onto the marsh at low tide.
Estuary ecosystem component

66. Figure 3 depicts the water of the estuary as compartment TI—A ;

this compartment envelopes each of the other compartments in the es—

tuarine ecosystem component. In addition, the water of the estuary is

always in intimate contact with the sediment (Compartment IT—B ) surface

directly and , more remotely, with the lower sediment layers by way of
interstitial waters . The remaining seven compartments of the estuary

ecosystem component are either dissolved or suspended in, project into ,

or swim actively in the estuarine waters.

67. Compartment IT—B. Compartment IT—B represents the sediments

of all parts of the estuarine basin up to the elevation at which these

become exposed at extreme low tide. Estuarine sediments, like the marsh

soil , have unique sets of organic and inorganic properties that are de-

termined by local geographic , geologic , and physical characteristics.

The three major components of the sediments (or sections of the compart-

ment) include : (a) the organic fraction that consists of peats and/or

deposits of detritus , biologically produced pseudofeces and feces, and!

or humates; (b) the inorganic fraction composed of sands, silts , and
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clays; and (c) the interstitial waters, the water situated between the

various particles of sediment . The sediments differ from the marsh

soils in their lack of air spaces and their lower level of organic mat-

ter resulting from being situated downstream from rather than underlying

an active zone of growing, dying, and decomposing grass plants. At this

point , it should be emphasized that the tidal creeks are also considered
a part of the estuary. However, because of their proximity to the

detritus—producing salt marshes, the organic levels in tidal creek sed—

iments will more closely approximate the amounts in the marsh soils than

do those of the sediments in the main body of the estuary . Nevertheless,

an estuarine ~sediment that formed from materials contained in a submerg-

ing marsh or supported a dense bed of sea grass (Zostera spp. or

Thalassia) or macro—algae can have a high content of organic materials.

In no case , however , does the estuarine sediment organic content rival

that of the marshes where levels of over 50 percent can be achieved

(Chabreck , 1972).

68. Compartment IT—C. Compartment Il—C contains the periphyton

and rooted macrophytes. Periphyton , or attached algae , contain both

microscopic and macroscopic forms. The microscopic forms occur both

individually and in colonies and are attached to the bottom sediment

surfaces or to materials situated on the bottom, including rocks (epi—

lithic algae) and the rooted macrophytes (epiphytic algae). Submerged

rooted macrophytes , by contrast , are those plants that are macroscopic

in size and have special structures (basal cells) adapted for attachment

of the organism either to the bottom sediments or to rocks situated on

the bottom of the estuary . Examples of such plants include Zostera,

Fucus, and Ulva (where solid peat permits attachment), and Huppia (where

freshwater springs emerge).

69. Compartment II—D. Compartment II—D , the dissolved mineral

poo 1, is an extension of the water compartment IT—A , in which the mate-

rials are dissolved. This compartment is separated because of the impor-

tance of its constituents to the other members of the marsh and estu—

an ne ecosystem components. The dissolved mineral pool contains all

materials, organic or inorganic , dissolved in the estuarine water column .
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In addition , all materials that exist in the water in colloidal form are

included in this compartment. The primary materials so involved include

the organic humates and the inorganic clays. The dissolved mineral pool

contains substances of rivenine, marine, and marsh origin as well as

those native to the estuary.

70. Compartment II-E. The phytoplankton is contained in compart-

ment IT—B. In this compartment are placed all species of algae and

photosynthetic bacteria that (a) float freely in the estuanine water

column ; (b) are subject to movement by estuanine currents; and (c) con-

duct their photosynthetic activities in the water column. The true mem-

ber of the estuarine phytoplankton must (a) be a member of an autochthon—

ous population that normally grows and multiplies within the estuary, or

(b) a member of an allochthonous marine, freshwater, or marsh population

that not only survives the rigors of movement into the estuary but also

multiplies to an extent sufficient to maintain its population size while

in the estuary (Perkins, 197 14). Ill—adapted organisms are flushed from

the estuary into the ocean before any significant population size can be

achieved.

71. While the particular algae that are dominant in a given es-

tuary or portion of an estuary will vary with the particular physical

and chemical conditions existent in that estuary, diatoms and dinoflagel—

lates tend to dominate the phy-toplankton of most estuaries during much

of the year (Riley, 1967; Perkins, 197)4). Generally, major blooms occur

in spring (actually late winter) and autumn . Phytoplankton are scarcer

during the remainder of the year (Riley, 1967) .
72. Compartment Il—F. Compartment Il—F , the detritus—microbial

decomposer compartment, is very much like its marsh ecosystem component

counterpart except that the estuanine detritus has a greater variety of

sources, including marsh grasses, phytoplankton, rooted macrophytes, and

minor contributions from dead animals. While there are many viewpoints

concerning the inclusion of inorganic materials in the detritus category

(Duursma, 1960; Krey, 1967), inorganic particulates serve as a site for

attachment and growth of many aquatic microorganisms (Alexander, 1971).
In addition , dissolved organic materials are sorbed by many inorganic
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particulates, thus changing the character of the inorganic particles to

a more organic nature (Duursma, 1960).

73. Compartments II—G, IT—H, and Il—I. The herbivore, detritivore,

and carnivore compartments (Compartments II—G , TI—H, and IT—I, respec-
tively) have a function identical to that of their marsh ecosystem coun-

terparts, except that (a) the detritivores and herbivores must obtain

their mat erials from the water column or fr om deposits brought in by
water and settled on the bottom , and (b) the carnivores living in the

water column must be highly opportunistic , searching out and hunting

down food both in the water column and on the sediment surface. More-

over, estuarine carnivores, especially fish, have a closely partitioned

food web. This often involves more than the use of other animals as

food sources. For example, Menidia is a diurnal plankton feeder, while

Fundulus heteroclitus feeds predominantly on the salt marsh benthos.

Interactions between
components and compartments

7)4. Table 1 presents a detailed listing of the interactions occur-

ring between the various components and compartments in Figures 2 and 3.

As is summarized in Table 1, the marsh soil (compartment I—A ) provides

the marsh grasses (compartment I—B) and the soil algae (compartment I—C)

with nutrients, physical support, a site for attachments, or combina-

tions thereof (arrows 1 and 2). In addition , the marsh soil serves as a

staging area for detritus production by (a) providing an area for detri-

tus processing upon which detritus can be incubated in wet, warm, and

predominantly aerobic conditions ; (b) providing a microbial inoculum

from old detritus and from the soil itself for initiating the breakdown

of new materials into detritus; and Cc) providing a surface upon which

detritivores involved in the shredding and tearing functions of detritus

processing (amphipods, crabs, shrimp) can move (arrow 13). When the

detritus has been fragmented into small , easily moved particles, it is

subsequently suspended and removed by the ebbing tides (arrow 35B) and

storm runoff into the estuary (Teal, 1962; Day et al., 1973). Alterna-

tively, plant materials may be decomposed by microorganisms to more

resistant compounds (Alexander , 1961, 1965). Such materials may also
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Table

Description of interactions Occurring Between Compartment.

and Component s in Figures 2 and 3

Interaction Direct ion 5
No. From To Descri ption of Interacti on Reference s

i—A i-B Minera l uptake from marsh soil and soil I n ters t i t ia l  V.u r z and Wagn er . 1957
water by marsh grasses Adams . 1963

Broome et al • 1973

1—B I—A Addition of organic par ticulates to soil upon death Kure and Wagner , 1957
of p lant roots and rhizome s Teal and Teal . 1969

Chabreck . 1972

Aeration of soil by conduction of 0
2 to roots and Teal and Kanwis her , 1961

diffusion from roots into soil

2 I—A I—C Marsh soil form s surface for attachment of al gae and Day ci al . • 19 73
matrix into which algae move Teal and Teal . 1969

Van Raalte et al . • l976a .b

I—C 1—A Addition of organic particulates to soil upon death Alexander . 1961
of algal cells

Excretion of photosynthate by live al gae Hellebus t . 1967

Lysis and release of cellular materials from dead Alexander . 196 1
cells

3 i—B I—E Death of marsh grasses contributes substrate to Burkholder and Bornside ,
microbial decomposers for detritus production 1957

Odum and de la Cruz , l96~3
Teal and Teal , 1969
de la Cruz , 1973

4 I—B I— D Consumption of marsh grass producti on by herbivores Smalley. 1959 , 1960
(including leaves, shoots , seeds , roots , and Teal and Teal , 1969
rhizomes) Day et al. • 1973

5 I—C I—D Consumption of soil and epiphytic algae by Smalley, 1959 . 1960
herbivores

6 1—C t—E Death of soil and ep iphytic al gae contributes Darnell . 1967b
substrates to microbial decomposers for detritus Odum and de la Cruz , 1967
production

7 I— D I—C Predation of marsh herbivores by carnivores Teal , 1962
8 I—D I —E Contribut ion of herbivore fecal materials to Kuenzler , 1961

detritus pool Darnell . 1976

Contribution of animal tissues to detritus pool Dar nell , 1976
upon death of herbivores

9 I—E I—F Consumption of organic detritu s by det r it ivore ZoBell and Fe lth sm . 1938 ,
population 1942

Dar nell , 1961
Dar nell , 1967s&b
Mann , 1972
de la Cru x , 1973

I— F I— E Contribution of det r it ivore feral materi al to Kuen zl er , 1961
detri tus pool Darnell , l967b
Contribution of animal tissues to detritus pool Darnell , 1967b
upon death of detritivores

10 I—F I— C Predation of marsh det r it ivore population by Teal and Teal , 1969
carnivores Teal and Teal , 1969

ii I— C i—E Contribution of carnivore fetal material to Darnell , 1976
detritus poo l
Contribution of anima l tissues to detritus pool Odum and de la Cru n , 1967
upon death of det ritivores

1 2 1—El l—E2 Decomposition of detritus substrate supp lies , Bur iholder and Bor nside ,
•inerals , and energy to decosposer •icrof lora 1957

Darnell , 1967a ,b
Odum and ds Ia Cr ux , 1967
Mann , 1972

I— E2 I—E l Contribution of metabo lites and microbia lly Darnell , l967a , b
produced decomposition products to detritus Mann , 1972

de la Crux , 19 73
Contribution of dead microbial cell tissue to Darnel l , 1967 sib
detritus pool Mann , 1972

de la Crux , 1973
13 1—A I—E Detri tus pool existing on marsh surface serves as Burkholder and Bornside ,

as Inoculum for new detrita l substrates 55 1957
I—E I—A Detritus not flushed from marsh surface by tides Teal , 1962

becomes incorporated with soil as a part of soil
organic matter

14 I—B I—C Marsh grasses serve as a substrate for attachment Day et al , 1973
of epiphytic algae

Marsh grasses shade out soil and epiph ytic alga. Day et al. • 1973
and decrease their growth within marsh during the
normal grass growing season

(Continued)

* See text  for explanat ion of de ta i l s .
•* inferences made from gener a l statements.  (S heet 1 of 3)



Table 1 (Continued)

Interaction Direction
No. Pro m To Description of Interaction References

15 Il—B Il—C Estuarine sediment provides an attachment sub — Kelley et a l . ,  1971
strate for peri phytic algae and rooted macrophytes

Mi neral uptake from estuarine sediment and inter— McRoy and Barsdate , 19 70
stitial water by rooted macrophytes Zieman , 1975

Il—C Il—B Addition of organic particu lates to sediments upon Zieman , 1975
death of rooted macroph yte root systems and leave s

Excretion of dissolved organic materials and This has not been studied
aloughing of root materials by macrophyte roots for estuarine macrop hytes
add to sediment organic matter pool

Macrophyte roots stabilize aediments Kelley et al. , 197 1

16 lI—C II—D Excretion of dissolved inorganic and organic mate— Khailov and Burlakova , 1969
rials by peri phyton and rooted macroph ytes Sieburth and Jensen , 1969

Chapman and Rae, 1969
Riley, 1970

II—D Il—C Sorption by leaves of rooted macrop hytes and by McRoy and Barsdate , 1970
periphyton of inorganic materials from dissolved
mineral pool

17 lI—B 11—0 Diffusion of dissolved materials out of sediments Ho , 1971
(via interstitial water) into the dissolved m m —  Ho and Lane , 1973
eral pool in estuary water Ho cc al., 1970

II—D Il— B Diffusion of dissolved materials from the dis— Ho and Lane , 1973
solved mineral pool into sediments (via inter- Khalid cc al., 1975
st i t ia l water)

Sorption of materials to sediment surfaces Ho et al., 1970
Khalid et al., 1975

18 II—D II—E Mineral uptake from dissolved mineral pool by Lund , 1965
phytop lankton

il—K II—D Release of minerals and dissolved organic matter Hellebust , 1967
from phytop lankton by excretion and/or autolysis Lund , 1965

19 I1—E Il—C Consumption of eatuarine phytopla.nkton by itiley, 1967
herbivores

20 It—C Il—C Consumption of eatuarine peri phyton and rooted Thayer et al . • 1975
macrophytes by herb ivores

21 11—C I l—F Contribution of peri phyton cells and isacrop hyce Mann , 1972
leaf tissue s to detritus pool upon death of plants

22 I l—K Il — F Contribution of phytoplankto n cells to detritus Mann , 1972
pool upon death of algae

23 il—C Il—I Predation of estuarine herbivore population by Darnell , 1961
carnivores Riley, 1967

Caperon , 1975

24 11—F I l—H Consumption of organic detritus by detrit ivore ZoBell and Feltha m , 1942
popu lation Darne ll , 1961

Darnell, 1967a , b
Mann , 1972
de Is Crux , 1973

L I—H lI—F Contribution of detritivore fecal material to Ituenz ler , 1961
detritus pool Darnell , l967a ,b
Contribution of animal tissues to detritus pool Darnell , l967a ,b
upon death of detritivores

25 I l—H lI—I Predation of estuar ine detri t ivore population by Darne ll , 1961
carnivores

26 I l— i L I—F Contribution of carnivore fecal material to Dar nell , 1967b
detritus pool
Contribution of animal tissues to detritus pool Darn ~ ll , l967b
upon death of carnivores

27 l I—il  I l— F Contribution of herbivore fecal material to Dar nell , l967b
detritus pool
Contribution of animal tissue s to detritus pool Da r nell , l967b
upon death of herbivores

28 II — D It—F Uptake of minerals by microbial decomposer e from Krey, 1967
dissolved mineral pool Newell , 1964
Sorption of materials from dissolved mi ,eral pool Darnsll , 1967b
b y detritus

Il—F 11— 0 Release of minerals and dissolved organic matter
to dissolved mineral pool by:

(a) Extr scellulsr digestion of detritus by Darnsll , l967 b
microbial decompoeers Cunnison and Alexander ,

1975M b

(Contin ued)
(Sheet 2 01 3)



Table 1 (Concluded)

I nteraction Direction
No. From To Description of Interaction References

28 (b) Excretion of metabol ytes and excessive tons by Thimann , 1963
(Continued) microbial decomposers

(c)  Autolysis of microbial decomposers and de t r i ta l  Colterm an , 1964
ti ssues

29 II—D l I—H Uptake of minerals by detr i tivores—— largel y due to Cordon , 1972
osmotir differences associated with life in salt
water

Il—H tI—D Release of minerals and dissolved organic matter Various physiology texts , i.e..
(primarily urea) by excretion of detritivores Prosser and Brown, 1961

30 11—0 Il—I Uptake of minerals by carnivores——largel y due to Cordon, 1972
osmotic di f ferences  associated with life in salt
water

Il—I 11—0 Release of minerals and dissolved organic matter Various physiology texts , i.e..
(primarily urea) by excretion of carnivores Prosser end Brown , 1961

31 11—0 I l—C Uptake of minerals by herbivores——largely due to Cordon , 1972
osmotic differences associated with life in salt
w a ter

Il—C tI—D Release of minerals and dissolved organic matter Various physiology texts , i.e.,
(primarily urea) by excretion of herbivores Prosser and Brown . 1961

32 II l I —B Sedimentation of inorganic materials from the water Da rn ell , 1967b
column to surface of bottom sediments Perkins , 1974

33 Several Il—B Settling of dead materials onto surface of bottom Day . 1952
Compart— sediments from each of the following compartments:

ment s 33a Ph ytop lankton (I1— E)
33b Herbivores (LI—C)
33c Carnivores (IL—I)
33d Detritus—Microbi al Decomposers (LI—F)
33e Detritivores (Il—u)

34 It—Fl II—F2 Decomposition of detritus substrate supp lies , Burkholder and Bornside , 1957
minerals , and energy to the decomposer microf lora Darnell , 1967 a,b

Odum and de la Crux , 1967
Mann , 1972

II—F2 Il—Fl Contribution of metabolytes and microbially released Darnell , 1967 s,b
decomposition products to detritus Mann , 1972

Contribution of dead microbial cell tissue to de la Crux , 1973
detritus pool

35A tI I Flood tide estuary waters and attendant organisms . Tea l and Tea l , 1969
dissolved minerals , and particulate matter move
onto marsh

35K 1 II Ebb tide waters end attendan t organisms, di ssolved Teal and Teal , 1969
minerals , and particulate matter move off of marsh

36 11—A III Watershed adds fresh water and particulate matter Reid , 1961
to estuary Perkins , 1974

37 I IV Marsh contributes gaseous products of resp iration , Teal and Kanwisher , 1961
photosy nthesis , and decomposition to atmosphere

VI I Atmosphere contributes gaseous requirements for Teal and Ksn wisher , 1961
resp iration , photosynthesis , and H—fixation to the Teal and Teal , 1969
marsh

VI I Rain erodes marsh at low tide Teal and Kanwisher , 1961
Teal and Teal , 1969

38 Il—A IV Estuarine water contributes gaseous products of Kanwisher , 1963
resp iration , photosynthesis , and decomposition to Teal and Kanwisher , 1961
atmosphere

IV Il—A Atmosphere contributes gaseous materials needed for Kanwisher , 1963
respiration , decomposition , photosynthesis , and Teal and Kanvisher , 1961
N—fixation to estuarine water

39A V Il—A Saltwater intrusion moves organisms, dissolved mm — Reid, 1961
erals , and particulate ma tter into estuary f r om
ocean

393 lI—A V Normal currents flowing through estuary and ebb tide Reid , 1961
estuary waters and attendant organ isms, dissolved Perkins , 1974
minerals, and particulate matter move into ocean
althoug h estuary traps many nutrients

40 I I I  I Springs come up in marsh Personal coirasunication, April
1975 , John Teal , Ecologist ,
Wood s Hole Oceanographic
Inst itution , Woods Hole ,
M~. Persona l comaunicati on ,
Apr il 1975 , Ivan Val isla ,
Assoc iate Professor , Woods
Hole , M& .
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enter estuaries in tidal and storm runoff or may be incorporated into

the soil organic matter .

75. Both fresh and estuarmne water may interact with marsh soils.

Fresh water may form a true water table beneath the marsh, coming from

terrestrial environments and debouching upon lower lying areas, such as
tidal creeks (arrow 140). Alternatively, fresh waters may surface at

various locations in the marsh forming actual springs that then run over

the marsh surface to various marsh channels (Personal Communication ,

April 1975, John Teal, Ecologist, Woods Hole Oceanographic Institution ,

Woods Hole, Mass.; Personal Communication , April 1975, Ivan Valiela,

Associate Professor , Woods Hole, Mass.). Finally, fresh water may enter

fr om the atmosphere as rain or snow ( arrow 36) and , under the proper

conditions, move through the soil. Under any condition , the movement of

fresh water through salt marsh soil will leach out deposited salts.

76. Arrows 35A and 35B. The ebbing and flooding of tides over the

marsh surface exerts influences in addition to deposition and removal of

materials. Tidal water s exchange dissolved materials with the inter-

stitial waters of the marsh soil. The amount, rate , and form of the
materials exchanged are largely determined by the composition of the

soil. All other factors being the same, a sandy soil tends to have more

of its void volume replaced by tidal waters than does a soil with a high

organic and clay content. Thus, the plants growing in a sandy soil are

more largely influenced by nutrients borne in tidal waters than are

plants in a more organic—clay soil. Composition also determines the

amount of air contained in marsh soil, especially at low tide.

77. Arrows 1, 2, 3, 14, and i~4. Marsh grasses (compartment I—B)

interact with four other salt marsh compartments (I—A , I—C , I—D , and

I—E). In addition , marsh grass interacts with the tidal waters (compart-

ment Il—A of the estuarine ecosystem component) and with the atmosphere

(ecosystem component Iv). The marsh soil provides grass with a firm

substrate in which to anchor rts roots for support purposes and also

supplies the grass with nutrients required for growth and maintenance

[arrow 1 (I—A , I—B)], The marsh grass, in turn, supplies the soil with

inorganic and organic materials released during metabolism or
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solubilized or sloughed from its roots and rhizomes [arrow 1 (I—B , I—A)] .

In addition , death provides the marsh soil with plant roots and rhizomes

that become a part of the soil organic matter as a consequence of var-

ious decompositional processes [also arrow 1 (I—B , I—A)]. Some marsh

grass production is lost to compartment I—D , the herbivores (arrow 14 ) .
In terms of total marsh grass production , however , this is minimal and
accounts for approximately 10 percent of the total production (Smalley,

1958; 1959). The remaining grass dies and becomes a part of the detri-

tus pool in the marsh (arrow 3), or is rafted out of the marsh into the
estuary by receding tides (compartment Il—A , arrow 35B) to become a part

of the estuarine detritus pool (compartment Il—F). Epiphytic algae (com-

partment I—C ) depend upon marsh grasses at the edges of creekbanks and

other fringes of the marsh to supply the substrates to which they can

attach (arrow 1)4). Both epiphytic and soil algae depend on an abundant

supply of sunlight for their growth; therefore, in the denser areas of

marsh grass growth, both of these algal groups may become shaded out
(arrow 114).

78. Marsh grass exchanges with the atmosphere, ecosystem component

IV, [arrow 37 (IV , I) and 37 (I, IV)] include uptake of gases needed for

photosynthesis (during daylight hours) and respiration (day and night).

In turn, marsh grasses release gases produced during photosynthesis and

respiration and water vapor from transpiration [arrow 37 (I, IV)] back

to the atmosphere.

79, Whether the soil algae (compartment I—C ) attach to the soil

surface or burrow into the soil matrix, an interaction is still indi-

cated (arrcw 2). Other algal species attach to both soil and marsh

grasses (arrow 114). Soil algae undergo gaseous exchanges with the

atmosphere [arrow 37 (In Iv) and 37 (Iv, I)]. However, most algal nu-

trients are obtained from flood tide waters (35A) into which metabolic

wastes are eliminated and carried away by ebbing tides (35B).

80. Soil algae are an important source of energy and nutrient in-

put into the marsh herbivore and detritus compartments (compartments T—D

and I—E , respectively) by grazing (arrow 5) or by death (arrow 6). Sev-

eral of the marsh invertebrates obtain a major portion of their food,
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either from the soil and epiphytic algae or from a mixture of these algae

and the detritus located on the marsh soil surface (Day et al., 1973).

81. The detritus—microbial decomposer compartment (compartment I—E ,

sections 1 and 2) is a key compartment , because it interacts with all

other com partments on the marsh as well as with portions of several

other ecosystem components. Although all of the compartments that house

biotic components of the marsh can contribute to the pool of detritus

(arrows 3, 6, 8, 9, 11, and 12), the largest source of detritus is marsh
grass that , in turn , is the largest producer on the marsh . Detritus can

be consumed by the marsh detritivore population [arrow 9 (I—E , I—F)] or

completely degraded into resistant materials that subsequently can be-

come a part of the marsh soil [arrow 13 (I—E , I—A)]. However, an esti-

mated 50 percent of the production will be exported to the estuary (ar-

row 35B), where it becomes a part of the detritus compartment (TI—F) or

settles to the bottom of the estuary (arrow 33d) to become deposited in

the estuarine sediment (compartment Il—B) (Teal, 1962; Day et al., 1973).

Alternatively, this detritus may be carried out of the estuary by ocean—

ward ebbing tides (39B) or be redeposited elsewhere on the marsh by sub-

sequent flood tides ( 3 5 A ) .  The marsh—based detritus can also interact

with the atmosphere component at low tide (arrow 37) by taking up oxygen

required for aerobic decompositional processes (37 IV, I) and releasing

carbon dioxide (37 I, Iv ) .

82. The marsh herbivore compartment (I—D ) has few direct interac-

tions with the other marsh compartments. Herbivores do exert an indirect

action on nitrogen supply through consumption of protein in grasses .

Herbivores obtain food by grazing on marsh grasses (I—B ) or algae (I—c)
(arrows 14 and 5). Losses from the compartment occur through predation

by carnivores (arrow 7), death (arrow 8) ,  or defecation (arrow 8). The

detritivore compartment also has few direct interactions with other

marsh compartments. While detritus is the food source for these organ-

isms [arrow 9 (I—E , I—F)], many of the organisms that are not consumed

by predators (arrow 10) will themselves contribute to the detritus pool

[arrow 9 (I—F, I—E)] either through their own death or by waste product

production ,
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83. Marsh carnivores (compartment I—G) depend on both the herbi-

vores and the detritivores as sources of prey (arrows 7 and 10, respec-

tively). The carnivores make minor contributions to the detritus—

microbial decomposer compartment either through death or defecation

(arrow 11). There is also some intracompartmental predation (cannibal-

ism , consumption of lower carnivores by higher carnivores).

8)4. Reference is again made to Table 1 for the interactions occur-

ring in Figure 3, the Estuary Ecosystem Component . While many of the

interactions that occur in the estuary are identical to their marsh—

based counterparts , the difference brought about by the suspension of

many of the estuarine compartments in the water column is suff icient  to

warrant a separate consideration of the estuary.

85. Compartment Il—B , the Estuarine Sediment, contains all the

particulate matter located in the bottom (bed, basin) of the estuary .

All those suspended inorganic materials are considered as suspended

sediments (that portion of compartment Il—B retained in estuarine water

by action of arrow 32 ( l I—B , I l — A ) .  All suspended organic materials are

considered as detritus (Il—F).

86. The estuarine sediment receives inputs from several estuary

components. Unsuspended detritus settles to the bottom of the estuary

to serve as a nutrient and energy source for communities of the estu—

an ne sediment [arrows 15 (Il—C, Il—B), 33a, b, c, d , and el . Addi-

tional input to the estuarine sediment includes settling of inorganic

suspended sediments from the water column [arrow 32 (lI—A, IT—B)]. Sus-

pended sediments may be recruited from upstream in the watershed (arrow

36), by tidal and storm scouring from marsh surfaces (arrow 35B),

through wind transport [arrow 38 (I V , IT—A)], and, to a lesser extent,
from flood tide input of oceanic debris (arrow 39A). Alternatively ,

suspended sediments may also originate by resuspension of estuarine

sediments [arrow 32 (11—B , IT—A)]. A final source of sediment materials

is the formation of crystalline particulates fr om dissolved minerals

(compartment TI—D) followed by sedimentation of these materials from the

water column [arrow 17 (II—D , IT—B)].

87. The estuarine sediment has intimate relationships with the
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periphyton and submerged rooted macrophyte compartment (TI—c). The sed-

iment provides a support medium for the macrophytes and an attachment
surface for the periphyton [arrow 15 (lI—B , Il—C)]. Whether the inter-

stitial water in the estuarine sediment also provides macrophytes with

nutrients in situ has not been established, although in vitro studies do

indicate that macrophytes take up nutrients via this route (McRoy and

Barsdat e , 1970). Finally, both submerged macrophytes and periphyton may

contribute particulate matter to the organic matter of the estuarine

sediment [arrow 15 (I l—C , I l — B ) ] .

88. The periphyton and submerged rooted macrophytes compartment

(Il—C ) has four interactions with estuarine compartments other than

those already enumerated for the sediment. Periphyton and leaf sections

of submerged rooted macrophytes are able to take up needed nutrients and

dissolved gases from the dissolved mineral pool [arrow 16 (II—D, Il—C)].

In turn, these organisms resupply the dissolved mineral pool with or-

ganic matter and gaseous products resulting from their metabolic and

photosynthetic processes [arrow 16 (Il—C , II—D)]. Constituents of com-

partment Il—C also supply (a) a source of estuarine—sediment based veg-

etation for herbivores (arrow 20) and (b) one of two estuarine—based

sources of vegetative detritus (arrow 21).

89. The dissolved mineral pool (compartment II—D) is one of the

principal focal points in the chemical environment of the estuary. All

estuarine biotic and abiotic agents have some degree of interaction with

this compartment . While all biotic agents take up at least some min-

erals from the pool [arrows 16, (II—D , Il—c); 18 (II—D , II—E); 28 (II—D ,

Il—F); 29 (II—D , lI—H); 30 (II—D , IT—I); and 31 (II—D , II—G)] and ex-

crete some minerals or organic compounds back into the pool [arrows 16

(Il—C , II—D); 18 (II—E , II—D); 28 (Il—F , II—D); 29 (TI—H , II— D); 30

(Il—I, II—D); and 31 (II—G , II—D)], the abiotic agents also all make

some contribution, albeit a passive role rather than an active one. Dis-

solved materials may be recruited by transport of mineral-bearing waters

into the estuary (arrows 35B, 36, and 39A), by solubilization of gases
from the atmosphere [arrow 38 (IV , ITA)], or by solubilizaAon of min-

erals from either solid materials in the sediment [arrow 17 (Il—B , II—D)],
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or from solid materials brought into the estuary from upstream (arrow 36),
from the marsh (arrow 35B), the atmosphere [arrow 38 (IV , IT—A)], or the
ocean (arrow 39A). Dissolved minerals may also be lost from the pool

either after the formation of solid precipitates or flocculates or sorp-

tion to existing solids. These materials may then be moved out of the

estuary by transport (arrows 35a, 39B) or sedimentation [arrow 32 (Il—A ,

Il—B)]. Alternatively, dissolved gases may diffuse into the atmosphere

[arrow 38 (Il—A , I v) ] .

90. Phytoplankton (compartment II—E ) forms the second compartment

of estuarine—based primary producers. Productivity of this compartment

is governed not only by the level of nutrients available to it from Com-

partment II—D via arrow 18 (lI—D , II—E), but also by the density of par-

ticulate materials in the water column from compartments Il—B (suspended

sediments), Il—F (detritus), and even other phytoplankton, each of which

may exert a shading influence with a resultant decrease in phytoplankton

productivity. These same factors will influence the growth of the pen —

phyton and rooted macrophytes (compartment Il—C). Phytoplankton may be

recruited from organisms brought into the estuary from upstream (arrow

36), from the oceans (arrow 39A), or from the marsh (arrow 35B). How-

ever , the bul k of the phytoplankton is composed of autochthonous species

that multiply in the estuary.

91. Phytoplankton losses may occur through herbivore grazing ( ar-

row 19), by death and subsequent loss of material to detrital pools

(arrow 22), or by settling of phytoplankton cells to the bottom of the

estuary (arrow 33a). The phytoplankton may also lose some of its cel-

lular constituents as a result of the solubilization of cell wall mate-

rial, loss of internal photosynthate by leaching or lysis, or by actual

excretion of dissolved substances [arrow 18 (II—E , II—D)] (Gunnison and

Alexander , 1975a and b).

92. Compartment IT—F , the detritus—microbial decomposer compart-

ment , functions in the same manner as its marsh counterpart (denoted by

arrow 34), except that it has several other sources in addition to marsh

grasses and soil and epiphytic algae including: periphyton and rooted

macrophytes [arrows 21 and 33d (TI—B, TI—F)], phytoplankton (arrow 22),
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herbivores (arrow 27), detritivores [arrow 24 (TI—H , Il—F)], and carni-

vores [arrow 26(11—1 ,11—F)]. In addition , ebbing tides and storm runoff

flush a large amount of marsh detritus into the estuary (arrow 35B).

This can represent a considerable proportion of the total detrital mate-

rial in compartment Il—F (Teal, 1962; Day et al., 1973; de la Cruz, 1973).

93. Detritus also has close ties with the dissolved mineral pool

(compartment TI—D). The microbial decomposers may remove needed nutri-

ents and heavy metals plus dissolved gases from the mineral pool [arrow

28 (I I— D , I l— F ) ] .  Additionally, the detritus portion itself may sorb

many materials fr om the pool [also arrow 28 ( I I — D , Il—F)]. The detritus

decomposition processes add many products back into the mineral pool in-

cluding dissolved gases and other metabolic wastes produced by metabolic

activities of the decomposers , products solubilized during the extracel—

lular decomposition of the detritus, and soluble cellular materials re-
leased upon autolysis of the decomposers [arrow 28 (Il—F , II—D)].

9)4. Detritus may be lost from the system by one of four possible

mechanisms including : (a) complete decomposition to soluble materials

[via arrow 34 to arrow 28 ( I l—F , I I — D ) ] ,  (b )  sedimentation to the bottom

of the estuary (arrow 33d), (c) consumption by detritivores [arrow 214

(Il—F , Il—H)], and (d) flushing from the estuary into the ocean (arrow

39B). It is possible for flood tides to place some detritus back onto

the marsh (arrow 35A), however, the amount of organic matter accumulated

as peat per year is approximately two orders of magnitude lower than the

net production of marsh grasses (Personal Communication , April 1975, Ivan

Valiela , Associate Professor , University of Boston Marine Program , Marine
Biological Laboratory , Woods Hole, Mass.). Moreover , Teal reports that he

and his colleagues have measured significant capture of waterborne detri-

tus by marshes (Personal Communication , April 1975, John Teal, Ecologist,

Woods Hole Oceanographic Institution , Woods Hole, Mass.). Finally, a

marsh having deep pools that can trap organic detritus may result in detri-

tus of estuarine or coastal origins (such as from eel grasses) being re-

tained in amounts albeit in amounts less than the export of Spartina detritus

(Woodwell et al., 1973). Most of the detritus remains entrained in
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Compartment IT—F , moving back and forth with the tides until  it is either

decomposed , consumed , or sedimented (Personal Communication , December

1975, John Hall , Microbiologist , University of Georgia Marine Institute,
Sapelo Island , Georgia).

95. The estuarine herbivore compartment (II—G) includes those

animals that feed on periphyton, rooted macrophytes (TI—c via arrow 20),

and pbytoplankton (II—E via arrow 19). In turn, herbivores serve as

prey for carnivores (Il—I via arrow 23) and, upon death, as a source of

detritus (Il—F via arrow 27) or other organic matter in the estuarine

sediment (arrow 36b). While some herbivores , particularly algae—

consuming protozoa, do take up minerals from the mineral pool [arrow 31
(TI—D , II—G)], the larger interaction between these compartments occurs

in the reverse direction [arrow 31 (I I— G , II—D) through excretion of

soluble organic and inorganic wastes.

96. Estuarine detritivores (compartment Il—H) obtain most of their

nutrition from the detritus compartment [arrow 24 (lI-F , Il—H)] and may

obtain supplemental nutrients from the dissolved mineral pool [arrow 29

(II—D , Il—H)]. The detritivore population may lose many members to pre-

dation (arrow 25), to death and decomposition [arrow 24 (lI—H , Il—F)],

and to death and sedimentation (arrow 33e). Many detritivores, however,

mature and migrate out of the estuary, either upstream into fresh water

[arrow 36 (lI—A , III)] or out into the ocean (arrow 39B). While the

predominant teleological reason for such migration is to permit the

species involved to spawn, few of the adults of any migrating species

return to the estuary. Thus, much of the production is lost from the

salt marsh—estuarine ecosystem and only a small portion of this returns

in the form of new progeny (Perkins, 19714).

97. Carnivores (compartment TI—I) migrate from the estuary to the

watershed [arrow 36 (Il—A , III)] or out into the ocean (arrow 39B). A

few carnivores are lost to compartmental self—predation (not described),

through death to detritus (arrow 26), or through death and sedimentation

to the estuarine sediment (arrow 33c). While some substances (princi-

pally oxygen for respiration) are taken from compartment II—D [arrow 30

(II— D, TI-I)], more of the materials are obtained from food; thus, the

larger interaction described by arrow 30 runs from Il—I to II—D.
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Finally, the carnivores also contribute to the detritus pool through

their waste products (feces) via arrow 26.

Summary of Function of Compartmental Model
of the Marsh—Estuarine Ecosystem

98. The general compartmental model of the marsh—estuarine ecosys-

tem describes the predominant constituents and processes in existing

marshes . Since newly developing marshes are somewhat unpredictable, no
attempt has been made to characterize them here. The following discus-

sion places the previously described compartmental model within the

context of a functional ecosystem.

99. Marsh soil (I—A) and the dissolved mineral pool (II—D brought

in with flooding tide waters 35A) interact with air (Iv) to supply min-

erals to the marsh grasses (I—B) and the soil and epiphytic algae ( I—c ) —

the primary producers of the salt marsh ecosystem component (I). Marsh

grasses and marsh algae are a food source for herbivores (I—D) while

alive (arrows 4 and 5). However, the bulk of the production of these

compartments dies and becomes a part of the marsh detritus pool (I—E by

way of arrows 3 and 6). Detritus (I—El ) is continuously being degraded

and modified (arrow 12) by the microflora (I—E2 ) into forms that are

either utilized by marsh detritivore species [I—F by way of arrow 9 (I—E ,

I—F)] or are further decomposed into marsh soil organic matter [I—A by

arrow 13 (I—E , I—A)]. Detritus that has been decomposed to small enough

particles can also be suspended and carried off by outgoing tides (35B )

to form a part of the estuarine detritus pool (Il—F), where it is con-

sumed by detritivores , settles to the bottom of the estuary as organic

deposits (arrow 33d), or is mineralized [II—D by way of arrows 34 and 28

(IT—F, TT—D)].

100. Both the marsh herbivore and detritivore species (compartments

I—D and I—F) can provide food for marsh carnivores (I-.G by way of arrows

7 and 10). After death, the herbivores, detritivores, and carnivores be-

come a part of the detritus compartment [I-E via arrows 8, 9 (I—F, I-E),

and 11, respectively]. These marsh organisms may also serve as prey for

those estuarine carnivores (IT—I) that move onto and off the marsh with
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each respective flood (35A) and ebb (35B ) tide,

101. The estuarine ecosystem component has both benthic (Il—C ) and

free—floating (II—E ) sources of primary production.* While the estu—

an ne sediment (IT—B ) is a source of nutrients for those plants that are

intimately associated with it [Il—c via arrow 15 (lI—B, Il—C)], the dis-

solved mineral pool [II—D by way of 16 (II—D , Il—C) and 18 (II—D , II—E)]

is a major source of nutrients for other primary producers . As was true

for the marsh , the estuarine plants may either be grazed by herbivores
(TI-G via arrows 20 and 19), or the plants may die and become part of

the estuarine detritus pool (IT—F by way of arrows 21 and 22). Detritus

may be consumed by detritivores (Il—H via 24 lI—F, Il—H ) or decompose

(arrow 34) to soluble materials that become a part of the dissolved min-

eral pool (II—D via 28 lI-F, II—D). Detritivores and herbivores are

each preyed upon by carnivores (IT-I via arrows 23 and 25) and all three

types of animals can become sources of detritus upon death [arrows 24

(Il—H , Il—F), 26, and 27].

102. While the major importance of the estuary with respect to the

marsh includes tidal inundation and nutrient input (both dissolved and

particulates) (arrow 35A), the major input of the marsh to the estuary

is in the form of detritus and, to a lesser extent, dissolved minerals

(arrow 35B). Exact contributions of marsh detritus to the total estuary
detritus pool remain undefined, but the marsh contribution is large. An

estimated net 3.08 metric tons/ha/yr of detritus is removed from the

Georgia salt marshes (de la Cruz, 1971). Thus, the marshes play an

important role in the contribution of this organic fertilizer to the

estuaries by means of tidal transport (arrow 35B).

* The exact origin of estuarine phytoplankton is controversial; while
most algae can multiply in the water column , large contributions to
the phytoplankton can be made by resuspension of organisms from the
bottom of the estuary; i.e., they are either benthic or neritic forms.
For a more thorough discussion, see Patrick, B. 1967.
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PART IV: GENERAL Oth~LINES OF MINERAL CYCLING AS
DESCRIBED BY THE GENERAL COMPART~~ NTAL MODEL

OF THE MARSH-ESTUARINE ECOSYSTEM

Nutrient Cycles

Carbon cycle

103. The movement of carbon has been studied for many years in

both aquatic and terrestrial ecosystems (Odum, 1959; Woodwell and Pecan,

1973). Although carbon possesses several idiosyncrasies of its own,

its movement in the marsh—estuarine ecosystem does follow a trend

paralleling that found for this mineral in other ecosystems .

104. The general carbon cycle for any terrestrial or aquatic eco-

system may be described as follows. Primary producers (plants, algae)

fix inorganic carbon (carbon dioxide) taken from the atmosphere or from

water through the photosynthetic process to form organic compounds.

Some of the materials thus obtained are used by the primary producer

in biochemical maintenance (respi ra t ion) ,  some are used for the forma-

tion of plant structural materials, and some are stored. Primary con-

sumers (herbivores) feed on the primary producers . While some material

is passed through the primary consumer gut unused, the remainder is as-

similated (converted to animal carbon) and used for maintenance (respira-

tion), the formation of various structural components, or is stored.

Secondary consumers (carnivores) consume primary consumers and use car-

bon thus obtained for their respiration , growt h , arid storage . Any orga-

nism not eaten by another organism will ultimately die and be consumed

by decomposer microorganisms. Decomposer microorganisms convert detri-

tus to CO
2 by way of their metabolic activity (resp

iration). The rate

of decomposition is dependent on the ambient environmental conditions

and the specific properties of the substrate being degraded.

105. The cycle of carbon dioxide in the marsh—estuarine ecosystem

is the same as that just described , except that the amount o~ marsh

grass material that dies and is decomposed by the microflora (arrow 12)

is large in relation to the amount of material consumed by the herbi-

vores (arrow 14 ) . As a result, a large portion of the marsh—estuarine
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carbon cycle is built around the utilization of decomposing grasses

(detritus). Detritus—feeding organisms (Detritivores, compartments I—F

and TI—H) obtain their carbon by digesting the decomposer microflora

(compartments I—E2 and II—F2), the decomposition by—products sorbed to

detrital particles (compartments I—El and Il—Fl), and the entire detri-

tus particle itself. Carnivores then prey on the detritivores as well

as on the herbivores (arrows 1, 10 , 23 , and 25).

106. Table 2 presents some examples of production values attained

by members of each of the major biotic compartments in terms of carbon/

m
2
/year . Values for detritus and the decomposer microflora are omitted

but will be considered in following sections. While there is a large

amount of variation even among the same species of primary producers

listed in Table 2, it is apparent that the primary producers as a group

have a greater productivity per unit area than do the consumers. What

is not apparent from Table 2 but would be evident from a more extensive

listing of primary producers is that marsh grasses attain production

values among the highest in any ecosystem. While the other rooted

macrophytes may approach the value obtained for grass production on a

per unit area basis, submerged, rooted macrophytes rarely encounter the

acres of optimal underwater area required to begin to rival the total

production values achieved by the marsh grasses (Woodwell et al., 1973).

107. Marsh grasses are the most significant primary producers in

the ecosystem. Approximately 10 percent of this production is consumed

by the marsh herbivores (arrow 4). The remaining 90 percent moves into

the detri~us category (arrow 3) upon the death of the plant (Smalley,

1958). The rate and extent of detritus decomposition (arrow 12) varies

with many environmental factors and with the source of the detritus,

but values of 40 to 60 percent of new grass material added to the pool

per year are not uncommon (de la Cruz, 1965, 1973). The amount of de—

tritus consumed on the marsh by detritivores [arrow 9 (I—E , I—F)] has

not been determined. The rate of movement of detritus from marsh to

estuary (arrow 35B) is also poorly understood; estimates approaching

50 percent of the detritus produced per year have been obtained (Teal,

1962; Day et al., 1973; Banus et al., 1975). Values of 3.08 and 3.27

52



Table 2

Examples of Net Annual Production Rates for Each of the Major Ma rs h—Estua r in e Compartments

Production Rates
Trophic Level , Compart — 2

ment No. and Name Representative Examples (p C:. . yr)* Geographic Location References

Primary producers

1—B Ma rsh grasses Spartina alterniflora 460** Baratar la Bay, La . Kirby, 1971
1153 Sapelo Island , Cc.. Odue and Fanning, 1973

Juncua Roemerianus 503t North Carolina Waits , 1967
628 Mississippi de laCruz and Gabriel , 1974

I—C Soil and epip hyt ic Soil algae 32—40t1 Delaware Gallag her and Daiber , 1974
al gae Epiphytic al gae 16tt Barataria Bay, La. Day et al., 1973

Il—C Perip hyton and Benthic al gae 148 Baratar ia Bay, La. Day et at., 1973
rooted macrophytes Zostera marina (rooted 2200—4000* Rhode Island Nixon and Oviatt , 1972

macrop hytes)

l I—f Phytop lankton Mixed populations 2041 f Long Island Sound , N.Y . Riley, 1956
167 Baratar ia Bay, La. Day et al., 1973

Primary consumers

I—D Herbivores (marsh)

Insects Orchelimum 1.25 (adults) Sapelo laland , Ga. Smalley, 1958
Micro- .anthropods 0.12—0.14 North Carolina Mcflahn et al., 1971

Snails Littorina irrorata 10 Sapelo Island . Ca. Smalley, 1958
Average of Neritina 9.8 Baratarta Bay, La. Day St al., 1973

reclivata , Melampus
bident ita , Littortha
irrorata

Il—C Herbivores Menhaden (Brevoortia N/A 1.ake Pontchartrain ,La. Darnell , 1961
(estuarine) patronus)

Striped mullet (~~g~! N/A Lake Pontchartrain , La. Darnell . 1961
cephalus)

Secondary consumers

I—C Carnivores (marsh) Raccoons (Procyon 0.0084 Barataria Bay, La. Day et al., 1973
lotor)

Il—I Carnivores Bay anchovy (Anchoa N/A Barataria Bay , La. Day et xl., 1973
(estuary) hepsetus)

Bull shark (Carcharinua N/A Lake Pontchartrain ,La. Darne ll, 1961
leucas)

Detri tus feeders

I-F Detritivore s Crab. (Uca p~g~~~, 3.1—12.2 Sept10 Ial and , Ga. Teal , 1958
(marsh) Sesar ma ) 4 . 8— 7 . 4  Sapelo Island , Ca.

ll— ~f Detritivor es Brown shrimp (Penaeus 0—0.68725 Barataria Bay ,La. Jacob and Loe.ch, 1971
(marsh) aztscus) (0.74 g organic Jacob and l.oesch in Day

matter:m2 :yr ) et xl., 1973
Zooplankton (princi— 20 g organic Barata ria Bay ,La. Day et al . • 1973

pally Acartia matter :m2:yr
tonaa)

a Undarlined values ace biomass in g dry weight/a
2 rather than gC:m2 :da y or 5d m2. These are given when no data are

available for production. Productivity may be eati.at.d by multiplying biomass by 2 in many case . (Day et al. • 1973).
** Data obtained b) taking 40 percent of the net annual production expreaeed aa g dry weight:ii~:yr (Burkhoider , 1956).
t Data obtained by ta king 37 percent of the net annual production expreeaed as g dry weight:. yr (da la Cr ux , 1974).

$1 Data obtained by dividing net annual production in p dry weight:.2~yr by 2.5.

* Thi. value is expres sed as p dry weight:e2 :yr .



metric tons/ha/year have been quoted by de la Cruz (1971) for movement

of marsh grass detritus into Georgia estuaries and Mangrove detritus

into Everglades estuaries , respectively. According to de la Cruz (1973),

this corresponds to the 2—20 mg carbon/liter value for detritus found by

Odum and de la Cruz (1967) in water discharged from a Sapelo Island,
Georgia , tidal creek. The exact contribution of marsh grass detritus

to total estuarine detritus (compartment IT—F) remains unquantified.

Current information does not permit differentiation between the dis-

charge of marsh production to estuaries in the form of particulate mat-

ter from the movement of production out of marshes and into estuaries in

the form of living organisms. Detrital material, whether of marsh or

estuarine ori gin , is primarily responsible for the murky quality of

water in many coastal bays and sounds (de la Cruz, 1973). The fact that

detritus is an important source of carbon for estuarine detritivores

[arrow 214 (Il—F , Il—H)] is somewhat better substantiated. Detritus con-

stitutes over 90 percent of the total seston in the estuary (de la Cruz,

1973). Zooplankton, such as Acartia tonsa, which would ordinarily ob-

tain the bulk of their nutrition from phytoplankton in less turbid

estuaries , have been observed feeding almost entirely on detritus as do

many benthic scavengers (Darnell, 1961). The carnivorous fishes that

depend upon estuaries as nursery grounds for their young depend heavily

on prey (compartment TI—H ) that obtain all or a substantial part of

their nutrition from detritus . While the exact carbon flow (or any

other nutrient) in this regime has not been quantified, it is felt that

a large percentage of the carbon that moves from the estuary to the

ocean (arrow 39B) is in packaged form as livin,~ organisms (P.~rsonal

Communication, May 1975. Armando A. de la Cruz, Professor, Department

of Zoology, Mississippi State University, Mississippi State, Miss.).

108. The details covered by recent investigators have included the

amount of dissolved organic carbon released from standing dead marsh
grasses to tidal waters (arrow 35B) (Personal Communication , John Hall,

Microbiologist, University of Georgia Marine Institute, Sapelo Island,

Ga.; Personal Communication, John Gallagher , Plant Ecologist, University

of Georgia Marine Institute, Sapelo Island, Ga.), the amount of organic
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matter being produced by the roots of the various dominant marsh grasses

[arrow 1 (I—B , I—A)] (Gallagher , 1974), and the dissolved organic carbon
released by the decompositional processes occurring in the marsh soil
(arrow 35B) (Pomeroy, 1975). The degree of detail is too complex for

the present report .

Nitrogen cycle

109. The nitrogen cycle is very complex; however, it is also

nearly complete because of the many self—regulating feedback mechanisms

that are present (Odum , 1959). In addition, the nitrogen cycle relies

heavily upon microbial processes. Microorganisms are responsible for

the fixation of atmospheric nitrogen into forms usa~ble by other orga-

nisms (ammonium , nitrate). Microorganisms also denitrify,  i.e., con-

vert nitrogen back into atmospheric nitrogen (see Alexander, 1961).

Higher living organisms are basically parasitic rather than an essential

feature of the cycle (Thimann, 1963). Although specific details of the

biochemical rates and mechanisms are still being established , the gen-

eral pathways of the nitrogen cycle have been known for quite some time

(Odum , 1959; Alexander, 1961; and Thimann, 1963).

110. Molecular nitrogen in the air or dissolved in water is con-

verted to organic nitrogen , arnmonium, and nitrate by the nitrogen—fixing

bacteria and algae. Nitrates and ammonium are taken up by the various

primary producers and incorporated into the protoplasm and other cellu-

lar materials as organic nitrogen compounds. These compounds are then

passed to the animals through the feed chain as described for carbon

with appropriate changes from plant to animal compounds being made in

the process. All dead organisms and the wastes of living organisms are

subject to degradation by the decomposer microroganisms. As a result

of their activities, the decomposers release various low—molecu~Lar

weight nitrogenous compounds (amino acids , purines, pyrimidines, etc.).

Included among the decomposers are the ammonifying bacteria that remove

nitrogenous groups from the low—molecular weight compounds and release

them to the environment in the form of aimnoniuni . Amrnonium can then

either be taken up and incorporated by the primary producers , or it may

be attacked by the nitrifying bacteria and oxidized first to nitrite

55



and then to nitrate. Nitrate may also be used by the primary producers ,

or it may be taken up by denitrifying bacteria and reduced back to mole-

cular nitrogen , thus completing the cycle.

111. Nitrogen enters the marsh—estuarine ecosystem by two differ-

ent mechanisms. Molecular nitrogen may be fixed by the various micro-

bial inhabitants of the marshes and estuaries. Although little or no

fixation has been observed in the estuarine tidal water column (Whitney
—3 2et al,, 1975), rates up to 14x 10 pg N:cm :hr have been observed in

estuarine sediments (Brooks et al., l97l).* By contrast , approximately

100 pg N :cm 2
:hr was found to be fixed during early summer on the sur-

faces of salt marsh plots (Van Raalte et al., 1974). This amount was

felt by the investigators concerned to be sufficient to account for the

nitrogen contained in the maximum standing crops of grass in the plots

(1.5 g N/m
2). Teal reports that he and his associates have found rates

approaching 500 pg N:cm
2
:hr for bacterial fixation associated with

Spartina roots and up to 250 pg N:cm~:hr for algal fixation on the

marsh surface (averaged over a month); however, because of the larger

coverage of grasses, bacterial fixation is an order of magnitude more

important (Personal Communication, July 1977, John Teal , Ecologist ,
Woods Hole Oceanographic Institute, Woods Holes , Mass).

112. The alternate mechanjsm by which nitrogen enters the marsh—

estuarine ecosystem is by transportation in river and tidal waters from

the upstream watershed. Particulate nitrogenous compounds or other

nitrogenous materials sorbed to the various suspended sediments may be

carried into the estuary. These may then be deposited on the marsh

surface by the tides. However, no data are available on the amount of

nitrogen transported in this manner. Nitrogen may also be brought into

the estuary in solution by the incoming streams and subsequently carried

into the marsh by the tides. Deposition of particulate—bound nitrogen

is an important fertilization mechanism for the marsh grasses in well—

established areas (Teal and Teal, 1969). Dissolved nitrogen is proba-

bly more important to marsh grasses in newly established areas where

* Computed from the 37 pg N:cm 2:yr value given by Brooks et al. (1971).
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sandy soil permits easy penetration of the fertile tidal waters. While

no data are available for the nitrate or aminonium concentrations of

flood or ebb tide waters , Ho and Lane (1973) hypothesized that the

waters moving up onto the marshes will have a higher nitrate content

while those waters departing the marsh will have more anmonium , primar-

ily as a result of exchanges with interstitial water in the marsh soil

and the estuarine sediments near the marsh. The estuaries themselves

have the requisite microflora to carry out nitrification of ammonium

and, indeed , this process has been measured in the Scheldt Estuary in

Belgium (Billen , 1974). The marsh surfaces are actually optimized for

the removal of nitrogen by the denitrification process , having an aero-

bic surface layer overlying an anaerobic lower layer (Engler and Patrick ,

1974; Engler et al., 1976) .
113. Within the marsh itself, nitrogen appears to be a limiting

factor for primary production as is the case with the adjacent coastal

waters (Ryther and Dunstan , 1971). Several investigators have reported

that the addition of fertilizers containing nitrogen to marsh plot sur-

faces stimulated the growth of marsh grasses , whereas the addition of

phosphorus—containing fertilizer did not (Sullivan and Daiber, 1974;

Gallagher , l975a; Patrick and Delaune , 1975). Relative to carbon, the

actual nitrogen content of the marsh grasses is very low. For example,

on a percent dry weight basis, Spartina alterniflora contains 40.77 per—

cert carbon, but only 2.12 percent nitrogen (Burltholder, 1956). Juncus

roemerianus contains even less nitrogen with its readings being 36.60

percent carbon and 0.46 percent nitrogen (de la Cruz and Gabriel, 1974) .
Brannon (1973) showed that nitrogen content varies seasonally in

Spartina alterniflora in southern Louisiana and averages 2.8 percent.

It is apparent that the nitrogen contents of the marsh grasses, which

form the bulk of the detritus, cause the vegetative component entering

the detritus—microbial decomposer compartment (compartment I—E) to be

nitrogen-poor.

114. While the flow rate of nitrogen from detritus to detritivore

has not been measured , it is evident from the preceding documentation

that detritus is a reasonably good source of organic nitrogen for the
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detritivores and, therefore , the detritus-based food chain. The exact

function of the marsh-estuarine ecosystem relative to nitrogen cycling

has not been completely defined, but the tendency of some investigators

is to look upon this ecosystem as a sink rather than a source of nitro-

gen, at least for the southeastern United States coastal area (Haines,

1975). Incoming fresh water (arrow 36) does contain substantial levels
of nitrogen , especially as nitrate; however , by the time the freshwater

input has reached coastal waters , it has been relatively depleted of

nitrogen (Haines, 1915). By contrast recent data of Teal and Valiela

(In press) and Valiela et al. (Report in preparation) show very large

exports of nitrogen (Personal Communication , June 1977, Ivan Valiela,

Associate Professor, Boston University Marine Program, Marine Biological

Laboratory, Woods Hole, Mass.).

Phosphorus cycle

115. The intricacies of the phosphorus cycle are far less complex

than those of the nitrogen cycle. Yet, because phosphorus has its

source and sink in the lithosphere rather than in the atmosphere, “the
phosphorus cycle is far more elusive than the nitrogen cycle and needs

more definition for field personnel.” Much of the phosphorus not ac—

tively tied up in living protoplasm tends to be returned to the

lithosphere.

116. The majority of the phosphorus compounds in the lithosphere

exist as inorganic phosphate (Odum, 1959; Alexander , 1961). Erosion of

phosphate—bearing rocks releases phosphorus to the surrounding environ-

ment as dissolved phosphate borne in the various waters. Dissolved in-

organic phosphate is taken up by primary producers and microorganisms.

From here it may be passed up the food chain as organic phosphates.

Organic phosphate can be excreted back into the dissolved phosphate pool

by any member of the food chain, including the primary producers them-

selves. Phosphate retained within the biota is released by autolysis

or upon death by the activities of the decomposer microflora organisms,
unless that phosphate has been bound up in such poorly decomposable

structures as bones and teeth. Much of the dissolved phosphate finally

ends up in the sea where it may be deposited in shallow sediments or
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lost to deep sediments. Barring geologic uplift, materials bound in

deep sediments stand a rare chance of being placed into circulation

again (Odum, 1959).

117. Phosphorus enters the salt marsh—estuarine ecosystem by the

same transport mechanisms as nitrogen . Fresh water entering the estuary

from the watershed carries phosphate into the estuary in both particu—

late and dissolved form (arrow 36). Input levels of dissolved phosphate

into estuaries range from 1 to 10 pg—atoms/9. as phosphate—phosphorus

(Ketchum , 1969; Hobbie et al., 1975). However, no information is avail-

able on the amount of particulate phosphorus entering estuaries. The

range of dissolved phosphorus concentrations in the brackish water zones

seems to be within 1.20 to 3.0 pg/2~ as phosphate—phosphorus (compartment

II—D) (Pomeroy et al., 1965 ; Ketchuin, 1967).
118. The phosphorus requirements of marsh—estuarine vascular

plants, both submerged and intertidal, seem to be met in much the same

manner. Eelgrasses (Zostera sp., compartment Il—C ) obtain their phos—

phates by pumping them up from the sediments (McRoy and Barsdate, 1970).

An amount more than sufficient to meet the demands of the plant is ob-

tained. Consequently , excess phosphates are excreted into the surround-

ing sea water [arrow 16 (IT—C , II—D)] (McRoy and Barsdate, 1970). Simi-

lar results were found tor the marsh grass Spartina alterniflora by

Reimold (1972). He found that this plant can take up phosphate from as

deep as 100 cm within the marsh soil [arrow 1 (I—A , I—B)]. Excess phos-

phates were found to be excreted onto the surfaces of the marsh leaves

and removed from there by tidal waters at high tides (arrow 35B).

119. The phosphorus content of marsh grasses (compartment I-B),

like that of nitrogen , is very low relative to carbon. For example,

while Spartina alterniflora contains 140.77 percent carbon , the phos-

phorus value is only 0.25 percent (Burkholder , 1956). Juncus

roemerianus, which has a carbon content of 36.60 percent, possesses 0.24

percent phosphorus (de la Cruz, 1973). While such values are low, the

actual phosphate levels available to the marsh grasses do not seem to be

limiting to their growth (Gallagher, l975a; Patrick and Delaune, 1975) .
The concentration of phosphorus in algal cells (compartment I—C)

59



generally seems to run between 1O 8 
and lO

_6 
pg P/cell (Franzew , 1932 ;

Lund , 1950; Goldberg et al. , 1951; Mackereth , 1953; and Al Kholy , 1956).

120. Information on the phosphorus contents of marsh soil (com-

partment I-A) is generally unavailable in the literature. Ranwell

(1972) found phosphorus levels from 0.07 to 0.11 percent of oven—dry

weight of newly accreted silt in a Spartina anglica marsh (England).

Chabreck (1972) examined the coastal soils of Louisiana. He found that

the average phosphorus contents of soils of the saline vegetative type

was 0.08 ppt (g P/g of soil) with a rang~ of 0 .06 to 0.13 ppt . By

contrast, the same investigation was done on soils of the brackish vege-

tative type and yielded an average of 0.014 ppt of phosphorus within a

range of 0.01 to 0.10 ppt (Chabreck, 1972). A study done on Pamlico

Estuary sediments (compartment TI—B) yielded much lower values ranging

from 1.6 ppb (pg P/g of sediment) in fresh water to 0.3 ppb in brackish

water (Upchurch et al., 1974). However, the exchange values between

estuarine sediments and water seem to be rather high with sediments re-

leasing phosphate to the water when water is low in initial phosphate

levels (below 1 pg/2~); however, when water is high in initial phosphate

(greater than 1 pg P04
/9.), sediment tends to take up excess phosphate

(Pomeroy et al., 1965) .
121. Phy-toplankton in the estuary (compartment II—E) both take

up ari d release phosphorus. Although the uptake form [arrow 18 (IT-D ,

II-E)] is inorganic phosphate , the release [arrow 18 (II—E , II—D)j seems

to occur in the organic form (Coffin et al., 19149; Ketchum and Corwin ,

1965; Satomi and Poineroy, 1965; and Ketchum , 1961). Generally, pho~-

phorus would not seem to be limiting to phytoplankton at the concentra-

tions usually found in estuarine waters. F.~osphorus is one of the most

dynamic of the major biological elements, and many organisms assist in

its turnover (Pomeroy et al., 1963; Johannes, 1965; Lean, 1973; and

Peters and Rigler, 1973). Turnover times reported for inorganic phos—

phate In the literature are remarkably rapid , varying from 1 hr in an

algal bloom in an estuary to 314 hr in coastal water during daylight

hours (Pomeroy, 1963).

122. Whether the marsh—estuarine ecosystems serve as traps for
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phosphorus moving through them or tend to release phosphorus to water

moving out to the coastal waters remains somewhat controversial (Haines,

1975; Hobbie et al., 1975). The lack of a biological phosphorus limita-

tion in coastal waters obtained from fresh waters that have moved

through the marsh—estuarine ecosystem strongly suggests that at least a

nonlimiting level of phosphorus is reaching the coastal waters (Haines,

1975) .
Sulfur cycle

123. Although the cycling of sulfur has been well studied in ter-

restrial ecosystems and is currently receiving much attention in fresh-

water watersheds, very little attention or research has been focused

upon sulfur in the marsh-estuarine ecosystem. Despite this fact, sulfur

is an important nutrient for biological systems, especially as a compon-

ent of the amino acids cystine and cysteine (White et al.,,l964). How-

ever, too much sulfur can, in the proper chemical form, be quite lethal.

124. The cycle of sulfur is complex and involves many reactions

and oxidation states. The availability of this material is strongly

influenced by biogeochemical processes. Sulfur is taken up from the en-

vironment by the primary producers as sulfate and from here it is re-

duced and combined with carbon materials as organic sulfur. Organic

sulfur may be passed along the food chain in normal fashion or elimi-

nated as a waste material along the way. Organic sulfur in waste pro-

ducts or dead organisms is released first as free organic sulfide, then

oxidized to thiosulfate , polythionates, sulfur, polysulfurs, and sulfate.

The forms present are dependent upon whether the environment is anaero-

bic or aerobic , arid the amounts vary rapidly in time and space. The in-

organic forms of sulfate or sulfide are further subject to reduction or

oxidation, depending upon the environment and the nature of the biota

present. Both sulfate and sulfide are capable of forming insoluble com-

plexes with inorganic cations such as barium or with heavy metals.

125. Tn the salt marsh—estuarine ecosystem, the form of sulfur

depends upon the part of the ecosystem being considered. The anaerobic

environments of the salt marsh soil (compartment I—A), tidal flats, arid

estuarine sediments (compartment TI—B) contain primarily sulfide while
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the oxygenated water of the estuary (compartment Il—A) contains predomi-

nantly sulfate (Ramm and Bella, 1974). While the biota contain organic

sulfur compounds , the specific form and amount has not been studied nor

have the pathways of sulfur circulation in the estuary been examined.

Thus , the exact pathways of sulfur movement are unknown . It is assumed
that since the sulfate concentration in fresh water is much lower than

in the sea water or brackish estuarine water, the sulfate in estuarine

water is imported primarily from the sea (arrow 39A). Sulfate imported

into the marshes with the tides (arrow 35A) percolates into the anaero-

bic zone of the marsh soil where it is reduced to sulfide. Reoxidation

of sulfide to sulfate is possible wherever oxygen is able to diffuse

out of the marsh grass roots [arrow 1 ( I—B , I — A ) ] .

126. Oxidation of sulfides can create a problem in the marsh soil

wherever conditions become suff ic ient ly  oxidizing to permit conversion

of large amount s of sulfide to sulfate. For example , when sulfide—

laden reduced bottom sediments are deposited on the marsh surface above

tide level or when marshes are drained , the marsh soil becomes aerobic.

In addition to the large amounts of heavy metals (mainly iron ) mobilized

by conversion of insoluble metal sulfides to more soluble metal sul-

fates , the acid activity of the resulting sulfuric acid results in for-

mation of poor cat clay soil , which is unsuitable for marsh grasses or
any other type of vegetation .

Heavy Metal Cycles

General

127. The heavy metals cadmium , copper , iron, mercury, manganese,

nickel, lead, and zinc will be considered in one general section rather

than being discussed individually. There are several reasons for this.

First, a complete in-depth knowledge of the details involved in the

cycling of many of these metals is lacking, although a general under-

standing of each is available. For example, Wong et al. (1975) have

recently discovered that lead can be biologically methylated ur ler cir-

cumstances that are environmentally similar to those that favor the
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biological methylation of mercury. However, no ecological importance

has been found for lead methylation in situ.

128. Second , the knowledge of the behavior of heavy metals within

entire ecosystems and particularly in marsh—estuarine ecosystems is un-

clear, While some of this vagueness results from an incomplete know-

ledge of the biogeochemistry of individual metals, a good portion of the
problem results from the particular “focus” of research on marsh—

estuarine ecology . Windom (1975 ) has observed that much of the research

on these ecosystems has been confined to those interactions that occur

at river—estuary boundaries. Particular examples of this type of work

include the efforts of Kharkar el at. (1968), Turekian (1971), and

Windom et al. (1911). Such work has been aimed at determining the qual-

itative arid quantitative characteristics of the heavy metal load borne

by riverine systems and has also been concerned with the characteristics

of the heavy metals that are finally delivered to the ocean. Additional

research has been concerned with the function of the marsh grass

Spartina alterniflora in regulation of the mobilization of iron and zinc

(Pomeroy et al., 1969; Williams and Murdock, 1969; and Bhate, 1972),

copper , cobalt , iron , manganese (Bh at e , 1972), and mercury (Rhan , 1913).

However , few studies have been sufficiently large in scope to contend

with the net flux of metals through marsh—estuarine ecosystems or even

between marshes and estuaries. Exemplary works in this area include

those of Rhan (1973), Banus et al. (19714), Banus et al. (1975), and

Dunstan et al. (1975) on salt marshes , the treatise of Mathis ( 1973) on

mangroves and estuaries, the effort of Drifmeyer and Oduxn (19714) on

dredge material pond ecosystems , and the endeavors of Holmes et al.

(197 14) and Windom (1975 ) on marine and salt marsh ecosystems .

129. A final reason for combining all of the metals in one discus-

sion is that much of the work that has been done to dat e indicates that

many metals move through the estuary following similar patterns since

the processes that influence the mobilization or sedimentation of these

materials are often the same.
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Processes governing
movement of heavy metals

130. There r.re several general processes that can be distinguished

as playing a major role in governing the movement of heavy metals

through salt marsh—estuarine ecosystems . Carpenter et al. (1975) have

enumerated several principal mechanisms involved in determining the

final concentration of a given heavy metal in estuarine waters. They

include:

a. Physical flow and mixing activities occurring between
waters of riverine and marine origins.

b. Primary biogenic reactions——processes concerned with the
uptake and release mechanisms of living and detritus
particles and with the genesis and decomposition of new
compounds.

c. Secondary biogenic reactions——mechanisms involved in
determination of hydrogen ion concentrations and redox
equilibria.

d. Physical—chemical reactions——processes resulting in
changes of equilibria due to changes in temperature or
nonspecific ion interactions and ion exchanges between
water and solid materials.

131. The specific physical—chemical reactions predominating at the

actual boundaries of the river—estuary and marsh—estuarine soil have

been discussed in detail by Windom (1975) and include adsorption—

desorption reactions, flocculation, precipitation, and sedimentation.

132. Several important biological processes permit the biota of

marsh—estuarine ecosystems to play a key role in the regeneration and

movement of heavy metals within the ecosystem. The uptake of heavy

metals from marsh soils by marsh grasses [arrow 1 (I—A , I—B)] has been

observed and measured by several investigators, including Banus et al.

(19714) , Dunstan and Windom (1975), Banus et al. (1975) , Drifmeyer and
Oduin (19714), and Dunstan et al. (1975). Presumably , rooted aquatic

macrophytes are also capable of extracting heavy metals from estuarine

sediments (arrow 15 (Il—B , Il—C)]; however, this possibility has not

been examined. Planktonic algal species can concentrate some metals,

especially organic forms of mercury [arrow 18 (TI—D, TI—E)] (Matsumura

et al., 1971). Biological methylatiori of heavy metals in
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marsh—estuarine ecosystems has not been extensively studied. However,

the requisite environmental conditions for methylation are present in

estuaries, so the process can be important as dramatized by the Minimata

Bay catastrophe in Japan (Ratkowsky et al., 1975). The concentration of

heavy metals in detritus—based biological food chains following uptake

from marsh soil by marsh grasses has been studied only to a very limited

extent. The results obtained to date do indicate a movement of metals

into detritivorous forms such as mussels, crabs, and ~hrimp [arrow 9

(I—E , I—F)] (Drifmeyer and Oduin, 19714; Banus et al., 1975). A final

form of biological participation in the movement of heavy metals through

the salt marsh—estuarine ecosystem involves the products of biological

decomposition. Organic particulates (detritus) can sorb metals, partic-

ularly mercury (arrow 28) (Rahn, 1973). Consequently , metals subject

to binding by these organics can be concentrated in detritivore—based

food webs. The metals may also be scavenged from water by the sorptive

processes [arrow 28 (II—D , Il—F)] and subsequently removed entirely when

the host particles settle to the bottom of the estuary (arrow 33d). In

addition, the soluble organic products of decoinpositional processes ,

particularly humic acids resulting from degradation of marsh grasses

and algae , are well known for their ability to chelate and hold heavy

metals in aqueous solution [arrow 28 (Il—F, TI—D)] (Schnitzer, 1971).

Zinc is a particularly good example of a metal involved in this process

(Carpenter et al., 1975) .

Outline of metal flux
through the ecosystem

133. While no one metal is guaranteed to follow a given pathway

during its passage through the salt marsh estuary, a set of general

trends can be outlined that describe average tendencies for heavy metals

( mar ked individual variations from these trends will be enumerated).
In the following outline modified from the description of Windom (1975),

it is assumed that the metals are moving into the marsh estuarine eco-

system primarily in freshwater input from rivers. However, in certain

cases, alternate sources of’ input such as the atmosphere can place con-

siderable levels of a metal into the ecosystem. Lead is an outstanding
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example wherein atmospheric input to the salt marsh may actually exceed

the input brought in by the rivers on the tides (Banus et al., 1975) .
134. The processes of mixing, adsorption—desorption , flocculation,

precipitation, and sedimentation occurring at the river—estuary boundary

delimit both the form and the rate of metal input into the estuary.

Once into estuarine waters , metals may be removed from the water by

precipitation and sedimentation [arrow 17 (II—D , TI—B)]. By contrast,

those metals that have been built up in estuarine sediments by deposi-

tional processes can be remobilized by biological activity and/or chemi-

cal interactions with the water column [arrow 17 (Il—B , II—D)]. The

mobilization and precipitation—sedimentation processes acting in concert

with estuarine circulation patterns then serve as determinants of the

residence times for metals within the waters of salt niarsh—estuarine

ecosystems. In addition, the large accumulation of organic particulates

(detritus) in the water and sediments of the salt marsh—estuary tend to

sorb arid remove metals from the water [arrow 28 (II—D , T I—F)] .  Sorption

and removal act in unison with the generally high concentrations of pre-
cipitate—forming sulfides present in marsh—estuarine waters to further

decrease the residence times for waterborne metals and cause the salt

marsh—estuarine ecosystem to generally act as a sink for many metals

entering the system. Opposing the metal scavenging and removal mecha-

nisms just enumerated are the intense biological processes of salt marsh—

estuaries that tend to recycle metals that would otherwise be locked up

within estuarine sediments and marsh soils. This is exemplified by the

appearance of maximal concentrations of many metals in soluble form in

late fall and winter corresponding to the time of maximum decay of vege—

tatiori in the watershed and marsh (Carpenter et al., 1975). However,

the fact remains that few metals in a nonconiplexed , inorganic, ionic

state can freely move through the estuary and out into the open ocean.

135. Once in coastal and oceanic waters, heavy metals are besieged

with numerous flocculation, precipitation, sorption, and dilution pro-

cesses, which serve to lower their relative abundances in water (Windoin ,

1975) .
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Fates of individual heavy metals

136. Both iron and manganese, the metals brought into estuaries

by rivers in the highest concentrations , suffer a similar fate. As a

result of the formation of insoluble phosphates, virtually all iron pre-

cipitates upon entry into the estuary (via arrow 35A) and much of this

precipitate accumulates in salt marsh soils (Windom, 1975). Manganese

also forms insoluble phosphate complexes that precipitate out upon entry

into the estuary. The net flux from the estuary into the ocean is much

less than the dissolved input by rivers (Windoin , 1975). However, in one

instance, manganese was found to be released from Chespeake Bay sediments

during the summer months when the pH and dissolved oxygen levels de-

clined in the waters at the bottom of the estuary (Carpenter et al.,

1975).

137. Copper and cadmium in dissolved, but uncomplexed, inorganic,

ionic form do not tend to form insoluble precipitates by combination

with other inorganic compounds. Therefore, these metals are able to

move through estuaries relatively untouched by those processes that

serve to remove other metals. However, these metals have a large affin-

ity for organic humates and are readily complexed by these materials.

Thus, almost all of these metals entering the estuaries attached to

particulates can be recovered from the estuarine sediments, also in

particulate form (Windom, 1975) .
138. Mercury is desorbed from the particulate phases with which

it is associated upon exposure to saline conditions [arrow 28 (IT—F ,

IT—D)]. Consequently , the amount of this metal in solution in the

estuary tends to increase over the dissolved levels entering the estuary

in fresh water (Harriss et al., 1971; Windom et al., 1971). Mercury

is also actively concentrated from salt marsh soils by Spartina alterni—

flora resulting in high concentrations of mercury in plant material.

The plant material is largely retained by the marsh soil [arrow 1 (I—B ,

I-A)], because most of the mercury remains within the plant roots

(Harriss et a l. ,  1971 ; Rahn, 1973; and Windom, 1975). Overall, most of

the total mercury entering the ecosystem is transported to the oceans

with a small amount being trapped and retained within the system (Windom,

1975) .
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139. Lead is apparently not precipitated by the chemical inter-

actions occurring during the transition from river to estuarine water.

However, the dissolved levels of this metal entering the estuary under

natural conditions are low (1—5 ppb) (Windom, 1975). Large levels of

lead do enter the estuary in particulate form, however, and these are

rapidly sedimented either upon the marsh surface or in the estuary

(arrow 33d) (Windom, 1975). Spartina plants do accumulate lead in na-

ture (Banus et al., 1974; Windoni, 1975). However, between the formation

of highly insoluble lead sulfides [arrow 28 (lI—F , II—D)] and the sedi-

mentation of lead bound in organic detritus (arrow 33d), little lead

probably leaves the estuary.

140. Zinc, next to iron, is the most biologically active of the

metals considered. While zinc is supplied to the estuary in both dis-

solved and particulate form, the mixing processes govern the variations

in both the extractable and bound forms associated with the particulate

zinc. However, in the subsurface (saline) waters of the estuary, the

desorption processes active on both extractable and bound zinc in sus-

pended sediments predominate [arrow 28 (Il—F, II-D)]. Evidently the

zinc is actively cycled between the sediments and the water. During the

productive months when zinc levels are at their maximum in the salt

marsh estuary, the soluble zinc is predominant in organic complexes of

biological origin (Carpenter et al., 1975; Fukai et al., 1975). While

the amount of zinc moving through the estuary has not been assessed,

there is probably a net flux outward into the sea as a result of zinc ’s

tendency to remain in solution through biological activity. Zinc is a

necessary micronutrient for many biological processes. As a result,

zinc is retained In the biota often by complexation with organic

compounds.
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PART V: SUMMARY AND CONCLUSIONS

Summary

1141. Marsh—estuarine ecosystems possess intrinsic properties,

which render them valuable to both man and nature. The state of the art

of present knowledge of the ecosystems has not reached the point that

permits answer to the question, “How much is the fertility of the estu—

anne and coastal waters decreased every time 1 ha of marsh is taken out

of production?” (de la Cruz, 1973). However, recognition of the value

of marsh—estuarine ecosystems is increasing. A portion of the diffi-

culty in assessment of the value of marshes arises from an inability to

assign an exact monetary value to each of the many aspects of marsh

ecology.* Another problem in assignment of values to marshes results

from the fact that much of the “cash value” of marsh—estuarine ecosys-

tems is harvested upriver from the estuary and, more importantly, in non—

estuarine coastal waters.

1*2. The following values are recognized as definite worths of

marsh—estuarine ecosystems, even if difficulty is experienced in place-

ment of exact dollar values on them. Marshes and estuaries function as

one integrated ecosystem. Marshes are totally dependent upon estuaries

for both their origins and for their continued existence (maintenance).

On the other hand, between 19 and 29 percent of the organic matter in an

estuary is organic detritus that has its origins in the marshes that

surround it (Heimle and Flemer, 1976). Both the marsh and the estuary

export biological production and also mineral and organic nutrients that

can support biological production. Much of this manifests itself as

living production that is harvested by coastal fisheries. As a food

source, spawning ground, and shelter for juveniles of many marine spe-

cies, the marsh—estuarine ecosystem serves as a nursery for valuable

coastal fisheries. Physical shelter is provided not only in the grassy

tidal marshes but also by other estuarine-based communities , including

* For an attemmt at this, see Gosselink et al., 1973.
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mangroves and seaweed and sea grass beds.

1143. Marsh—estuarine ecosystems are of benefit to man in the buf-

fer value they provide coastal areas from marine storms. These ecosys-

tems absorb the energy of incoming tidal storm waves and also soak up

coastal storm waters resulting in decreased damage to inland areas. An

unrecognized marsh—estuarine function of potentially considerable eco-

nomic importance to the Corps of Engineers is the silt—absorbing capacity

of developing salt marshes that operates in conjunction with the “clear-

ing capacity” of large excursions of tidal waters into and out of estu-

aries and consequently tends to keep harbors and basins in estuaries

free of navigation—impeding sediments . The former mechanism operates to

keep silt introduced into the estuary from filling in the cl?annel, while

the latter process tends to automatically “dredge” sediments from impor-

tant central passages (Gosselink et al., 1973).

11414. The grazing food chain includes algae and vascular plants as

the dominant primary producers. Algae occur both as phytoplankton and

as periphyton . The algae are predominantly grazed by herbivorous zoo—

plankton and benthic invertebrates. Lower carnivores then prey on

herbivorous species. Top carnivores prey on lower carnivores and on

herbivores. In the second or detritus—based food chain , marsh grasses

and algae, rather than being utilized directly, die and are consumed by

microbial decomposers. Microbial decomposers are composed of the bac-

teria and fungi that actively degrade vegetative and animal tissues and

the protozoans that graze upon the bacteria.. Detritivores, largely

invertebrates, feed on dead and undecomposed plant materials as well as

the decomposed ones , deriving their nutrition mainly from the microbial

decomposers, decomposition products of microbial decomposers, and also

from low molecular weight organic products associated with dead vegeta-

tion , animal remains , and fecal materials. Detritivores form the food

source for the lower carnivores , while the higher carnivores prey on

both the lower carnivore and the detritivore populations.

145. Some estuaries lack the extensive marshes that generate the

large detritus loadings that produce turbidity and shade out phytoplank—

ton. The water of such estuaries is often dominated by phytoplankton
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blooms, or the water may be relatively clear of any particulates. Estu-

aries having any degree of turbidity will have a fauna more strongly

oriented toward the detritivore food web. Detritivore food webs tend to

dominate most eastern and southeastern Atlantic and all Gulf Coast estu-

aries plus some West Coast marsh—estuarine ecosystems .

146. Marsh—estuarine ecosystems play important roles in mineral

cycling. The reduction of carbon from the inorganic to the organic

stat e can occur elsewhere , but it seldom occurs with the intensity found

in the salt marshes. It is the intensive production of organic material

in the form of plants that makes the marsh—estuarmne ecosystem so valua-

ble to fish and shellfish industries. While the net export of carbon to

the oceans in dissolved or nonliving particulate form has not been

thoroughly established , the production in the marsh—estuary of living

organisms followed by migration of these organisms from the estuary

to the ocean is well recognized . These mi grating organisms may be

directly usable in themselves or may serve as food for other forms . The

net movement of carbon from the marsh to the estuary has been well estab-

lished and is vital to the function of the estuary as a nursery.

147. The close proximity of oxidizing and reducing environments as

found in salt marsh soils and many estuarine sediments is a prerequisite

for the completion of th€ biogeochemical cycles of nitrogen and sulfur.

In the case of nitrogen, the denitrification processes require an ex-

tremely intimate relationship between oxidized and reduced zones in

order to permit the aerobic oxidation of aimnonium to nitrate followed by

the anaerobic reduction of nitrate to molecular nitrogen. In the case

of sulfur, reduction of sulfate to elemental sulfur and sulfide also

requires anaerobic muds for the sulfate—reducing microorganisms to con-

duct their activities. Again, tidal marsh soil and estuarine sediments

play a key role and the znarsh—estuarine ecosystem appears to be a sink

for both nitrogen and sulfur.

1148. While phosphorus does move out through the marsh—estuarine

ecosystem and into coastal waters, the marsh—estuarine system does serve

to regulate phosphorus release. In the case of the closely studied

coastal Georgia marsh—estuarine ecosystem , the efficiency of the
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phosphorus regulation mechanism is so effective that despite wide ranges

of the input by incoming river waters, the concentration of phosphorus

within estuarine waters varies little during the year. This is princi-

pally a result of the uptake and release mechanisms between the estu—

an ne sediment and marsh soil elements with the estuarine water. Thus,

while there is a steady phosphate input to the coastal waters, the marsh—

estuarine ecosystem acts as a filter to dampen extreme releases and also

to prevent phosphorus impoverishment of water.

1149. While copper , cadmium, and lead in ionic , inorganic, dis-

solved form move through the system easily, zinc and mercury also manage

to get to the sea, although the later metals require more time to do so.

The marsh—estuarine ecosystem is a sink for the metals iron and manga-

nese and for particulate copper, cadmium, and lead. This ecosystem is

both dynamic and complex in its handling of metals. While many forces

act to sediment, sorb, or precipitate the metals from solution, others

tend. to strip metal from particulates or otherwise act to dissolve

metals and bring them into solution. The intensive biological activi-

ties occurring in this ecosystem also have a tendency to mobilize metals.

The major process involved in this includes direct uptake from soils and

sediments by plants. This is followed by release of metals to other

members of the biota upon consumption of plant materials or by release

of metals to the environment as a result of decomposition processes.

Metals may also enter the food chain by sorption onto surfaces of food

(usually detritus) followed by ingestion and incorporation. Alterna~-

tively, metals may enter the biota after complexation by organic prod-
ucts of biological origin followed by sorption of the organics onto in-

organic particulates that are subsequently ingested.

Conclusions

150. There is no set criteria for essessment of what constitute

ecologically necessary marshes. While “current” technology does not

give a good handle on the exact or even the general value of each acre

of marsh, the destruction of marshes for any purpose is environmentally
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unsound and should be discouraged. Techniques for marsh development are

either available or in the process of development , but it is doubtful if

a one—to—one “marsh created” for “marsh destroyed” policy will ever be

feasible. With energy considerations entering the picture, marsh devel-

opment will probably represent an even less favorable prospect , except

where the development process can occur in the immediate proximity of

the dredging.

151. The physical act of dredging estuarine sedin~ents does rela-

tively little harm to the rnarsh—estuarine ecosystem except for destroy-

ing or disrupting those organisms unfortunate enough to be in the dredg-

ing area. However, problems may arise with the smothering or displacing

of organisms in the discharge area. Another problem can come about when

dredged materials are deposited on the marsh surface. In addition to

smothering marsh organisms, dredging may elevate the marsh beyond permis-

sible boundaries for marsh development. Once the dredged material is

deposited on the marsh surface, the forces of tides, wind , and storm may

erode the materials into the estuary before any plant species can colo-

nize them.

152. Chemical release of minerals from dredged materials into the

environment has the potential to cause several problems. When intensely

contaminated materials are removed from an anaerobic zone in the estuary

to an aerobic one (marsh or estuary), problems can arise both from the

oxygen demand exerted by the reduced compounds in the dredged material

and from any heavy metals and sulfide,s contained in the material. These

minerals can assume more mobile forms after oxidation. When used on

marsh surfaces, sulfide—laden dredged materials can lead to marsh in-

fertility resulting from metal toxicity and cat clay formation.

153. Release of nutrients resulting from the use of nutrient—rich

dredged materials for marsh creation could cause other difficulties.

Nitrogen—rich sediments will stimulate the growth of marsh grasses. In

an estuary having low dissolved oxygen levels, the additional oxygen

demand created by extra detritus in the water column could further de—

plete the oxygen concentrations and cause problems. Additional nitrogen

and phosphorus released into the estuary by marsh soils would probably
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not create difficulties since the inherent light limitations present in

most estuaries would prevent excessive plant growth. When this is

coupled with the fact that most estuaries are adapted to nutrient—rich

(eutrophic) schemes, the problem appears potentially insignificant in

most cases. Excessive organic carbon in sediments used for marsh crea-

tion could cause difficulties; materials escaping the marsh would tend

to increase the ROD loading of the estuary with resulting oxygen deple-

tion problems. A sediment that contains high levels of both nutrients

and heavy metals could cause problems for marsh development; the exces-

sive growth stimulated by nutrients will prompt the uptake of heavy

metals by marsh grasses at rates and concentrations far in excess of

normal (Banus et al., 1975). Such a volume of heavy metals, if not

toxic to marsh grasses during growth, would constitute a slug load to

the detritivore population at the end of the growing season. Present

knowledge of marsh—estuarine ecology is inadequate to permit to assess-

ment of the impact of this loading. Until more is known, it is recom-

mended that the use of dredged materials containing nutrient or heavy

metal levels in excess of those existing in natural marsh soils of the

area should be avoided.
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APPENDIX A: SUMMARY TABLES FOR GENERAL MODEL
OF THE MARSH-ESTUARINE ECOSYSTEM

1. The tables contained in the Appendix are an extension of Ta-

bles 1 and 2 in the main volume . Tables Al through A13 of the Appendix

present a detailed listing of the contents of each compartment in the

general compartment model. Where possible, geographic occurrences are

specified for each compartmental member listed in the tables. No de-

tails are presented for estuarine compartment II—D, the dissolved min-

eral pool. The contents of this compartment are described within the

tables that list nutrients and heavy metals. All tables contained in

the Appendix are intended for use with the general compartmental model

in the same manner as Tables 1 and 2.

2. The information contained in Tables Al through A22 is for use

as reference material. Consequently, no discussion has been made of

the materials contained in them. Appendix Tables A114 through A22 give

listings of the current state of the art knowledge of the forms, rates,

and amounts of nutrients and heavy metals cycled as depicted by the

general compartmental model.

3. Any person desiring more detailed information than that given

in the tables may easily find the original source of the information

by consulting the Literature Cited section of the main volume. Where

very limited information was available for the construction of a given

table describing mineral cycling, only the available information is

presented. For example, presentation of information for arrow 1 fol-

lowed by information on arrow 5 indicates little or no information for
arrows 2~14. This avoids needless repetition of “No Data Available”

as found in more complete tables.
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Table P.2

Composition of Salt Marsh Compartment I—B , Salt Marsh Grasses

Marsh Locat ion Marsh Grasses Present References

St. Louis Bay Dominant spe cies Gabriel and
Estuary , Miss. Juncus Roemerianus de la Cruz ,

S~paa-tina alterniflora 19714
Spartina patens
Distichlis spicata

Minor sp ecie s
Juncus effusus
Parilcum virgatum
Panic urn ainarulum
Zizaniopsis miliaceae
Phragmites c omrnun i s
Scirpus americanus
Scirpus robustus
Scirpus californicus
Scirp us Olneyi
Scirpus valid us
Sci rpus sp.
Fi mbristy lis  cast anea
Fimbristylis caroliniana
Eleocharis cellulosa
Eleocharis intermedia
Cyperus od.oratus
Aster tenui folius
Aster subulatus
Aster sp.
Solidago sempervirens
Ambrosia artemisilfolia
Iva frutescens
Sagittaria falcata
Crinum americanum
Lilaeops i s  chinensis
Amelopsis sp.
Iris virginica
Ipoema sagittaria
Lythruna lineare

Louisiana Dominant species Chabreck , 1972
Coastal Marshes Spartina patens

Spartina alterniflora
Juncus Roemerlanus
Distichlis spicat a

Minor species
Aenida alabamen sis

( Continued)
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Table P.2 (Continued)

Marsh Location — 
Marsh Grasses Present References

Aster sp.
Avicennia nitida
Baccha ris halimif olia
Bacopa Monnieri
Bacopa rotundifolia
Bat is maritima
Borrichia frutescens
Cyperus odoratus
Echinochloa Walteri
Ele ochar is parvula
Eleocharis sp.
Fimbrystylis castanea
Gerard.ia maritima
Ipomoea sagittata
Iva frutescens
Leptochloa filiformi s
Lyciuxn caroliriianum
Lythruin lineare
Panicum virgatum
Paspulum vaginatum
Phragmites communis
Pluchea camphorata
Sal icornia Bigelovii
Salicornia virginica
Sci rpus Olneyi
Scirpus robustus
Scirpus validus
Spar-tina cynosuroides
Spartina s~partineae
Suaeda linearis
Vallisneria americana
Vigna repens

Gul f and Atlantic Dominant species Kur z and Wag-
Coast , Northern Spartina alterniflora ner , 1957
Florida Juncus Roemerianus

Minor species
Achyranthes philoxeroides
Andropogon &lomeratus
Andropogon virginicus
Aster tenui folius
Borrichia frutescens
Chactochloa geniculata
Chioris neglecta

(Continued)
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Table A2 ( Concluded )

Marsh Location Marsh Grasses Present Re ferences

Cymodocca manat orum
Cyperus erythrorhi zos
Fimbristylis cas t anea
Halodule Wright ii
Halophila Engelmarinii
Iva frutescens
Limoniurn carolinianurn
Lyorr ia pa lust ris
Muhienbergia capillaris
Panicum virgatum
Paspalurn vaginatum
Salicornia perennis
Solidago mexicana
Spartina bakeri
Spartina patens
Spartina spartinae
Thalassia testudinum
Uniola la.xa

Atlantic Coast , Major salt marsh species Adams , 1963
N. C. Spartina alterniflora

Spartina europaea
Juncus Roemerianus
Spartina perennis
Limoniurn carolinianium
Aster tenuifolius
Distichlis spicata
Borrichia frutescens
Fimbrystylis castanea
Spartina patens

Atlantic Coast , Dominant species Valiela and
General Spartina alterniflora Vince , 1976

Spartina patens

(Sheet 3 of 3)



Table A3
Compos ition of’ Salt Marsh Compartment I—C , Soil and Epiphytic Algae

Type of Alga Location Species References

Epiphytes Barataria Bay, Achnanthes Stowe et al., 1971
La. Amphiprora Day et al., 1973

Amphora
Bostrychia
Camphylodi s cus
Cladophora
Coc cone is
Cylindrotheca
Cymbella
Derrt icula
Diplonei s
Ectocarpus

~~~~~o!~or ha
Erythrotrichia
Graanrnatophora
Lyngbya
Melosira
Na vicul a
Nitzschia
Oscillatoria
Pleurosigma
Po lys ipho nia
Rhi zoclonium
Rhopalodi a
Spirulina
Surirella

Benthic and Barataria Bay, Achnanthes Stowe et al., 1911
soil algae La. Panphiprora Day et al., 1973

Amphora
Anaulua
C alone is
Cocconeis
Cos miodisc us
Diploneis
Eunotogramma
Gyros igma
Mastogloia
Melos ira
Navic ula
Nitzschia
Plagiogra>nzna
Pleurosigma
Rhaphone is

(Continued)
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Table A3 (Continued)

Type of Alga Location Species References

Stauroneis
Surirella
Trachysphenia

Epiphyt ic Delaware salt Enteromorpha sp. Gallagher and
algae marsh Daiber, 19714

Various fila.mentous
and f ol iaceous
green algae

Soil algae Banks and bare Blue—green algae Gallagher and
mud pans Diatoms Daiber , 19714

Delaware salt
marsh (sum-
mer)

Soil algae Sapelo Island, Blue—green algae, Pomeroy, 1959
Ga. dinoflagellates ,

green flagellates,
pennate diatoms

Soil algae Under salt Calothrix contarenii Van Raalte et al.,
marsh Lyngbya aestuarii 19714
grasses

Great
Sippewi s set
Salt Marsh,
Md.

Soil algae Great Amphiprora Estrada et al.,
Sippewisset Cladophora 19714
Salt Marsh, Diploneis
Md. Lyngbya

Microcoleus
Nitzochia
Oscillatoria sp.
Vancheris sp.

Soil algae Great Achnanthes spp . Van Raalte et al.,
S ippewisse t ~ir~ hora app. l976b
Salt Marsh , BidC~ulphia spp.
Md. Caloneis spp.

Cocconeis spp.
Cyinbella spp.
Diploneis spp.
Fragilaria spp .
Granimatophora spp.
Gyrosi~ na spp.

(Continued)
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Table A3 (Concluded)

Type of Alga Location Species References

Melosira app.
Navicula salinaruni
Nauiculum spp.
Ni tzschia spp.
Opephora spp.
Pinnularia spp .
Pleurosigma app .
Rhaphoneis spp.
Stauroneis spp .
Surriella spp.
Tropidoneis app.

( Sheet 3 of 3)



Table P.4

Composition of Salt Marsh Compartment I—D, Salt Marsh Herbivores

Name Marsh Location Food Reference

Orchemliumum sp. Sapelo Island, Marsh grasses, Smalley, 1958
(grasshopper) Ga. aboveground

portion

Ondatra zibethicus East Coast Marsh grasses, Teal and
(muskrat) marshes roots Teal, 1969

Myocastor coypus GUlf’ Coast Marsh grasses, C~iabreck,
(nutria) marshes roots 1972

Littorina irrorata Sapelo Island, Algal filaments, Smalley, 1958
(marsh periwinkle) Ga. epiphy-tic algae,

epipelic algae,
detritus

Neritina reclivata Louisiana Epipelic algae, Day et al.,
(smooth periwinkle) marshes epiphytic algae 1973

Melampus bidentaturus Louisiana Epipelic algae, Day et al.,
(small snail) marshes epiphytic algae 1973

Modiolus demissus Sapelo Island, Phytoplankton Kuenzler,
(ribbed mussel) Ga. epiphytic and 1961

epibenthic algae
loosened and
carried around
by tides

Uca Pu~ ial Sapelo Island , Epipelic algae Teal , 1958
(fiddler crab ) Ga.

Sesarrna sp. Gulf Coast Algae Personal Com-
munication,
April , 1975 ,
Ivan Valie-
la, Associ-
ate Profes-
sor, Boston
University
Marine Pro-
gram, Marine
Biological
Laboratory ,
Woods Hole,
Mass.

Green crabs East Coast Algae
marshes



Table A5
Composition of Salt Marsh Compartment I—F, Salt Marsh Detritivores

Name Marsh Location Food Reference

Li ttoriria irrorata Gulf Coast Detritus , de la Cruz ,
(marsh periwinkle) marshes Algal filaments 1973

Sapelo Is- Epiphytic and Smalley,
land , Ga. Epibenthic algae 1958

Day et al.,
197 3

Melampus bidentaturus Gulf Coast Detritus , de la Cruz ,
(small snail) marshes Epipelic and 1973

Epiphytic algae Day et al.,
1973

Uca pugnax Sapelo Island , Detritus , Teal , 1958,
(f iddler  crab ) Ga. Epipelic algae de la Cruz ,

197 3
Corophiuin sp. Louisiana Detritus Day et al.,
Ampilesca sp. marshes 1973

( amphipods )



Table A6

Composition of Salt Marsh Compartment I—G, Salt Marsh Carnivores

Organism Food Source Reference

Procyon lotor Molluscs, crabs Day et al., 1973
(raccoon )

Ci rcus cyaneus Mice , birds , other Teal and. Teal , 1969
(marsh hawk ) small animals

Mustela vison Mice , other small
(mink) animals

Various shorebirds Marsh insects , Teal and Teal, 1969
annelid.s , amphipods Day et al., 1973

Various spiders Marsh insects Personal Communication,
Dec. 1974, William
Pfeiffer, Biologist,
Georgia Institute of
Marine Science ,
Sapelo Island, Ga.

Rallus longirostris Snails , crabs , Oney , 19514
(clapper rails) insects, spiders Batenian, 1965

/1
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Table A8

Composition of Estuary Compartment IT—C, Periphyton and Rooted Macrophytes

Type of Plant Name — Occurrence Reference

Periphytic algae

Cblorophyceae Ulvella sp. Benthos, tidal mud Kapraun personal
Ulothrix sp. flats, shallow communication as
Cladophora sp. tide pools cited in Day,
Rhizoclonium sp. et al., 1973

Oscillatoriaceae Lyngbya sp. Minor component of
benthic algal mats

Oscillatoria sp. 0. ~rinceps often a
dominant in ben—
thic algal mat s

Spirulina sp. Minor component in
benthic algal mats

Chroorocaceae Anacystis sp. Present In benthic
Chroo rocorcus sp. algal mats
Meriamopedia sp.

Bacilhiarophyceae Amphiprora sp. Benthic diatoms
Axnphora sp.
Caloneis sp
Cylindrotheca sp.
Denticula sp.
Diploneis sp.
Gyrosi~ na sp.
Mastogloria ap.
Navicula sp.
Nitzschia sp.
Opephora sp.
Paralia sp.
Pleurosigma sp.

Macrophytic algae Bostrychia rivularis
Cladophora repens
Cladophora ~i-acilisEctocarpus sp.
Enteromorpha flexiosa
Gracilaria foliifera
Ulva lactuca

Rooted macrophytes Zostera marina Bering Straits to Thayer et aL, 1975
Baja, Calif.;
Greenland to Cape
Fear, N. C.

-Thalassia testudinum Florida coast Ziemax~, 1975



Table A9

Composition of Estuary~ Compartment II—E, Phytoplankton

Algae Estuary Reference

Actinoptychus Barataria Bay, La. Day et al., 1973
Bidduiphia

Ceratiuin

Chaetoceros

Cosc inodiscus

Cy1 indrothera

Dinophys is
Dityluin

Gonyanlax

Merismopedia

Nitz schia
Peridinj uin

Proroc entrum

Rhizosolenia

Exuviella apora Long Island Sound Riley , 1967
Paralia sulcata
Peridiniuj n

trochoideum



Table AlO(a)

Composit ion of Salt Marsh Compartment I—E and Estuary Compartment

Il—F (Detritus—Decomposers)

Locat ion and Decomposition
Detritus Source Type of Marsh Rat e ( %Jyr) Reference

Marsh grasses

Spartina spp. Barataria Bay,
La.

High marsh 80* Kirby , 1971
Streamside 89*
Tidal creek 96*
Bay St .  Louis ,

Miss.

High marsh 52* de la Cruz , 197 3
Sapelo Island ,

Ga.

High marsh 50* de la Cruz , 1965
Streainside 60*
marsh

Levee , marsh 65*
Marsh creek 88** Burkholder and

Bornside , 1957
Juncus Bay St. Louis , 40* de la Cr uz and

Roemerianus Miss. Gabriel , 1973
Sapelo Island , 35* de la Cruz, 1965

Ga.

Bodie Island. 147* Waits , 1967
N. C.

North of Cape 46+ Williams and
Lookout , N. C. Murdock , 1972

Distichlis Bay St. Louis, 38* Gabriel and
spicat a Miss. de la Cruz ,

19714
(Continued)

* Employed nylon bags of’ 1- to 5-mm mesh .
•~ Employed lath crates , 10—mm mesh.

+ Measured. disappearance rate without a container.



Table Al0(a) (Concluded )

Location and Decomposition
Detritus Source Type of Marsh Rate (%/yr) Reference

Sapelo Island , 53* de la Cruz, 1965
Ga.

Salicornia sp. Sapelo Island , 94* de la Cruz , 1965
Ga.

Scirpus Bay St. Louis 60* de la Cruz , 1973
americanus Miss.

Keips

Laminaria sp. Atlantic Coast N /A++ Mann , 1972
of Canada

Macrocystis sp. California Coast N/A

Sea Grasses

Thalassia sp. Southern U. S. N/A Mann, 1972
Gulf Coast

Zostera sp. Atlantic Coast , N/A
U. S.

Rooted Algae

Fucus sp. Nova Scotia N/A Mann , 1972

Ascophyllum sp. Nova Scotia N/A

Mangrove Leaves
Red Mangrove Puerto Rico 62 Mann, 1972

White Mangrove N/A Heald , 1969

++ Not available.



Table AlO (b)

Composition of Salt Marsh Compartment I—E and Estuary Compartment Il—F
(Micro bial Decomp oser Compartment )

Constituent Substrate/Location References

1. Bacteria
a. Organisms able to use marsh Spartina/Georgia Burkholder and

grass extracts Bornside, 1957
Aerobacter sp.
Flavobacterium sp.
Pseudomonas sp.
Serratia sp.

b. Dominant bacteria in soil Submerged sediments! Hood, 1970
Louisiana marshes

( 1) Aer obes

Bacillus sp.
Pseudomonas sp.

(2) Anaerobes

Clostridium sp.
Micrococcus sp.

~~~~~~~ sp.
c. Predominant bacteria in Louisiana Coastal waters Hood, 1970

estuarine water

Vibrio sp•
Pseudomonas sp.
Achromobacter sp.

2. Yeasts associated with marsh Viable green marsh grass tis- Aflearn et aL , 1970
grasses and soils sue , brown stem material Meyers , 19714

Pjchia ~~~~. 
undergoing dieback/Louisiana
marshesKluyveroniyces sp.

3. Fungi

Fungi associated with “die Spartina plant roots , stems , Sivanesan and Manners ,
back” of Spartina sp. rh izomes/’Englt sh marshes 1970
Cephalospoi-ium acremonium

ii. Nutritional types of bacteria Hood and Coiner , 1971
a. Proteolytic species

( 50—60 percent )

b. Lipolytic and Alginolytic
species (~40 percent )

c.  Cellulolytic species
(low concentration)

d . Sulfate reducers (pre -.
dominant physiological
form in the anaerobic
zone)

5. Bacteria dominant on marsh Marsh soil plus bottom 1/2 in. Hood and Colmer , 1971
soil surface of Spa rt ina stalk/Louisiana

mar shesPseudomonas ep.
Vj brio sp•
Bacillus sp.

(Continued)



Table AlO (b )  (Concluded)

- 
Constituent Substrate/Location References

6 Marine bacteria associated with Attached to Spartir~a plant! Hood and Colmer , 1971
marsh plants Louisiana Coastal marshes

Bacillus sp.
Cladosporiuin herbarum
Pusarium solani
Pencilliun digitatun
Pencilliuiu freguentans
Pencilli un variabile
Vricho dermum koningi

7. Fungi attacking Spartina by
mycota during development and
decomposition

Sphaerullna pedicellata Growth stage of ~~~~tina Gessner et al., 1972
alterniflora/Rhode Island

Leptosphaeria sp Browing stage of Spartiria
Haligenia sp. alterniflora/Rhode Island
Pleospora sp.
Lulworthia sp .

8. Bacteria dominant on marsh Marsh soil plus bottom 1/2 in.
soil surface of Spartina stalk/Louisiana

marshesPseudomonas sp.
Vibrlo sp.
Bacillus sp.

9. Marine bacteria associated with Attached to Spartina plant! Hood and Colmer , 1971
marsh plants Louisiana Coastal marshes

Bacill us sp.



Table All

Composition of Estuary Compartment II—G, Herbivores

Estuary
Name Location Food. References

Penaeus dunarwu Louisiana Benthic diatoms, Oduin, 1971
(pink shrimp) filamentous green

algae, filaanen—
tous blue—green
algae

Penaeus aztecus Louisiana “ Jacob and
(brown shrimp ) Loesch , 1971

Penaeus setiferus Louisiana “ Jacob and
(white shrimp) Loesch, 1971

Palaemonetes vulgaris “ Day et al.,
(grass shrimp) 1973

Palaemonetes pugio Day et al.,
( grass shrimp ) 1973

Trachyp~’neus similis 
“ Day et al.,

(penaeid shrimp) 1973

Xiphopeneus kroyeri “ Day et al.,
(seabob) 1973

Aipheus heterochaelis Day et al.,
(snapping shrimp) 1973

Adenia fenica Florida Benthic diatoms Forman, 1968
( diamond killifish ) Odum , 1971

Mugil cephalus Louisiana Vascular plants, Darnell, 1961
( stripped mullet ) Florida blue—green algae , Odum , 1971

diatoms , fila— Day et al.,
mentous algae, 1973
green algae

Cy~rinodon variegatus Louisiana Algae, plant Hildehrand and
(sheepshead minnow) fibers Schroeder,

1928
Forman , 1968
Oduxn, 1971

Fundulus grandis Florida Filamentous algae Oduin, 1971
(Gulf killifish)

Fundulus confluentus Florida Algae filaments Odum, 1971
(marsh killifish)

(Continued)



Table All ( Concluded)

Estuary
Name Location Food References

Poecilia latipinna Florida Algae, diatoms Odum , 1971
(sailfin molly)

Acartia tonsa Gulf Coast, Phytoplankton Day et al.,
(copepod) Atlantic 1973

Coast Riley, 1967
Miscellaneous species Darnell, 1961
of copepods



Table A12

Composition of Estuary Compartment Il—H, Detritivores

Estuary
Name Location Food* References

Mu~il cephalus Mississippi Detritus , vascular Darnell, 1961 , 1976
(stripped mullet) Sound, plants, diatoms Day et al., 1973

Louisiana filamentous algae , de la Cruz , 1973
blue—green algae ,
green algae

Brevoortia patronus Louisiana Detritus, zoo— June and Carlson ,
(Gulf menhaden) plankton, phyto- 1971

plankton Oduni, 1971
de la Cruz , 1913

Fundulus heteroclitus Louisiana Detritus Odum , 1971
(P.tlantic killifish) Florida de la Cruz, 1973

Adenia xenica Louisiana Detritus Odum, 1971
(diamond killifish ) Florida

Fundulus confluentus Louisiana Detritus , algal Odum , 1971
(marsh killifish) Florida filaments de la Cruz , 1973

Cypr inodon variegatu s Louisiana Detritus , algae , Hi ldcbrand and
(sheepshead minnow ) Florida plant fibers Schroeder, 1928

Forman, 1968
Odum, 1971
de la Cruz, 1973

Anchoa mitchelli Florida Detritus Odum, 1971
(bay anchovy)

Gainbusia affinis Gulf coast Detritus de la Cruz, 1973
(mosquitofish)

Mollienisa ( poecillia) Gulf Coast Detritus, algae Odum, 1971
latipinna (sailfin de la Crus, 1973
molly)

Rithropanopeus Florida Detritus Odum, 1971
harrlsii (crab )

Sesarma sp. Gulf Coast Detritus de la Cruz , 1973

Penaeus p~~~io Gul f Coast Detritus de la Cruz , 1973
( grass shrim p )

Alpheus heterochaelis Gulf Coas t Detritus de la Cruz , 1973

* Since detritus is rarely the sole food of any detr itivores , other food are
also given.



Table A13

Composition of Estuary Compartment lI— i, Carnivores

Estuary
Name Location Food References -—

Brevoortia patronus Louisiana Zooplankton , phytoplankton, Darnell , 1958
Wuif menhaden ) detritus

Brevoortia tyrannus Atlantic Coast Zooplankton and phytoplank— June and Carison , 1971
(Atlantic menhaden) ton (juvenile fish)

Zooplankton and detritus Jef’fries , 1975
(adult fish)

L~eioutomus aanthurus Gul f Coast Vascular plants , copepods , Parker, 1971
(spot) ostracods (Texas)

Pelecypods , detritus , Parker, 1971
copepods , (Louisiana)

Crustaceans, anoelids, Pearson , 1928
small molluscs , fish ,
detritus

Copepods , nematodes
diatoms , formaniferaris

Zooplankton, insect larvae , Day et al., 1973
fish

Adenix xenica Florida Small amphipods , copepods , Odum , 1971
T~T~mond killifish) small insects , vascular

plant detritus, benthic
diatoms

Detritus , diatoms , small Forman , 1968
crustaceans , insects

Fundulus grasdis Gulf Coast Amphipods, isopods, xanthid Forman, 1968
7~~ilf killifish) crabs, chironomid larvae, Oduin, 1971

terrestrial insects , Day et aL , 1973
small gastropods, fila—
mentous algae , poly-
chaetes , insects , small
fish , crab niegalops ,
nematodes

Fundulus confluentus Florida 5mall fish , amphipods iso— Odum , 1971
(marsh k i ll if i sh)  pods , adult and larval

insects , copepods ,
mysids , ostraiods , algal
filaments

Copepods , annelids , fish Townsend , 1956
(Florida)

Ostracods, harpacticold Darnell, 1958
copepods , det ritus,
vascular plants

Planktoni e and de rmersal Dawson , 1958
crustaceans, annelids

Amphi pods calanoid Thomas et a l . ,  1971
copepods , detritus

Cynoscion arenarius Louisiana Fish , macrobenthic species , Darnell , 1958
(san d seatrout) zooplankton , detritus ,

amphipods , fish , micro— Day et al., 1973
benthic spp.

Men idia beryllina Louisiana Amphipods , isopods , Darnell, 1958
(tidewater silversides ) chironomid larvae detri-

tus , zooplankton , vascu—
lar plants

F lori da Copepods , ~~‘sids , amphipods , Odum , 1971
terrest r ial insects ,
ehjronomjd larvae

Callinectes sapidus ~,ulf Coast Zooplankton Tagatz, 1968
T~7iie crab ) Oduin , 1971

Day et nil., 1973



Table All

jcling of Carbon in Marsh—Estuarine Ecosystems as Described by the General Compartmental Molel

Compartment Go.
and Iso ., - Form and Source of
Arr u :o. Mineral Rate of Transfer or Amount of Storage Reference

I—A Marsh soil Organic carbon added Accumulation rates in marsh soil Cs,mnen, 1975
by death of p lants or Initial leoel—— 12.2 g C/rn2
accumulation from Ac— Bare soil accwnulation——S0 .3 gC/nt
poo~ ted sediment Soil with Sp47~~na——87 .3 gC:m

2:yr
Fertilized soil with Spartina——~i.B gC:m

2:yr
Turnover time for carbon in soil——
3.7_ls .5 yr

Organic cotter in Organic Matter . S Broome et al • 1973
num b soil from Marsh Site (All Short Grass Tall Grass
Sparti ss marsh North Carolina) Marsh Marsh

Oregon Inlet 0.1 0.1
Ocracok e 0 .3  0. 7
Hatteras village 0.3 5. 1
North River 10.8 1.6
Beaufort 6.0 5 .0
Swaxs sboro 0.5 1.1
Oak Island 6.5  9.3

.irrow No . I ( 0 —A . I—H) Inorganic carbo n Insignificant Teal and Kanw is her , l stl

Arrow No. I (I— B , I—A) Inorganic carbon Release to soil water by marsh grass roots is Teal and Kasvishe r , 1:ti
s ufficient to add 21—30 miCO/i of water to
marsh creek wa ters by the time tidal waters
have left marsh surface via percolation of
water through soil

Organic carbon en— Not available for salt marsh plants
cre te d by marsh 

~~~ 
Available fo r freshwater emcrg ent Wet ze l and Rich , 1973

stitial waters macrophytes

Arrow l~ . 2 (I—A , I—C) Inorganic carbon in Described for besthic diatoms in sand , but Baird and W etze l , 1972
interstitial water specific uptake rates not available
Dissolved organic Possible source of SOC for heterotropic up— Hellebuat , 1967
carbon (b C) take by soil algae. Has not been studied for

specific marsh soi l and epip hyt ic algae , but
has been documented for planktonic species

Arrow N .  ( I—c , I—A)  :norgan ic carbon Specific rates of CO2 release by respiration
to soil water have nnt been measured

SOC Release of SOC to interstitial water of marsh
soil has not been studied. However , release
of SOC to water is inferred on the basis of
the following:

1.0 soil algae actively conduct p l otosynthe—
ala at depths of up to a few inn is marsh
soils

2.0 algae release SOC during photosynthesis. Hellebust , 1967
This enters surrsunding ,Mllieu

3.0 many species of algae produce extraeel— Smith. 1950
isobar slimes which are elaborated on the cell
surface and which are then solsbilized——a
necisanism which prevents build up of epi—
phytes and other microbes on cell surface,

Arrow No. 2 (I—C , I—A) Particulate organic Death of soil algae within soil matrix is a
carbon (Poc) ssurce of POC to marsh soil , but rates and

quantities are unknown

I—B Marsh grasses Organic carbon Production data is g dry weightos2 syr .  Car—
Spartina alterniflors bon contest ix approximately ove—h slf of this:

.15 Delawsre Morgan , 1961
120? Maryland Johnson , 1970
329—1296 North Carolina Stroud and Cooper, 1969
1000 North Carolina Willi ams and Ms.rdsch , iit 6
650 North Carolina Wili i .cr and Msirdoch , 1969
2883 Georgia Odu,, and Fannisg , 1973
2000 Georgia Seheisbe and Glum , 1961

985 Georgia Smalley, i959
1089—1961 Mississippi Gabriel and de 1. Cruc , 1971
1150 Louisiana Kirby, 1971

(Continued)
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Table All. (Continued)

Csospar trsent No.
and Name; Form and source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Reference

I—b Marsh grasses Organic carbon Percent carbon content of Spartina
(Continued) Spartina alt ern iflora altemniflora

(Continued) 40.77 Georgia Hurlsholder, 1956
38.3 Long Ssland , New York Udell et a D . • 1969
38.8 North Carolisa Williams , 1972

Organic carbon Production in g dry we ightsm 2syr
Spartina cynosuro ides 1028 Georgia Odum and Fanning, 1973

2190 Mississi ppi Gabriel asdde lsCru n , 1971.

Percent carbon content of Spartina Gabriel and de laCru z , 1971
cysosuroides , 32.10

Organic carbon Production in g dry weight:1
2 :Yr

Ipartina ~8lsnA 993 New fork Harper , 1918
1296 North Carolina Waits , 1967
1922 Mississipp i Gabriel and de laCrun , 1974

Percent carbon content s of Spartina 
~~~~~

5.26 Chabreck , 1972
29.36

Organic carbon Production in g dry weight :m2 syr

~Lioni~. Roemornanua 560 North Carolina Foster , 1968
796 North Carolina Stroud and Cooper , 1969
1360 North Carolina Waits , 1967
81.9 Florida Heald , 1969
169) Mississipp i Gabriel and de 15 Crux. 1974

Percent carbon content of .Iuncus
Roemerianus

36.6 de la Cruz and Gabriel , 1973
26.1.5 Chabrec k , 1972
1.6.3 Gallagher , 1971.

Organic carbon Production in g dry wei ght sin 2 syr
Diatic hIis !Sli8ia 1681. Mississipp i Gabriel and de laCruz, 1971.

Percent carbon contest of Distichlis Chabreck, 1972

~~~~~~ 23.61.
Organic carbon ProductIon is g dry wei ght sm 2 :yr

~&issis robustus 1056 Minsissipp i de is Crun , 1974
Percent carbon content of Sci~p~~. robustus, Chabreck , 1972
23.15

I—c soil algae Organic carbon Production in g C.m2:yr

200 Georgia——marsh soil Pomeroy, 1959
79—99 Delaware——marsh soil Gallagher and Daiber , 1976

21.1. Louisiana Brkich ma cited in Day
et ml . ,  1973

1—C Epiphy tes OrganIc carbon Production in g C .m 2 :yr
103.9 on Spartin a , Louisiana Stov e , 1971
10 aver age over Barat ari a Bay marshes , Day et ml . ,  1973

Louisiana

Arrow No, 3 ( I — B , I — K) Organic carbon 90—95 % of annual production Teal , 1962

Arrow No . I. ( I — H , I—D ) Organic carbon 5—10% of annual production Teal , 1962

Arrow No. 5 (I— C , 1—0) POC No val id estimatea are available from current
literature or other sources

Arrow No . 6 ( I — C , I —E ) POC No valid estimates are available fro m current
literatur e or ot her sources

1—0 Marsh herbivores Organic carbon No data are available on total marsh herbi—
vsre product ion

Arrow No . 7 (1—D , 5—0 ) Organic carbon No valid estimate s are avai lab le from curre nt
literature or other sources

( Continued )
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Table All. (Contisued)

J.11 ,rtmt : 1  I s .
sod Icc; )orm and Source of
Arrsu is. Mineral Rate of Transfer or Amount of Storage Reference

Arrow I~~. 8 ) I—fl , i—K) rg ,sic carbon No valid estimates are availab le from current
literature or other sources

Arrow I . 9 (I—F , i— F( l’OC Approximately 500 KC :n2 .yr are consumed by Day et al . ,  1973
detritivores and by microbial decomposition
processes on the marsh (Arrow No. 12 (I—E l ,
1—112))

A rrow Is . 9 (I—F , I—K) Organic carbon No valid estimates are available from current
literature or other sources

Arrow No . 10 )I—F . I—G) Organic carbon No valid estimates are available from curr es6
literature or other sources

Arrow lii . 11 )i—G , I—K) Organic carbon 110 valid estimates are available from current
literature or other sources

Arrow No. 12 (I—Fl , 1—112) Organic carbon from Decomposition rates of various detritus sub—
Spartina spp. leaves strates (S/year)

Georgia (Sape lo I sland)
50 H igh marsh de la rr oo , 1965
65 Levee marsh Ac ia Cru o , 1965
60 Strea .nside marsh de la Cr un , 1965
88 Marsh creek H ur kh old er and Bornside , 1957

Mississ ippi  (Bsy St . Lou is)
52 Nigh marsh Ac la Cru c , 1973

Decomposition rates of various detritus sub-
strates (S/year )

Louisiana )Harataria Bay )
80 High marsh Kirby , 1971
89 Stresmoide marsh
96 Marsh creek

.Iuncuo roemerianus 1.7 North Carolina Waits , 1967
leaven 35 Georgia (sape lo Island) de la Cr u x , 1965

36 Florida (Everglades) Heald , 1969
IsO Missinsippi (Hay St. Louis) de Ia Cru x and Gabriel , 1973

Dint ichlis ~~~~~~ 96 Georgia )Sapeio Island) de is Crssz , 1965
leaves 38 Mississippi (Hay St. Louis) GabrIel scA ds laCrux . 1971.

Salicornia np. leaves 96 Georgia (Sapelo Island ) de la Crux , i965
Red mangrove leaves 60 FlorIda (Everglades) Heald , 1969
White mangrove leaves 38 Florida (Everglades ) Peald . 1969

Arrow No. 12 31—1. , I—El) No valid estimates are available from current
literature or other sources

Arrow No. 13 (I—i , I—A ) POC No valid estimate has been made since an Teal , 1962
estimated 65% is exported 1 the estuary /
year; whatever of the remaioin g 55% which is
not consumed by detriti vores must become part
of marsh soil or be decomposen to CO2

Arrow No. 13 (I—A , 1—K ) Organic carbon (as Inconsequestial ——serves as a reservoir of in—
live cells) ocul.um for new detrits l materials

1—11 Detrites microbial Organic carbon Actual masses of detritus have not been
decomp osera measured

I— F Iletr itivores Organic carbon Specific estimates of total detritivore bis —
mass and carbon contents not available from
curre nt literature or other sources

1—0 Carnivores Organic carb o n Speci f ic  estimates total carnivore biomass
and carbon contents not available from cur-
rent literature or other sources

Arrow No. I I. ( I— B , I — C )  Non e No carbon transferred

irrsw No. 15 LU —b , I l — C )  Inorganic carbon Li t t le  or no inorganic carbon I s tahen up
this way

Arrow No. 15 ( 1 1 — C , l I — B )  Inorganic carbon No information available on root respirat ion
rates and carbon dio xide release by roots

)Co ntin u ed)
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Table All. (Continued)

Compartment No.
and Name; Form and Source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Reference

Arrow No.  15 ( I l — C , I l — B )  Organic carbon Release of organic carbon f:om roots to aedi —
(continued) ments in either dissolved or particulate form

has not been documented

Il—C Periphytic algae Organic carbon Production in g dry weigh tsn 2 ;yr

l4icrobenthic algae 1.00 Georgia (lapels Island ) Pomeroy , 1959
Benthic algae 370 Louisiana (Barataria Bay ) flay et al ., 1973

Ulva lactuca 785 New York Udell et al , 1969

SI—C Rooted macrophytes Organi~c carbon Production in g dry weight .n2syr

Thalassia testudiniusn 5660 Puerto Rico . Burkholder et ml., 1959
Zontera marina 21.61. New York Udell et x l . ,  1969
Zostera marina 66 Rhode Island Nixon ansi Iviatt , 1973

Il—Il Dissolved mineral Inorganic carbon Average concentration Teal , 1967
pool 1 .61 ng C/ c  Woods Hole , Mans.

Amino acids l0~~ moles /i——sea water , Ca lifornia coast Stephans , 1967
2. 5 5 10_ S 

mol e s/ 0—— in t ers t i t i a l  wat er ,
California coast

10~~ — 10~~’ miles/F inshore water ,
California coast

I CC——general 1.8— 2.25 mg C/ I——sea water Field , 1972
Dissolved organic Material under m .w. 500
matter 0.67 mg C/I Tokyo Bay Ogura . 1975

Total dissolved organic matter

2.89 mg C/H Tokyo Bay Ogura. 1975
1.1.1 mg C/i Sagami Bay Ogura, 1975
1.10 mg C/i U . North Paci f ic  Ogura . 1972

Arrow No. 17 ( I l — B , I l — I )  Inorganic carbon General evolution and release rates unkno wn
Methane
ICC

Arrow So. 17 (SI—I . Il—B) Inorganic carbon General diffusion and sorption rates unkno wn
DCC

Arro w No. 18 ( I l — I , I I—E)  In organic carbon 0.2 ag C:I : hr  Teal , 1967
Organic carbon No data for phytop lankt on as a whole

Arrow No. 18 ( I I — E , I I— D) Inorganic carbon
Organic carbon No esti s.ates available for natural popu la— Hellebust , 1967

t i on s .  Values for pare cultures vary

II —E Phyto plan hton Organic carbon Production in g dry weight: m 2;yr
Was hington

380 Upwelling north of river Anderson , 1961.
220 River mxuth
152 Ocean beyond river Anderson , 1961.
150 River plume

NeW Yor k
987 Hemp stead Bay , Long Islan d Udei l  et m l . .  1969
512 Long Island Sound Ri ley . 1956
1.00 Shallow coastal water off  New Yor k Ryther and Ys .s t seh , 10,1’
300 Continental Shelf area Ryth er efld Yest sch , 1919
250 Continental Slope Ry t her and yents r h , 19 ,9

1368 Coastal water , Georgia Thosas, I l l s
1.18 Louisiana )B.ratmris Bay ) tay ~t .1. • 1973

l I — F Detri tus——microbial  POC 35— 42 g/.3—Louisiana )Rarats.ria Hey) Crsv-~ r c .. , 1970
deceposers

Arrow No. 19 (Il—K , 11—0) organic carbon 75% of net annual production——Louisiana l~ y et Si.. . l~~’
(Bmrataria Nay)

Arrow No. 20 (lI—C , 11—0) Organic carbon No dat a

Arrow No . 21 ( l I — c , II—?) Organic carbon No data

(Continued)
(Sheet A of’ 61



Table All. (Continued)

Compartment No.
avid Name ; Form and Source of
Arrow No. Mi neral Rate of Transfer or Amoun t of Stora ge Reference

Arrow No. 22 (Il—F , SI—N’) Organic carbon 25% of net annual production (extrapolation) Day et al., 1973
Louisiana (Barataria Bay)

11— 0 Estuarine herbIvores Organic carbon 2.5 g:m~:yr xooplankton Day et xl. • 1973
1.0 g.m yr others
Louisiana (Barataria Ray )

Il—H fletritivorea Organic carbon 3.1.8 g C5m 2:ya. Day et xl. • 1973

Arrow No. 23 (11—0 , lI—I) Organic carbon No data. Estimate of 21 g C:m2:yr Day St ml ., 1973

Arrow No. ,.o. (Il—F , Il—H) Organic carbon No data

Arrow No. 21. (11—H , IS—F) Organic carbon No data

Arrow No. .25 (Il—H , IS—I) Organic carbon No data

Arrow No. 26 (Il—I , Il— F) Organic carbon No data. Estimat e of 9.53 g C:n2ryr (top Day et al., 1973
carnivore production) )Baratar la Bay, La.)

Arrow No. 27 (11—0 , lI—F) Organic carbon No dat a

Across No. 28 (lI—I , IS—F) DCC Little direct transfer except for dissolved Baylor avid Sutc liff , 1963
organic matter sorbed onto detritus and
d.c novo synthesis of detritus from dissolved
materials. No data

Arrow No. 28 (lI—F , IS—fl) DCC Up to 82% of dry weight of Zostera marina Harrison and Mann , 1975
can be leached out . No data for others

Arrow No. 29 (lI—H , 1I—D ( DCC Urea——no data for populations

Inorganic carbon Resp iration——no data for populations

Arrow No. 29 (II—D , IS—H) DCC None

Arrow No. 30 )II—D , Il—I) ICC None

Arrow No. 30 (11—I , Il—fl ) DOC Urea——no data for populations

Inorganic carbon Respiration —no data for populations

SI—I Estuarice carnivores Organic carbon 21 g C :rn2syr——Lcuisians )Harataria Bay) Day et al., 3973

Arrow No. 31 (II—D , Il—C) DOC No data

Arrow No. 31 (Il—I , Il—I) DCC Urea——no data for populations

Inorganic carbon Respiration ——no data for populations
Arrow No. 33a (SI—K , Il-B) Particulate organic Primarily bones that contain carbonates plus

matter undecomposable residues——no dat a

33b (Il—I . IS—B)

33c (Il—I , lI—B)

33d (Il—F , Il—H)
IS—B , Il—F )

33e )II—5 , Il—B )

Arrow No. 3I~ (Il—Fl , Organic carbon 1 g detritus consumes 1 mg 02/hr Hargrave , 1972
II— F2) 5 0.38 mg c :g detritus/hr

fenes consume O.l4_ 3. 5 ~g 02 :
g :h 5 average 0.76 ag C:g feces :hr

Across No. 358 (flood) Inorganic carbon Probably have no net addition to marshes

Organic carbon Mast carbon brought onto marsh surface was
originally generated there and is merely
shuffled arowid by the tides

Arrow No. 35B (ebb , Inorganic carbon 20—30 ml 002/i water added by respiration of Teal and Kanwisher, 1962
flush , storm ) marsh grass roots/tidal cycle

FCC 3.1. tons :hs mas’ah:yr — 1.36 tons C :ha marsh: Oduln and de Ia Cruc , 5967
yr 50% of marsh grass production

Arrow Nc. 36 ( I I I , 11—A) DOG Highly variabl e and watershed specific

Dissolved Inorganic
carbon

( Continu ed)
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Table All. )Concluded)

Compartme nt No.
and Name ; For,, and Source of
Arrow No.  Mineral Rate of Transfer or Amount of Storage Reference

Arrow No. 36 (Il—A , Ill) No valid estimates are available
Arrow No. 37 (I, IV) Inorganic carbon

Spartina sp. Respiration 3661. g:m2:yr = 151.6 g C:n2:yr TeaL , 1962

Arrow No . 37 (iv, I)  Ino rganic carbon 
2Spartina sp. Spartlna sp.

2grass production — 81.52 g.m ryr Teal, 1962
3381. g Cm :yr

Arrow No. ~8 (IS—A , IV) Inorganic carbon 2 0 lO~~ cm
2/sec diffusion air • water Teal , 1967

Arrow No. 38 ) I V , I S — A )  Ino rganic carbon 02 0 l0~~ cn 2/sec diffusion water • air

Arrow No. 39A (flood) Inorganic and organic No data
carbon

Arrow No. 39H (ebb) Inorganic and organic Net export to gulf — 1.2.4% of net production Day et xl .,  1973
carbon available to estuary or 30% of total net

production of estuary — 356 g C:m2 over total
estuary area

( Sheet 6 of 6)
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Table All

Cycling of Nitrogen in M~rsh—iotuarise Ecosystems as leocrlied by the Ae,mcral Cos~ artaestol M~~1ei

Compartment No .
sod Name ; Form and Source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Re f e ren c e  —

I—A “ore ’. soil Nitrogen Percent nitrogen content of marsh soi ls Chabreck , i97r
(Louisiana coast). saline vegetative
type 0.1.1., br ackish type 0.72

A r r~ ss N .  I (1—A , S—B) Inorganic nitrogen Nitrogen is limiting to plant gr.mvth;uptslse Teal and Teal , 1969
(n i t r a t e, assnosiun ) rated Is soil not detailed

l r r o ss N . . . 1 ( I — P . I—A) Organic nitrogen (sits— Evolution rates not detailed
o,, l v r , l  and part icu-
late) mars h grass
roots

Arrow 1. , . 2 (I—A , I_ r I Inorganic nitrogos Route for N supp ly to algae living within
(nitrate , u.asonissn ) soil matrix —— so data

Icc u N. . 2 (I—C , I—A ) Dissolved orgasmic Excretion and lysis of algae source of din—
nitr ogen solved organic nitrogen. Amount ur,hsown

i, r ’,i ,ul at ,, organ ic Cell death provides organic sitrogen to
n i t r o g en soi l

I—B Marsh grasses Percent nitrogen content

2l .srr is.., alternif lors 0.8 i ivo r i o ’. , i r c I , orolism a Broome et xl ., 1973
le ,svcv 0.7 lead tlas t .m

0.7 live 1 0 ’ , ;vo rgia Gallagher , l975a
0.7 b .1 ilasts
2.12 Aco York Hurkholder , 1956
1.1,0 Hall et al., 1970
0 .51. Tac hdj ian , 1951.
2.23 Udell et xl., 1969
1 .31 Stuchey, 1970
1.18 W Illiams , 1972

Spartina cynosuroides 0.15 icorgia de La Crux , 1973
leaves 1.20 Florida Johnson , 1970

Organic nitrogen Percent nitrogen content :
Spart ina ~~~~~~ 2.01. tcoirr ana Chsbreclc , 1972
leaven
Juncus Roeserianus 0.1.6 Mlr~oiosl pp i ir,b2 mast Gabriel avoids la Cruz. 1971.
leaves 0.85 Stuckey, 1970

1.45 Loui~ ians coastal orsr. r m e s  Chabreck , 1972
Live 1.20 livv , lcssrgia Gallagher , l975A
Dead 0.8 b oi l , ‘icorgia Gallagher , l975a
Diatichlis 5~A t a  1.38 Yool. lana Chabrec k , 1972

~~~~~ robustus 1.37 Loom lana Chabreck , 1972
irs w 1. . 9 (I—H , I—E ) Organic nitrogen No data
Arrow N~. I. (I—B , 1—0) Irg .oslc nitrogen No data

I—C Soil algae Organic nitrogen No data on nitrogen contest of marsh algae

A rrow N .  6 Il ~°. I—E) Particulate organic No data
nitrogen

1—0 Nerbirores Organic nitrogen No data

S—I Det rltr,s—mi crsb ial Organic nitrogen Percent nitrogen content of detritus.
mleeons posers Ipart ina alternif lora 2.12 Burkholder, 1956

2.23 Udeil ci al. • 1969
1.18 Willia m s , 1972
1.31 Stuckey , 1970

.2I.r.r’io.o c.ynosuroides 0.4 5 de la Cruz , 1973
Johnson , 1970

.Juncus °oemerianus 0.78 de la Crux , 1973
0.95 W illia m ,, 1972

I— F De t r i tus—microb ia l  Organic nitrogen Percent nitrogen content Of detritus
‘lecomposere Di s t i ehi in 5~j5j5ta 0.1,6 de lx Cruz , 1973

0.85 Stuckey , 1970

Arrow 1, .’ . 7 )i— D , S—f.) (mrgasi ’ nitr ogen No data

A r r . s No. 8 (1—0 , i-~ rgu n i . nitro gen No data

Arrow No. 9 ( 1 — 1 , I — F )  ‘gaol . nitrogen No data

Arrow No. 9 (I—F , I— F .) ,,go n l nitr ogen No data

Arrow No. 10 (I—F , 1—0) organic nitrogen No data .

Arro w N~ . i i  ( 1 — 0 , 1— F ) rg ’ , s r i  nit rogen No data
I— F Marsh rletr ltie or es Organic nitrogen No data for detri tivore pop ulations

Arrow No. 12 (1—El , 1—12 ) Organic nitrogen Computed from tabulated data ,

Spnrclns alterslfiora 16.98 g N ra 2 ryr de lx Cruz , 1973
.Juncus ‘soemerlanun 3.00 g N mm 2 ry r

Di stichl la ~~~~~~ 4.01 g N:m 2 syr

Arrow No, 13 (I—A , I—I) No data

Arrow No. 13 (I- F , I A )  No data

Arr’,w 5, . 11 (I—N , I— C) No data

Arrow No. 15 (Il—B , Il—C) Inorganic nitrogen No data

(Costinued (
(Sheet 1 of 4)



Table All )Contlnueri )

Compartment N . .
and Home ; Fonn and Source of
irr.a N. . Mineral Rate of Transfer or Amount of Storagc Reference

Arrow No. 15 (li—C . IS—B) °rgasio nitrogen Excretion of dissolved organic nitrogen and
eSfollation of particulate organic mate-
rials into estuarine sedjnents from rooted
macroph.ytes not quant i f i eI

lI—H F.stuarine sediments A,snsoni,.us nitrogen 0.01—0.37 mg N}13—N/g dry weight Hrr.r,hs et xl., 1971
sediment (Florida , Waccasassa)

Dissolved free amino COncentration Is Interstitial water Clark et al., 1972
acids = 350 ug/ t (California coast)

A,maosium Concentration is interstitial water Ho and Lane , 1973
( Louisiana):
John the Fool Bayou 690 mg/F
Airplane Lake 6.1,5 mg/I

Free amino John the Fool Bayou 1.13 mg/I. ito and Lane. 1973
acid—N Airplane Lake 7.33 mg / I

Combined amino acid—N Jshn the Fool Bayou 1.63 mg/i Ho and Lane. 1973
Airpl ane Lake 2.46 mg/ i

Total N John the Fool Bayou 17.66 Ho and Lane, 1973
Airplane I.alse 18.82

Total nitrogen 0.39% Ho, 1971

Within sediment nitro— 3. Y gN rm 2.yr Waccasassa Estuary , Florida Arooks et al ., 1971
gee fixation 113 ag N:m2:yr — comparative freshwater Keirn and Brezonils , 1971

rate , Lake Mine

1.9 0 10~~ mg 11.9 sedmyr 8 205C — Maruysssa et al., 1973
comparative marine rate — Pacific Ocean

lI—C Periphytrsn and Organic nitrogen No data on nitrogen contents of benthic
rooted macrophytes algae and rooted ssacrophytes

IS—D Dissolved mineral Dissolved insrgs nic 17.71 sg N/i Ps.nllco River Estuary Harrison , 1973
pool nitrogen (total 0.315 ag N/i John the Fool Bayou Ho et al., 1970

inorganic N ) 0.200 mg N/ I. Airplane Lake
0.13 ng N/i Lake PsIourde

Aomonium—I 389 ng N/A pcllsted zone, ScRseldt Estuary, Bl u es, 1971.
Belg ium
6.65 pg N/i Ps.nlico River Estuary Harrison , 1973
220 pg N/I .  Lake Mine , Florida, Keirn and Brezssih , 1971
comparative freshwater value

Nitrate—N 21 pg N/F Scheldt Eatuary, Belgium Ru les, 1971.
10.97 pg N/k Fszs].ico River Estuary Harrison , 1973
0.09 i.g N/I Ps.mlico River Estuary

Organic nitrogen 115 pg N /H surface waters , coastal Clark et a l . ,  1972
diss.lced free amino California
acid 170 pg N/f — bottom water,, coastal

CalIfornia

rn/F sea water Stephans , 1967

10
_h 

— lO~~ a/H inshore water

Total organic nitrogen 0.96 e.g N/i • Lake M ime , Florida, corn— Keirn and Brenonik , 1971
psrative freshwater value

Arrow No. 17 (Il—B , II—D) Nitrate nitrogen 0.11. pg W/a2/sec fluz from sediment to HIllen , 1971,
water is a sitrification mone , neheldt
Estuary, Belgium

Organic nitrogen No data

Arrow No. 17 )II—D , Il—B) Organic and inorganic No data
nitrogen

Arrow No. 18 (II—D , Il—B) Nitrate—nitrogen Nitrate Half—Saturation Values, Carpenter and Guillard, 1971
Cy cloteila mama ~g N O ~~ 

~~~~~
3H 115.91’ 26.18

7—15 73.78 16.66
13—1 23.56 5.23

Fr.agj(a r la BiDiiS!a
13—3 38.1.4 8.68
0—12 101.68 22.96

Beiierochla ap.

lID 15.50 3.50
615D 7. 1, 1, 1 .68
Sag—I 1.25. 91. 96.18

(Coat imued)
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Tally All (Continued)

Compartment N o.
and Ha n sel Form and Source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Reference

Assnosiu,, and Nitrate—N A,smonius and nitrate nitrogen half—
saturation values:

NO3
—N )pgN/I( NH 1.—N )pgN/I) Eppley al . 191

)~j~y)un bright wcb li 8.1,0 15.1.0

Coscinr,discus lineatus 13.60 39.20
39.20 16.80

Coscin odi a cus wa il erii  29,1.0 60.20

- 
71.1.0 77.00

Asterionei la japonica 9.80 21.00
16.2 8.1,

Gosaulox polyedra 120.1.0 79.80

Gynsnodiniu.s oplesdess 53.20 15.1.0

Inorganic nitrogen 5.7 = l0’~ pg N rLday mean uptake for mined Dugdale and b erin g,
s,snoniucr planhton sample 5967

Ansnoniu,o plus nicrate Average nitrate uptalse with asnnonium is the

same water 8.3% (1 .7 10
_I 

pg N i d a y )

Half—saturation constants (pmolea/i) at
18°C for cultured marine phytoplankton

Oceanic species pg N03— N t  pg NH1.—N I Eppley rt a l . ,  i ’ll

Coccolithus !8151 _ 1.1, 1.1.

Chaetoceros gracilis 1.2, 1. 1. 7.0, 1.2

Cyclotella sass 1,2 , 9.8 5.6
Slneletonema coatatum 7, 5.6 50.1.0, 11.20
Leptocylindrus danicua 18.2, 16.8 1.7.6, 12.6
Rhizosolenla .9, 35 78.1., 130.2
stolterfothi i

NO 3— N ( p g N / f )  NH 1. — N ) p g l l / I )

Monochrysis lut .heri 8.1, 7.0 Eppley et aS., 1971

Isochryais ~~~~~~ 1.1. ——
Dunaliella tertiolecta 19.60 1.~.

II—E Phytoplanhton Grganic nitrogen No fixation of nitrogen in time tidal water Whitney et al. • 1975
cOlumn . Flax Pond , Lang Island

Aphanizosnenos NItrogen fixation by blue—green algae In Horse and Goldman , 1972
flos—aguae fresh water 1.8 g ,m 2:yr

Anabsena circina lis

Total nitrogen 1 — 10% of dry weight of cells Fowden , 1962
= 0.16 — 1.6 e.g N /s

TI—F Detritus microbial Organic nitrogen I~ la Crux and Gabriel ,
dec omposers .luncus troe,n er ianu s During 36—day incubation period , particu— 1971.

leaves ltte detritus decomposed 50 percent while
relative nitrogen content increased from
0.1,1. to 1.21 percent

Arrow N . 19 (Il—K , Il—b ) Organic nitrogen No data

Arrow N’.. 20 (lI—C , II—G ( Organic nitrogen No dsta

Arrow No. 21 (Il—C , Il—F) Organi c n it rogen No data

Arrr:w Nv. 22 (Il-k , lI—F) Organic nitrogen No data

TI—C Herbivores Organic nitrogen No data on nitrogen content of herbivore
populations

lI—H Detritivmm ren Organic nitrogen No data on nitrogen content f letrltlvor e
populations

Arr , .w a~. 23 ) I S—G , IS—I ) Organic nitrogen No data

Arrow No. 21, ( t I — F , i l — H) Organic nitr ogen Nss data
Arr rs w N,. . 21. (lI— F , Il—H) Organic nitrogen No data

Arrow No. 25 (Il-H , 11—I) Organic nitrogen No data

Arrow No. 26 (lI— I , IT—N) Organic nitrogen No data
Arr,,w No. 27 (lI—C , Il—F) Organic nitrogen No data

Arrow N . . 28 (11—0 , Il—F ) Organic and Inorganic No data
n i t r ogen

Arrow 1r~. 28 ( l I — F , I l — I )  Nrr da ta

Arrow No. 29 (li—b , Il—H) Orgalsic ansi inorganic Noea not occur
n i t rogen

Arrow No. 29 (Il—N , lI—N) Organic nitr ogen Urea encretion not determined f’sr popul a—
tjos,s of del r l ’ fy o r e s

Her’ s No. 30 ( I l — U , S I — I )  Organic and inor gani c Dome not o.’rur
nitrogen

(Con tinued )
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Table 615 (Concluded)

Compartment No.
and Name; F. ni’ and Source of
Arrow No. Mineral 

- Rate of Transfer or Amount of St0ZSL_,__ Reference

Arrow NC .. 30 (Il—I , II—D) Organic nitrogen Urea excretion not determined for popula-
tions of carnivores

Il—S Carnivores Organic nitrogen Nitrogen content sot studied for popula-
tions of carnivores

Arrow No. 31 (SI—b , SI—N ) Organ ic and inorganic Does not occur
nitrogen
Organic and inorganic Urea and s,snnoslum excretion not determined
n i t r ogen for populations of herbivores

Arr.’sz N .  :. , ( I l — A , lI—B) Organic and inorganic No data on nitrogen removal to sediments
sitrvgen eIther sorbed no precipitating materials or

as a component of them

Arrs,s. No. ((a—c Organic nitrogen No data on nitrogen removal to sediments in
the form of dead organisms

Arrow No. 31 (rI—Fl , Total Inorganic Average release of total Inorganic nitrogen Ryther and Dunstan , 1971
II—F2) nitrogen accompanying decompositio n of mixed plank-

ton = 0.067 pg N/L/day ’1

ArroW No. t I m (Il—F? , Organic nitrogen No data
SI—Fl )

Arrow No. 35A (II , 5) Organic nitrogen Nitrogen contained in detritus is re—
shuf fled by tides that move the material
around on the marsh. Amount of nitrogen
so affected not measured

Nitrate nitrogen 1.3 kg N/ti de. Flax Pond , Lang Island Whitney et al., 1975

Arrow No. diR (111111 , II) Organic nitrogen

Nitrate nitrogen 5,5, kg N/tide — Flax Pond, Long Island Whitney et si. • 1975

Arrow 3 .  36 (lI—A , III) Organic nitrogen Organic nitrogen moving upstream as fish
not assessed

Arrow No. 36 (III, Il—A) Total inorganic Average nitrate plus ammonia input of river Nam es, 1975
nitrogen water estimated from U. S. Geological Sur-

vey water resources data — 0.1 mg Ni l

Organic nitrogen No dat e

Arrow No. 37 (I , IV) Inorganic nitrogen Loss up to 17% of total nitrogen in Patrick and Gotoh , 191?.
(molecular and 120 days
nitrous oxide)  7.61. ppa N03—N/day microbial NO3 removal Engler and Patrick . 1971

from floodwater over salt marsh

Inorganic nitrogen Doe—half to two—thirds of labelled N lost Patrick and Thnseem ,
(molecular and during months of incubation . Fifteen to 1972
nitrous oxide) 20% of total soil nitrogen lost as a
(Continued) result of alternat e submergence and

drying

Ar row No . 37 ( I V . I )  inorganic nitrogen Nitrogen fixation rates
Marsh soils Top I. cm of all sediments Whitney et al., 1975

12—800 pg N:e2:isr 1 
- Flax Pond, Long

I sland

Stagnant pools 8 .6_i, 800 pg Nma 2:hr — Flax Pond , Long
Island

Panne 63.5 og N e 2.hr — Flas Pond , Land Island
Nudflat 136.0 pg N :m2:hr — Flax Pond, Long Island

lpartina sediments

Tall form 116.0 mg N:n . hr Whitney et e . l . ,  1975
Dwarf form 65.1 pg N1m2:isr

Inorganic nitrogen Fixation by algae on marsh soil ‘Ian Raalte et sI., 1971’

surface — .g N:.2ihr

Jane 1972 — 159.5 — Massachusetts
August 1972 — 12.13 — Maasachusetta
May 1973 — 97.7 — Massachusetts
June 1973 — 161.3 — Ma ssachusetts
Rlue—green algae mats — 59.9 pg lIIc.2:lsr —

Massachusetts

Blue—green algae mats — 260—8900 pg Whitney et ~i .  • 197 5
N:m ~ :hr 1 — Plan Pond , Massachusetts

Organic nitrogen No data on nitrogen content of marsh algae

Arrow No. 38 (lI—A . IV) Molecular nitrogen N.. data
estu a rine water

Ar r ’,w No . 38 (IV , i l — A )  Molersilar nitrogen No data
atmosphere

Arr,,v No. 39A (N, II) Organic end inorganic No data
nitrogen in estuary
waters

A.rr .5 No . 39R (II , H) Organic end inorganic No slat.
sitroges is Can
waters _________________________

- . — 
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Table 616

l~ 
ling ..f (‘hospiormo is Morsh—Eoto’srise Ecosystems ax Described by tIm e General Compartmental Model

C ssmpsrtcmo’nt No.
sol Name ; Form and Source ml’

Arro W So. Minera l  Bate of Transfer  or !s,sount of Storage Reference
I—A Marsh  soil Total phosphorus Saline vegetative type of soil , aver— Chabreck , 1972

is, soil age of 0.08 ppt. Brackish vegetative
type of soil , average of 0.00’, ppt .
Both from the Louisiana Gulf coast

Arr..w . . 1 ( I — A , 1 — h )  Is ,, ,r5’.ssmic phosphorus Label in soil moves into plant In maxi— Reinold , 1972
mum concentrat ion In 10—15 days post-
addition

I . , 1 ( I - i , 1—A) Organi c phoo ph oruo No data on amount of organic phosphorus
excreted by grasi roots or organic pho l—
phorus lost to soil by sloughing of root
and rhi zome t issues

A s s ., l ’s . 2 ( I—A , I — C )  Inorg anic  phosphorus No data
Arr .  mm 1.. . 2 ( I — C , I— A )  Organic phosphorus No data
I— B Marsh grasses Phosphorsso in marsh Percent phosphorus content

grasses
Spartina alternifl. o ra 0.25 — Georgia marshes Burlshslder, 1956
Upartisa cyxmosur oid es 0.10 — Gulf coast marshes de la Cr,iz , 1973

0.11. — Atlantic coast marshes Johnoon , 1970

Spart ina ~~~~~~ 0.01. — Louisiana coastal marshes Chabreck , 1972

.luncsm s roenerianus 0.2 11 — Gulf coast marshes de 1~ CruZ, 1973
Distichlis Ipicata 0.11 — Louisiana coastal marshes Chabreck , 0972

~~~~~ rob ustus 0.18 — Louisiana coastal marshes Chabrecln , 1972
Arrow ho. 3 ( I — B , I — k )  Org anic phosphorus No data
Arrow No. I, ( I — B , I—N) Organic phosphorus No data

I—C Soil, and epiphyt ic Total phosphorux Phosphor.s content (Note: exszisples are
algae nai nly freshwater phytop lanktons)

Aot erione lla formosa 6 0 10 8 
to I’ o lO

_6 
pg P/cell Lund , 1950

Algae is general Minimum phosphorus requirement in cal— Machereth , 1953
tare exper iments

6 ° lO
_8 

pg F/cell
As terionell~ japonica 5 n lO~~ pg P/cell Goldberg et sl., 1951

Chiorella pyrenoidosa Minimum content = 1 s ll~~ pg P/cell Al Kholy , 1956
Maximum content = 1.5 = 1O

_6 pg P/cell
Scendesmus siuadr icanda 9.2 5 10~~ pg P/cell — 8. ’T 0 10 6 pg Franoew , 1932

P/cell

Arrow No . 5 (i—c, I—a) Organic phosp hor us No data
Arrow h o .  6 ( S — C , I — k )  Organic phosphor us No data
Arrow No. 7 ( I — N , I -G)  Organic phosphorus No data
Arrow No. 8 (I—i , I—E) Organic phosphor us No data

Arrow No. 9 (I—F , I—F ) )rganic phosphorus No data

Arrow b .  9 )I-E , I—F) Organic phosphorus No data

Arrow No. 10 ( I — F , 1—0 ) Organic phosphorus No data

Arrow No . Ii ( I — a , I—k) Organic phosphorus No data
I—F Detritivores Organic phosphorus No data

Arrow No. 12 (S—El , Organic phosphorus No data
l-F2 )
Arrow ii. . 12 (1—12 , )Psrt lcui ate and No data
I—El ) dissolved)

I—K (1 and 2)  tritus- Organic phosphorus No data 2
m i , r m b i a l  .1 mp .,..rrm (particulate and

disso lved )
Ar c - u No. 13 ( I — E , OrganIc phosphorus No data
I — A l
Arr ~ No. 13 ( i—A . . r s , , s m i ,  phosphorus No data
I — t i
Arc s 1> .  11. (I—B, ‘ rgan ic phosphorus No date

5— mi b r,,’n ivo r cm rms.snn mc phosphorus b data

)Conti~ued)

Fresh water.
8 ,g-s ’. . ‘ ‘ s r igina l ly  in water.  )Sheet 1 of I,)



Table Al6 (Continued)

Compartment No.
and Name; Form and Source of
Arrow No. Mineral Rate of Transfer or Axnowst of Storage Reference

A.rr.,w No. 15 (IS—B , Inorganic phosphorus From interstitial water in root zone McRoy an’i Barsdate , 1970
il—C ) into eelgrana — 0.31, og F/p lant

Sediment phophorous sorption by ~~~~~ DeMarte and Hartman , ilTi.
2~tiiaa exalbescens )freoh water ,
milfoil )
M uch — 911 cpin:g dry weight:8 hr
Sand — ll,,016 cpmig dry wei ght:8 hr

Arrow No. 15 ( l I — C , Organic phosphorus No dAta on amount of organic pi.osphorun
S I — B )  lost by plants by excretion into sedi-

ments or by sloughing of roots and
rhi zomes

SI—H Estuarine Available phosphor os
sediment

IS—B — Estuary Available phosphorus Freshwater sediment = 1.6 Ag P/g of Upchurch et xl. , 1971.
sediment sediment

18 ppt salinity sediment 0.3 pg P/g
of sediment

Both from Fsmniico Estuary

Total phosphorus Data available for freshwater mud only Harter , 1968

Total phosphorus 230 mg/lOO g mud

NII’,—F soluble P 19 ,zg/100 g mud
NAON soluble P 27 mg/lOG g mud

SI—C Periphyton and Organic phosphorus No data available for individual species
rooted macrophytes of macropbytes. For examples of data on

various algae , see Compartment I—C , Soil
and Epiphyt ic  Algae , thi s section

Il—N Dissolved mineral Dissolved and partic— H a l i f a x , Nova Scotia , coastal waters Watt and Hayes , 1963
pool ulate phosphorus

Dissolved Percent of total and equivalent amounts
Inorganic phosphorus 0.9% 5 0.35 pg—atoms P/ i.

Part iculate phosphorus 75.8% = 2.98 sg—atoms F/i
15 . 3 %  o.6G pg—atoms P/ i.

Interconversion Betw een dissolved inorgan ic phosphorus
r ates and particulate phosphorus

0.2 3 pg—atoms P:E:day

Between particulate phosphorus and
dissolved organic phosphorus
1 .2 Ag-atoms ?:iIday

Normal phosphate 0.23—0.29 pg P/i. Georgia estuaries Pomeroy et xl., 1965
Phosphorus in 1.25 pg P/ s. Sapelo Island , Georgia Poneroy , 1960
estuarine Water

Brackish seawater 2.9 bg at P/i (30% salinity ) Ketchwn , 1967

Surface coastal water 0.5 sg at P/i (30.95% salinity)

Deep ocean water 1.25 pg at P/i. (3i.% salinity)

Arrow No. 17 (SI—B , Inorganic phosphorus Phosphorus in EquilibrIum Between MacPherson et al., 1958
SI—N) Sediment and Water (Fresh Water)

P ro— Unpro—
due— due—

Acid Bog ti ve Modium nS..’o
Lake Lake Lake Lake

I. 0.17 mg/i  0.2 5 0.05 0.025
5 0.15 mg/ k  0.22 0.05 0.05
6 0.17 mg/ k 0.20 0.075 0.075
7 0.2 mg/k 0.18 0.15 0.125
8 0.3  mg/ f 0.30 0.35 0.2

Extractable phosp horus 10— 35 ppm , depending on redo., potential , Pa t r i ck , 1961.
from submerged soil +500’. +200 mY

Phosphorus release Final Concentration of Patrick , 1961.
to water Phosphorus (ppm )

~iL 
Aerobic Anaerobic

Commerce soil 5.1. 0.02 2.92
Crowley soil 6.1 0.002 0.005
Moreland soil 6.8 0 .D I,  11.1,8
Sh arkey soil 6.5 0.03 1.17

( C on t i nued )
(Sheet S of 1.)



Table A16 )Cont inued ) 

,s snssst 30.
,~ . ;  ~~~~~~ Form and Source of
Icr .1 0.. . Mineral  Rate of Transfer or Amount of Storage Reference

Ar r  w I - 17 (Il-is , l’hosphate-phosphoruo Final Con— Change in Pomeroy et 51., 1965
SI—I; aol lI—I , —B) equilibrium between Initial Con— centra t ion Phosphate

estuarmne water and centrat ion of Phos— Concentratios
sediments of Phosphate phate in in Sediments

in water water )i.g POi,/g dry
( p g / k )  (p g / i ) Sediment)

O 0.72 + 0.03 —1.0
0. 5 0.73 * 0,02 ~0.1.
1.0 0. 90 + 0.07 .0.6
2. 5 0.89 0.05 -P7.6
1. 3 0.87 + 0.02 + 11.0
8.l. 1. 61 • 0.22 *30.9

irs’s I;. . .7 ( I I — : . Phosphorus uptake from 100 mg/niP added to water , Final F PatrIck , 1961.
I l — B )  water ( f r e s h )  Conce ntrat ion in Water (mg/ni)

Aerobic Conditions Anaerobic Condition s

Commerce soil 79.2 66.1
.‘r.,oiey soil 1.0.8 6.7
Moreland soil 1.8.2 13.0
Sharkey soil  62.7 11 .0

Arrow I i .  18 ( l I - I , Inorganic ph osphorus 0.511 g/m 2P required to maintai n primary Ketchum and Coral s , 1965
S I — k )  production of 2 gC :m 2 sday

Arrmmw No. 18 (IS—k , Organic phosphorus 0.507 gmn 2 :da4’ phosphorus excreta ”i by Ketchum and Corwin , 1965
IS—I) ) plankton to water

Organic and inorganic 8.1 pg—at Pmg algaemhr excreted by Solomi and Pomeroy , 1965
phosphorus algae Into water

IS—k Phytoplankton Organic phosphorus For examples of data on the various
algae , see Compartment I—C , Soil and
Ep iphytic Algae , t h i s  section

S I — F  D e t r i t u s —  Organic phosphorus No data
mi crobial decompoSers (dissolved and

pa r t i cu la t e)
Arrow No. 19 ( S I — h , Organic phosphoru s Fresh water data only . Peters and Rigler , 1973
11—0 ) Particulate food (algae and bacter ia)

ingested by zooplankton
27. 11% of total phosphorus of troph—
ogenic  zone ingested/day

511% of ingested materials are
assimilated
Most of the assimilated phosphorun is
excreted as P0’,
1.6% of ingested phosphorus defecated in
particulate form
10.6% of total trophogenic zone phos-
phorus regenerated/day
Phosphorus content of yeast ingested by Peters and Lean , 1973

rosea = 8.97 pg P/day

Arrow No. 20 ( I S — C , Organic phoaphoru s No data
11-0 )
Arrow No.  21 (I l—C , Organic phosphorus No data
l I — F )
Arrow No. 22 ( l I — k , Organic phosphorus No data
( I l — F )
Arrow No. 23 (11-0 , Organic phosphorus No da ta
S I — I )
SI—U Herbivores Organic phosphorus No estimates available for phosphorus

content of total heribvo re population

IS— H Netritivore n Organic phosphorus No est imate s available for phosphorus
content of total detriti vore population

Arrow No. 21. (SI—F , Organic phosphorus 2.I,~8.2 mg P/m
2 Pomeroy et al., 1972

I l — N )
Arr ssw No. 25 ( l I — H , Org anic phosphorus No data
I l — I )
A r r s. I I . . .~‘l (rI—I , Organic phosphorus No data
I l — F )
Arc,,v No. 27 ( I l — c , O rganic phosphorus No data
IS—F)
Arrow No , 28 ( I I — D )  Inorganic phosphorus Lake water to particulate free— Lean , 1973

lion • 0.9 mm
Lake water to colloid fraction
(binding) 0.022/mis

(Continued ) (Sheet 3 of 4 )



Table 11.16 (Concluded)

Compartment No.
and Name Form and Source of
Ar row No. Mineral Rate of Transfer or Amount of Storage Reference

Dissolved inorganic Estuarine water to protozoan m Johannes , 1965
phosphorus (DIP) DIP remaining in water

after (pg atoms/i.)

Or&an lxix ~~~~~
Euplo tCs cannon 0.18 3.1
Cil iate  #11 0.11 2.0
Ciliate #13 0.11 2.0
Mixed cilja tes 0.21 1.0
Ciliate #2 0.08 6.0
Ciliate #1. 0.23 I..5
Ciliate #6 0.17 3.8
Ciliate #11. 0.16 2.1
Bacterial,
control 0.19 0.6

Arrow No. 28 (Il—F , Organic phosphorus Particulate fraction to lake water Lean , 1973
Il—I) = 0.022/hon

Colloid fraction to lake water
a 0.0017/mm

Phosphorus excretion rates (body equl— Johannes, 5,965
valent contents )
Euplote s crassus 160 aiim
Euplotes cannon 20 nm
Euplotes trisulcatus 1i3 mm
Uronema sp. 114 mis

Bacteria to protozoa to water —
9—10 days of turnover tine (31—85% of
dissolved inorganic phosphorus
concentration )

Bacteria to water — 9—10 days of turn-
over time (<1% of phosphorus in
e’i.lture)

Arrow No. 29 ( l I — N , Inorgan ic phosphorus Does not occur
S I — H )
Arrow No. 29 (SI—il , Ino r ganic phosphorus Phosphorua excretion da ta ,
IS—Il )

Oysters 0.2  * 0.03 Mg—atoms P/g /hr  spring Satom i and Pomeroy , 1’ E’ ,
0.2 * 0.06 pa—atoms P/ g/hr summer

Detritus feeders 2. i ,_ 8.2 mg/m Poner.sy ci. a i .,  1972
Arrow No. 30 ( I l—Il , Inorganic phosphorus Does not occur
IS—I >

Arrow No. 30 ( l I — I , Inorganic end organic Excietion by Fundulus and Notemigonus C o f f i n  et a ’ . ,  191.9
lI—tm ) phosphorus to wster — 2 cpm/gP in organism
Arrow No. 31 ( 11—0 , Inorganic phosphorus Does not occur
I I — S I )

Arrow No. 31 (l I— li , Inorganic and Excret ion by zooplankton to water Satom i and Pomeroy , 1965
01 — 0 ) organic phosphorus 7. 9 • O P  pg—atoms P m g m h r

Or thm ~Ih o aphate Excretion by zooplankton to water Pssmeroy et a l . ,  1963
phc~.p lm oruo 950 Mg—ato m s F:m3:dal’

• 11.71 mg P:g dry plankton day
Soluble organic Excretion h y  zoop lanktom to water Pomeroy et a l . ,  1963
phosphorus 882 pg—atoms P :m l:day

- 1.55 eg P:g dry p lanktonm day
Inorgan ic phosphorus Excretion by D~phnia rosea to water Peters and Lean , 197 3

( fresh) ,
Rate — 0.08 pg P:mg dry veight :hr
Net — 0.823 pg P:mg dry wei ght

Arrow II ,. . (2— 34 and Organic and Inorganic  No data
36—l.0)A.1 1 Compartments) phosphorus
Arros 10. 35A ( I I , I )  Dissolved phosphorus No data on uptake from waters by salt

(organic and marshes
inorganic)

Arrow No. 355 (I , II) Dissolved isorganic Excretion by marsh grasses into tidal Reimo ld , 1972
ihosphorus s waters = 9.81. mg—atoms P/m/ (tidal cycle)

leseral Turnover Time. I- mr Inorganic Phos”horus in Georgia Coastal Waters

Doboy Sound 50 hr light , 69 hr dark (February ) Pomer oy , 1963
Doboy Inlet I. hr l ight  or darN (Apri l )
Coastal water 34 hr light , 73 hr dark (Apr i l )
Sapelo salt marsh 11 hr l ight , 1.9 hr dark
water
Altssmaha R i v e r  1 hr l ight , 9 hr dark (May )
(No stoceae bloom)

(11,eet a of I,)



Table AlT

ç~ c1ing of Sulfur in Marsh—Es tuar ine Ecosystems as Described by the (leneral Compartmental Model

Compartment No.
end Name ; Form arid Source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Reference

I—A Marsh soil Inorganic sulfur Oxidation of inorganic sulfide Conne ll and Patr ick , 1969
Sulfiden—sulfates Rapid in soil under aerobic conditions
Org an ic sulfur One—hal f of sulf ide oxidized In 15 mm

All sulfide oxidited in 18 hr

Reduction of sulfate requires
radon ( —150 ,iV

Arrow No. 1 ( I — A , I — B )  Inorganic sulfurl Uptak e of inorganic n u P i d e m  by r ice p lants  Engler and Pa trick , 1975
in flooded so i l s

Solubi lity P roduct Percent U ptake of
Constant (Ksp ) Added S =

Na 2S 1 . 0 5 io
l (s .I.9

MnS ~. L p SO _ 15 0.62

FeS 3.7 5 l0~~~ 0. 1,3

ZnS 1.2 iO 1
~ 0.38

CuS 3.5 u 10
_ lB O.i8

HgS 1.0 o l0 50 0

Arrow No. I (S — Is , I—A) Organic sulfur N~ data

I—B Mar,h grasses Total (organic sulfur)

Spartina alternif lora Percent total content )fb..rtls Carolina) Broome et al., 1973

Tall form 0.1.8
Short form 0.75

IS—B Estuarmne sediment Su,lfide—su.lfur Sulfide proomiumr tion in SO cm’s. Mini cores Svm nov , 1968
from fresh water,

0.5—1.5 nsg ii. )kp~ wet sesiimentYm (day)
mleepest part of lake

12—19 ng ~~ (kg wet, sediment) , (day) slope
of take

Sulfide produc t ion in laboratory mixed cul— N aitai and Jensen , 19614
tures containing sulfate reducing bacteria :
10—145 mg S= s k day

Arrow No. 28 (rI—F , Il—I) Iiuifide— sulfur Production of sulfide in detrItus mixtures ’ Ranim and Bella, 19714
iO—115 mg l~mQ ’1:d’ , o’~ -~ s.s.io l Los of
algal extracts  and sed iments

Sulfide—sulfur ProductioO of sulfide by sediment bacteria: Edwards, 1967

Deaulfovibrio desuifuricans - pore bat ch
cultures

Crowin g populations 200—250 mg S :  t ’  day

Stable populations 100—150 mg Q~ ‘day

Field  determination in lake water using Sorok in , 1970
J5~. 0.1—0.2 mg i ’miay

In muds collected fr,n slope of lake sear
r i ve r  mou t h s

10—15 ng S -  (kg wet s.ediment ) ’dal’

No other data

‘ Thi s end preceding sulfides were usstablr in aerobic soil with degree of ox ida t ion  of su lf ide  by oxygen in soil
adjacent to root zones responsible for making su l f u r accessibie for ,aistake.



Table Aib

Cyclin g of Lead in Marsh—Eot ,isri sse Ecosystems as Described by the General . ~npartmenta1 Model

Compa rtment No.
and Nsm’ne~ Form Sod Source of
Arrow No.  Mineral Rate Of Transfer ‘mr m ount of Storage Reference

I—A Marsh soil Total lead Mean lead conter ,ts in top 2 cm of marsh Banun et al , 1975
soil:

72.8 mg/m~ (1971)
72.5 mg/ n ( 1972)
Great Sippewisset Sall. Marsh , Massacbusett ’s

Mean lead contents in top 2 cm of marsh
soil fer t i l ized with low levels of
fertilizer:

714.0 mg/m~ (1971)
120.0 mg/n (1972)

Mean lead contents in top 2 cm of marsh
soil fertilized with high levels of
fertilizer :

131 mg/m~ (1971)
157 mg/m (1972)

Lead contents of marsh soil of dredged Driff sneyer and Omium ,
material orig in (pp b) 1971,
26.0 ppb — Vi rginia

Average metal contents in upper h O cm Dunstan and Windom , 1975
(pg  (g dry weight of Sediment)—1 ]

22.2 Santee River
13.9 Cooper River
15.9 Savannah River
19.2 Altsmaha River
111.0 Satilla River
9. 14 St. Johns River

Average content i6.6
Georg ia salt marsh estuaries

Range of lead in marsh soil Dunstan et al . ,  1975
0.5—20 ppm

Total lead in various Average contents in ppm of soil dry weight I{allberg, 1974
layers of soil

A layer 9. 51 ppm Denmark
B layer 7.58 ppm
C layer 15.56 ppm
D layer 1.92 ppm

Acid—soluble fraction Top 2 cm of marsh soil cores Valiela et al., 19)4
Control plots 62.3 + 2.1 ppm
LF plots 113.0 + 5.0 ppm
1fF plots 117.0 + 22.7 ppm
Great Sippewisset Salt Marsh , Massac husetts

Total lead Lead in Connecticut salt marshes in ppm Siccame and Porter , 1972

Surfs e 1 m deep

Area 1 1 07 + 7  3 0 + 5
Area 2 9 5 + 5  1 3 * 2
Area 3 83+5 31+6
Area 4 8 2 + 1 4  1 0 + 3
Means 92 21

Quantitative d istribution in 3 soil Siccana and Porter , 1972
profiles

Total . %
Fit No. 1 0..23 3.6 53

23—33 1.8 26

33—119 L5 21
Pit No. 2 0—9 2,8 36

9— 38 2 . 3  30
(Con tinued )

Note: LP——froai areas treated wi th  low levels of fertilizer ,
HP—— from area s treated with high levels of fer t i l izer . (Sheet I of 4)



Table AlS (Continued)

Compartment So.
and Sane ; Form and Source of
Arrow h o .  Mineral Bate of Tr ansf er or Amount of Storage R e f e r e n c e

S—A Marsh soil cm ~~~~ Total , %
Pit No. 2 (Continued) 38—117 0.9 12

ll7_lhsO 1.7 22

7.7

Pit No. 3 0—19 1.5 29

19— 25 0.2 4

25—51 0. 4 8

51—81 0.5 10

81—89 0 .2  14

89— 163 2 .3 45

Average 5.1

Average Cone 6.5 ppb

Total lead Concentration of lead in sediment cores Banua et al , 1974
from areas where Spartin a aJ .te r niflor a
was growing :

0—10 cm 912.5 ppm Neponset River Marsh
60 cm 15. 5 ppm

0—10 om 98.1 ppm Barnst able River Marsh
10—13 cm 38.8 ppm

0—2 cm 66.0 ppm Great Sippewixsett
9— 10 Sm 50.0 ppm Marsh

15—16 em 63.0 ppm

I—B Mars h grasses Total lead Mean iCad content of live and dead plants Banus et xl. • 1975
Spartina a.lternlflora (ppm OS’ oven—dried mater ia l s )

Live plants 1971 Control 6.8 ppm
LF 9.8 ppm
HF 12.3 ppm

197 2 Control 2 ,3 ppm
LI’ 3 .2  ppm
HF 4.8 ppm

Dead plants 1972 Control 10.8 ppm
HF 10,3 ppm

Spartiria 
~~~~~~

Live plants only 1971 Control 5.8 ppm
LI’ T.B ppm
HF 7.8 ppm

1972 Control 2,6 ppm
LI’ 1.8 ppm
HF 5.0 ppm

Comparative lead levels in grasses on nat— Driffliieyer and Odom,
oral Nnd dredged material soils in ppmfg 1974
( dry weight of gr ass)

Dredged Material Natural Marsh

Phra~~ ites coemunj s 4.4 + 5 . 3  0 .5  + 0.6
Spertina aleernlflora 5.1 + 1.2 1.9 + 0 .7
S~sartina ~~~~~~~ . 9.1 + 2.9 0.8 + 1.4

Average contents: 14 .0 ppm for
grasses on dredged material,
2.0 ppm for gra sses on natural aoili

Average lead concentrations in Spertina Dssnatan and Windom ,
alterniflora from several Georgia area 197 5
salt marsh estuaries in p g/ ( g  dry wei ght
of aboveground and rhizome)

5.35 Sentee River
4 .2 Cooper River

(Con tinued) (Sheet 2 of



Table AI. 8 (Continued )

Compartment Nm .
and Name ; Form and Source of
Arrow No.  Mineral Rate of Transfer or Amount of St m ra ge Re feren ce

I — b  Marsh grasses Total lead
(Continued ) Spartina alterniflora 5.2 Savannah River

(Continued) 4.2 Altamaha River
2.6 Satilla Ricer
2.83 St. Johns R ive r

Average 4.06 pg/g

Concentration in live plant samples: Banun st ml., 1974

Spartina alterniflora 23.2 ppm Neponset Marsh
5.4  ppm Bar nstab le Marsh
6.8 ppm Great Si ppewi sset t

Marsh

Average 1 3 . 2 - -  values from sever Bl Massa-
chusetts salt marshes

SI— S Detritus—microbial Total lead Mean concentration of lead in detritus from Banus et x l .,  1975
decomiposers tidal creek sediments:

1972 Control 77 ppm
LI’ 62 ppm
HF 106 ppm

Concentration in detritus from dredged ma— Driffmeyer and Odum ,
terlal grown plants: 11.5 ppm 1974

Acid—sol ble lead Concentration in a~id—xol~ble fraction of VaUela et ml., 1974
detritus on marsh creek surfaces:

Control 77.3 ppm
LF 105.8 ppm
1fF 65.3 ppm’

Great S.. ,~pewissett Salt Marsh , Mass.

S—F Marsh detritivorea Total lead
Modiolus demismus Averages for 2 yr (1971—1972): Banus et xl. • 1975

Control 2.7 ppm Valiela et x l . ,  1974
LI’ 3.1 ppm
HF 2.6 ppm

lice Control 0.7 ppm
LI’ 3.0 ppm
HF 7.5 ppm

I l—B Estssarine sediments Total lead Fresh water example: Oliver . 197 3
Ottawa River 26 ppb
Rideau River 42 ppb

Suspended estua r ine sediment ; Dunstan and Windom , 1975
82 pg/(g dry weight of’ sediment )

Suspended sed iment entering estua ry from
river:

87 pg/ (g dry weight of sediment )

Above are aver ages for southeast coastal
marsh—e st ua ries

( Con tinu ed )

(Sheet 3 of 14 )
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Table AlB (Concluded)

Compartment N 0.
and Ra ise ; Form and Source of
Arrow No.  Mineral Rate of Transfer or Amount of Stor age Reference

IS—B Estuarine sediments Methyl lead Methylation of lead in aquatic sediments Wong et al. • 1975
(Continued) (no estuarine studies to date; all fresh

water)

Trimethyl lead to tetrainethyl lead —

6 percent/week

SI—C Peri phyton and Total lead
rooted mnacrop hytes Ma crocystis pyrifera Average com’centra t ion in pg/(g ash Soothe and Knauer, 1972

wei g h t )  = 6.~ + 1.6

I t — P  Dissolved mineral Soluble lead 1.5 ppb in water Dunstan et x l . ,  1975
pool 2 .2  ppb in estuarine water

2 . 3  ppb in river water (v ia  Arrow No. 36
I I I , ISA)
Above are aver ages for southeast area
marsh—estuaries

Average concentrations during various times Knaue r and Martin , 1973
of year , Monterey Bay , California:
Period of intense coastal
upwelling a 1 a g/ B
Period of low upwel ling 0 .5  ag/ i
Period of oceanic dominance a 0.4 u g h
Period of mixin g = 1.6 pg/f.
Average value for Pacific Ocean a 0.4 ag/ i

IS —S Phytop lan kton Total lead Pond ecosystems in malt marshe s established Dri ffmeyer and Ositim ,
on dredged material: 29.0 ppm (Virginia)  1974

Phytoplankton in Monterey Bay5 California: Knauer and Martin , 1973
Period of intense upwe lling = 5 ugf
(g dry weight )
Period of low upwelling a 5 ug/(g dry
weight )
Period of oceanic dominance
= 10 ug/ (g  dry weight )

11—0 Herbivores Total lead Herbivores in pond ecosystems in salt Dri ffmeyer and Oduin,
marshes established on dredged material 1974
(Virgin ia)

Cyprino don va r igatus 3 . 3  ppm
Gambusia affinis 8.4 ppm

IS—H Detritivores Total lead Det ri tivore s in pond ecosystems in salt Drif fmeyer and Oduis ,
marshe s established on dredged material : 1974

Pelaemonetes ~~~~~~ 11.0 ppm
(sh rimp)

Mercen sria mercena ria 2.8 + 0.6 ppm Valiela et xl. • 1974
(clam )

Crassostrea vir ginice ‘1 ppm
(oysters)

I l—I  Carnivore s Total lead Carnivores in pond ecosystems in salt Drif f’meyer and Odum ,
marshes established on dre dged material: 1974
4.5 ppm

(Sheet 4 of 4)



Table All

Cycih,.g of Zisc in Mars i Est oari ne Ecosystems as Described by t h e  Marvh—f s toss-Inc Model

Coapartasat 50.
and Masse; Fore and Sourc e of
Arrow No. Misera.l Rate of Transfer or hnount of Storage R efere rw ,

I— A Marsh soil Total cisc Mean nine contents is top 2 cm of Sarah soil: Ranos at ci. • 1975
102.0 ag/a 2 ( 197 1)
142.0 ag /s2 )i972)

tr eat lipp ewissett sail. Marsh, Mane.

Mean zinc contents in top 2 cm of marsh
treated with low levels of fertiilzer :

158 sg/,s2 ) s 97l)
249 ag/s2 (1972)

Mea n zinc eostents in tsp 2 cm of marsh
tr eated w ith high levels of fer t i l i zer:

107 mg /a2 (1911)
682 e.g/a2 ( 1972)

Average zinc concentrations in marsh soils Ilunstan and Windoss , 1975
from Southeastern salt Marsh—Estuaries in
ug/)g dry weight or sediment)

69.0 Santee River
42. 1. Cooper River
69.6 savannah River
1.4.2 Alt emaha River
43 .3 Satilla River
14 .9 It . Johns River
49.8 Average

Range of nine concentration s in upland (New Hodgsos et xl. • 1966
York) soils: 32—172 ppb

Soluble nine Zinc eomplexed in soil solution in upland
(hew York) soils: 66 ppb )37%))silt and
grave l loans)
Zinc is layers of soil in Danish intertidal Hallberg, 1974
area (pp m ) :

Layer A 41.0
Layer R 28.9
Layer C 43. 5
Layer 5 5.1

Soluble ninc Zinc in phases of soil solution (p p m ): Geeri ng and Rodgson , 1969

Or ginal solution — 5.165 ppm (8 3 % )
Nondialyxabie scil solution a 0.025 ppm
Iiialyxable fraction — 0.120 ppm

Acid—soluble sine Concentration is avid—soluble fraction of Valiela et al , 1974
top 2 cm of cores:

Control 113.0 11.6 mg/n2
LI’ 228.0 • 18.6 mg/rn2
HP 514.0 • 43.5 sg/m2

Total zinc 63. 1 ppm dredged spoil (Virginia) Driffaeyer and Odsa , I i i
6.3 ppm in natural marsh soil

S—B Marsh grasses Total nine Mean concentration of nine in plants froa banus et a l. • 1975
spartina alterniflora from Sreat sippewissett Harsh:
Live plant s Control 1971 16 .5 • ? .2 ppm

1972 10.8 + 1.3 ppm
LI’ 1971 24 .2 • 3.4 ppm

1972 13. 8 + 0.9 ppm
HF 1971 29.3 • 2.3 ppm

1912 26.7 ± 6.4 ppm
Dead plants Control 1972 11.0 • 1.1 ppm

NP 1972 44 .8 3.8 ppm
Spsrtina 

~~~~~ 
Control 1971 15.3 + 3.8 ppm

Live 0517 1972 11.8 • 2.3 p p m
IF 1971 30.5 • 6. 4 ppm

1972 12. 1. • 1. 6 ppm
RI ’ 1971 28.6 • 5.6 ppm

1972 19.3 * 2.8 ppm
total nine Concentration of nine in grasses occurring DriffNeyer and Oda. ;.~ L

in dr edge—spoil pond sod natural marsh ecs—
systems in Virginia

I—B Marsh grasses total line Dredged ipoii Natural Marsh
(Continued) Phrsoites 5~~~ayis 214 .8 • 6.8 ppm 14 .0 + 0 .3  ppm

szsartina alt ern lfiorn 38.6 + I S A  ppm 20.1 • 1.0 ppm
Szsrtin. 5~~ 5! 

28.9 * 10.2 ppm 21.2 • 0. 8 ppm
Sp.r tin a aitersif lora Aver age nine concentrations in pla nts fr om Dumsten end W isdom , 1915

southeastern salt manh—estusries is
a g/(g dry weight of sedieent) 5

33. 8 lantee River
36.1 Cooper River
24.6 Savannah River
30.6 kitasaha Siver
39.8 Sat i lls Saver
25.8 St. Johns R iver

(Contisussi )

Note~ IF—— from area , trea ted s it h  low levels of fert l i ia .r .  liP——from areas treated with high levels of fe rt uiine r .



T able Al9 (Concluded)

Compart,sest No.
and Noise; Form and Source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Reference

I—K Detritus- ,sicrobiai Acid soluble zinc Concentration in aeid—solsbie trectioo of Val ie la ci a S.  • 1974
decomp oser n detritus on Sarah cr eek surfaces , Great

Sippew lssett Salt Marsh , Mass .
Control 139.5 + 23.0 ppm
LI’ 189.0 + 17.7 ppm
HF 239.0 * 28.0 ppm

i — F  I l e tr i t ivor en Total zinc Mean concentration in detr i t iv ores  I ron Basso et a l .  • 1975
Great Sippew issett Salt Marsh . Mass. Val icia at 51., 197 4

Modiolus de,sissus Control 1.8 ± 0.9 ppm
IF 52 ± ii. ppm
HF 52 ± 2.0 ppm

Sea 29~ (8A. Cnntrol 92 ± 3 ppm
IF 109 ± 11 ppm
NP 8 1±  1 ws

IS—B Estuar ine sedisent Total nine Freshwater ensmpleI Ol iver . 1913
Ot t awa River 84 ppb
Rideau River 86 ppb

Concentration or nine in suspended sediments Dszstao and Wisdom , 1975
in Southeastern salt Marsh—Es tuaries (ppb )
Sediment of estuarine origin n 471 ppb
Sed iment of riverine origin (Arrow No. 36
I I I . SIA) — 496 ppb

SI—C Periphyton and rooted Total sine Concentration of sinc is plant~
aacrsphytes Hacrocystis pyrifera 33 ± 2.2  pg/ (g ash dry weight ) Soothe and Knauer , 1972

Pucu, serratus 316 ppm ( dry weight noes-age) Puge and Jam es , 1973
Pucus vesicu losu s 433 ppm (dry weight average )

TI—il Dissolved mineral Soluble z inc  None found Is southeastern salt marsh— Dun ston and Wisdom , 1975
poo l estuaries

Zinc in water in Monterey Bay , Calif . Knauer and Martin . 1973
Period of intense s.pwelling = 12 pg/c
Period of low upwelling — 6 pg/i
Period of oceanic dominance = I. pg / K
period of mix ing — 2.1 pg/i
Average surface water concentration Pacific
Ocean (Hawaii to Monterey) — 2.0 sg/i

i l — K phytoplanliton Total ninc Zinc in ph3’toplaisktos in Monterey Bsy~ Knauer and Mart in , 1973
(particulate) Calif.:

Period of intense upwelling — 100 p g / ( g  dry
weight)

Period of low upwelling — 100—150 pg/(g dry
weight)

Period of oceanic dominance — 300 pg/ )g dry
weight)

I l—F Detritus —microbi a l Total nine Concentratio n in fecal materials produced by Soothe and Knauer , 1912
decoeposers Pu gett ia pr oducta her bivorous crab :

78 ± 28 pg (g ash weight (
...1

Arrow No. d3d ( T I — F , l I — B )  total nine Deposition by marine bacteria: 85% or 65~~ Mclerran and Holmes , 1974
POgettl. products removed from ~o1ut1on by bacteria w it h i n

120 hr
20% sedinented with cells
80% sedinested by an S or Fe 5 coprecipitat e

la—s Detr itiv or es Tvta l nine Concentrat ions of nine in detritivore a from Valid . at .1., 1971.
Great Sippewi.sett Salt Marsh , Mass .

Mer cesari e .ercesmr ia Control 252 ± 9.1 ppm
(elan) IF 296 * 12.6 ppm

HF 298 + 20.O ppm
Creaso.t~ea viradnica Control 12 ,675 ± 1,609
(oyster.) LI’ 9, 650 ± 3,188

HF 7, 650 ± 1,609

Arrow So. 29 (TI—H , It—H ) Soluble sine Zine eocretion by salaemon serratus ( prawn)— Smell at el., 1971.
time required

Tonic particulate 1—3 hr

Compleaed misc 4— 5 hr



Table A20

Cycling of Cadm i um in Marsh—Eatuarine Ecooystens as Describ ed by the M a r sh—E st uar ifle Model

Compartment No.
and Name Form and Source of
Arr ow NO .  Mineral Rate of Transfer or Amount of Stora ge Reference

I —A Marsh soil Total cadmium Mean cadmium contents in top 2 cm of naaroh Banus at al ., 1975
soil:

1.1 mg/ m~ (1971)
1.9 mg/rn (1972)

Great Sippewinsett Salt Marsh , Mass.

Mean cadmium contents in top 2 cm of marsh
soil treat ed with low levels of fer t i l izer :

22.1 mg/rn2 (1971)14 .3 mg/rn (1972)

Mean cadmium contents in top 2 cm of marsh
soil treated with high levels of
fer t i l izer :

22.6 mg/rn2 (1971)15.7 mg/rn (1972)

Average cadmium concentrnt ion s in marsh Dunstan and Windom . 1975
soils from southeastern salt marsh—
estuaries in pg/(g dry weight of
sediment ) upper 40 cm :

3.56 Santee River
0.79 Cooper River
0.69 Savannah River
1.2 Altsmaiia River
1.0 Satilla River
0.56 St. Johnn River

Average concentration 1.19

Acid soluble Concentration in top 2 cm of cores from Valiela et a l . ,  1974
cadmium fertilized plots

2Control 1.7 mg/rn21.7 13.4 mg/rn2
HF 11.8 mg/rn

I —B Marsh grasses Total cadmium Mean concentration of cadmium In plants Banus et al., 1975
Spartina alterniflora fro m Great Sipp ewissett marsh:

Live plant s Control 1971 0 .23  + 0.03 ppm
1972 0.06 + 0.01 ppm

IF 1971 0.35 + 0.05 ppm
1972 0.17 + 0.05 ppm

HF 1971 0.70 + 0.08 ppm
1972 0.44 + 0.06 ppm

Dead plants Control 1972 0.14 + 0.03 ppm
HF 1972 0.92 + 0.03 ppm

Spartina ~~~~~~~ Control 1971 0.20 + 0.04 ppm
Live only 1972 0.Oie + 0.04 ppm

IF 197 1 0.34 + 0.03 ppm
1972 0.14 + 0.03 ppm

HF 1971 0.64 + 0.12 ppm
197 2 0. 143 + 0.08 ppm

Total cadmium Average cadmi um concentrations In plants Dunstan and Wlndorn , 1975
from southeastern salt marsh—estuaries in
pg/ (g dry weight of sediment)

0.85 Santee River
0.60 Cooper River
0,49 Savannah R iver
0 . 7 3  Altainaha River
0.58 Sati lla River
0.38 St. Johns River

Average — 0.61. (hIghly concentrated)

I—S Detritue—microbial Acid aoluble cadmium Concentr ation in acid soluble fraetion of Valiele et el., 1974
decompoaers detritue

Control 1.15 + 0.39 ppm
12 3.73 + 0 .94 ppm
HF 5.50 + 0.69 ppm

(Continued)

Note : IF——fr om areas treated with low level. of fertilizer . HP——from areas treated with high levels of fertilizer.
(Sheet S. of 3)



Table A20 (Cont inued )

Compartment No.
oti Name; Form and Source of
Arrow No. Mineral Rate of Transfer or Amount of Storage Reference

I—k Detritus—microbial T tal cadmium De t r i tu s  from red mangrove leaves—— Mathin , 197 3
iecornpooers (Continued) Rhicophora ~~~~~ green leaf contents ( u ~~/g dr y wei gh t ) :

0.33 + 0,12 Barron River
0.24 + 0.05 Shark River
0.19 • 0.06 Broad River

Cadmium content of leaves , litter , and det-
ritus from Shark River and Broad River
(ig fg  dry wei gh t ) :

Shark River Broad River

Green leaves 0,24 + 0.05 0.19 + 0.06
Yellow leaves 0.26 + 0.11 0.25 + 0.16
Lit ter  0.24 + 0.04 0.29 • 0.06
Detr i tus  1.70 + 0.89 0.97 + 0.24

Comparative metal contents of suspended det-
ritus (og/g dry weight ):

6.2 ± 5.7 Barron RIver
1.0 + 0.2 Broad River
1.7 + 0.9 Sharkey River

1—F Marsh detr i t ivores Total csdmiurn Concentration of cadmium in marsh Banus et al. , 1975
detritivores (ppm) .

Modiolus demissus Control 2.0 + 0.3 ppm
(Ribbed Mussel) LI’ 3.0 + 0.5 ppm

HF 6.7 + 2.2 ppm

Uca Control 0.6 + 0.2 ppm
IF 0.5 

~ 
0.1 ppm

HF 1.4 + 0.6 ppm

Modiolus demiosus Control 1.98 + 0.09 ppm Valiela et x l . ,  1974
IF 3.75 + 0.13 ppm
HF 7.15 + 3.24 ppm

I S —B Estuarine sediment Total cadmium Total concentration of cadmium in suspended Dun stan and Windorn , 1975
sediments ( p p m ) :

Suspended entuar ine sediment a 8.7
Suspended river sediment (Arrow No. 36
1ST , I SA)  = 15.8

Mean concentration in suspended load of Math is , 1973
headwaters and mouths of Florida estuaries:

Suspended Cd
Salinity Load (pg/g

_______ (m g / i )  dry weight )

Head waterD

Shark 0—9.6 4.5  1.7 + 0.9
Broad —— 8.5 1.0 + 0 .2

Mouth

Shark 23—25 14 ,0 1.1 + 0.1
Broad —— 16.5 1.4 + 0,5

Deposition of cadmium by marine bacteria in Mcterran and Holmes , 1974
estuarine gedirnents:

70 percent removed from molution in 120 hr—
85— 90 percent of amount removed was by pre-
cipi tat ion , either as CdS or FeS
coprecipitates

Methyl cadmium Cd biologically methylate d , but resulting mayer , 1973
compounds are water—unstable

11—C Per lphyton and Total cadmium Concentration of cadmium in plants: Soothe and Knauer , 1972
rooted aacrophytea

Macrocy stis pyr lfera 3. 4 • 0.4 ppm

(Con t inued )
(Sheet 2 of 3)



Table A20 (Concluded )

Cnmpartmeri’ N ,
s r I  N ame;  Form and Source ot~
Arrow No.  Mineral Rate of Transfer or Am ount of Sto rage Referer ,oe

~—C Fer i phyt on ani Focus vesiculosus 3.01 ppm Aberystwyth , Scotland Fuge and J ames , 1973
r ,,ted mac rophyte 2 .4 3  ppm Nefy a , Scotland
( C o n t i n u e i (  Fs.-us ~2natus 3 .3 5  ppm Abe rystwyth , Scotland

3 .25 ppm Nefya , Sco tland

11—0 Dissolved mineral  T,~tai cadmium Total cadmium concentrat ion in estuarine Ducistan an.) Windom , 19T 5
pool waters,

1.13 pg/ i  in es tuar ine  water of south-
ea stern ostuafies

0.84 pg/ K in r i ve r  waters feeding south-
east ern estuaries

Average concentrations in Monterey Bay , Knauer and Mar t in , 1973
Cal i fornia :

Period of intense upwelling o 0.30 pg /K
Period of low upwelling = 0.11 pg/I.
Period of oceanic dominance o 0.03 pg/i
Period of mixing = 0.09 pg/i
Concentration in surface waters of Pacific
Ocean, Hawaii to Monterey = 0.02 pg/i

Dissolved and partic— Concentrations in Florida estuaries: Mathis, 1973
ula te  concentrations
of cadmium Barron Concentration of Cadmium

River Salinity ( pgJg dry weight)
Station % Dissolved Particulate

161 0 —— 3.1
160 0 0.0009 2.8
157 2.5 0.0036 13.0

Shark Concentration of Cadmium
River Salinity (pg/g dry weight )
Station % Dissolved Particulate

—— 0 0.0003 0.9
—— 5.5 0,0005 2 .6
-— 9.6 0.0005 1.6

Il -k Phytoplankton Total cadmium Average ~oncentrationo of phytoplankton In Knauer and Martin , 1973
Monterey Bay , California:

Period of intense upwelling o 1 pg/g dry
weight
Period of low upwelling = 1 ug/g dry wei ght
Period of oceanic dominance o 4 pg/g dry
weight
Period or mixing — not assessed
Average surface water concentration

T I—F DetrI tus—microbial  Total cadmium Cadmium content of herbivorous crab Soothe and Knauer , 1972
ier mposer o feces: 3.2 pg/g ash wei ght

CadmIum content of suspended detritus from Mathin , 1973
three Florida estuaries:

6.2  ± 5.7 pg/g dry weight — Barron River
1,0 + 0.2 pgfg dry weight — Broad River
1.7 ± 0.9 pg/g dry weight  — Shar key River

S I — H  Detritivore a Totel cadmium Cadmium Contents of detritivores:

Merce ssaria merc eciar ia Control 1.25 ± 0.12 ppm dry weight
(clasil) IF 2.18 ± 0.13 ppm dry weight

HF 2.08 ± 0.12 ppm dry weight

Cra isoatrea vii~gkn ica Control 7.18 
~ 0 .52  ppm dry weight Valiela et x l . ,  1974

(oys ters) IF 8.60 ± 0.14 9 ppm dry weight
HF 9. 145 ± 0.51 ppm dry weight

Comparative cadmium uptake : Eisler et x l . ,  1972
Fundulus heteroeiitus Concentretlon in mg/kg ash weight
( Mur~~ichog) Active Control

52.1 9.3
AQui~ ecten irr edians 82.7 143,0
Cr assostre e vir g inica 5. 4 5 . 3
(oysters)
Ho~~ ru g amer icenus 7.6 5.6
(lobsters)

(Sheet 3 of 3)



Table .t21

Cycling of CO~ber is Marsh—Es tuerir .e Ecoslstems as Described by the Mar sh—E stuer ine Model

Csmpart.ent No.
lad Name ; Form and Source of
Arrow No. Miner al Rate of Transfer or Amount of Stor age Reference

I—A Har sh soil Total copper Average concentrations in soils of southeast salt Dunatan and Winds., 1975
a.rsh—estusriea in pg/g dr y weig ht:

25.4 Sante. River
7.8 Cooper River
14 .7 Savannah River
8.9 Altaaaha River
8.2 Sat Illa River
2 .7 St. Johns River

Average concentration—— h .4
Conc entration in Danish intertidal area , Hallberg, 197 4

Layer A 5.12 ppm
Layer B 1.38 ppm
Layer C 2.55 ppm
layer 0 0.43 ppm

Dissolved copper Percent eomplesed is upland Rem York soils Hn dgson et al., 1965
— 88.5 (7.99 ppb )
Percent complexed in calcCreoua soil. Nodgson et x l . ,  1966
= 98.9 (10.8 ppb)
Fractionatiofl of copper in soil solution Derri ng and Hodg.on , 1969

- Cu Cumplexed ,
Fraction ____________

Origlnal soil solution 96
Concentrated soil solstios 97
Concentrated nondislynable soil
solution 9?
Concentr.ted dialyzable soil
solution 90

Ratio of metal, ligand for soil solution com-
plexes • 1.1

I—S Marsh grease. Total copper Average concentrations in rsh grasses fro .
Southe as t Sal t Harsh—Estuaries: concest r silon in Duastam aod Winds. , 1975
vg/g dry weight

Spartina altersiflor . 3.95 Sante. River
4.1 Cooper River
4.8 Savannah River
14 , 8 Altasa ha River
3.8 Sati lla River
1.67 St. Johns River

Average concentration • 3.9
Average content s it, green leaves of red mengrove H.th ts , 1973
from Florida e.tu .r ie. in sg/g dry weight

Rh i xqpho ra !!5g~j 2.2 • 1.0 Neu ron River
0.9 + 0 .3  Shark River
1.6 + 0.6 Broad River

I —S Detritu s-aicrob isl Totsl copper Average contents of ~~.ngrove leave, in various Ma thi s , 1973
decs.poser age, of decomposition is ug/g dry weight:

Shark River Broad River

Green leave, 0.9 + 0 .3  1.6 ± 0.6
Yell ow leaves 0.6 ~ 

0.4 0.6 • 0.4
Litter 1.3  ± 0.5 1.4 • 0.4
Detritu. 12. 0 ± h ,0 8.0 • 2.8

IS—B Eat uar ise sed iment Total copper Average concentration in suspended sediment in
.outheaa ter s estuar ies

Estua rln e sediment ~8 ug/g dry weight
Riveri se sediment 79 sg/g dry weight

Concentration, is suspended load of Florida M athi s, 1973
estuar ie.

(Contin ued)
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Table *21 (Coscluded )

Compartment No.
and Name ; Form and Source of
Arrou No.  Mineral Rate of Transfer or Amount of Storage Reference

Concentr ated
Salinity Suspended Cu , og/g dry

River percent Load . ag/f Weight
Seadwaters

Shark 0—9.6 4.5 1.2.0 + 3.9
Broad — — 8.5 4.9 • 1.5

Mouth

Shark 23—25 14.05 5.2 • 0.0
Broad —— 16.5 5.6 + 1.7

Comparative value for fresh water

Ottawa River 28 og/g dry weight
Bideau River 24 sg/g dry weight

IS—C Periphyton ~nd Total copper Contents of brown algae Soothe and Knauer • 1912
rooted sarrophytes Macrocystia pyrifera 6.9 ± 2.7 0g./A ash weight

Pocus serratu s 3.88 ag/g dry veight , Aberyst wygh , Scotl and
4.19 ng/g dry weight , Nefy., Scotland

Focus ve.iculosis 3.14 sg/g dry Weight , Aberystwygh, Scotland
4 .34 ag/g dry weight . Nefya , Scotl and

11—0 Disso lved miner al Soluble copper Concentration in Southeastern Salt Marsh— Donates and Windom, 1915
pool Estuaries :

Eatuarine water 3.3 ppb
RIverime water 4 .5  ppb

Concentration, in Monterey Bay. Calif.: Knauer and Martin , 1913
Period of intense upwelling — 1.7 og/i
Period of low upvelling • 1,0 ng/t
Period of oceanic dominance s 1.1 ag/I
Period of mixing a 1.5 ag/k
Aver age Pacific Ocean sur face water coscestr s—
tion, Hawaii to Monterey • 0.8 ag/I

Dissolved and Sample Salinity Concentrated Cu is ag/i
particulate copper Station, parcent Dissolved Particulate Mathi,, 1973

Neuron
River No .
161 0 — 0.32
160 0 0.0049 41.0
15? 2 .5  0.0071 120.0
Shark
River 110,
310 0 0.0010 12
309 5.5 0.0011 17
311 5.0 o.0008 8,6

I I— E Phytoplankton Total copper Average concentrations in phytsplankton in Knauer and Martin , 1973
Monter ey Bay , Calif . :
Period of intense upvelling • 25 sg/g dry weight
Period of ho. upvellisg — 10 ag/g dry weight
Period of ocean ic domin ance • 25 ug/g dry weight
Period of mixing • not assessed

IT—F Detritus—microbial Total copper Fecai material, of herbivorous crab: 30 + 1.8 ng/g Soothe and Knauer , 1972
deeomposers Psgettia product . a.h weight

Suspended det ritus in Florida Ea tu a ries: Mlt his , 1973
Ssrron Riv er 614 ~ 

49 ag/s dry weight
Broad River 149 ± 1.5 og/g dry weight
Shark Ri ver 27 + 3.2 ng/g dry weight



Tab le *22
fy chi n g. of Mercury in M.rsh—Estusrine Ecosystems am Described by the M sr sh—E stua r ine Model

Compartment No.
and Name; Form and Source of
Arrow No. - Mineral Rate of Transfer or Amount of Stora ge Reference

S—A Ma rsh soils Total mercury Average concentrations in soils of uou theant sal t Dunstan and Wisdom , 1915
oarsh—e $tuar ies is sg/g dry weight:

0.09 Santee River
0.03 Cooper River
0.11 Sava~nah River
0.10 Altamaha River
0.07 Satilla River
0.04 St. Johns River

Aver age concentration — 0.08

IS—S Mar sh gr asses Total mercury in Average concentrations In plants of South east Dunstan end Windo n , 1975
Spartin a a lternif lora Salt Marsh—Estu aries in og/g dry weight :

0.17 Santee River
0. 5 Cooper River
0.44 Savannah River
0 .27 Altana ba River
0.27 Satilla River
0.25 St. Johns River

Average concentration = 0.32 (highly
concentrated from marsh soil)

Arrow 150. 1 (1—A , I—B) Organic and inorganic Uptake and transfer in marsh grasses: Rahn, 1973
mercury
Spsu-tina alterniflora 20—25% of available mercury taken up by roots at

equilibrium . Est imated total uptake of mercury
by Spartina • 0.7 mg :m2:yr with at least

35 og :n 2 :yr (5% ) of thin amount takes up and
relea Sed to the water ( forms studied were
CH3NSC1 and HgC12 )

I S—S Estua r ine sedIm ents Total mercury Conc entration in suspended sediments to Southeast Dun ston and WI sdom , 1915
Salt Marsb—Estuaries:

Ests.ari ne sediment a 0.86 ppm
Riverine sediment — 0.81 ppm

Comparative freshwater values : Oliver , 1973

Ottawa River  — 0.28 ppm
Ride au River • 0.20 ppm

Concentration in Puget Sound, Wash . :  Crece lius et al. • 1915

Near Chlor—Alkalai Plant • 0.01—0.5 ppm
Other areas — 0.0 1—0 .1 ppm

82% of materia ls in sediments associated with
easily oxidizable organic matter

TI—B Estuarine sediments Inorganic and methyl Activities mobili zing mercury
110 . 17 (IS—B , mercury Methyj at ios of mercu ry : Thayer , 1973

Mercury release for bottom sediments and rotten Jensen , and Jern elov , 1969
fi sh

440 ng CH 3Hg released in 10 days from 100 ppm
HgCl2/g bottom sediments
40 ag CH3Rg° released in 10 days from 100 ppm
CH3HgC1/g bottom sediments
10 0* (C H 3 )2Hg released in 4 days from mixture of
5 g of Xiphophorua helleni , 10 g of Gadus 

~~~~~~~~and 60 og HgCl2
SNetabollan of mercury Met,umera ci m l . ,  197 1
3 .23 ag total Hg/kg sediment/ day in natural JernelBv et xl., 1915
sediments Jer nelov , 1970

II— D Dissolved mineral Dissolved mercury Conc entration is waters in Southe ast Salt Marsh—
pool Estuaries:

Estumrine waters

Estuarine water——none found Dunste~ and Wisdom, 1975
River water — 0.07 ppb
Georgia estuaries • 1.5 .g/.2/yr Rshn , 1913

Il—I Phytoplaniton Total mercury Offshore diatoms : 181 ± 50 ng Plg/g dry weight k’.auer and Martin, 1973

Oregon coast: 1446 Se Hg/g dry weight
Monterey Bay, Calif.: 8.14 sg Hg/g dry weight

11-0 Herbivores Total .ercury Offshore sooplenktsn: 1145 ± 1) . sg Kg/ g dry lIr,au.r and Martin, 1973
weight

Oregon coast nooplanktsn: 23 i,g Hg/g dry weight

Mis cellan eous fi shes:
Aver age of four mesopelagic fishea — 40 ng/g wet
weight

Monterey Bay anc hovy • 53 ng/g dry weight
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