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PREFACE 

In  1974 the Geophysics Research Board completed a plan, 
subsequently approved by the Committee on Science and 
Public Policy of the National Academy of Sciences , for a 
ser ies of studies to be carr ied out on var ious subjects 
related to geophysics.  The Geophysics Study Committee was 
established to provide guidance in the conduct of the 
studies . 

One purpose of the studies is to provide assessments 
from the sc ientif ic community to aid policymakers in 
decisions on societal problema that involve geophysics . 
An important part of such an assessment is an evaluation 
of the adequacy of present geophys ical knowledge and the 
appropriateness of present research programs to provide 
i nformation required for those decisions . 

This  study was motivated by the recommendation in a 
previous report (Bstuar1es, Geophysics, and the Bnv1ron­
ment, 1977) in the Studies in Geophysics series that •an 
overall review of the national efforts in estuarine re­
search should be conducted . •  This study examines the need 
for basic research to understand estuarine processes . The 
major unanswered questions relate to the interrelation­
ships of estuar ine c i rculation, biota, geology, and chem­
i stry, where an interdisciplinary coordinated effort will 
be necessary . 

The Panel met and agreed that the basic research 
problems to be assessed are those estuar ine processe s 
that require an interdisciplinary solution and that the 
questions should be tractable within the next ten years . 
The Panel selected four broad areas of research and estab­
lished subpanels , which included active partic ipation o f  
additional experts from the sc ientific community ,  to ad­
dress each of the area s .  The areas were organized around 
a traditional disciplinary facet of estuaries but focused 
on the interdisciplinary need s .  

ix 
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1 OVERVIEW AND 
RECOMMENDATION S  

The 850 estuaries of the nation represent, in proportion 
to thei r  size ,  one of the most valuable portions of our 
environment . Knowledge of the complex interactions of the 
phys ical , chemical , geolog ic , and biolog ical processes in 
estuaries is fundamental to our understanding of behavior 
in estuarine systems . However , these interactions have 
not been studied comprehensively . Most estuarine research 
has been conducted along specific disciplinary lines.  
Th is report addresses the need for interdisc iplinary 
research on the entire estuarine system of which th�ee 
major components that need to be integrated are the 
following : 

1 .  Environmental effects on estuarine biota , 
2 .  Circulation and mixing in estuar ine and coasta l 

waters , and 
3 .  Suspended and d issolved matter in estuar ies . 

The interplay of these major components is signif icant in  
almost all  estuarine processes , however ,  details within 
the confines of the interactive processes can d iffer among 
specific estuaries or in specific portions of a single 
estuary . The understanding of these processes can be 
applied to improve management decisions and efforts 
related to the entire estuarine environment--helping i n  
determining their  best use and survival a s  a productive 
and valuable resource . Most important in the management 
of estuarine systems is the development of pred ictive 
models,l which are both process-oriented (causal) and 
empir ically based . Much of the past estuarine research 
has been based on •after the fact• or present condition 
analysis of the system that provides an empir i cal data 
base . However , to develop and verify useful pred i ctive 
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mo4�1s , more attention needs to be focused on understand­
ing the processes involved . 

In the following chapters , teams of appropr iate ex­
perts comment on recent signif icant research within the 
major estuar ine components ,  explain the need for further 
progress , note the necessity for integrating the othe r 
components ,  and identify important tractable research 
topics . 

USES OF ESTUARIES 

Es tuaries are semienclosed bodies of water--bays , sound s ,  
inlets , fjords , and lagoons--that have free connection 
with the open sea and contain water from land drainage 
and seawater .  Each estuary is unique in its totality ,  but 
there are pr imary character istics that permit j ud i cious 
transfer of at least some of what is learned in one estu­
ary to some or all of the others . Al l estuar ies contain 
chemical grad ients between their  saline and fresh source s  
of water input . Fr equently , there are other grad ients 
found in estuaries--temperature , sediment burden , and 
d issolved mater ials . Most estuar ies are subj ected to 
relatively violent environmental changes with fluctuation s 
i n  r iver ine inflow, seasonal temperatures , and influences 
of meteorolog ical events. All estuaries are recipient s 
of the composite chemical burden of the waters from land-­
waters from urban centers and from all other parts of the 
contr ibut ing watersheds . Most estuaries are or have been 
extraord inar ily productive of biolog ical crops , many of 
whi ch are useful to man. Each estuary is subj ect to ef­
fects of changes in water quality in those adjacent ocean 
waters that provide about half of the water in the average 
estuary . 

The value to humans of the estuar ies in the United 
States is high . A major fraction of commercial shipping 
beg ins or ends in them. The shoreline is attractive to 
millions of people for residential sites , for many water­
r elated industr ies , and for use in recreation ( typically 
on the order of hundreds of millions of visitor-days pe r 
year) . Boating , swimming, surfing ,  sunning , hunting , 
f ishing, and nonspecific personal enj oyment are intensive 
at many s ites . Sand , gravel , oil,  gas , shell ,  and commer­
cially useful quantities of many chemicals are mined from 
the floors of estuar ies . The generation of electr icity 
often involves use of estuar ies for the release of waste 
heat and other materials and for transportation. The 
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m ilitary agencies of the nation use bays for transporta­
tion, fir ing ranges ,  research on vessels and equipment , 
s torage of vessels , vessel construction and maintenance , 
and education in naval and air operations . Estuar ies are 
excellent sites for the training of scientists and the 
conduct of researchJ laborator ies exist in every coastal 
state for this k ind of activity .  

The biolog ical harvest o f  species dependent o n  est u­
a r ies includes more than 70 percent of the total national 
landings by all commercial fisher ies and 65 percent of the 
national recreational catch in mar ine waters . In more 
specific terms , estuar ies were essential for the produc­
t ion in 1980 of 5186 million pounds of commerc ial spec ies 
with a dockside value of $1790 million and a capitalized 
annual value of over $35 billion .2 The recreationa l 
f ishing dependent on estuar ies involves annual expendi­
tures of over Sl billion and a catch of about 190 million 
f ish . 

The other major use of estuaries is for the placement 
--misleadingly referred to as disposal--of wastes . These 
bodies of water receive partially treated human wastes , 
sediment and chemicals from agr icultural activity and 
u rban runoff , and an enormous array of industrial products 
and by-products . 

Every one of these uses is predicted to increase , and 
each of them can substant ially affect the primary compo­
nents and processes of estuar ies so as to reduce the 
resource capac ity of the system. 3 The leg islated bu t 
u naccomplished water-quality goal that all pollutants be 
e liminated has an uncertain future , and it must be 
a ssumed, for the near term at least , that wastes will 
continue to be introduced . 

COMPLEXITIES OF ESTUARINE PROCESSES 

Each of the pr inc ipal components--physical , geolog ic , 
chemical , and biolog ical processes- -of an estuarine system 
is complex in itself and intimately interactive with the 
others.  For example , the interactions of population den­
sities in the biolog ical community have been the subjec t 
of a s ignificant amount of research, but when the topic 
is considered in light of changes in c irculation patterns , 
water chemistry , 4 or meteorolog ical effects , the subject 
becomes increasingly more complex and dependent on under­
stand ing the other components .  Figure 1 . 1  illustrates 
some of the complexities of external factors that affec t  
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the energy flow within an estuarine ecosystem, such as the 
sun , t ide , weather , runoff , pollution , fishing , and man 
himself .s 

The above illustration of energy flow, however , 
represents only an essentially instantaneous image of 
interactions . Large-scale and long-term dynamic changes 
also occur . River flow commonly var ies several orders of 
magnitude within the average year and far more with ex­
ceptional events , such as floods .  Large ranges in tem­
perature can occur from summer to winter . Tides may be 
semidiurnal , diurnal , or mixed . Tidal currents move vast 
quantities of water through the system, changing the depth 
and flooding and draining the edges of the estuary . These 
t ides vary both cyclically and irregularlyJ fortnightly , 
spr ing to neap, over lunar periods and longer cyclesJ and 
in close response to meteorological events ,  especially 
storms . Even the mean sea level can vary on both short­
and long-t ime scales because of eustatic or local geolog ic 
changes or changes induced by humans . 

The hydrographic pattern in estuar ies changes con­
tinually . Circulation is pr inc ipally dependent on the 
morphology of the estuary , r iverine input, winds , and 
differences in water density between estuary and ocean 
and between parts of the estuary. Al l  of these vary with 
t ime. The classic pattern exists in many estuaries in 
which the density structure causes net downstream trans­
port of surface water ,  net upstream movement of saline 
d eep waters , and substantial mixing between. In each 
estuary , this pattern is modified by many factors , 
i ncluding t idal , seasonal , and meteorolog ical effects . 

S imilar illustrations of complexity could also be 
d rawn from the transport and behavior of the d issolved 
and particulate mater ials that perpetually enter these 
systems , from the chemical processes that involve such 
mater ials as nutr ients or toxic substances ,  and from the 
e ffects of both small-scale and large-scale eng ineering 
activities.  

Estuar ies are  remarkably resilient to natural events , 
such as storms , seasonal temperature extremes , and chang­
ing freshwater flowJ however , they are highly vulnerable 
to the following k inds of anthropogenic changes : 

1 .  Excessive burdens of natural materials (sediments , 
nutr ients , other normal chemicals) can overwhelm the ca­
pacities of estuaries for accommodation. An estuary may 
recover if the excess of nutr ients , for instance , is re­
moved , but high sediment loading as a result of increased 
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human activity speeds the natural filling process and 
creates irreversible loss . 6 Through other processes,  
large-scale eng ineering changes for special purposes can 
mod ify the morphology of an estuar ine system, redirec t  
i mportant volumes o f  freshwater to other systems , ser ious­
ly modify the seasonal patterns of freshwater input, or 
alter the shoreline and important exchanges between land 
and bay . 

2 . Estuar ies are frag ile under effects of powerful 
biocides that have only recently been invented . These 
b iocides are alien to the genetic history of the estuar i ne 
organisms involved , which may have no mechanisms for de­
fense . The pr incipal food web in estuaries compr ises a 
relatively small number of spec ies;  and an unseen wipe-out 
of a spec ies could cause fundamental changes and diminish 
the utility of the system. 

INTERDISCIPLI NARY PROBLEMS-EXAMPLES 

Many of the most critical needs for knowledge about est u­
a r ies can be met only through interd isciplinary fundamen­
tal studies.  The following are important examples : 

• In the San Franc isco Bay system, 6 the proposed 
d iversion of increasing quantities of water to southern 
California would affect (1) hydrographic behavior of the 
lower San Joaquin and Sacramento Rivers and of major por­
tions of San Franc isco Bay; (2 )  input of nutr ients and 
other chemicals; (3 ) salinity d istributions; (4 ) stand ing 
stocks of many biolog ical spec ies and communities; (5) 
d istribution of predator and prey spec ies; (6) input , 
movements , and behavior of sed iments;  and (7 ) wate r 
quality for many uses. 

• In a study area of 11, 500 square miles of coastal 
Louisiana , the highly product ive marsh and wetla.nds are 
declining at the rate of approximately 40 sq. mi . per 
y ear . 7 In compar ison, there was accret ion in the nine­
teenth century and annual loss at rates of 6 . 7 sq. mi . i n  
1913 , 15. 8 sq. mi . i n  194 8 ,  and 28 . 1 sq. mi . i n  196 7 .  The 
causes and effects involve the changes that have been made 
in  the d istr ibutary outlets from the Mississippi River by 
eng ineering of levees ,  allocation of flow between the 
Mississippi and Atchafayla systems , decay of old deltas , 
hydrographic patterns , wave s ,  storms , deposition rates , 
e rosion rates,  subsidence , mod if icat ion of wetlands for 
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p etroleum explorat ion, flood-control practices,  dredg ing ,  
the production and nourishment of a var iety of f ish and 
shellfi sh i mportant for human use , and other components 
and processes .B 

• The development of large volumes of anoxic or 
nearly anoxic water off New Jersey in recent years ,  with 
i ts extensive threat to f ish and shellfish and to the 
waste-assimilation capac ity of the reg ion, is  apparently 
l inked to meteorolog ical sequences as well as to nutrient 
inputs from the adjoining New York  metropolitan area . 9 

• In the Chesapeake Bay , the deep waters of the mid 
and lower Bay are prog ressively depleted of oxygen dur ing 
mid and late summer in some years. 1 0 Depletion is not 
f ully understood, but the causes involve (1) high inflow 
of freshwater dur ing spring and warm weather , which in­
c reases stratificat ion and reduces vert ical mixing 7 (2 ) 
respiration in the deep water ,  which may be enhanced by 
o rganic debri s  from the previous year and which in turn 
may be increasing because of g reater nutr ient loading from 
the tributar ies, and (3 ) perhaps benthic respiration. The 
effects of the development and extension of the depleted 
mass may be of biolog ical importance , because such deep 
waters are potentially useful for f ish , crabs , and othe r 
species and because the up-estuary transport of j uvenile 
blue crabs , some j uvenile fish, and other species occur s 
only in these deeper waters- -although not necessar ily at 
thi s  season. Seiche-like rocking of the low-oxygen mass 
is suspected as the direct cause of substantial mortali­
ties among fish ,  benthic species,  and trapped blue crabs . 
Other biolog ical relationships are modif ied . Chemically , 
anoxic conditions substantially alter the processes in the 
sed iments and in the water column. Only well-designed 
interdisc iplinary investigations can adequately link the 
physical , chemical, and biolog ical components and provide 
predictive capability.  

• Most efforts to understand the populations of 
estuarine spec ies- -efforts that are important not only 
for sc ientific objectives but also for the management of 
f i sheries--are frustrated by our inability to deal simu l­
taneously with the processes of physical transport (nu­
tr ients,  planktonic food7 eggs ,  larvae , and j uveniles) J 
b iolog ical relationships with prey , predators ,  and d i s­
eases,  and the potentials for chemical inj ury o r  enhance­
ment from toxic wastes or nutrients , as well as the 
effects of the migratory movements guided by estuar ine 
condit ions. 
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THE PA'l"l'ERN OF PREVIOUS RESEARCH AND PUBLICATION 

Much research has been devoted to estuar ies. A review of 
the journals and volumes makes clear the abundance of 
d isc iplinary publications and the pauc ity of comprehensive 
approaches that simultaneously investigate the interac­
t ive , physical , geolog ic , chemical , and biolog ical compo­
nents and processes in an effort to develop pred ictive 
capability in the estuar ine system. 

Officer et a1. 11 located 1699 refereed publ ished 
papers from a f ive-year per iod as gleaned from a wide 
var iety of sc ient if ic ,  eng ineer ing , and technical journal s 
and edited volumes. For the Chesapeake Bay , more than 
9000 published reports exi st ,  of which many , but not all , 
were refereed pr ior to publication. Officer et al . also 
found papers in 34 d iverse journals and 19 edited volumes. 
One Amer ican journal,  Estuaries , and the international 
j ournal , Estuarine Coastal and Shelf Science , are exclu­
sively devoted to estuar ine and coastal papers . In add i­
t ion, there is  a large but unmeasured product ion of other 
kinds of publications , espec ially in-house papers and r e­
ports. Many of these are known to be of high quality and 
value , but they may not have been subj ected to the r igor s 
of independent peer review. 

Officer et al . also analyzed the inst itut ional aff il­
iation of senior authors of refereed papers and the iden­
tif iable federal funding of estuar ine research . They 
report that the academic community produced 77  percent of 
the refereed publicat ions , followed by federal laborato­
r ies (15 percent) and state , munic ipal , industr ial , and 
other sources (8 percent) . An analysis of federal funding 
related to ocean pollution research,  development , and 
monitor ing reports that the projects in fiscal year 197 8  
were funded at a total of $164 mill ion, of which $131 
mill ion was ascr ibed to research , including $4 0 . 6  millio n  
r elated t o  estuaries. l2 O f  that , the academic community 
was granted $14 . 0  million or 3 7  percent of the estuar ine 
research funds. 

Most of the estuarine research has been along d isc i­
plinary lines,  devoted to relatively spec if ic aspects of 
b iolog ical , geolog ic , chemical,  or phys ical processes. A 
recent analysis by w. J. Hargis and T .  M. Armitage (Vir­
g inia Institute of Mar ine Science , personal communication) 
of published papers directly relat ing to the Chesapeake 
Bay from 1971  to 1982 cataloged 2056 research products . 
Spec ific disc iplinary studies ( 1688 )  made up 82 percent 
( 9 4 6  in biology, 559 in physics or chemistry,  98  in eco-
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nomics J  and 8 5  in social , behavioral , or institutiona l 
studies) .  Many of these involved more than one narrow 
discipline , but only 18 percent were identif ied as inte r­
disc iplinary in design or interpretation. Chesapeake 
research was heavily influenced by the program of Researc h 
Applied to National Needs (RANN ) in the National Science 
Foundation , which emphasized an interdisc iplinary ap­
proach , but the program has been terminated . 

There has been notable prog ress in the understanding 
of estuar ies during recent decades. The emergence of the 
two journals devoted to coastal and estuar ine papers , 
both of which have backlogs of good manuscripts , is one 
evidence of production of knowledge . A new Journal of 
Shellfish Research was initiated in 1981 and will be 
dominated by coastal studies.  The Estuar ine Research 
Federation, a confederation of soc ieties representing New 
England , the Mid-Atlantic , South Atlantic , Gulf of Mexico 
r eg ion, and Pac if ic Coast , was established in 1971J it has 
conducted biennial international conferences that have 
produced a ser ies of volumes . l3 Other edited volume s 
entirely or substantially directed to research on estu­
aries and the inshore coastal reg ion are listed by Office r 
et a1. 11 and in note 14 at the end of this chapter . 

RECOMMENDATIONS 

The l imits to success in balancing the uses of an estua­
r ine system for any set of desired objectives are set by 
t he available fundamental understanding of the components 
and processes of the system. Empir ical trial-and-erro r  
management a nd  decision-making techniques have been em­
ployed in matters pertaining to estuar ies , but these 
t echniques involve h igh r isks because of the value and 
potential fragility of estuaries. The store of reliable 
k nowledge and predictive capability is the pr imary source 
of useful guidance when dec isions must be made . 

Because of the complexity of the components and pro­
cesses in estuar ine systems and the need for this  knowl­
edge in managing these systems , the Panel recommends the 
following : 

1 . �he primary focus of future research in estuaries 
should be on interdisciplinary relationships. However , 
there needs to be an explic it recognition that disc iplin­
a ry investigat ions provide the building blocks necessary 
to an interdisc iplinary framework .  Although the disc i-
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plinary knowledge bases are currently incomplete , they 
a re adequate to start establishing the interdisc iplinary 
understanding . 

P roductive research on such complex problems is  now 
feasible . Much is known of the var ious components and 
processes , and even of the interactions. Research fac i l­
ities , includ ing well-equipped vessels , can be simulta­
neously brought to focus on appropr iate facets of the 
problem. Computer and analyt ic capabilit ies have advanced 
to a point that will permit a combination of theoretical 
and mathemat ical efforts that were previously impossible . 
Scientif ic exper ience and expert ise now available in sys­
tems modeling and analysis can also be attracted to thi s  
k ind o f  challeng ing problem. 

However , it is exceptionally d ifficult to design and 
conduct such complex studies--and even more diff icult to 
obtain adequate funding for an appropr iate per iod. The 
Panel is satisf ied that the sc ient ific community wil l  
respond with competence and except ional achievement if 
fund ing becomes available . Team study , the use of con­
sort ia , ad hoc l inkages , and other cohesive procedures 
have f requently been effective in other areas of earth 
sc ience (particularly if coordinat ion is an integra l  
e lement i n  the design o f  such stud ies) , and they can be 
developed and used for estuar ine studies.  

Examples of possible research focuses developed within 
the remainder of this  report are the following : 

(a ) Unless the estuary in question i s  studied 
carefully and thoroughly , some of the most important pro­
cesses that affect it  may go unnot iced1 however ,  it i s  
unreasonable t o  consider , i n  deta i l ,  each and every rela­
t ionship between all the spec ies of an estuary . Th is 
points to the necessity of conduct ing detailed spatial and 
temporal surveys of estuaries for qualitative and quant i­
tative stock assessment of plant and animal population s 
and combining this assessment with the nature of the 
var iations in c i rculat ion and chemistry . 

(b)  Once the more important and quant itat ively 
s ignif icant trophic and other interact ions between spec ie s 
of an estuary are understood, research should consider how 
environmental stress of var ious kinds , natural and anthro­
pogenic , affect those interact ions and the general struc­
ture and function of the ecosystem. This may be done 
empirically , by observing changes in c ommunity organiza­
tion in time or space following the onset of a g iven 
stress ( e . g . , a new waste-water d ischarge , a freeze , or a 
drought) . The cause and effect of such changes may be 
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obscure even when the interactions of the community 
c omponents are reasonably well known. 

(c)  The determination of Lagrang ian (moving 
c oordinate system) particle trajectories within estuar ies 
exhibit ing complex Euler ian (f ixed coordinates)  flow 
patterns is  fundamental to a description of the movement 
and dispersion of mater ials within an estuary and thei r 
ultimate exchange to the adj acent water .  A fundamental 
problem that ex ists is how best to develop our ability to 
provide a Lagrang ian descr iption of flow within estuaries 
and whether this is , of necessity , dependent on numer ical 
s imulations . 

(d) Mechanisms for the generation of nontidal 
circulation patterns through residual vorticity produced 
both by the interaction of the tidal stream and surface 
wind stress with the bathymetry should be investigated . 
Th is problem is  amenable to analytical , numerical , and 
exper imental investigation. Useful exper iments designed 
to investigate residual vortic ity generation could be 
accomplished using moored current-meter arrays in areas 
of complex bathymetry. 

(e ) Mechanisms responsible for the often rather 
abrupt transit ion from stratif ied to vert ically well-mixed 
c onditions should be investigated , as well as the changes 
in internal circulation that accompanies this transition . 
The nature of these transit ions needs to be investigated 
in relation to the suspended-sediment load and chemical 
d istribut ion , particularly as these transit ions affect the 
distr ibut ion of nutr ients and the quality and quant ity of 
l ight vital to the biolog ical activity.  

( f )  Research is needed on how sed iments are r e­
d istr ibuted as the results of tidal currents and episodic 
storms . What is the net effect in the coastal zone of 
e stuar ine flow and wind-dr iven upwelling or downwelling 
on the accumulation or exportation of sediments and the i r  
s ubsequent effects o n  chemical and biolog ical d istr ibu­
tions? 

(g ) The role of bioturbation in releasing 
chemical spec ies to the water , in increasing the trapping 
effic iency of the sediment for other chemical spec ies , 
and in the red istr ibution of nutr ients needs to be 
i nvestigated . 

(h)  The effects of episodic storms and floods 
on the biota , sed iment load , and chemistry of estuar ie s 
need further investigation.  A necessary component of 
assessing these effects is the ex istence of baseline 
s urvey data before such an episodic event in order to 
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a ssess the change and i n  determining the t ime needed and 
processes necessary to restore the estuary to the pr e­
episodic event . 

2 . Such interdisciplinary research in both univer­
sity and governmental laboratories should receive 
increased support to provide the basic framework for 
informed management of estuarine systems. Research useful 
to the management of estuar ine systems can take two 
c losely related approaches .  Baseline stud ies that deter­
mine the state of the system are necessary to assess the 
effects of both natural and anthropogenic change . The 
other approach involves understanding estuar ine processe s 
i n order to develop and verify predictive modeling (what 
will be the result if part of an estuar ine system is  
changed) . The pred ictive modeling ut ilizes the baseline 
studies· as a pr imary data base . The country ' s economic 
interests in estuarine resources are too great to allow 
us  to continue with a tr ial-and-error management approach . 
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2 ENVIRONMENTAL EFFECTS 
ON ESTUARINE BIOTA *  

The biota is important t o  the fundamental processes in 
estuar ine systems and to almost all human uses ot these 
systems , especially food product ion, aesthetic erij ayment , 
and the assimilation of wastes. The most valuable ahd 
useful question to pose when physical , chemical , or 
biological alterations are considered is usually : What 
effect will this have on the biota? Ptedictive estimation 
of such effects have been explored , But the following 
d isc ussion of efforts and needs demonstrates that the 
requisite research will be compiew, It must involve sev­
eral levels of biota and ecosystem components and process­
es and cannot be fully successful without interdisc iplin­
i� linkage t o  the physical and chemical components and 
chahges in an estuarine system. Attention in this chapte r 
is tiVen to the resp@fises of ind ividuals ,  species, and 
coauituhiUesa The roles and challenges of system modeling 
are diseusied , aftd the importance and problems of usefully 
documenting alterations in the estuarine ecosystem and of 
estimating the integrated condition of such systema are 
presented as research challenges. 

*This chapter was largely developed by a subpanel on 
estuarine biota , which consisted of the following : Joh n 
H . Ryther, Harbor Branch Institut ion, Subpanel Leader, 
L.  Bugen• Cronin, Chesapeake Research ConsortiUIDJ Robert 
Feller , Univers ity of South CarolinaJ Donald Heinle , 
CH2M-Hi llJ A .  Fred Holland , Martin-Marietta Laborato­
r ies, and Theodore Smayda , University of Rhode I sland . 
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EFFECTS ON INDIVIDUAL ORGANISMS 

Stud ies that investigate the effects of var ious environ­
mental stresses on the survival,  growth, or other vital 
f unctions of individual aquat ic species are among the 
oldest forms of ecolog ical research . Such studies were  
i ntended to provide informat ion on  where and when organ­
isms could occur in nature and what factors of the 
environment limit and control the ir abundance and d istri­
bution' this approach is now recognized as being too sim­
plist ic in itself for general application. These stud ies , 
however ,  may provide useful information for range predic­
t ion, control , or management purposes in situat ions where 
certain spec ies suddenly become a dominant or key compo­
nent of an estuar ine ecosystem. 

A similar type of autoecolog ical laboratory study ha s 
r ecently been pursued , particularly by the u.s. Environ­
mental Protection Agency and its contractors ,  in which the 
effects of anthropogenic stress ( i . e . , toxic pollutants) 
on aquatic organisms are determined . These stud ies are , 
for the most par t ,  des igned to determine lethal concen­
tration thresholds of toxic contaminants for the purpose 
of establishing d ischarge guidelines or standards ( NRC 
Environmental Stud ies Board , l981J Cairns , 1982). Bio­
assay studies of this nature are not , as such, particular­
ly useful research tools for understanding estuarine 
processes.  

As suming that an ult imate obj ective is to understand 
and to be able to predict the complex dynamics of the 
estuar ine ecosystem as a unit , reliable data need to be 
acqu ired on the rates of such fundamental processes as 
feed ing , food convers ion eff ic iency , metabolism,  growth, 
maturation, fecundity ,  and reproductive success of as many 
as possible of the key organisms of a g iven estuary . Rate 
data on these processes must be determined as functions of 
the environmental var iables that have signif icant effects , 
of which temperature is an obvious example . This type of 
i nformation is, unfortunately , still rare except for a few 
spec ies of plankton and some commercially important f i n­
f ishes and invertebrates ( the latter frequently as a spin­
off from aquaculture research) . 

Detailed physiolog ical rate studies of all the orga­
nisms that live in estuar ies or even one representat ive 
estuary is not reasonable . Attent ion should be focused 
on numer ically or functionally dominant (or key) species , 
with emphasis on spec ies that have usually been neglected 
in the past and about which too little is now known to 
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attempt even rough approximations of the physio logica l 
rates. These include, for example, some of the sma l l  
estuarine organisms: the meiobenthos, the microzooplankton 

and protozoa, and the bacteria including the autotrophic 
cyanobacteria of new ly discovered eco logical significance. 
Another group of organisms that periodical ly dominate many 
estuarine ecosystems and on which there is little infor­
mation are the soft-bodied macrozooplankton, the jelly­
fishes, tunicates, and ctenophores. Another important but 

often neg lected group of organisms is that of the sma ller, 
commercially unimportant finfishes that often outnumber 

and may outrank in functional significance the more 

fami liar food species. 
Simple feeding, growth, and metabo lic rate measure­

ments, perhaps as a function of temperature, of a sma l l, 
se lected group of the above kinds of organisms would 
provide a key element for the long-range objective of 
predictive numerical estuarine-ecosystem mode ling. 

The autoeco logical laboratory studies described above 
must, however, be proceeded or accompanied by appropriate 
field studies, without which neither the most important 
organisms nor the appropriate physiological process to 
study can be determined. Before feeding rates are mea­
sured, for example, it is necessary to know what food or 

foods the anima l in question utilizes in the estuary, a 
characteristic that is often poor ly known even for some 
of the most thorough ly studied species. It is here that 
autoeco logy and synecology merge and that laboratory and 
field studies become mutually interdependent and comple­
mentary. 

EFFECTS ON COMMUNITIES 

To assume that one can study the effects of environmental 
stress on estuarine communities and ecosystems is to imp ly 
that the normal structure and function of estuarine eco­
systems is already wel l understood. Such, unfortunate ly, 
is far from the truth. Ecosystem components may, in some 

cases, be described in qualitative and even in numerical 
terms by means of exhaustive field surveys, but even the 

most painstaking of surveys fai l to revea l the intricacies 

of the relationships, trophic and other, between its 
members. 

Estuaries are, in fact, more comp lex in this respect 
than other aquatic ecosystems, with both freshwater and 
marine inputs and usually at a sha l low depth where the 
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pelagic and benthic communities functionally merge int o  
one . Jellyf ish in Chesapeake Bay have been observed to 
settle and feed on the bottom during parte of the day . 
The adult hard clam, llercenar1a , living on the bottom 
of Narragansett Bay has been estimated to equal or even 
exceed sooplankton as a grazing inf luence on phytoplankto n 
abundance and spec ies composition . Meroplankton , the 
temporary larval· forme of larger benthic or pelagic 
invertebrates , may far exceed copepode and other bolo­
plankton organisms in biomass and in feeding intens ity 
during the brief periods when they are present , and each 
group (f ish , crustacea , echinoderms , molluscs) may have a 
d ifferent annual period icity as well as d ifferent feeding 
habits , food preferences ,  and other behavior . Phytoplan k­
ton production is much more closely coupled with the ben­
thos in estuarie s than is the case in the ocean. Alga l 
blooms , which are not immed iately consumed by zooplankton 
because of the lack of synchrony between the plant and 
animal populations , can quickly sink to the bottom before 
the cells have time to decompose and recycle the ir nu­
trient contents . Aa much as 90 percent of a spr ing d iatom 
bloom may end up on the bottom of an estuary , in contrast 
to 10 percent or lese in the ocean , result ing in benthic 
communities orders of magnitude more dense in estuaries . 
The bottoms of shallow estuaries may also support the i r  
own producer communities in the form o f  both unicellula r 
and macroscopic algae , as well as higher rooted vegeta­
tion , and the productivity and ecolog ical role of thi s  
benthic flora are not well understood. 

Another factor that adds to the complex ity of estu a­
r ine communities is that of migratory populations that may 
enter and lea�e the estuary or its tributarie s ,  seasonally 
or aperiod ically , to spawn or feed , actively or pass ively , 
and pred ictably or unpred ictably. Large populat ions of 
amall bott�feed ing f inf ishes , such as spot and croaker , 
move into the tributaries of Chesapeake Bay where they may 
devastate the benthos before they leave--a signif icant 
factor affecting the flux of organic matter and nutrient s 
into and out of these areas that may be missed completely 
if their movement is not observed during the few days of 
the year in which it occurs . Similarly the soft-bodied 
jellies (coelenterate s ,  ctenophores , tunicatee) may move 
into eatuariea virtually overnight and dec imate zooplank­
ton communities with disastrous consequences to larval 
and juvenile reaident planktivorous finf ish populat ions , 
yet their impact has often been ignored completely in 
a impliat ic troph ic-dynamic models . 
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A major d irection of aodern f iaheriea biology ia that 
of multiapeeies management , a concept that recogni se• the 
trophic interactions of the aeveral coamerc ial speciea 
with themaelves and/or a common food aupply . Heavy ex­
ploitation or poor annual recruitment of a planktivoroua 
species such aa herring in a coastal f iahery may reault 
i n an increaaed y ield of benthic f iahea aa tbe uneaten 
food sinka to the bottoa. No such atmple relationabi p  
occurs in eatuaries, where , as noted above, the planktonic 
and benthic biota are one community and where year-claaa 
success of a food spec iea is as apt to reault froa c� 
petition for apace as for food . Pisbing presaure may 
exert an influeno• on the abundance or spec iea ca.poaition 
of tbe food supply of an estuary, even by the offahore 
c apture of migrant fiabes hundreds of miles away. 

The foregoing examples are intended to illuatrate tb e 
extreme conplexity of tbe estuarine community. Many more 
could be given. It ia the f irat job of the ecologiat to 
underatand the•e interactions qualitatively and to try to 
assess their r•1ative �rtance and magnitude in the 
nor.al flow of .atter and energy through the ecosyatea. 
To coneider in detail each and every relationahip between 
a ll the •pecies of an eatuary is unreaaonable, but aa ia 
evident froa the previoua discusaion , unleaa the eatuar y 
i n qu•ation is atudied carefully and thoroughly, � of 
tbe moat t.portant proc•• .. • that affect it may go un­
noticed, This fact pointa to the neceaaity of conducting 
detailed spatial and t-.poral surveya of eatuariea for 
qualitative and quantitative stock asses ... nt of plant 
and animal populations . 

However , the abundance and d iatribution of apeciea 
still does not r,v,al many of the subtletiea of their 
i nteractions , fo{ which there is often no substitute for 
direct observat iQR, There ia still a need in eatuarine 
research for the gld-fashioned natural historian whoae 
efficiency may be l�asurably increased today by .. ana 
of aodern life aupeort, television , photography, elec­
tronic data record ing , and other submarine equipment and 
�echnology. 

Once tbe more important and quantitatively aignif icant 
��ophic and other interactions between apeciea of an eatu­
�ry are understood, one aay begin to consider bow environ­
.-ntal atresa of varioua k inds , natural and aP.thropogenic, 
affect thoae interactions and the general st�g�ture and 
function of the ecoayatem. This may be done �irically, 
by obaerving changes in community organi sat ion in tiae or 
space following the onaet of a g iven atreaa (e. g. , a new 
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waste-water discharge, a freeze, a drough t ) .  The cause 
and effect of such cha nges may be obscure even whe n the 
interactions of th e community components are reasonably 
well known. For example, various trace contaminants 
(hydrocarbo ns, hea vy meta ls) through select ive toxici ty 

tend to cause a shift in phytop lankton communi ty structure 
from large diatoms to smal l flagella tes. Such a change 
is often considered u nd esir ab le. Diatoms ar e the first 

step in a food web that normal ly lead s to copepods a nd 
finfishes, whereas a f lagel la te-d omina ted phytop lankto n 
community often supports a grazi ng commu nity of soft­
bodied i nver tebrates tha t repr esent a trop hic dead end. 
However, this type of shif t i s  not consistent . In the 
Mari ne Ecosystem Res earch Labora to ry (MERL) experim ents 
at th e University of Rhode I sland 's Narragansett Marine 
Laboratory, ecosystems experimenta lly stressed with oi l 
resulted in a b loom of dia toms . In that case, the phyt o­
p lankton shift resu lted from the toxicity of the add ed 
hydrocar bon to benthic anima ls that had ex erted grazing 
pressure on and supressed the diatoms. The latter kind 
of interactions is difficu lt to detect and virtua lly i m­

possible to prove through simple observatio n of commu nity 
change in a natura l environment. One sees the end result 

and, if appropriate baseline studies hav e be en conducted, 

may determine that a community a ltera tion has occurred, 
but the mechanisms that caused i t  remain obscu re.  

Probably th e only way in which the actual interacting 

c ommunity processes resu lting from environmental s tress 
can be identified and documented is by means of experi­
menta l ecosystems. These may be simple or comp lex, large 
or sma ll, and of a wide variety of shapes and configur­
ations. The large a nd rather comp licated systems such as 
MERL ( 12 cylindrica l tanks, about 2 m in diameter and 
5. 5 m high, of 13 m 3 vo lume ) and the National Science 
Foundatio n-International Decade of Ocean Exp loration­
sponsored Contro lled Ecosystem Pollution Exp erim ent 

(CE PE X� (three units, 9. 5 m in diameter and 29  m deep, of 
1700 m volume, that were submerged in San nich Inlet, 
Vancouver, B.C.) have both been rather troublesom e to 
operate over the lo ng per iods of time nec essary for com­
munity equi libria to become establ ish ed .  Th e  high cost 
of the CE PE X units a lso made it difficult to achieve ade­
quate rep lication and experimen tal controls. Smal ler ex­
perimenta l tanks, 1 m 3 or less in volume, eve n i nc luding 
p lastic trash barre ls, often suffice for certa in kinds of 
experiments and may be replica ted many times at modest 
price. 
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I t  is usually preferable to conduct several experi­
m ents i ncluding differe nt levels of an enviro nmental 
stress or even several s tresses, suitably replicated an d 
with a dequate experimental controls, all simul taneously 
rather th an in sequence . A typical ecosys tem experiment 
c an last for periods of o ne to several mo nths, a nd se­
quential experiments wi ll therefore nece ssarily occur over 
t wo  or more seaso ns duri ng which e nvironmen tal condi tions 
other tha n tho se being tested are certai n to vary signif­
i ca ntly. The alternative of conducting such stud ies in 
controlled environmental chambers is so cos tly as to be 
u sually prohibitive, a nd the cha nces of mechanical failure 

o f  some part of the system over pro longed periods of time 
are so h igh as to be almos t certa in. 

Not only do small, simple experimental ecosystems len d 

t hemselves to the possibility of co nducting several rep­
licated exper iments simulta neously, but the simpler the 

experimental design, the less li kely that experiment s  will 

be aborted becau se of mechanical failure . T here are, of 

course, limi tations to the kinds of experiments that can 
be conducted and, in particular, the complexity of the 
e co system that ca n be studied i n  small, simple systems. 
Accordi ngly, there is a need for a range of such experi­
mental systems, bo th in size a nd  complexi ty .  

Even large exper imental eco systems carefully inocu­
lated wi th all the signif ica nt consti tu ents of a natural 
e stuarine e nvironmen t cannot and will no t duplicate events 
in the natural system . Rather, it must be co nsidered as 
a microcosm unto itself that will re spo nd to the inter­
a ctions of its organisms and to the enviro nmental str esses 
to which it is exposed. These reactions wil l be u nder­
standable and interpretable only by .compari ng them with 
similar experimental systems that differ to some sligh t 

degree--usual ly one species or un it of enviro nmental 
stress--not by comparing them with the natural 
e nvironme nt. 

It follows tha t the simpler the experimental system 
a nd the more accurately i t  can be replicated and con­
trolled, the greater wil l be the chance of observing 
reproducible results . At the same t ime, the more simpl e 
the experiment and the more removed it is from nature, 

the interpreta tion of resu lts i n  terms of natural events 

becomes more difficult a nd tenuous . 
Another appro ach to experimental es tuarine ecosystems 

might involve the crea tio n of artificial estuaries by 

diggi ng canals or cha nnels off a natural e stuary or r e­
stricti ng a small, manageable arm of a n  e stuary by netti ng 
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or aa.e other bar r ier that would permit the natural flow 
of water but prevent the movement of most organ isms . It 
i a even poss ible to repl icate auch exper imental estuaries 
ao that the effecta of streaa added to one may be compared 
with an unstresaed control . � our knowledge , few if any 
attempta have been made to do this , but the concept would 
appear to have aome advantage• over purely art ificial 
ayatema (e. g . ,  tanks , plastic baga) in that a more natura l 
and more complete community would be ava ilable for exper i­
.. ntal aanipulation , and it is qu ite possible that unan­
t icipated community interaction• could result in alter­
ation• quite different from thoae obtained f rom artif ic i a l  
ayateu . 

P i nally , exper iments may be conducted within e stuaries 
on completely natural comaunit ies , for example , exclud ing 
benthic or intertidal organ iau from predator s by con­
atruct ing wir.-.eah cages over them , enclos ing parcels o f  
the bottoa o r  water and streasing them with tox ic pollu­
tant. , and introducing predators or competitor s to an 
e atuarine area in which they do not naturally occur . 

All the above experimental methods are useful i n  
provid ing inaight t o  the mechanisms by which environmental 
atreaaea alter eatuar ine ecosyatema . They do not , for the 
moat part ,  provide the k ind of quantitative data that may 
be uaed for predictive or regulatory purpose s .  But 
through the combination of identifying the s ignif icant 
trophic interactions of estuarine ecosystems through f ield 
obaervationa and exper t-ental ecoayatem studiea of var ious 
kinda and the experi .. ntal meaaurement of the rate s  of 
theae identif ied proceases , it may ultimately be possible 
to expreaa the effecta of stress on the eatuary as an 
ecolog ical unit in quantitat ive terms through appropr iate 
nu.erioal modeling technique a .  

BCOSYSTBM MODELING 

Wh ile pred ictive numer ical modeling of complete ecosystems 
ahould be cona idered as the long-range goal of ecolog ical 
reaearch , it ahould be emphaaized that it is not real istic 
for the immediate or near future , particularly in the 
complex eatuar ine environment . As pointed out earlier , 
it is f irat neceaaary to obtain bas ic informat ion on the 
nature and ratea of at least the more important trophic 
and other interaction• of the key organisms as well as 
a tock a isea and d istr ibutiona. Thia doea not mean , how­
ever , that there ia not a place for the a impler heuristic 
type of .adela in contemporary eatuar ine research . 
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S imple , empirical pred ict ive procedurea , ofte n 
r eferred to as models , have been and are being used for 
estimating or forecasting various aapecta or function• of 
t he plankton , f ish, and shellf ish populations of estu­
ar ies . As an example , the timing of the onset of spawning 
or the setting of spat of oysters (important tor the plac-­
ing of culch or other devices for collect ing the oyater 
spat and avoiding other epibiota) can often be correlated 
with temperature and/or salinity . The spec ies compoa i­
t ion , density , and d istribution of phytoplankton blooaa in 

Great South Bay and Morichea Bay, Long Island, have bee n 
related to the source and nature of their nutrient source 
(duc k farms located on tributaries to the bays) , tempera­
ture , sal inity ,  wind speed and d irect ion, and the flushing 
rate of the bays . The year-class succeas of striped basa 
i n Chesapeake Bay , currently in serious decline and be­
lieved by many to have suffered the impact of antropogeni c  
stresses, is now believed to be dependent on a combination 
of climat ic factors (temperature , rainfall) in the upper 
r eg ions of the estuary during the critical postapawning 
period . Elaborate aodels have been developed to pred ict 
t he loss of striped bass larvae through entrainment in 
power-plant cooling water systems in the Budaon River, and 
many similar pred ictions have been made involving other 
spec ies and other utilities ,  ex isting or planned . A 
reasonable short-term goal of estuarine ecoaystem stud ies 
is to try to understand why simple pred ictive procedure s  
d o  or d o  not work , t o  ref ine and improve o n  thea , and to 
arrive at other gross pred ict ive procedures for those 
f ortuitous cases where only a few environmental factors 
control important biolog ical events . 

S omewhat more sophiaticated numerical modeling can and 
s hould be employed as an anc illary tool to help guide and 
d irect bas ic studies of estuarine ecoaystem structure and 
function . Such aodeling may be uHd to predict what llt1gbt 
happen if certain processes were the controlling factora . 
Model ing can point out what components, rate conatanta ,  
p rocesses , and interact ions are both poorly known a nd  of 
suff ic ient potent ial signif icance to merit special atten­
t ion . Modeling may also point out what relative effects 
spec ific processes may have on other parts of the eco­
system. 

Por example, for a model of a relat ively simple 
aquatic ecosystem consisting of nutrients , phytoplankton , 
a nd zooplankton , the numerical relations are intricate . 
They involve a set of temporally and apat ially dependent, 
coupled d ifferent ial equation• involving one or more nu­
tr ient conservation equat ions, one or more phytoplankton 
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community equatio ns, and one or more zooplankton community 

equatio ns. Each equation i nc ludes both the hydrodynam ic 
advective and nonadvective t erms and the cons tituent 
source and sink, growth and decay, and transformation a nd 
coup ling terms. 

In some cases, p ar ticular ly those for lakes a nd the 
deep ocean where th e hydrodynamics affecti ng the ecosy ste m 
can be def ined i n  somewhat simp ler terms than that for 
estuaries, ana lytica l solutions may b e  giv en. I n  other 
cases, sc ientific modeling solutio ns, though lim ited i n  
their app l icability, can be derived that do po int out the 
pote ntia l importanc e  of various fac tors such as nutrient 

limitation, zooplankton grazing, se lf-shading, hydrodyna m­
ic r eside nc e  time, a nd mixing effects on phytoplankton 
popu lations. 

DOCUMENT ATION OF E COSYSTE M  ALTE RATION 

Estuar ine ecosystems are often assumed to have changed i n  
historica l t imes and are, in fac t, now in the process of 
a lterat ion. The implicit changes are not ofte n wel l 
def ined but general ly have to do with such human-use 
va lues such as aesthetic or recreational enjoyment or 
commercial food production. Most often, the change is 
a lso be l ieved to hav e occurred in the directio n of a 
deteriorat ion of such values. Unfor tunately, there are 
not often many scie ntific data to substantiate or documen t 
such changes in specific estuaries, not to men tion the 

associated prob lem of trying to relate such changes, if 

they have occurred, to some one or more causes, anthropo­
genic or other. If for no other reason, current thoroug h 
descript ive accounts of representative estuarine ecosy s­

tems are needed to ensure that future a lterat io n may be 
we l l  documented. 

Examples of the kind of study that can provide usefu l 

base line data against which fu ture change may be assessed 
is t he recently comple ted Bnvironmental Atlas of the 

Potomac Bstuarg prepared for the s tate of Mary land (Power 
Pla nt Sit ing Program) by Mart in Mar ietta Corporation, the 
eight-volume Comprehensive Study of San Francisco Bag 
produced by the staff of the Col lege of E ngineer ing and 
Schoo l of Public Health, University of Califor nia at 
Berke ley, in the 19 6 0 ' s, and th e te n-volume Delaware Bag 
Report Series pub l ished under a grant from the Nationa l 
Geograph ic Society. There are ma ny other examp les o f  
estuari ne base li ne studies, par ticular ly during the past 
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d ecade, whe n  state and feder al regulatory age nc ies first 
began to require e lectric power uti litie s and other 
i ndustries to make stud ies prior to the construction of 
facilities impinging on the estu arine e nv iro nment. De­
s ig ned as p art of a •before and after • type of study, to 
demonst rate any measurabl e effect of the industri al oper­
ation i n  question after it went i nto oper atio n, such 
s tudies h ave more recently lost favor to predictive 
m odeling efforts as a more usefu l too l for decision making 
before the fact (the severe limitations of the mode ling 
approach notwi thstand ing ) . 

B aseline studies are useful only i n  d irect proportion 
to their quality . Poorly conceived o r  executed surveys 
are not o nly wastefu l of time and effort but m ay le ad to 
e rroneous conclusions . The S an Francisco Bay study 
referred to above and o th ers were close ly scrutinized by 
Nichols (1973 ) with the fol lowi ng  commentary: 

Efforts to describe the structure and fu nct ion of 
benthic communities of the bay and to qu antify the 
effects of w aste disch arge o n  them h ave been hampered 

by inconsistent and often faulty sampling methodology 
and species identific ation. Studies m ade show a l ack 

of i nformation on the normal l ife processes of the 

organisms concerned. The diversity i ndex ( a  m athe­
m atic al expression of the number of kinds of organisms 
prese nt at a location),  commonly used to desc ribe the 

•health • of the benthic commu nity, has bee n employed 
without regard for the need for standardizing method­
o logy and species ide ntific ations or for understandi ng 

natur al b iologic al p roc esses that affect such mathe­
m atic al indices. There are few reliable qu antitative 
d ata on the dist ribution of benthic organi sms i n  the 
San Fr ancisco Bay with which future assessments of th e 
•health• of the be nthic community might be compared. 
Methods for study of the be nthos must be st andardized, 
identifications of species verified by tr ained t axono­
mists, and new field and laboratory studies undertaken 
before we can expect to obtain an accurate description 

of the be nthic fauna and its relations with the 
environment. 

Co mmercial fish l andings from l arger estu aries repre­
sent some of the oldest and most complete re lev ant dat a  
t hat ar e available to document changes i n  the ecosystem. 
Bow well they re late to stock size of the species in ques­
tion is problematic al. In some c ases, the correl ation is 
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thought to be high , as in the caae of str iped bass in the 
Cheaapeake Bay. More often , aocial and economic factors 
affecting f i sher ie s  so confuae the iasue that landing s 
can be expected to bear l ittle relat ionship to populat ion 
aize . 

There are certainly a few case s ,  particularly with 
respect to the larger estuar ies where there are one or 
more well-e stablished mar ine laborator ies located in the 
cloae vic inity , where old environmental data are avai l­
able . Care auat be taken in the interpretation and use 
of such information , as techniques and equ ipment for me a­
aurement and sample collection have changed s ignificantly 
in the paat dec&de or two. Those parameters that are 
simple and eaa ieat to measure such as temperature , 
sal inity ,  phosphate and ailicate concentrat ions , and 
aecchi-d iac transparency are the most reliable . The 
ability to determine seawater nitrogen chemistry has 
g reatly improved in recent year s and now includes rout ine 
meaaurement of the concentrat ion of ammonia , often urea , 
and sometimes total d issolved organic nitrogen, all of 
which are equally or more important than nitrate and 
n itrite--the fract ions or ig inally and not very accurately 
meaaured . Pluorometr ic determinat ion of chlorophyll , as 
an index of phytoplankton biomass , is also a relatively 
recent measurement not comparable with older data obtaine d  
by other methods. 

S imilarly , comparison of old and new data on the 
apec ies and numbers of the biota of different major g roup­
i nge--for example , the phytoplankton , zooplankton , benthic 
invertebrates ,  f ishe e--may be dif f icult because of differ­
ences in the collection , sample process ing , or preserva­
tion techniques used . Phytoplankton was routinely sampled 
with f ine-meah nets until it was d i scovered , some 2 0  or 
more years ago,  that only the larger fraction of the un i­
cellular algae- -the 5-10 percent of the community g reater 
than about 7 5  pm in diameter--were taken by even the 
f inest nets. Subsequently , whole-water samples have been 
collected and preserved , the cells sedimented in settling 
chambers and counted by inverted microscopy . Today still 
another fraction of the autotrophic plankton community , 
the t iny cyanobacter ia 1- 2  p m  in size that have usually 
gone completely unobserved by convent ional microscopic 
examination , are found to be functionally a highly signif­
icant part of the photosynthet ic or • producer• community . 
There has been a s imilar history in the earlier neg lect 
and more recent inclus ion of the smaller benthic inverte-
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brate• (aeiofauna) , the aicrozooplankton, and the aaaller , 
noncaa.ercial species of finf ishes.  

De�ite these difficulties, there are certainly bie­
tor ical data seta, published and unpublished , that can 
provide useful information when interpreted with care on 
changes, permanent and reversible , cycles , and trends . 
The location, screening , processing , and synthesis of such 
data is a research undertaking in its own right , par­
t icularly where raw, unprocessed , and unpublished data 
collections are involved , the value , interpretation, and 
s ignificance of which require value j uaq..nt by trained 
sc ientists . A notable exa.ple of environaental change in 
an estuary that baa been carefully docuaented froa the 
sc ientific literature and the historical record is the 
report Bi.stor1cal Revi.ett or fiat:er Quali.t:y and Cli.aat:i.c 

Dat:a rroa Chesapeake Bay tdt:b B .. si.s on Brrect:a or 
Bnri.cbaent: , aubllitted to the Bnvironaental Protection 
Agency by JMIIbera of the Chesapeake Research Conaortiua , 
Inc .  (He inle et: al . ,  1980) . Pollowing is the draft 
auaaary froa that aanuacript a 

Review of the available data on water quality in Cbee­
apeake Bay baa revealed changes caused by enr icbaent 
with nutr ients. In the upper and ai44le Bay , and 
several tributar ies ,  concentrations of algae present 
during the sw.er aontha have increased . There have 
been decreases in the clar ity of the water associated 
with the increased algal stocks. Nutrient concentra­
tions have also increased , pboapborua aore notably so 
t han nitrogen. In some of the tributaries , such as 
the Patuxent for which we have the beat data , in­
creased algal production baa led to reduced concentra­
tions of oxygen in the lower two-layered part of the 
estuary . The var iations in concentration of oxygen 
are aore extreae in surface waters than in the early 
1960' s in the Patuxent. Oxygen concentrations in the 
open Bay have not changed greatly ,  with the poaaible 
exception of extra .. conditions during per iods of 
extensive ice cover . 

There have been historical variations in the 
abundance of co.aercial fishery stocks that are close­
ly related to cliaatic var iations. Beginning in 1969 
or 1970 ,  however , stocks of all anadra.oua spawning 
species and aar ine spawners representing higher 
trophic levels have declined to new long-tiae lows . 
The only exceptions are aenbaden (aarine-apawning 
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p lankti vorou s fi sh) a nd  b luef ish (marine- spawning top 

predator s). That same time interva l ha s, however, 
been a period of above average rainfa l l  and reduced 
sa linitie s in the Bay, making any conc lu sion s con­
cerning effect s of enrichment difficu lt to achieve. 

There i s  evidence for progre ssion of the effect s 
of enrichment down the Bay with time. Increa sed in­
put s of nutrient s may we l l  lead to major change s in 
the lower Bay, simi lar to tho se a lready ob served in 
the tributarie s and midd le Bay. 

It i s  u sua l ly d iff icu lt or impo ssib le to separate the 
effect s of natura l enviro nmenta l stre sse s  from those 
cau sed by man, an unan swered prob lem recogn ized by fi shery 
bio logi st s. Week ly quantitative p lankton samp le s and 
re lated enviro nmenta l data co l lected in Narragan sett Bay 
since 19 59, fir st by D. M. Pratt and sub sequent ly by T. 
J .  Smayda, both of the Univer sity of Rhode I sland, have 
revea led trend s somewhat simi lar to tho se de scribed above 

for Che sapeake Bay. Over a 20-year period the m axim um 
popu lation s characterizing the winter- spring phytop lankton 
b loom have varied tenfo ld in den sity, a s  have summer max­
ima. But in 6 of the 9 year s between 19 70  and 19 78, the 
annua l peak abundance of a lgae occurred in summer, in 
contrast to the winter- spring annua l maximum that occurre d 
every year prior to 19 70. During that time, there wa s 

a l so a doub ling of both phytop lankton and zoop lankton 
bioma ss, an increa se in primary production by 50 percent, 
and a dec line in stock s of winter f lou nder. Al l three 

change s c lo se ly corre lated. It is tempting to a scribe 
them to human enrichment (eutrophication) of the Bay, 

though thi s wa s not obviou s from ju st nutrient loading s. 
However, since 19 78, there appear s to have been the begi n­
ning of a return to the ear lier condit ion s, with a winter­
spr ing annua l phytop lankton m aximum, a dec line in p lankto n 
b ioma ss, a nd an increase in w inter f lounder stock s. 

In both the Che sapeake Bay and Narragan sett Bay data 
there are sugge stion s of a 10- 20-year cyc le in the abu n­
dance of variou s popu lat ion s, particu lar ly of some of the 
commercia l finfi she s and invertebrate s, simi lar to and 
c lo se ly fo l low ing recognized c limatic cyc le s. Robert Dow 
of the Ma ine Department of Natura l Re source s pointed ou t 
some time ago the same corre lat ion between c l imatic cyc le s 

and tho se of severa l commercia l specie s in the e stuarie s 

of that State (Dow, 19 64). Pre sumab ly, if the apparent 

re la tion ship of stock s ize to c limate i s  rea l, it shou ld 
be eviden t over a wide spread region and te stab le by study-
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ing the records from severa l e stuar ie s over the same t ime 

per iods, thereby perhap s separating anthropogen ic from 
natura l eff ects. 

As far a s  we are aware, a science of •comparat ive 
estuarine eco logy • ha s not yet become deve loped, but it 
wou ld appear to be a promi sing f ie ld of re search. Com­
parative stud ies of e stuaries in ur ban ized area s with 
tho se in les s-deve loped reg ions of comparab le c l imatic 
and topograph ic character ist ic s  cou ld prov ide an insight 
to the long-term effects of anthropogenic stresses in the 
abse nce of (or as a supplement to) h istorica l r ecords. It 
wou ld perhaps be nece ssary to trave l far afie ld to f ind 
e stuaries not heav ily impacted by man, and it is l ike ly 

that otherwise comparab le estuaries wou ld be norma l ly 
popu lated with quite d ifferent spec ies assemb lages in 
different parts of the wor ld, but major commun ity charac­
terist ics and re lat ionships shou ld be essent ia l ly the same 
e xcept as inf luenced by env iro nmenta l stre ss. If the 
latter are predom inated by anthropogen ic factor s, these 
shou ld be apparent with the proper choice of environment s. 

The geologic record may a lso provide information us e­
f u l  in detecting and interpret ing long-term changes in 
estuar ie s, though the technique has been used spar ing ly 
to date. Varved sed iment cores in certa in part s of Ches­
apeake Bay, dated by po l len and isotope t echniques, have 
revea led changes in phytop lankton community structure, 
from centr ic to pennate d iatoms, that may be re lated to 
historica l cu ltura l changes in the r eg ion (e.g., co loni­
zation, industria l izat ion, intens ive farming w ith the use 
o f  i norganic fert il izers). More work of this k ind in 
e stuaries shou ld be encouraged, though it is r ecogn ized 
that geolog ic chrono logy in soft estuar ine sed iments, 

often heav ily worked by the benth ic biota, is not ea sy to 
determine. E qua l ly difficu lt to interpret, however, is 
the significance of the eco logica l cha nges revea led by 
these techniques. The change from centr ic to pennate 
d iatoms, referred to in the examp le c ited above, may be 

an ind icat ion of progressive enrichment of the e stuary, 
but c lear ev idence for such a relat ionsh ip i s  lack ing. 

Fi sh sca le s in varved sed iment s off the Ca l iforn ia 
coast revea led that the d isappearance of the sard ine in 
recent times and it s rep lac ement by the anchovy, an event 
sometime s b lamed on overfishing or other human activ ity, 

ha s occurred many time s in the past, wel l before anthro­
pogenic inf luences. The se and perhaps other preserved 

indicators of ecosystem change shou ld be looked for in 

suitable estuar ine depos its. 
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BS'l'UARINB BBALTB AND BBALTB INDICATORS 

Contrary to one of the more commonly held attitudes of 
the day , change in itself may be neither good nor bad . 
Changes in productivity ,  species diversity , or other 
parameters of ecosystem structure or function can be used 
in reference to the nominative state (which incorporates 
natural var iations) as described by Odum et al. ( 19 7 9 ) . 
One can use the state var iables of a natural system as a 
means of compar ison . It should be possible to def ine the 
state variables and the nominative state in assessing 
estuar ine health and its natural var iations . However , 
change is often referred to some human value concept , and 
what change is benefic ial to one person may be bad for 
another . Pbr exa.ple , the best conditions for certain 
kinds of commerc ial f ishing may require plankton blooms 
dense enough to discolor the water and render it unpleae­
ant for var ious aesthetic or recreational purposes . 

The problem that the environmental manager faces i s  
to detect early indications o f  deter iorating health o f  an 
estuary before ser ious damage occurs .  However , early 
warning indicator s of cond itions leading to such cata­
strophic events are not always so obvious . 

The .onitor ing of water , sediments , and organisms fo r 
toxic trace contaminants is the most common approach in 
use today . If  the concentrations of heavy metals or tox i c  
organics approach those that have been found (by bioassay) 
to be harmful to the biota or to man if he eats the orga­
n! ... , it aay be possible to locate and eliminate the 
source of the contaminant before ser ious damage occur s .  

Chemical and physical processes of both the substance 
and the environmental medium, the estuar ine system , ar e 
iaportant in identifying pathways of potential transport. 
Such relationships as distr ibution of a mater ial between 
soil and water , between air and water , within biological 
components , and the potential of transformation products 
should be determined To understand how a substance is 
distributed within an ecosystem, we must ·determine it s 
aff inity to the var ious components of the system. With 
such understanding , transformation and degradation rates 
for a substance can be integrated with fugac ity and par­
titioning equations (MacKay , 197 9 J  McCall et al . , 1981 ) 
to provide information regarding the expected concentra­
tions in var ious components of the estuarine system. 

Because of their notor ious ability to concentrate a 
host of toxic material--metals , organics , pathogens-­
mussels have been used as monitors and whole-water bio-
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assay organisms for coastal waters around the world . The 
•mussel watch• program is not, however , widely in use in 
estuar ies and i s ,  indeed , not a satisfactory approach for 
aany estuaries or parts of estuar ies whose waters are not 
suitable for the bivalve to live .  

I t  is not suff ic ient, however , t o  look only for iden­
tif ied toxic mater ials in the environaent, for those that 
are recognized hazards and that can be and actually are 
being monitored are but a few of the anthropogenic add i­
t ions to estuar ies. Purther , toxic levels are known and 
standards set for only a few of those . A more useful and 
safer approach would be the routine monitor ing of the 
health of the organisms theaselves. Physiolog ical para.­
eters such as g rowth, feeding ,  oxygen conswaption, fecun­
d ity/reproduction, osaot ic/ionic regulation, hematology , 
n itrogen balanc�excret ion , and heartbeat/ventilation are 
all important indicator s of organiaaal health , but base­
l ine levels and nor.aal steady-state conditions are not yet 
well known for most estuarine species.  Carrying out the 
experi .. ntal aeasureaents 1n s1tu in the environment to 
be monitored poses d iff icult log istic probleaa. 

Another approach, perhaps more practical ,  is to mon i­
t or one or more biocheaical var iables that also provide 
evidence of environmental stress. Some of those that are 
being studied for this purpose are adenylate energy charge 
ratio, lysosomal changes , heavy-aetal binding protein 
production, aixed-function oxygenase induction, and ste­
roid aetabolisa change . Techniques for .. asur ing these 
i nd ices and the quantitative relationship of their change 
to var ious environ.ental stresses are still in the early 
stages of investigat ion, and adequate baseline data have 
not been established . Purther work in this area should 
be encouraged .  

D i sease is  a well- recognized ,  often critical problea 
in the art ific ial cult ivation of mar ine f infish and in­
vertebrates. It has , however , received auch less atten­
tion and recognition in the natural environ.ent with the 
exception of a few coamerc ial spec ies , such as oysters , 
utilization of which are usually also considered as a fora 
of mar iculture . Are such aar iculture sites centers for 
the spread of infectious disease to native populations? 
What is the role of introduced exotic spec ies in this 
regard? Are any of the infectious diseases of f ish and 
shellfish in fact transferrable to aan, as has been sug­
gested? What factors affect the ecology of vibrios (e. g . , 
Lympbocyst1s ) , and what is  the role of pollution in their 
d istribution in estuar ies? Why are Pac ific Coast estu-
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a r ies epicenters of skin papillomas in flatfish? Is this 
an infectious disease? Why does it occur only in young? 
Is there a carr ier or secondary host for the d isease? 

Fin rot/f in erosion disease is now known to occur i n  
Eu ropean , Southeast As ian , and Japanese estuar ies a s  well 
as the larger urbanized estuaries of North Amer ica. Al­
though it appears to be correlated wit� wastewater die­
charges , its  basic cause and etiology are st ill unknown . 
Does this disease ever occur naturally? What is its 
relationship to water and sediment chemistry? 

These are but a few of the unanswered questions in the 
challenging new f ield of mar ine pathology . Particularly 
important in this  area is the relationship between disease 
and environmental stress , both natural and that caused by 
pollution , and there is no environment more appropr iate 
for such study than that of the urbanized estuary . 

There are other , much more subtle influences in estu­
aries that may signif icantly affect the health and sur­
v ival of organisms . It has been recogni zed for at least 
three decades that coastal and estuar ine water at certain 
t imes of the year are unsuitable for culturing phytoplank­
ton and a var iety of invertebrate larvae . This problem 
has been exper ienced by cultur ists working in such scat­
tered areas as Woods Hole , Narragansett Bay , California 
coastal waters , and the English Channel.  The phenomenon 
has never been satisfactor ily explained nor the causat ive 
agent identified .  Virtually unobservable in environmental 
stud ies , it may nevertheless be a major factor affecting 
the year-c lass success of a g iven spec ies whose larvae may 
be in a critical developmental stage dur ing such episodes . 
Th is is an area in which practitioners of mar iculture and 
estuarine ecology could prof itably join forces for the 
solut ion of a perplexing problem of interest and concern 
to both . 

Not all environmental stress in estuar ies is caused by 
toxic or inhibitory conditions or additions . The nutr i­
ents in domest ic and certain industrial wastewaters and 
in agr icultural runoff actually st imulate the growth of 
plants , as does the enr ichment of waters by natural pro­
cesses such as upwelling .  Benef icial in moderate amount s 
and under some c ircumstances , since phytoplankton are the 
pr imary producers of organic matter responsible ultimately 
for virtually all other aquatic l ife , excessive enr ichment 
or •eutrophicat ion• may lead to condit ions that are 
ecolog ically catastrophic as well as aesthetically 
displeasing . 
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C r iteria for early warning of the deteriorating health 
of estuar ies from excess ive nutrient enrichment are usual­
ly considered to be the availability and concentrat ions 
of the nutr ients themselves and their increase in the 
water , but such data may be aisleading . Nutr ients that 
are growth limiting are usually assimilated as quickly as 
they become available and reside in the t issues of the 
biota . Those that are not growth liaiting may remain in 
the dissolved state in the water but are not , then , 
directly relatable to • eutrophication. • A more reliabl e 
i ndex of •eutrophication• may be the direct increase of 
phytoplankton or other plant life ( e . g . , seaweeds or 
h igher plants, in some cases) . However ,  the relationship 
between nutrient input , uptake kinetics by the phytoplank­
ton and other autotrophs , and primary production and 
stand ing stocks of the plant communities and the herb i­
vores that feed on them are an extremely complex ser ies 
of i nteractions for which there are no simple ind ices . 

One of the complicating factors is  the identif ication 
of the rate-limiting nutr ient ( s )  in estuaries . This  i s  
generally agreed most often to be phosphorus i n  the fresh­
water environment and nitrogen in the ocean, but it may 
be either in estuar ies and may vary temporally and spa­
tially in a g iven estuary . I f  runoff from fertilized 
farmland is the pr inc ipal source , the phosphorus often 
becomes bound to the soil and becomes limiting in the 
e stuary . If wastewater is the source , it is usually 
def ic ient in nitrogen relat ive to phosphorus and nitroge n  
becomes the growth limiting factor . Thus sources ,  routes ,  
and rates of nutrient input are important basic data for 
the study of each individual estuary . 

There are growing indications , however , that gros s 
nutrient input is not the key to the onset and development 
of the unhealthy characterist ics  of estuar ies usually 
assoc iated with the term •eutrophication. •  As noted 
above , stimulation of the r ight k ind of phytoplankton 
(e . g . , centr ic diatoms , certain flagellates) leads on to 
increased production of pelag ic and benthic f infish and 
invertebrates ,  including those of direct value to man . 
Upwelling areas that support the most productive f isherie s 
on Earth are no less •eutrophic• by any definition of the 
term, and estuar ies that are enriched by incursions of 
subsurface offshore water via a two-layered c irculation 
are usually highly productive ,  healthy ecosystems . 
En r ichment from other sources such as wastewater or other 
anthropogenic act ivities , however , often results in blooms 

Copyright © National Academy of Sciences. All rights reserved.

Fundamental Research on Estuaries:  The Importance of an Interdisciplinary Approach
http://www.nap.edu/catalog.php?record_id=19443

http://www.nap.edu/catalog.php?record_id=19443


3 6  

o f  nonmoti le green and blue-green algae , and sometime s 
toxic flagellates, that are not read ily utilized as food 
by higher trophic levels and that accumulate in the water 
or on the bottom where they create undesirable aesthetic 
and damag ing ecolog ical effects . The same major nutrients 
may be added in both cases, but their chemical spec iation 
( ammonia, urea , or dissolved organic nitrogen in sewag e 
versus nitrate in deep ocean water) , the presence or ab­
sence of other nutr ients such as si licate that is required 
by diatoms , the presence of accompanying toxic contami­
nants such as copper in sewage that inhibits diatoms and 
f avors that of other algae, and the concur rence of enr ich­
ment with low salinity and high temperature at the head s 
of estuaries, where d i scharges are often located, all may 
favor the growth of undesirable versus desirable spec ies 
of algae . 

Thus • eutrophication• is a qualitative as well as a 
quantitative characteristic of estuar ies , resulting from 
a number of interacting factors of which the input of 
major nutr ients is but one . The study of these factor s 
and their interactions is therefore an impor tant area of 
research needed for understanding and diagnosing the early 
stages of one of the major causes of the deterioration of 
estuar ine health . 
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3 VA!crABILITY OF CIRCULATION 
AND MIXING IN BS'l'UA!crBS * 

INTRODOCTION 

Th i s  c hapter provides a brief review of some of the 
iapor tant recent developments in our understanding and 
changes in our percept ions of physical c i rculation and 
m ixing processes within estuaries. It also presents sug­
gestions concerning future research needs in estuar ine 
dynamics. Because much of the current interest in estu­
aries has focused on thei r  biolog ical , chemical , and geo­
log ic features, more interd isc iplinary study of estuaries 
is called for , and the following discussions tend to em­
phasi ze those advances in kinematics and dynamics that are 
more directly relevant to the description of distributions 
of b iomass , chemical const ituents,  particulate matter , and 
pollutants . One objective here i s  to show through 
examples that developments in our understanding of the 
physical forcing and response characteristics of estuarie s 
provide us with at least some of the tools needed to deal 
with complexities assoc iated with the biolog ical , chemi­
cal , and suspended aatter distributions in estuaries. 

*This chapter was largely developed by a subpanel on c i r­
culation and aixing , which consisted of the following : 
Robert B. Wilson , State University of New York ,  Stony 
Brook , Subpanel Leader , William Boicourt , The Johns 
Hopki ns University, Malcomb Bowman, State University of 
New Yor k ,  Stony Brook , Leonard Haas,  Virg inia Institute 
of Marine ScienceJ Takashi Ichiye, Texas A•M UniversityJ 
Donald w. Pritchard , State University of New York ,  Stony 
BrookJ Maur ice Rattray, University of Washington, Jay L .  
Taft , The Johns Hopkins University ,  and Mary G .  Tyler , 
University of Delaware . 
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Another obj ective is  to suggest that interdisc iplinary 
r esearch can serve not only as a platform for evaluation 
and refinement of existing ideas concerning estuar ine 
c irculation and mixing processes but also as a stimulus 
for significant advances into dynamics and kinematics . 

RECENT DEVELOPMENTS AND RELATED RESEARCH NEEDS IN 
ESTUARINE DYNAMICS 

Es tuar ies are typif ied by freshwater r iver and groundwater 
inputs and saline source waters that require a net outflow 
through an estuary and provide a long itudinal density 
gradient to dr ive a vertical c irculation g iven suffic ient 
estuary depth. Many , if  not most , estuar ies have ap­
preciable tides and tidal currents that in addition to 
c reating oscillatory var iations in  properties represent 
the dominant energy source for turbulence and mixing and 
contr ibute to the nontidal c irculation through nonlinear 
effects . Important modifying effects can be provided by 
surface wind stress over the estuary and by sea-level 
var iations at the mouth produced by meteorolog ical forcing 
of the adj acent coastal waters . 

All the above forcing mechanisms may exhibit tempora l 
a ndVor spatial var iability .  Time scales range from geo­
log ic per iods to seconds , but the range of most interest 
i n  terms of estuary-wide response usually l ies between 
the annual and the tidal per iod .  The event t ime scale of 
several days associated with meteorolog ical disturbances 
is likely to result in the most complicated estuarine 
responses , for it  is both broad banded and in the range 
of the natural time scales for many estuar ies . 

The spatial scales of var iation of forcing mechanisms 
other than wind are f ixed by the boundar ies of the estu­
a ry ,  although even here the density var iations at the 
mouth of deep estuar ies may exhibit important spatial 
structure . The important spat ial scales may range from 
the order of a kilometer to hundreds of kilometers . 

The estuarine c irculation processes of largest spatial 
scale and longest time scale is the •mean• or nontidal 
c irculation, which is composed of components der ived from 
the net r iver runoff ,  the longitudinal density gradient , 
laterally varying depth-dependent friction ,  the surface 
wind stress , and the characteristics of the t ide itsel f ;  
other processes governing the d istr ibution of variables 
can be categori zed as either stirr ing or mixing , the 
former resulting from resolved or deterministic motions 
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and the latter froa unresolved or statistically described 
�tiona . The for.er would include nontidal longitudinal , 
l ateral, and vertical circulations , and the latter would 
include bott�generated turbulence produced by tidal 
currents, .. �flow shear-generated turbulence , boundary 
aixing froa density currents or internal wave breaking , 
and shear and breaking of surface waves generated by the 
wind . 

The foregoing circulation and mixing processes respond 
to the t.-poral and spatial variability of the forcing , 
and, in addition, the mixing and momentum flux processes 
produce aotiona of shorter time and spatial scales . While 
t hese aaaller scales may not be of interest in themselves 
as part of the overall estuarine description , they must 
be investigated before their effects on the lar ger-scale 
processes can be predicted in terms of some suitable 
p ar ... teriaation. 

In a selective review of research in the United States 
on the dynaaica of aotiona in estuaries , Carter et al . 
( 1979) point to three of the aoat impor tant research 

advances as an appreciation of 

1 .  The variability in time and apace of the nontidal 
�tion in estuaries . 

2 .  Nonlocal forcing of nontidal variations in water 
level and aotion in estuaries and other coastal wate r 
bodies. 

3. The effects of the nonlinear field acceleration 
teras on the tidal averaged dynamics of estuarine 
c irculation. 

This abbreviated list , which emphasizes the importance 
of temporal and spatial variability in both physical 
forcing and response characteristics, can certainly be 
expanded . In addition to temporal variability in nontida l 
c irculation associated with both local and nonlocal mete­
orological forcing, Blliott et al . ( 1978)  demonstrated the 
iaportance of forcing at the head of an estuary due to 
tiae-variable river discharge in producing temporal var i­
ations in nontidal circulation and in the distribution of 
water properties. 

As far as spatial variability in circulation patterns 
is concerned, there is increased awareness of the impor­
tance of d imensional and topographic controls . There is 
substantial evidence that our usual two-dimensional 
(vertical and longitudinal) simplification of estuarine 

circulation is inadequate and that a nonnegligible portion 
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of the long itudinal transport is assoc iated with effects 
i n  the cross-e stuary ( lateral) d irection. While the lower 
layer in a two-d imensional regime is  topographically 
l imited by channels , the upper layer can be complex , ex­
hibiting jet flows , stationary eddies , and sizable lateral 
shears. The rotation of the Earth can cause s ignificant 
lateral gradients in the larger estuar ies . Topograph i­
c ally dr iven secondary flows have been well documented in 
r ivers , but little is known about these c irculations i n  
stratified tidal estuar ies . 

In addition to this relatively persistent spatia l 
s tructure , which is assoc iated with i rregular topography, 
there is increasing evidence for the existence of small­
scale and often short-l ived fronts and related spatial 
features and for their possible biolog ical consequence s 
( Figure 3. 1). 

Temporal and spatial var iability have so far been 
discussed pr imarily in connect ion with nontidal c i rcula­
t ion--an advective process . The importance of both te� 
poral and spatial var iability can , however , also be 
considered in relation to mixing processes. Here we will 
consider specif ically tidal mixing and its effect on 
water-column stability .  In this case temporal var iability 
is assoc iated pr imarily with spr ing-neap var iations in 
mixing intensity and spatial variability in mixing inten­
sity within the estuary . 

Tidal mixing intensity can be represented rather s i� 
ply in terms of bulk parameters , tidal current amplitude , 
and mean depth . The more general problem of representing 
turbulent transport of mass and momentum remains a funda­
mental problem in estuarine dynamics and kinematics of 
considerable practical importance . Fluid dynamic ists 
r efer to this as the closure problem in turbulence; mete­
orolog ists or oceanographers may call this •parameter iza­
t ion• ; and numer ical modelers call it • subgr id 
simulation . • 

The vertical turbulent flux of momentum and mass 
results from correlation of the vertical fluctuation 
velocity with the hor izontal fluctuation velocity or 
concentration fluctuation. In contrast to the hor izonta l 
f luctuation velocity and the concentration fluctuation, 
generation of the vertical fluctuation velocity , itself , 
seems to be caused by different mechanisms near the sur­
face , in the mid-depth and near the bottom of estuar ies . 
Near the surface , the vertical fluctuation velocity may 
be mainly generated by the wind-generated surface waves 
and by the shear in the near-surface flow. In the mid-
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FIGURE 3. 1 Small-scale structure in water properties 
a t  1 m along a hor izontal transect in Long Island sound 
f rom 4 0 °  59 ' N ,  7 3 °  0 4 •  W to 41° 01•  N ,  73 ° O S ' W on 2 2  
June 1 9 77. Fronts at approximately 7. 5 km and 1 0. 5  km 
are from remnant r iver plumes ; at 3. 5 km is a stationary 
t idal front off Long Island . 
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F IGURE 3 . 2 Bottom topography in a 60-k�long reach of Great South Bay , a bar-built estuary 
the south shore of Long Island , New York .  MLW depth is  1 . 3  m7 dotted isobath is  1 m.  

FIGURE 3 . 3  Numerical s imulation of Lagrang ian drift for a total of ten water parcels for a 
period of 30 days in the reach of Great South Bay shown in Figure 3 . 2 .  
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depth the energy source of  the vertical fluctuation veloc­
ity .. Y be the current shear and the internal waves . Near 
the bottom, the topographic features combined with the 
current shear may be the main cause of the vertical 
f luctuation velocity .  

Horizontal turbulent transports o f  mass and momentum 
tend to be associated with var iations in velocity and 
concentration with t t.e  and space scales larger by orders 
of magnitude than their vertical counterparts . 

We have so far emphasized appreciation of temporal and 
spatial var iability in c irculation and mixing processes i n  
connection with important recent developments .  Of poss i­
bly even .ore fu�ntal importance is the increased ap­
preciation for the utility of a Lagrangian (with a moving 
coordinate system) descr iption of the motion within tidal 
a reas such as bays and estuar ies rather than a Euler ian 
(with a f ixed coordinate system) description , especially 
when considering the net displacement over a t idal cycle 
of dissolved and suspended materials . The movement of 
d issolved and suspended materials within an estuary is 
inherently a Lagrangian process , and for many purposes the 
Lagrangian trajectory is  the representation most useful 
for understanding biolog ical , chemical , and sedimentary 
processes and .ore relevant to the distributions of bio­
.. ss and chemical constituents . 

A problem of spec ial importance is the residual non­
t idal Lagrangian drift of a particle within an estuary i n  
which tidal currents are spatially nonuniform and which 
is forced both locally and nonlocally at subtidal frequen­
c ies . In this case the residual Lagrangian drift will be 
strongly affected by an interaction between the spatially 
nonuniform t idal stream and the spatially and temporally 
var iable ( at subtidal frequencies) residual Eulerian 
veloc ity field. 

Numerical modeling can provide a focus for many of the 
physical processes descr ibed above . To illustrate this 
point , we consider soae numer ical s imulations of the 
depth-mean hor izontal circulation patterns within Grea t 
South Bay (Figure 3 .2 ) , a bar-built estuary on the south 
shore of Long Island . The bathymetry is shoal ( average 
depth 1 . 3  m, relative to mean low water) and spatially 
complex . Its surface area-to-volume ratio makes it highly 
susceptible to local wind forcing, and because it caamuni­
cates directly with the adj acent continental shelf through 
four inlets , it is forced by both tidal and subtidal sea­
level fluctuations on the shelf . Figure 3 . 3  shows a 
l iaited number of Lagrangian trajectories for a 30-day 
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n umer ical s imulation with a f inite-e lement model .  These 
simulations were performed with the objective of trac ing 
the t ime history of clam larvae within the bay during that 
t ime they are suspended within the water column .  They are 
presented to emphasize the following basic points : 

1 .  Real istic simulations must be of suff ic ient length 
to cover the primary flow var iability due to local meteo­
rolog ical forcing , fluctuations in freshwater inflow, and 
forc ing by subtidal sea-level changes on the adjacent 
shelf .  

2 .  S imulations must be of sufficient resolution to 
represent adequately effects due to var iations in bathym­
etry and to be of value to users concerned with transport 
processes . I n  the simulations shown, for example , the 
Lagrang ian trajectories are spatially very complex and 
simulations on the coarse grid would have provided a poor 
representation of the structure of the • true• residual 
drift f ield . 

The residual nontidal Lagrangian drift as represented 
by these trajectories is dramatically different from that 
which might be inferred from the residual Euler ian veloc­
ity f ield and even from the sum of the residual Eulerian 
f ield and the Stokes velocity f ield .  

PROCESS-ORIENTED INTERDISCIPLINARY RESEARCH I N  ESTUARIES 

The nature of the developments in our basic understanding 
of physical c irculation and mixing processes , more specif­
i cally , in our appreciation of the space and t ime scales 
involved , has enhanced our ability to identify and 
desc r ibe specific physical processes responsible for 
maintaining biolog ical and chemical distributions and for 
produc ing temporal and spat ial var iabil ity in these 
distributions . The following discussions are presented 
to show, by example , that interdisc iplinary research 
involving the study of physical processes controlling the 
d istr ibutions of biomass and chemical constituents can 
provide insight into the nature of the phys ical processe s 
that would otherwise be unobtainable , or nearly so. 

A f irst example relates to effects associated with 
spatial var iations in the intensity of tidal mixing and 
stat ionary tidal fronts in estuar ies . Within shallow 
estuaries spatial var iations in mixing intensity can g ive 
r ise to changes in water-column structure from mixed to 
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well stratified in a few hundreds of meters or less . 
These var iations are important to marine productivity 
since the same physical driving mechanisms that control 
the stratif ication also determine the availability of 
light and nutr ients to the phytoplankton. 

One approach to the problem of pred icting vertical 
stratif ication in t idally dominated shallow seas is 
t hrough the concepts of mixing energetics .  During the 
heating season, there is a bouyancy flux through the sea 
surface due to the insolent radiation. This leads to 
warming of the subsurface layers and a tendency of the 
water column to stratify ,  lower ing the potential energy 
of the column relative to the mixed state . Opposing thi s  
i s  the generation o f  bottom turbulence from t idal stre� 
ing . Simpson and Hunter (1 974 ) showed that this dynamic 
imbalance can be expressed through a stratif ication index , 

h/u3 � is  water depth and u is  mean spr ing t idal cur­
rent amplitude) . The value of this index determines 
whether a coastal ocean reg ion will remain mixed through­
out the summer or whether at some stage of the heating 
season, onset of strat if ication commences and a thermo­
c line develops . 

A study was i nitiated in 1 9 7 8  in Long Island Sound to 
see if a s imilar approach might prove fruitful in a par­
t ially mixed estuary when the observed stratification was 
almost entirely due to the two-layered gravitational 
c irculation patterns , i . e . , where the buoyancy flux into 
a g iven area was due to horizontal advect ion rather than 
a vertical input of buoyancy due to insolation. The 
S impson-Bunter (1 974)  theory was extended to an estuarine 
environment ( Bowman and Esaias , 1981 ) and was shown that 
as long as the ratio of upstream to downstream mean sali n­
i ty was c lose to unity ( equivalent to stating that the 
hor izontal buoyancy flux is constant along the axis) the n 
t he h/u 3 index should be applicable . 

Results of an extensive mapping cruise made in Sep­
tember 1978 in Long Island Sound are shown in Figure 3 . 4 , 
where bulk stratification (a� d ifference bottom to top 
d ivided by depth) is  used as a measure of water-column 
stability .  

Contours of h/u 3 , der ived from current measurements 
made by the National Ocean Survey , are illustrated in 
Figure 3. 5. There is a remarkable similar ity in the two 
maps . The 1091 0 h/u 3 • s • 1. 2 5  to 1. 5 contours ap­
p ear to define accurately the l imits of mixed waters in 
the eastern and central reg ions . The main eastern tidal 
c hannel is flanked by high s (> 2 )  regions of stratified 
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water . The central ,  stratified basins of Long Island 
Sound appear as a reg ion of high s ,  with coastal mixing 
zones paralleling the shoreline and a major transverse 
front located at its eastern l imits.  

The distributions of phytoplankton observed on several 
sampling cruises are clearly related to these patterns of 
t idal mixing and stratif ication. Further research is  
needed to  understand the temporal response of  phytoplank­
ton to these spatial patterns of mixing and stabilization 
and to test the usefulness of the method in other par­
t ially mixed estuaries. 

A second example relates to effects assoc iated with 
temporal variations ( spring-neap) in the intens ity of 
t idal mixing within partially mixed estuaries . Recently 
it has been recogni zed that some estuar ies osc illate 
between stratif ied and destratif ied conditions on a fort­
nightly cycle that correlates with neap and spr ing t ides , 
respectively . For example , the cycle has been observed 
in a var iety of estuar ies including the James , York ,  and 
Rappahannock Rivers (Haas,  1977) , the St. Lawrence ( S in­
clair , 1978) , Aulne and Gironde estuaries (Allen et al . , 
1980) , Charleston Harbor (Wastler and Walter , 1968) , and 
possibly Puget Sound (Winter et al . ,  1975 )  and Saanic h 
I nlet (Takahashi et al . , 1977) . The stratif ication­
destratif ication process encompasses the entire estuary , 
not j ust a small segment , and affects the fundamental 
hydrographic-c irculation condition of the estuary . The 
t ime scale of the cycle is long enough for s ignificant 
chemical and biolog ical responses to occur . In the Yor k 
R iver estuary the strat ification-destratif ication cycle 
is strongly expressed and is predictable (Haas et al . ,  
1980 7 Figure 3 . 6 ) .  

Other than its assoc iation with the neap-spr ing t idal 
cycle ,  l ittle is known about the hydrographic processe s 
c ausing the observed oscillation between stratified and 
homogeneous conditions .  However ,  the fact that the 
stratif ication state of an estuary can be altered so 
dramatically on such a short time scale suggests that 
f urther research on this process will signif icantly ad­
vance our basic understanding of the hydrodynamics of 
e stuarine systems in general. 

Other aspects of the estuarine ecosystem are also af­
f ected by the stratification-destratif ication process . In 
the Yor k River d issolved oxygen and inorganic nutrients , 
both important water-quality parameters,  have been shown 
to vary systematically with the stratif ication state 
( D 'Elia et al . ,  1980 7 Webb and D ' El ia ,  1980) .  Dur ing 
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F IGURE 3 . 6  Vertical sections of salinity along the longi­
tudinal axis of the York River Estuary showing the variation 
in water-column stratification assoc iated with spr ing-neap 
var iations in tidal current (from Baas e� a1 . , 1 980 ) . 

stratified conditions in the sUIIIIIler lllOnths , water below 
the halocline becomes simultaneously anoxic and enr iched 
i n  both ammonium and phosphate, both conditions apparently 
the result of benthic remineralization. This  condition 
i s  altered fortnightly by the mixing of oxygen- r ich , nu­
trient-poor surface waters with oxygen-poor , nutrient-rich 
d eep waters.  Thus , spr ing-t ide assoc iated destratifica­
tion events serve to replenish periodically oxygen to the 
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deep water and nutrients to the surface waters . I t  i s  
apparent , therefore , that the spatial and temporal var ia­
t ion in both oxygen and nutrient concentration is directly 
related to the stratification-destratif ication cycle and 
that this process may have a significant impact on bio­
log ical processes of the system. 

The last several years have witnessed a growing awar e­
ness of the episodic nature of phytoplankton processes and 
thei r  relationship with physical processes in  the oceans 
( McGowan and Hayward , 1978) . Analogous events may be 

occurring in estuaries as well . For example , several 
i nvestigations noted sequential phytoplankton blooms in 
estuaries associated with alternating per iods of strat i­
f ication-destrat ification ( Sinclair ,  197 8 1  Takahashi e� 
al . , 1977 1 Winter e� al . , 1975) . These observations sug­
gest a direct assoc iation between phytoplankton and hydro­
g raphic processes in estuaries that heretofore has not 
been widely recognized . Other biolog ical processes that 
may be keyed either d irectly or indirectly to strat i f i­
cation-destratif ication cycles include the t iming of 
f infish-shellf ish spawns , the survival of larval forms , 
phytoplankton species succession , f ish migrations into or 
out of an estuary , the conservation or • trapping •  of 
larval forms in an estuary , and zooplankton life cycles . 

The spatial and temporal d istr ibution of abiotic con­
stituents as well may be regulated by the hydrographic 
process in question.  Allen et al . ( 1977,  1980)  proposed 
that the long itudinal d istribution of sediments ( i . e . , the 
turbidity maximum) in the Gironde and Aulne estuaries i s  
r egulated by the observed cycle of neap- and spr ing­
tide-assoc iated stratif ication and mixing in these estu­
ar ies . Th i s  is  an alternative hypothesis to the prevail­
ing concept that estuarine turbid ity maxima occur in the 
zone of net , zero nontidal flow in an estuary . 

A third example , presented from the more general pe r­
spective of nutr ient dynamics in estuar ies , points to the 
importance of a number of long itud inal and vertical mixing 
processes. These include the long itudinal dispers ion of 
nutrients contained in runoff , the maximization of vert i­
cal concentration grad ients between water and sediments 
by hor izontal advection , and vertical mixing across a 
pycnocline .  

Nutr ients entering estuar ies from r ivers may behave 
conservatively dur ing periods of high flow when dilution 
w ith seawater is more rapid than phytoplankton uptake . 
This often occurs when nutr ient concentrations are high . 
Ni trate input to the Chesapeake Bay during spring behaves 
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conservatively through most of the region north of the 
Potomac River . Linear regressions of nitrate versus 
salinity for several years in Chesapeake Bay show that 
s lopes and intercepts change f rom month to month ex­
pressing source concentration changes. While thi s 
approach is approximate , with j ud icious choice of coeffi­
c ients and intercepts estimated from historical data, it  
i s  possible to model some major nutr ient inputs nearly as 
well as salinity . 

Phytoplankton nitrogen demand appears to be satisfied 
by ...onium nitrogen (McCarthy et a1. , 1977 1 Taft et a1. , 

1978) so that turbulent mixing with low-nitrate ocean 
water is the principal cause of decreasing nitrogen 
concentration. Analogous situations exist in the Hudson 
River estuary , Columbia River , Mississippi River , and 
others . 

As sediment accumulates , so do nutrients that are re­
aineralized from organic particles in the sediment . The 
nutrients d issolved in interstitial waters can diffuse 
back into the overlying waters , as long as the concentr a­
t ion of a g iven nutrient in the overlying waters is less 
than that in the interstitial waters. In this way nutr i­
ents entering the estuary from the land are augmented by 
reaineralized nutr ients from sediments so that the 
i nstantaneous mass of nutrients per unit volume steadily 
increases .  

Th e  input r ate from sediments var ies for different 
nutr ient species . Ammonium probably diffuses at a con­
stant r ate according to concentration grad ient . Nitrate 
aay diffuse upward when the near-surface sediment is aer­
obic (Taft et a1 . ,  1978) , but benthic chamber measurements 
have shown nitrate loss to the sediments (Boynton et a1 . ,  
1980) . Phosphate diffuses out at oxygen concentrations 
of less than about 1 ml/l iter . At higher 02 levels , 
phosphate aay be bound to iron hydroxides ( formation of  
ferr ic phosphate) and remain at the sediment surface . 

Temperature-dependent remineralization of nutr ients 
i n  the sediments can be approximated from the Arrhenius 
rate law expression 

r2 ln --
rl 

E a 
� ,  

where r 1 is the r ate at a g iven temperature , B8 is the 
apparent activation energy, R is the g as constant , and r 
is teaperature. Sulfate reduction and ammonium remineral­
ization have been treated this way (Goldhaber et a1 . , 
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197 7 J  Jorgensen, 197 7 J  Aller and Yingst , 1979) . Onc e 
released from organic mater ial , nutr ients in interstitial 
waters may diffuse upward . Under conditions of deep-water 
anoxia both ammonium and phosphate d iffuse i nto the over­
lying water accord ing to 

J = �DB (;�) , z=O 

where J is  the f lux , t is  sediment porosity , D5 is d if­
fusivity for nonbioturbated sediment or eddy d iffusiv­
ity for biolog ically d isturbed sediments ,  and ( a c/a z )z= O  
i s  the interstitial water-concentrat ion gradient (Berner , 
1971) . Krom and Berner ( 1980)  determined diffusion coef­
f ic ients for ammonium and phosphate in sediments as 
D5 (NH4) • 9 . 8  + 2 . 0  x 10- 6 cm2/sec and D5 (P04 ) 
• 3 . 6 x 101 6 c�/sec . Thus , estimates for remineral­
ization rates and release rates from sed iments can be 
made . Advection in the overlying water transports nutr i­
ents hori zontally away from the sediments ,  and turbulence 
mixes them vert ically . I n  this way gradients are maxi­
mized and diffusive fluxes maintained from interst itial 
to overlying water .  

At present , est imates for release rates f rom sediments 
are better than est imates of mixing through the water 
column. Th is is because sed iment release may be adequate­
ly modeled as a steady-state process, whereas c i rculation 
of the overlying water is not in steady state . However,  
water c i rculation is primarily responsible for br inging 
phytoplankton and nutrients together . 

Under cond itions of strong stratif ication, nutrient s 
( predominantly ammonium and phosphate) accumulate in the 
lower layer . The pycnocline may or may not coinc ide with 
the bottom of the euphot ic zone . Phytoplankton with 
l imited mobi lity are thus virtually isolated from direc t  
contact with the deep nutrient pool and depend entirely 
on physical mixing across the density discontinuity fo r 
new nutrients to support biomass increases. Dinoflagel­
lates are an exception because they may migrate vertically 
to the boundary and take up the nutr ients available there . 
Phytoplankton with l imited mobility can be exposed to nu­
tr ients in  two ways . First ,  new nutrients from below the 
pycnocline can be mixed or diffused up or the organisms 
can be mixed downward . In  actuality , both probably occur, 
but rates are poorly def ined . Thus the biomass or stand­
i ng crop of phytoplankton is  closely l inked to the inten­
sity of mixing within the upper layer and to the intensity 
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and characteristics ( e . g . , temporal var i ability) of mixing 
across the pycnocline .  There is a need to further examine 
mixing r ates in estuar ies with tracers other than salinity 
and density .  Errors i n  estimating diffusivities and 
t r ansient mixing events may have significant impact on 
biological and chemical parameters but remain undetected 
by steady-state mixing or diffusion calculations . 

A final example is presented to show that study o f  
physical processes controlling biological d istr ibutions 
can serve to demonstrate the integrated effects of the 
i nteraction of transport processes operating over a broad 
range of space and time scales . I t  suggests also that 
b iological species can be effectively used as a tracer to 
distinguish specific advective and nonadvective transpor t 
processes responsible for produc ing observed d istribu­
t ions .  

Tyler and Seliger ( 1978,  1980) described the spati al 
distribution of plankton, pr imarily the dinoflagellate 
Prorocen�rum , within the Chesapeake Bay in relation to 
the regulating physical processes. They described the 
seasonal distribution and transport of organisms by the 
•me an• nontidal density driven flow. Seaward flowing 
populations within the surface layers are transported into 
the bottom waters at frontal regions near the mouth of the 
Bay where the pycnocline intersects the surface . Algae 
are accumulated within the frontal reg ion, g iving r ise to 
a surface patch as well as to concentrations entrained 
along the frontal interface (Figure 3 . 7A) . A freshet f rom 
the northern Bay then causes this vertical discontinuity 
to become a hor izontal pycnocline along with the associ­
ated algae (Figure 3 . 7B) . These populations are then 
t r ansported up estuary at depth by the nontidal flow and 
returned to the surface layers in the northern Bay. Thi s  
process is inferred from a series of vertical sections 
along the longitudinal axis of the Bay (Figure 3 . 8 ) : Fig­
u re 3. 8B shows the low stratification and surface concen­
trations in the lower Bay in aid-winter J  in early spring 
t here is an onset of stratification and a transfer of 
algae to the bottom waters (Figure 3 . 8C) J during the lat e  
spr ing organisms are transported to the northern Bay under 
h igh stratification (Figure 3 . 8D) J by summer the delivery 
of algae to the northern Bay is complete (Figure 3 . 8B) . 

I n  addition to relating concentration distributions 
to •mean• nontidal circulation patterns , Tyler and Seliger 
( 1978 , 1980) cons idered low-frequency variability in algae 
d istr ibutions and the reponse to var i ability in physical 
forcing . They described the temporal variability in the 
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FIGURE 3 . 7  East-west cross section across the Chesapeake 
Bay looking northward (at York River entrance) showing 
displacement of Prorocentrum orig inally accumulated at 
f rontal interface A downward beneath pycnocline B to pro­
duce a subsurface max imum ( from Tyler and Seliger , 1980 ) .  

f irst appearance of algae accumulations along the frontal 
reg ion in the lower Bay (February through March) and sub­
sequent appearance of subsurface concentration maxima 
(February through June) . They related var iability in the 
f irst appearance of algae blooms in the upper Bay to the 
apparent var iability in the intensity of subsurface den­
s ity-d r iven transport that was produced , in turn , by 
variations in freshwater inflow. 

Tyler and Seliger also showed that certain aspects of 
the spatial variability in the distributions of plankton­
ic organisms are strongly related to the spatial structure 
of circulation and mixing patterns . In addition to algae 
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PIGURB 3 . 8  Series of vertical sections along the longitu­
dinal axis of Chesapeake Bay showing the northward trans­
port of depth of Prorocen�rwt by the large-scale density 
dr iven flow ( from Tyler and Seliger , 1978) . 
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FIGURE 3 . 9  Longitudinal section of Potomac River showing 
the relation of long itudinal distribution of benthic 
Gynmodium cysts and intercept of halocline with bottom. 

accumulations within the frontal regions in the lower Bay , 
they demonstrated , for example , that the patchy distr ibu­
tion of benthic beds of resting cysts of the red tide 
o rganism Gymnod1um nebon1 in the Potomac Estuary can be 
delineated in the longitud inal direction by the extent of 
salt wedge penetration (Figure 3 . 9 ) J in the lateral direc­
t ion highest cyst concentrations were found where the 
pycnocline intersects the bottom on the south side of the 
e stuary (Figure 3 . 10) . They also discussed evidence for 
the importance of the smaller-scale frontal processes 

FIGURE 3 . 10 Lateral section 
across the Potomac River show­
ing the relation of latera l 
d istr ibution of benthic Gym­
nodium cysts and intercept of 
halocline with bottom. 
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superposed on the larger-scale circulation patterns to 
the spatial d istribution of plankton. 

More general questions that appear answerable by thi s  
t ype  of interdisc iplinary research revolve around topics 
of patchiness of phytoplankton, bacteria and zooplankton, 
seasonal succession, productivity and bloom formation, and 
ooaaunity structure.  

Such research involving examination of biological and 
chemical constituent distributions should provide consid­
e rable insight into mechanisms of transport by both ad­
vect ive and nonadvect ive processes and into the effects 
o f  temporal and spatial var iability in these transport 
processes  on the distr ibutions. 
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IH"l'RRO:KX:'fiOH 

SUSPBNDBD AND DISSOLVED 
M'l"l'BR IH BSTOARIB S 

The sources of aaterials to the estuar ine and coastal zone 
are both natural and anthropogenic . 'l'he fates of these 
d issolved and particulate substances,  however , are con­
trolled by the general properties of the systea: geaaetry , 
currents , and organiaas. Thus the study of the •physiol­
ogy• of the systea is fundaaental to the identif ication, 
understanding , and reaedying of any •pathology• of the 
systea resulting froa huaan actions. 

Dissolved and particulate substances in estuar ies, 
including both inorganic and organic aaterials, can be 
supplied by upland drainage, froa the continental shelf , 
froa at.ospheric fallout , by shore and bottoa erosion 
within the estuary , and by organiaas within the systea. 

*This chapter was largely developed by subpanels on ( 1 )  
suspended particulate aatter and ( 2) fate of aaterials , 
which consisted of the following : ( 1) Robert B .  Biggs , 
Un iversity of Delaware , SUbpanel Leader r Jaaes M. 
Coleaan, Louisiana State Universityr L. Eugene Cronin, 
Chesapeake Research Consortiuar John Fischer , Cleason 
Universityr David B. Peterson, u . s .  Geological surveyr 
and Jack Pierce , Smithsonian Institution and (2) Karl K .  
Tu rekian, Yale University, SUbpanel Leader r Roy 
Carpenter , University of washingtonr Christopher s .  
Martens, University of North Carolinar Willard s .  Moore , 
Un iversity of South Carolinar Scott w. Hixon, University 
of Rhode Islandr Jaaes S iapson, Laaont-Doherty Geolog ical 
Observatoryr and Herbert L .  Windoa, Skidaway Institute of 
Oceanography. 
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Suspended materials , a s  physical particles , can act a s  
pollutants to organisms , by clogg ing g ills or interfer ing 
with feeding , though most estuar ine organisms are adapted 
to relatively high concentrations of suspended materials . 
Suspended materials can affect the aesthetics of estuarine 
waters ,  as high turbidity is regarded frequently as in­
dicating pollution , at least for water-contact activities . 
The character and quantity of suspended solids has a d i­
rect effect on the quality and quantity of light reaching 
pr imary producers . Suspended solids serve as both a re­
action substrate and as a carrier for a host of inorganic 
and organic pollutants , affecting both their form and 
fate . 

The questions involved in understanding the fate of 
materials in the estuarine and coastal zone can be phrased 
as follows : 

1 .  What is the river ine flux of dissolved and partic­
ulate substances? Bow does it vary with time in any one 
r iver ,  and what differences are there among r ivers? 

2 . What reactions occur at the freshwater-seawate r 
boundary to sequester or release chemical spec ies to the 
ocean? What is the role , for example , of salinity changes 
and intertidal marshes in regulating the flow of dissolved 
species to the ocean? 

3. What is the scaveng ing role of biological activity 
in the water column , in the resuspended sediments , and in 
the chemical prec ipitates of manganese and iron released 
from sediments? 

4. How are sediments redistributed as the result of 
tidal currents and episodic storms? What is the net 
effect in the coastal zone of estuarine flow and wind­
driven upwelling or downwelling on the accumulation or 
exportation of sediments? 

s .  What is the role of bioturbation in eithe r 
r eleasing chemical spec ies to the water or increasing the 
trapping efficiency of the sediment for the deposited 
e lements? 

Al though there are many other questions that can be 
phrased to detail the answers more precisely , the above 
cover the main ones that have been the incentive for much 
innovative work done in estuaries in recent years . The 
answers to these questions are not entirely obvious. 

Copyr ight  © Nat ional  Academy of  Sc iences.  A l l  r ights  reserved.

Fundamenta l  Research on Estuar ies:   The Importance of  an In terd isc ip l inary Approach
ht tp: / /www.nap.edu/cata log.php?record_id=19443

http://www.nap.edu/catalog.php?record_id=19443


65 

'l'RANSPOR'l'ATION AND PATE OP RBACTIVB CONSTITUBNTS 
ASSOCIATED WITH PARTICULATE SUSPBNDBD MATTER 

Natural weather ing and erosion processes lead to r ive r  
turbidity i n  the form of suspended-sediment load . The 
quantity of suspended sediment varies over several order s 
of magnitude , depending on the stage of fluvial develop­
ment . Several small , natural , pr istine r ivers in the 
northeastern Un ited States have concentrations of sus­
pended solids rang ing froa 1 to 25 lllCJ/liter as compared 
with pristine watersheds in the southwestern United States 
wherein suspended solids range from 10 to 5 0 , 00 0  mg/liter  
( U . s .  Geolog ical Survey, 1975) . 

Land uses such as agr iculture , industry , and high­
d ensity housing may increase the susceptibility of land 
to erosion. The suspended-sediment contr ibutions to 
s treams can be highly var iable. Contr ibutions to the 
suspended-sediment load are known from industr ial ef­
f luents,  sewage-treatment effluents , parking-lot runoff , 
atmospher ic fallout of particulate materials , and resus­
pension of mater ials already deposited . Soil-conservation 
practices and both large- and small-scale impoundments , 
may serve to reduce these high levels of suspended 
materials . 

Concentrations of suspended matter in the open ocean 
are quite low, and gradients in estuar ies typically show 
decreas ing suspended matter concentrations in a seaward 
direction. Residual bottom currents are frequently 
d irected up the estuary, contribute to the movement of 
sands into the mouth of estuaries and tidal inlets , and 
may transport near-bottom suspended mater ials upstream. 
Of the two potential source areas for suspended matter to 
an estuary , continental areas are much more important than 
the sea . Within the land-source area , a complex inter­
relationship between environmental factors determines and 
controls the rate and volume of fine materials supplied to 
the estuar ies. 

Es timation of the net flux of material carr ied by 
fluvial processes to the ocean is diff icult for a numbe r 
of reasons , including the large degree of variation of 
properties of interest on a range of time and space scale s  
w ithin the estuar ine zone of transition between freshwater 
and seawater .  This is especially true for the fine 
particles ( s ilt and clay) , which accomplish much of the 
transport and accumulation of a number of substances of 
i nterest in mar ine chemistry. Tidal currents can carry 
large quant ities of fine particles during maximum flow 
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velocities but may be slow enough dur ing slackwate r 
per iods, in restricted embayments , or near the upstream 
end of two-layer estuar ine circulation to effect depos i­
t ion of a major portion of the suspended load . Resuspen­
sion may or may not occur , depending on many factors ,  and 
thus net f ine-particle estuarine transport often consists 
of a long series of episodes of resuspension and depos i­
t ion. Current veloc ity and suspended particle-mass or 
particle-size measurements , even over extended per iods o f  
t ime a t  a number o f  sampling stations are usually not 
suff icient to define the net flux averaged over periods o f  
weeks to years.  

The most successful approaches to defining net par­
ticle fluxes require measurements of water velocities and 
particle masses for guidance in choosing the most critical 
sampling locations , but they have depended pr imar ily on 
budgets deduced from the distribution of • tracers• already 
in the system. Some of the most effective tracers for 
defining net fine-particle fluxes in estuar ies are radio­
nuclides , both natural and anthropogenic (Turekian et al . , 

1980) . Por example , plutonium derived from global fallout 
is strongly associated with soil particles and moves with 
f ine particles carr ied in r ivers and estuaries or depoe­
ited in the sediments. Radioactive cesium and other 
gamma-ray emitting radionuclides , der ived from either 
global fallout or from low-level releases from nuclear 
facilities , such as commercial power plants , have also 
been used successfully to deduce net fine-particles trans­
port and accumulation patterns of fine particles . Other 
tracers that have been valuabl� (or these purposes include 
natural radionuclides such as lUpb,  trace metals , and 
chlor inated hydrocarbons such as polychlorinated 
biphenyls . 

In general , the f ine particles carried downstream into 
an estuary have quite different relative concentrations of 
various potential tracer substances than of coastal mar ine 
particles , a portion of which may move into an estuary 
w ith the net upstream motion of the deeper water . Thus 
sediments accumulating in an estuary may include fine 
particles derived from both the freshwater and seawater 
end members . Resolution of the relative and absolute 
contr ibutions of those two sources to the net f ine-parti­
cle fluxes and sediment accumulation rates requires con­
s iderable effort to explore the differences in end-member 
tracer properties but is essential to provide a fr ... wor k 
for deducing the behavior of other nonconservative sub­
stances in an estuary . This is especially true when 
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attempting to  deduce the t ime history of net f ine-part icle 
and reactive substance fluxes over periods of years to 
decades.  

An example of the use of chemical tracers in under­
standing the role of estuar ies in modifying the r iverine 
f lux of materials to the ocean has been the study of 
radium and barium in these systems . Five years ago we had 
l ittle understanding of the way reactions within estuar ies 
mod ify the fluxes of these elements to the ocean. Now we 
c an make rather prec ise statements about the reactions to 
be considered and the expected interactions with other 
var i ables within the systems . Studies in the Hudson 
River-New York Bight , Narragansett Bay , Long Island Sound , 
W inyah Bay , Chesapeake Bay , and Mississippi River reveal 
that there is an initial desorption of Ra and Ba from 
r iver ine sediments entering the low-salinity reaches of 
the estuary as well as a continued flux of radium from 
sediments throughout the estuary . These reactions s ignif­
icantly augment the fluxes of Ba and 226Ra and possibly 
2 2�a to the ocean. 

The transport , reaction , and fate of manganese in 
estuar ies are more complex . Manganese enter s the estuar y 
a s  ( 1 ) dissolved Mn2+ , ( 2 ) coating of Mn02 on particles , 
( 3 )  Mn2+ adsorbed to part icles , and ( 4 )  complexes with 
other dissolved materials , particularly humic ac ids . 
W ithin the estuary , processes occur that affect the 
concentration and d istr ibution of Mn ( Sholkovitz , 19 78J 

Al ler , 1980J Elderf ield e� al . ,  1981). The most important 
of these are thought to be ( 1) flocculation of organic 
a c ids , ( 2 ) desorpt ion of Mnf+ from part iculates , ( 3 )  bur­
ial and reduct ion of Mn02 in sed iments ,  and ( 4 ) oxidation 
of Mnf+ in the water column. It has been observed that 
the total d issolved and particulate Mn concentration i n  
the water column in the estuary often exceeds the total 
concentrations of Mn in the r iver and ocean end members . 
The following Mn cycle has been postulated to explain 
this  surplus Mn. 

Particulate Mn enters the estuary and settles into 
anox ic sediments . Here Mn02 is reduced to soluble Mn2+ , 
which d iffuses into the overlying water and moves up the 
estuary with the incoming saltwater . As it mixes into 
s urface waters , the Mn2+ moves toward the ocean in accor­
dance with estuar ine c irculation . Dur ing transport , Mn2+ 

may be oxidi zed to Mn4+ or adsorbed onto part icles that 
settle back to the bottom, where the cycle beg ins again . 
This cycle produces a net retention of Mn in the estuary , 
leading to concentrations.  
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Although the concept of Mn cycling and the estuary 
t rap is fairly well established , numerous areas of active 
investigation remain.  One major problem is  to d istinguish 
chemical spec iation ( especially Mn2+ from Mn4� in the 
var ious phases.  A second problem involves determining the 
role of bacter ia in geochemical cycles. Mn oxidation and 
reduction seem to be mediated by bacter ia , although con­
clus ive proof of the relative contr ibutions of biolog ical 
and inorganic processes remain to be demonstrated . Fur­
thermore , we know little about how floods or storms affec t 
the system. Bow rapidly will the cycle be re-establ ished 
after major perturbations? What materials are responsible 
f or complexing Mn? Bow strong are these complexes? What 
other metals or mater ials are carr ied through the cycle 
because they bind with M� and are not sequestered in 
reducing sediments? 

A further example of the use of chemical tracers is 
the combination of analyses of trace organic compounds 
(aliphatic and polynuclear aromatic hydrocarbons--PAR) 
with analyses of radioisotopes in the same sed iment and 
part iculate samples from Pacific Northwest estuar ies 
(Prahl and Carpenter , 1979 ; Prahl et a l . , 1980 ) . 2 10p b 
fluxes have been used to validate in sit u essentially 100 
percent trapping eff iciency of the type of sediment traps 
u sed to collect sink ing particulates for aliphatic and PAH 
analyses.  I f  the traps were quantitat ively sampling the 
vert ical fluxes the yearly vert ical fluxes of aliphatic 
and aromatic hydrocarbons collected in the traps could be 
compared with the total annual depositional fluxes in the 
bottom sediments SO m below. This compar ison showed the 
following : ( 1 )  2-8 t imes faster recycling of mar ine than 
terrestr ially der ived aliphatic hydrocarbons and ( 2 ) 
f luxes of all the PAH except possibly perylene in the 
sediments could be accounted for by sink ing preformed int o 
the sed iments , with no measurable d iagenetic format ion or 
d!%radation after bur ial in the sed iments . From the 
2 1 Pb-der ived sed imentation rates it has been shown that 
the large increases in PAH and aliphatic hydrocarbon 
concentrations in Puget Sound reg ion sediments began 
around 190 0 ,  long before maj or sewage treatment plant and 
o i l  ref iner ies began discharg ing their wastes into the 
Sound in the 1960 s.  

A f inal example is the use of  the radioisotope s 6 5z n  
a nd 2 10pb to trace Columbia River effluent and sediments 
in the northeastern Pac i f ic Ocean . The 6Szn was art if i­
c ially produced at the Hanford reactors.  Its d istr ibut ion 
in the adj acent Pacific Ocean showed how the Columbia 
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River plume responds to seasonal changes in winds (Cut­
shall et al . , 1971) .  In summer predominately northerly 
winds drive the effluent to the south and offshore, while 
in winter predominately southerly winds drive the effluent 
northward and along the Washington coast. The highest 
65 zn activities in sediments showed that the sediment 
discharge was primarily transported to the north along the 
middle of the Washington continental shelf , with 30-40 
percent being transported off the shelf. Prof iles of 
activity of the natural radionuclide 210pb with depth in 
sediment cores on the washington shelf (Carpenter et al . , 
1981) showed that two thirds of the estimated Columbia 
River discharge of suspended solids accumulates in the 
north-northwesterly trending midshelf silt deposit heading 
toward the Quinault submarine canyon (Figure 4. 1). This 
picture of the shelf sedimentation patterns is in agree­
ment with bottom current meter measurements and seabed 
drifter dispersal patterns. 

Scavenging of Chemical Species from Estuarine and Coastal 
Waters 

The scavenging time scales of •reactive• chemical species 
by suspended particles in the estuarine and coastal zone 
has been determined by following the distribution of two 
short-lived thorium isot�s produced in the ocean , 228Th 
(1. 9 yr) produ��� from 2 Ra (5. 7 yr) and 23'rh ( 24 days ) 
produced from u (4. 5  x 109 yr) . The mean residence time 
relative to removal to the sediment has been shown to be 
dependent on the particle concentration in the water 
column. In Long Island Sound the residence time of 2l 'rh 
is about a day. In the New York Bight it increases almost 
monatomically with distance from shore from a few days at 
the inner Bight apex to tens of days as the continental 
shelf break is approached. Thereafter the open-ocean 
value of hundreds of days becomes operative. 

Any chemical species behaving like thorium can be ex­
pected to follow suit and thus be found in the sediment 
pile soon after in�ection into the estuarine zone. The 
standing crops of 1°Pb and several pollutant-associated 
metals in sediments of Long Island Sound confirm this 
expectation. 

The introduction of 23'rh, 7Be , 210pb,  and plutonium 
into coastal sediments permits the determination of bio­
turbation rates at different levels in the sediment pile 
and through this an estimate of the final repositories of 
materials introduced into the estuarine zone. Because of 
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F IGURE 4 . 1 Isopleth& of 6 5 zn in the uppermost 1 em of 
shelf sediments off the Columbia River mouth ( after Cut­
shall et al . ,  1971) . Activity per unit area is expressed 
in nanocur ies/meters2 . 
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the role of biolog ical and physical reworking the sediment 
accumulation rates in certain estuar ies may be diff icul t 
to measure unless long cores (5 to 15 m) are raised , 
sufficient to sample below the depths of large animal 
burrows ( e . g . , Squilla ) . 

At the same time that an estuary is sampled for trace 
elements , particle density ,  salinity ,  nutrients , and the 
d istr ibution of 23� should also be made in the water 
column and the sediment column as a guide to the eff i­
c iency of scavenging and the time scale of homogenization 
of surface sediments , especially the clay-size fraction . 
Th i s  measurement will serve as a valuable guide to the 
short-term distr ibution of other reactive chemical specie s  
whether introduced isotopically (via the air) or point 
pollution sources ( sewer outfall& or contaminated r ivers) • 

Fate of Particulates--Research Questions 

The fate of the particulate matter in estuaries include s 
change to dissolved or gaseous forms , bur ial , or transport 
to the sea . Except in short estuaries or in the case of 
extreme events , most suspended matter probably takes con­
siderable time to transit the estuar ine system or to be­
fall one of its other possible •ultimate• fates. During 
the transit time , the mater ial may be deposited , resus­
pended , ingested , filtered , and partially dissolved , and 
its composition and reactivity may vary along the estua­
r ine gradient and with the various estuar ine environments. 

What is the importance of suspended particulate matte r 
a s  a substrate for chemical reactions and reactants? What 
are the important interactions of suspended matter with 
phosphorus and nitrogen , major and trace metals , and 
natural and anthropogenic organic materials? I t  is fai r 
to say that , with few exceptions , our understanding of 
estuar ine particulate matter is rudimentary . We have not 
applied advanced , automated techniques to measure particle 
size , composition , or concentration . We have chemically 
analyzed suspended matter for elemental composition but 
have not investigated speciation . We know little about 
transformation of chemical species or reaction rates and 
can assemble only the simplest predictive models . 

&ow can we measure physical parameters and chemical 
processes in the microenvironment (< 100 �m ) ? We should 
i nvestigate the advanced •micro• techniques used by micro­
biolog ists and biochemists for applicability to suspended 
matter . 
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Major research questions concerning the behavior and 
i nteractions of suspended mater ials and their  chemical 
environment include the following : 

1 .  What is the role of the living (bacteria and phyto­
plankton) portion of the suspended matte r in the overal l 
accumulation and concentration of reactive materials? we 
do not know the relative importance of the biota and the 
nonliving organic portion of the particulate matter with 
respect to accumulation and spec iation of reactive 
constituents. 

2 . Which spec ies of important chemicals react with 
particulates , and how are they transformed after assoc i a­
t ion? Both the reactivity and toxic ity of important 
chemicals may change after assoc iation with part iculates . 
Additionally , inorganic particulate-d issolved interactions 
may be affected by the mode of attachment of important 
chemical spec ies to particles.  

3 .  To what extent do clays serve as catalysts for im­
portant estuar ine chemical reactions , retaining their own 
character while increasing reaction rates and reaction 
pathways? 

4 . What is the relative importance of suspended sedi­
ment reactions in the estuar ine system as contrasted with 
those of the d issolved phase or those occurr ing in 
assoc iation with the benthic environment? 

s. What environmental factors ( pH ,  salinity ,  d issolved 
oxygen , density gradients) contribute to the partitioning 
of chemicals between d issolved and particulate phases or 
between water masse s? 

E STIMATES OF THE EFFECTS OF APERIODIC EVENTS ON 
PARTICULATE MATERIALS 

Unusual events can have enormous and important effects on 
estuar ine systems , and one of the areas of greatest impac t 
i s  on the quantity,  composition, d istr ibut ion, and effec ts 
of the particulate material in the system. It is not now 
possible to pred ict this impact with suffic ient accuracy 
to protect public interests . That diff iculty i s  evidence 
that understanding of the effects is  ser iously weak . 

Events that are discussed here under the term • ape­
r iodic• are those that occur rarely and without regular ity 
and that have substantial effects on the individual system 
i nvolved . Some are natural events ,  and some are anthropo­
genic in or ig in .  Var iety is  g reat and includes the 
following : 
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1 .  Floods--rang ing in scale from heavy rainfall i n  
a marsh or small estuary to reg ional storms with rainfall 
of frequency of one event in several hundred years .  

2. Human modification of flow--opening of the Bonnet 
Car re spillway from the Mississippi River to Lake Pont­
chartrain or collapse of a major dam are examples .  

3 .  Faunal or floral shifts--widespread and rather 
sudden invasion of oyster beds by ser ious parasites or 
predator s can remove a large sediment-affecting popula­
t ion. Conversely,  extens ive invasion of a new area by a 
filter feeder like Rangia cuneata can add a mechanism . 
Extensive reduction or increase in beds of submerged aqua­
tic vegetation or in marsh stands has large effects on the 
particulate mater ials of the estuary. 

4 .  Spills and releases--large-scale spills of oi l 
or other chemicals and introduction over time of particle 
related chemicals like kepone can affect the chemical 
composition and other attributes of huge quantities of 
suspended mater ial . 

The general nature and magnitude of effects of some 
of these are known .  Floods in the Susquehanna River raise 
the flow from an average of 40, 0 00 cubic feet per second 
(cfs) to 65 0 , 000  cfs ( in 1936)  or even 1 , 00 0 , 000  cfs ( in 
1972) . Such flows carry enough sediments into the upper 
Chesapeake to create new islands and raise the floor of 
the upper Bay,  introduce enough pollutants to threaten 
useful stocks of animals and plants , carry enough patho­
gens to threaten public health and some of the estuary ' s 
biota , and modify the total hydrog raphic reg ime of the Bay 
(Chesapeake Research Consortium, 1976) .  Obviously, ef­
fects on particulate mater ials were enormous • .  Operations 
of the Bonnet Car re spillway has been observed to kill 
some species in Lake Pontchartrain, modify the floor of 
the lake , and ,  eventually, stimulate vigorous recovery of 
the biota . Spills of many k inds have been desc ribed , 
although the impacts on particulate mater ials is rarely 
well documented . In the James River , several tons of 
kepone have become assoc iated with par ticulate matter and 
deposited throughout the estuary. 

The effects of such events on the quantity,  composi­
tion, distribution, and role of particulate mater ials is 
k nown to be great. This impact cannot be estimated in 
advance with useful precision, only partially measured 
after the event . Our ability to predict effects of 
extreme evemts is  weak because we lack  knowledge of the 
following three essential elements :  
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1 .  Sufficient baseline or reference informat ion on the 
normal patterns of c i rculation, transport , and chemical 
processes and biotic response to permit quantif ication of 
the induced changes . 

2 . Suff icient descr iption of the changes in chemical 
and physical content , transport , deposition , and biotic 
response assoc iated with such aperiod ic events . 

3 . Tested theory explaining observed effects of suc h 
events . 

There are inherent and serious difficulties in this 
learning process . The events are usually unexpected , so 
that research often cannot be planned with assurance and 
effic iency .  Many such events obviously occur dur ing 
hurricanes,  heavy winds , or other conditions involving 
high hazard for observers and observation equipment . Mos t 
i nterpretations will depend on the availability of good 
background or baseline conditions , and these are scarce 
i ndeed among Amer ican estuar ies. Finally , knowledge will 
be dependent on adequate techniques and instrumentation 
to measure the concentration ,  composition, and d istribu­
tion of particulate mater ialsJ present methods are fa r 
f rom adequate for these purposes . 

CHBMICAL AND PHYSICAL PROCESSES IN THE BENTHIC BOUNDARY 
LAYER 

Modeling the Benthic Boundary Layer 

A reasonable end product to the understanding of any 
estuarine ecolog ical system is the development of a con­
ceptual model , wr itten in quantitative form, in which one 
has confidence . This has been done for some relatively 
simple estuar ine phenomena . Often the hydrodynamic var­
i ables and their assoc iated vertical and longitudinal 
fluxes can be stated with some certainty . The processe s 
and transformations within the water column related to 
such items as phytoplankton production respiration and 
decay , zooplantation grazing ,  and nutr ient uptake and 
regeneration are understood to a lesser degree . The 
exchange between particulate and d issolved phases within 
the water column and on the bottom are poorly understood . 
A pr1or1 , i t  is diff icult to develop a convinc ing eco­
system model in which these latter two processes may be 
important if we cannot quantify their relationship in the 
defining model • 
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This diff iculty may ar ise in the modeling procedure s 
i n  the following manner .  As the benthic fluxes are often 
not measured directly , they are used as the adjustment s 
to ver ify the model with observation of d istr ibution in  
the water column . This adjustment could be  taken as a 
means of indirectly determining the benthic effects , but 
it should be recognized as such and not as a proof of the 
model itself . Furthe r ,  this adj ustment factor can , and 
does , vary considerably from one modeling procedure and 
comparison with f ield data to another , which may or may 
not represent actual variations . In one model we may find 
a g iven constituent to be a bottom source , while in 
another it  will be a bottom sink . 

Why has this d ilemma arisen? Within the water column 
we can measure fluxes , transformations , and the physical , 
chemical , and biolog ical var iations1 we can understand 
these processes with varying degrees of certainty . On the 
other hand , bottom and near-bottom processes , of both a 
chemical and physical nature , are more difficult to ob­
serve because gradients are sharp over short vertical 
distances and because the physical and chemical structur e 
may be modified rapidly and drastically with tidal osc il­
lations and other changes in water movement . Because of 
this d iff iculty we simply do not understand them as well 
as those processes that occur within the water column , and 
we sometimes omit them from modeling considerations out 
of ignorance . 

we consider it  correct to state that processes and 
transformations relative to the bottom are one of the 
serious unknowns in our understanding of estuar ies . 

The zone in the immediate vicinity of the bottom i s  
character ized by high suspended-particulate concentrations 
and high shear stresses . The processes of sedimentation 
and resuspension in this zone are highly variable and are 
influenced by a wide range of physical and biolog ical 
parameters . An adequate descr iption of these processes 
requires an understanding of the fluid velocity f ield , 
including the turbulent-boundary layer , the chemical and 
biolog ical character istics of the particulate ( e . g . , 
cohesive properties , organic slimes) , and the particle 
settling characteristics.  

The bottom morphology and the texture of  the bed 
material have considerable influence on the processes o f  
settling and resuspension. The range of bottom types 
found in different estuaries , and even within the same 
e stuary , is broad , rang ing from hard sands to thick fluid 
muds and dense 9rass beds . We can assume that the same 
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fundamental hydrodynamic principles hold for the entire 
r ange of bottom typesJ however ,  each will have a unique 
set of conditions and problems , and thus the entire range 
of bottom types should be considered . In many estuaries 
the bottom composition is ephemeral , changing with the 
seasons , extreme events , or var iations in biolog ic activ­
ity .  Additional complexity results from the mixture of 
organic and inorganic beds , including shell particles 
overladen with organic detr itus and silts and clays with i n  
seagrass beds . These are but two examples o f  the diverse 
bed mixtures commonly found in estuaries . Although there 
have been a few basic studies of these types of problems , 
considerable research is needed in order to def ine the 
mechanism of suspended transport in these complex 
environments .  

One of the more interesting , and better studied , bot­
tom types is  the cohesive mud deposit,  or fluidized bed . 
Many estuar ies have zones of thick accumulations of these 
mud deposits . The lack of a distinct interface makes i t  
d ifficult t o  document the particulate fluxes in these 
deposits . The basic mechansism of erosion ( including 
resuspension) , bed migration ,  and accumulation rates need 
additional study . 

The range and complexity of bottom morpholog ies and 
compositions are paralled by the number of hydrodynamic 
variables that effect these beds . The transport processes 
of suspended particulate in estuaries are controlled by 
t idal currents , wind waves,  and dens ity currents . That 
is , the entire range of forcing functions that determine 
the flow f ield affect the suspended particulates . Partic­
ular emphasis should be placed on the role of extreme 
events on this system. A sudden change in freshwater 
inflow can have a dramatic effect on the suspension of 
otherwise stable particulates, Pickral and Odom ( 1977) . 
Storm surges , extreme waves , and tides can also result in  
a s ignificant increase in the suspended concentrations . 
While these responses are generally well recognized , we 
have insuff icient data and understanding to develop even 
crude empirical pred ictive models of these events . 
Extreme temperatures and salinity changes can also have a 
signif icant impact on the rates and zones of suspended 
particulate transports . Little data are available to date 
to document these effects . 

Our understanding of benthic fluxes of a chemical and 
biolog ical nature , i . e . , the bottom as a source or sink , 
i s  weak . There is  a lack of reliable and readily avail­
able technology and instrumentation for measur ing estua-
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rine benthic flux rates that is generally acceptable by 
the scienti.fic community .  It would seem that an item of 
first importance is to develop a technology , or technol­
og ies , which can be tested and proved. Albeit a crude 
f irst attempt at this might be to take the existing pro­
cedures and test them together at a number of different 
benthic environments .  

Such techniques would be usefu� i n  studying a variety 
of possible benthic flux effects including organic depo­
s ition , nutrient regeneration, absorbed metal constitu­
ents , bioturbation , benthic algae and aquatic vegetation 
effects , and benthic bacterial processes . 

On a longer t ime scale examination and analysis o f  
bottom cores i n  estuar ies i n  conj unction with known sedi­
mentation rates is important . Those examples of such 
analysis whenever there have been known tracers for dating 
have provided some of our most useful information on the 
bottom as a sink for certain constituent materials . 

The use of numer ical modeling and analytic solution s 
to hypothesized benthic effects and their  comparison with 
field data can be a useful procedure for estimating the 
importance of certain benthic effects .  In this sense the 
numerical modeling is used to predict what might happen 
under certain conditions rather than as a management pre­
diction tool for what will happen . I t  is unreasonable to 
expect that predictive procedures , either in the form of 
a conceptual , analytic , or numerical model , can be carried 
out with any certainty for ecosystems analysis in which 
the benthic effects are considered to be important and ar e 
not known. 

Benthic Remineralization and Recycling Processes 

The importance of remineralization processes mediated by 
bacteria in organic-r ich estuarine and coastal sediments 
has been documented through both direct measurements of 
the rates of these processes and mass balance budgets of 
overlying waters , which include significant benthic flux 
terms . Por example , a large fraction of phytoplankton 
demand for nutrient elements such as nitrogen in coastal 
waters is supplied from the sediments . In situ flux mea­
surements have confirmed the importance of benthic fluxes 
and have examined the sediment-water transport mechanisms 
involved . 

We have learned a great deal about the rates and sites 
of the sedimentary respi ration and fermentation reactions 
controlling these fluxes during the 197 0 s .  A well-defined 
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TABLE 4 . 1  Microbially Mediated Reaction s 

Hydrogen Reduced 
React ion AcceJ:!tor Produc t 

1 .  Aerobic respirat ion 02 H 20 
2 . Nitrate reduct ion No; NOr N 2o ,  N2 

3 .  MnO 2 reduction Mn02 Mn 
+ 

4 .  Fe 2o 3 reduction Fef�
3 

Fe
2 +  

s .  Sulfate reduction so 4 H 2S 

6 .  Methanogenesis CH JCOOH CH4 
lFermentationl 

vert ical sequence of microbially mediated react ions ha s 
been established for sedimentary environments (Table 4 . 1) 
in which spec ific bacteria obtain energy for all growt h 
and maintenance . This sequence appears to ar ise from 
competition in which the organisms capable of greatest 
e nergy yield utilizing available substrates and H accep­
tors dominate . Organic matter accumulating in estuar ine 
sediments moves downward with time through these biogeo­
chemical zones1  however , the most rapid remineralization 
occurs near the sediment-water interface. 

Because of the relatively high concentrations of di s­
solved oxygen and sulfate in marine waters and the impor­
tance of methanogensis in freshwater sediments ,  reactions 
1 ,  5 ,  and 6 (Table 4 . 1)  are observed to dominate in or­
ganic-r ich estuar ine sediments .  Vertical dimensions of 
these zones change in response to the amount and k ind of 
organic substrates available and to seasonal variations 
i n  temperature . Salt wedge control of d issolved sulfate 
distr ibution leads to upstream dominance of aerobic res­
p iration and methanogenesis . Stable carbon isotope dis­
tributions in estuar ine sediments indicate the mixing of 
apparently less degradable terrestr ially der ived organic 
matter from upstream and surrounding sources with mor e  
degradable planktonic debr is downstream. 

Recent studies of sediment accumulation and redistr i­
bution processes in estuar ine and coastal environments 
utilizing geochronolog ic techniques such as excess 
2 34rh ,  excess 2 10pb,  239 , 2 40pu ,  and 137cs provide quant i­
tative means for determining the fate of particle-assoc i­
ated sedimentary organic debris and , thus , may provide the 
necessary framework for understanding the t ime scales of 
degradation processes . 
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