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ABSTRACT: The papers in this special issue were presented in a special session during the 2001 biennial conference
of the Estuarine Research Federation held in St. Pete Beach, Florida. The session, ‘‘Freshwater inflow: Science, policy
and management,’’ was focused on issues related to reduced freshwater inflow to estuaries. The session brought together
scientists, managers, and regulators, and included presentations on the estimation of freshwater input to estuaries,
development of ecological indicators to assess changes in inflow, management strategies used to set freshwater require-
ments, and experiences with the reintroduction of freshwater to restore inflow.

Introduction
An estuary is defined as the area where salt water

from the sea mixes with freshwater from rivers.
Nothing is more fundamental to the functioning
of an estuary than the quantity and timing of fresh-
water delivery to the mixing zone. Two major forc-
es are reshaping freshwater flows to estuaries
worldwide: demographics and engineering. The
coastal population is large and continues to grow,
resulting in increasing demand for freshwater. Ap-
proximately 60% of the people in the United
States live within 60 km of the coast, and 17 of the
20 fastest growing counties are located in coastal
areas (Culliton 1998). Freshwater is required for
municipal, industrial, and agricultural uses. Water
use in the United States has doubled since 1940
and is likely to double again by 2015 (Naiman et
al. 1995). Globally, humans use about 54% of the
runoff that is spatially and temporally available
(Postel et al. 1996) and are having a profound ef-
fect on the water cycle (Vörosmarty and Sahagian
2000). As the population continues to grow, less
water will be available to flow into estuaries.

Dams have been constructed throughout human
history, but large dams are more recent. Large
dams were first built in the 1920s through 1930s
to provide hydroelectric power, not water resourc-
es. Since then many large reservoirs have been
built to meet an increasing population’s needs for
water and energy. Except Alaska, the hydrology of
nearly every river body of freshwater in the United
States has been modified by dams, diversions, and
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withdrawals (Naiman et al. 1995), and similar
trends are apparent worldwide (Dynesius and Nils-
son 1994; Pringle et al. 2000). For the first time in
human history, these large watershed-scale struc-
tures have severely limited inflow to many of the
world’s estuaries and consequently altered func-
tioning of these ecosystems.

Not surprisingly, arid states with large coastal
populations were among the first to face the fresh-
water inflow issue. In Texas, for example, a
drought in the 1950s was so severe that many of
the rivers finally stopped flowing. This resulted in
hypersalinity, fish kills, loss of blue crabs and white
shrimp, and invasions by stenohaline species
(Copeland 1966; Hoese 1967). Legislation was
passed in 1957 that required water plans to give
consideration to the effect of upstream develop-
ment on bays, estuaries, and arms of the Gulf of
Mexico. This inspired a series of assessments of all
Texas estuaries, which were summarized by the
Texas Department of Water Resources (1982).
Those reports were later followed up by a method
to determine freshwater needs of Texas estuaries
(Longley 1994).

Since Cross and Williams (1981), there has not
been a compilation of papers on the topic of fresh-
water inflow. That symposium was convened to
identify the issues regarding freshwater inflow to
estuaries and identify potential solutions and rec-
ommendations to deal with the issues. Since the
original symposium in 1981, the problems and is-
sues related to freshwater withdrawal have in-
creased with increasing coastal development and
increased environmental awareness, and we have
also made progress in terms of our understanding
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of the relationship between inflow and estuarine
resources. We perceived the need for another vol-
ume on freshwater inflow.

The papers included in this special issue were
presented on November 8, 2001 in a special ses-
sion of the Estuarine Research Federation biennial
conference in St. Pete Beach, Florida entitled
‘‘Freshwater inflow: Science, policy and manage-
ment.’’ The session started with papers that de-
scribed different approaches for estimating fresh-
water input to estuaries, identifying ecological re-
sources or indicators of inflow effects, and setting
freshwater requirements. The legal issues sur-
rounding water withdrawal was also presented.
Case studies on freshwater inflow were presented,
including estuaries in Australia, South Africa, and
the United States. The U.S. studies were broad and
included California, Texas, Georgia, and Florida.
Estuary restoration using reintroduction or diver-
sion of freshwater was also examined.

Summary of Session Conclusions
Setting inflow policy in such a way as to preserve

estuarine ecosystems encompasses many of the
challenges of ecosystem assessment and manage-
ment. The presentations given at the meeting
sparked lively discussions that are common to oth-
er issues facing estuarine ecosystem scientists and
managers. Several questions appeared repeatedly
and are difficult to resolve: How can scientific is-
sues be considered in a political process? How can
ecosystem variability be captured in the manage-
ment process? How can scientific consideration of
uncertainty be presented to managers? Are there
decision frameworks, such as adaptive manage-
ment, that allow integration of new information as
we assess the success of the management frame-
works that have been implemented?

Determining the proper amount of freshwater
inflow for reaching estuarine waters is as much a
political as a biological process (Kimmerer 2002).
Scientists can provide a wide range of approaches
to setting inflow requirements and bring much
data to bear on the issue, but resource managers
and citizens are making societal judgments about
the values we associate with different choices (Al-
ber 2002). Because they are value judgments, it is
important to have a decision-making structure that
effectively integrates the social, economic, and po-
litical choices. For instance, the different Florida
water management districts have adopted different
strategies for regulating freshwater flows (Doering
et al. 2002; Flannery et al. 2002) in response to
different intensities of human engineering and so-
cietal expectations of water management (e.g.,
flood control versus water supply). In Texas, opti-
mizing commercial and recreational species has

been chosen as the benchmark (Powell et al.
2002). In California, the location of the 2 psu iso-
haline has been chosen as an indicator of estuarine
habitat (Kimmerer 2002). The best example of
adding explicit value judgments to the process of
setting minimum flows is in South Africa, which
has a multi-step process wherein values are of pri-
mary consideration (Adams et al. 2002).

These decisions are complicated by the natural
variation of freshwater inflow seasonally and over
decadal cycles. It is important that decision rules
contain provisions to vary inflow amounts under
different climatic regimes. The Texas Water Devel-
opment Board uses different flow goals in dry or
wet years (Powell et al. 2002), and California’s reg-
ulations change seasonally and as a function of the
salinity guideline (Kimmerer 2002).

The science-management link is also complicat-
ed by our evolving knowledge of the driving forces
in estuarine ecosystems. One of the strategies for
choosing an indicator is looking for clear break
points in ecosystem response to salinity or flow re-
gimes to use as decision goals. While this is some-
times easy, in many instances there is simply a lin-
ear response to freshwater inflows. Added to this
complexity is the necessity to choose among mul-
tiple endpoints and prioritize the critical values of
different ecosystem components (Doering et al.
2002; Mattson 2002); an indicator that is sensitive
to inflow is not necessarily the one that is most
valued by society (Alber 2002). The challenge to
scientists is not only in making the best scientific
judgments but also in explicitly communicating
the significance of different scientific assumptions
and the implications of trade-offs between differ-
ent scientific choices.

An improved understanding of the functioning
of estuarine systems has allowed for increased so-
phistication of freshwater inflow management
techniques. Texas has developed extensive opti-
mization techniques to address its quite limited wa-
ter resources (Powell et al. 2002), and California
has an extensive program to monitor estuarine re-
sources (Kimmerer 2002). These sophisticated bi-
ological and modeling approaches are very data
intensive and a few simple principles may be suf-
ficient for making water allocation decisions when
the competing demands are not extensive.

The nature of these decisions makes them ame-
nable to using adaptive management, i.e., using
the results of ongoing monitoring and assessment
to modify and optimize the operating decisions
(Kimmerer 2002; Montagna et al. 2002). Because
we are still learning about the properties of these
systems, we must develop ways to improve our un-
derstanding on how the systems we manage func-
tion and about the process of adaptive manage-
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ment so that our future capabilities can be im-
proved. Hopefully the publication of this special
issue will allow us to more quickly build on the
techniques developed so far.

ACKNOWLEDGMENTS

This special issue was partially supported by grants to the Es-
tuarine Research Federation from the U.S. Bureau of Recla-
mation (US BR), the Texas Water Development Board (TWDB),
the Southwest Florida Water Management District (SWFWMD),
and the South Florida Water Management District (SFWMD).
Without support from these agencies, the special issue would
not be possible. In addition, the organizers are indebted to sev-
eral individuals who were instrumental in helping to bring
about the special issue: Michael Irlbeck (US BR), Gary Powell
(TWDB), Michael Flannery (SWFWMD), and Peter Doering
(SFWMD). The session organizers thank the Estuarine Research
Federation 2001 local organizing committee for helping to plan
and execute the session, especially Mark Luther (chair), Susan
Bell and Penny Hall (program co-chairs), and Evan Chipouras
(poster coordinator).

LITERATURE CITED

ADAMS, J. B., G. C. BATE, T. D. HARRISON, P. HUIZINGA, S. TAL-
JAARD, L. VAN NIEKERK, E. E. PLUMSTEAD, A. K. WHITFIELD, AND

T. H. WOOLDRIDGE. 2002. A method to assess the freshwater
inflow requirements of estuaries and application to the Mtata
estuary, South Africa. Estuaries 25:1382–1393.

ALBER, M. 2002. A conceptual model of estuarine freshwater
inflow management. Estuaries 25:1246–1261.

COPELAND, B. J. 1966. Effects of decreased river flow on estua-
rine ecology. Journal of Water Pollution Control Federation 38:
1831–1839.

CROSS, R. AND D. WILLIAMS (EDS.). 1981. Proceedings of the Na-
tional Symposium on Freshwater Inflow to Estuaries. FWS/
OBS-81/04. U.S. Fish and Wildlife Service, Office of Biologi-
cal Services.

CULLITON, T. J. 1998. Population: Distribution, density and
growth. National Oceanic and Atmospheric Administration’s
State of the Coast Report. Silver Spring, Maryland.

DOERING, P. H., R. H. CHAMBERLAIN, AND D. E. HAUNERT. 2002.
Using submerged aquatic vegetation to establish minimum

and maximum freshwater inflows to the Caloosahatchee es-
tuary, Florida. Estuaries 25:1343–1354.

DYNESIUS, M. AND C. NILSSON. 1994. Fragmentation and flow
regulation of river systems in the northern third of the world.
Science 266:753–762.

FLANNERY, M. S., E. B. PEEBLES, AND R. T. MONTGOMERY. 2002.
A percentage-of-streamflow approach for managing reduc-
tions of freshwater inflows from unimpounded rivers to south-
west Florida estuaries. Estuaries 25:1318–1332.

HOESE, H. D. 1967. Effects of higher than normal salinities on
salt marshes. Contributions to Marine Science 12:249–261.

KIMMERER, W. J. 2002. Physical, biological, and management re-
sponses to variable freshwater flow into the San Francisco es-
tuary. Estuaries 25:1275–1290.

LONGLEY, W. L. (ED.). 1994. Freshwater inflows to Texas bays
and estuaries: Ecological relationships and methods for de-
termination of needs. Texas Water Development Board and
Texas Parks and Wildlife Department, Austin, Texas.

MATTSON, R. A. 2002. A resource-based framework for establish-
ing freshwater inflow requirements for the Suwannee River
estuary. Estuaries 25:1333–1342.

MONTAGNA, P. A., R. D. KALKE, AND C. RITTER. 2002. Effect of
restored freshwater inflow on macrofauna and meiofauna in
upper Rincon Bayou, Texas, USA. Estuaries 25:1436–1447.

NAIMAN, R. J., J. J. MAGNUSON, D. M. MCKNIGHT, J. A. STANFORD,
AND J. R. KARR. 1995. Freshwater ecosystems and their man-
agement: A national initiative. Science 270:584–585.

POSTEL, S. L., G. C. DAILY, AND P. R. EHRLICH. 1996. Human
appropriation of renewable fresh water. Science 271:785–788.

POWELL, G. L., J. MATSUMOTO, AND D. A. BROCK. 2002. Methods
for determining minimum freshwater inflow needs of Texas
bays and estuaries. Estuaries 25:1262–1274.

PRINGLE, C. M., M. C. FREEMAN, AND B. J. FREEMAN. 2000. Re-
gional effects of hydrologic alterations on riverine macrobiota
in the New World: Tropical-temperate comparisons. BioScience
50:807–823.

TEXAS DEPARTMENT OF WATER RESOURCES. 1982. The influence
of freshwater inflows upon the major bays and estuaries of
the Texas Gulf coast. Report LP-115. Texas Department of
Water Resources, Austin, Texas.
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