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suspended sediment load, eutrophication, species inva-
sion, and disease. The bay’s responses to these forces
were slow at first, but with the steady increase in the
human population in the bay watershed and with its
adherent development, the signs of a state change were
dramatically evident. The oyster reefs, a major benthic
subsystem or habitat that had dominated the bay for
centuries, began to decline rapidly or crash. The
benthic-dominated food web was replaced by a plank-
tonic food web. Management efforts to restore the initial
oyster-dominated system did not work, probably because
they had a single species focus and because ecosystems
are strongly nonlinear which means the path to restora-
tion is different from that leading to the initial change of
state and many more components of the ecosystem are
involved in addition to the oysters.
See also: Mangrove Wetlands; Salt Marshes.
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The Failure of Present Estuarine
Management from Ignoring Ecohydrology

Throughout the world, estuaries and coastal waters
have experienced environmental degradation. Present
proposed remedial measures based on engineering and
technological fix have been unable to restore the eco-
logical processes of a healthy, robust estuary and, as
such, will not reinstate the full beneficial functions of
the estuary ecosystem. The successful management of
estuaries and coastal waters requires ecological engi-
neering, that is, an ecohydrology-based, basin-wide,
approach. Ecohydrology is the science that relates
hydrological processes to the biological dynamics of
ecosystems at various spatial and temporal scales. The
ecohydrology concept was developed in the frame-
work of UNESCO’s International Hydrological
Programme (IHP). It hypothesized and empirically
confirmed in a number of demonstration sites that
the ecological services of rivers and lakes can be
restored by using hydrology to regulate biota
dynamics and vice versa. The synergic integration at
the basin scale of various ecohydrological measures
based on ecological needs provides the scientific back-
ground for twinning ecosystem variables in order to
enhance the carrying capacity and the resilience of
ecosystems while promoting positive socioeconomic
feedbacks.

Implementing the ecohydrology approach necessitates
getting away from present management practices based
on regulation focused on the geography (e.g., individual
municipalities or counties) or on individual, specific
activities (e.g., farming and fisheries, water resources,
urbanization, shipping) without integrating among local-
ities and users so as to consider the ecosystem. Without
this change in thinking and management concept, estu-
aries and coastal waters will continue to degrade,
whatever integrated coastal management plans are
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implemented because these ignore the basic ecology fact
that the land, the river, the estuary, and the coastal waters
are connected by being in the same ecosystem.

Can science-based management save estuaries and
coastal waters? About environmental management the
main thing that can be reliably managed is the human
behavior and practices. The main thing that ecological
engineers can do is to highlight the role of ecohydrology
in offering a robust, science-based way to quantify both
the present human impact on the degradation of estuarine
and coastal ecosystems and the likelihood of success of
various remediation measures in improving the health of
these ecosystems. Remediation measures include chan-
ging human behavior and practices in using the land and
water resources. These measures also include boosting
the ecosystem robustness by manipulating the ecosystems
so as to reinforce the beneficial ecological feedbacks in
these ecosystems. The eventual success of these measures
relies on adopting an ecohydrological approach.

Estuaries and coastal areas are traditionally among the
most highly impacted waters. For centuries human popu-
lations have settled and have benefited from the services
provided from these highly productive ecosystems.
During the last century, the human population worldwide
has increased by a factor of about 10 in coastal areas of
many developing countries and probably a factor of 4 for
most developed countries, as a result of natural popula-
tion growth and migration. As a result the carrying
capacity of coastal ecosystems is exceeded and this has
commonly led to a serious environmental degradation of
estuaries and coastal waters worldwide. This is best
demonstrated for the megacities and harbors in the Asia
Pacific region where the best of engineering practices have
failed to provide a healthy environment to 100 million
people. In most sub-Saharan African countries, migration
to the coast is still increasing the coastal population yearly
at typically 5–8% because coastal areas provide free access
to food (fisheries) and timber (mangrove trees) and hope
for jobs in harbors and coastal cities.

In view of this ever-increasing human impact on
coastal ecosystems, corrective or preventive measures
based on an ecohydrological approach should be consid-
ered instead of just engineering measures as has been
the general approach so far. This does require changing
the legislation that is a quagmire for the management
of estuarine and coastal waters. The successful implemen-
tation of an ecohydrology approach to managing estuaries
and coastal waters must be based on a sound scientific
knowledge of the ecosystems functions and dynamics.

The ecohydrological approach has been tested suc-
cessfully in various locations and systems (salt marsh
estuary, mangrove estuary, and coral reefs) around the
world, particularly in the Guadiana Estuary in temperate
Portugal and Darwin Harbor and the Great Barrier Reef
in tropical Australia. The health of these ecosystems was
demonstrated to depend on the connectivity between

estuarine and coastal waters, on the links between physi-

cal and biological processes, on the drainage basin

hydrology, and on the disturbance caused by human

activities. It was possible at these sites to quantify the

human impact on the ecosystem health, and the impact

of remedial activities.
Major observed impacts in estuarine and coastal eco-

systems are the increasing eutrophication risk, toxic algal

bloom events, muddiness and siltation of estuaries and

coastal erosion, and also modifications in biodiversity

resulting in the loss of traditional ecosystem services

(e.g., coastal fisheries) and having negative socioeconomic

impacts (e.g., the loss of income and employment for

coastal communities). The degradation is most dramatic

for coastal coral reefs located within the estuary and in its

coastal waters (Figure 1). Coral reefs possess the highest

diversity of any marine and most terrestrial ecosystems

and they greatly benefit humanity by building islands and

atolls, by protecting shorelines from coastal erosion, and

supporting fisheries and diving-related tourism. Coastal

reefs are being destroyed at an accelerating and unsus-

tainable rate worldwide (e.g., up to 50% in the last

15 years in some Asian countries) by human activities

that can be devastating (e.g., mining for limestone, fishing

with explosives and cyanide, infilling for urbanization) or

threatening but possibly manageable (e.g., increased run-

off of mud, nutrients, and pesticides from adjacent river

catchments, overfishing, and global warming). The pre-

sent coral reef strategy principle relies on drawing a line

around coral reefs and protecting the corals inside that

line. It is politically convenient and it ignores the fact that

the land and the reef are ecologically connected through

the rivers. It thus invariably fails worldwide wherever the

reefs are impacted by runoff that is modified in quantity

and quality by human activities on land.
Intensive agriculture practices, urban sewage, and

manure from pig farms and cattle feedlots provide quan-

tities of nutrients that reach the estuary by runoff or as

groundwater and can cause eutrophication to a level

dependent on the robustness of the estuary. The riparian

vegetation upstream and the vegetation in salt marshes

and/or mangrove swamps downstream play a bottom-up

role as buffers that retain nutrients and reduce the load

remaining in the estuary. Also, filter-feeders and grazers

(e.g., fish and bivalves) can exert a top-down control

on primary producers’ biomass (Figure 2) and improve

water quality. Indeed, bivalve suspension feeders

have also been suggested as a means to control algal

blooms, in both the marine and freshwater regions of

the estuary. However, bivalve excretion increases the

pool of nutrients available for other primary producers

as the macroalgae like Ulva sp. or the colony-forming

Phaeocystis sp.
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Figure 1 The physical submodel schematizes the estuary as a series of cells connected to each other by advection driven by both the

river discharge (straight thick arrows) and the salinity-induced currents (broken thin arrows) and by tidal mixing (curved arrows). The

open boundary conditions are located at the tidal limit where a riverine flux of water and waterborne particles is imposed, and at the
mouth where an oceanic flux is also imposed. The estuary also exchanges water and waterborne particles with the wetlands (perimarine

wetlands, mangroves, and salt marshes) and the seagrass and the coral reefs. The suspended solid concentration (SSC) commonly has

its largest value in the turbidity maximum zone. The salinity increases in the estuary toward the mouth.
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Studies also provide evidence that changes in the river
discharge impact on the structure of estuarine plankton,

fish, and bivalves communities. In fact, the response to

low-flow periods has been recognized as one of the most

important factors in structuring biota, both in the estuary

and coastal waters. During low-flow periods, a decrease in

the concentrations of those nutrients reaching the sea may

occur, especially in dammed rivers, since the silicates (Si)

trapped in the dam is not reintroduced downstream in the

system, as may occur with N and P (as consequence of the

use of fertilizers in agriculture). In such situation, Si can

be limiting to the growth of diatoms, and may contribute

to the occurrence of toxic algal blooms. The reduction of

low flows by dams and irrigation is thus a threat to the

health of estuarine ecosystem.
Dams reduce river flows. These high river discharges are

ecologically important because they ‘feed’ the coastal

waters with sediments and nutrients, ensuring the adequate

nutrients Si:N:P ratios and promoting coastal waters pro-

ductivity There is increasing evidence that coastal fisheries

landings are related to the high river flows discharge and

not climate factors, as has been demonstrated for South

Portugal, the East Mediterranean coast, the Black Sea, and

the Gulf of Carpentaria. For instance in the Guadiana

Estuary and coastal waters following high-discharge peri-

ods, catches are dominated by planktivorous fish like the

anchovy (Engraulis encrasicolus) and the sardine (Sardina

pilchardus). This is because high river discharges promote
primary and bacterial production from increased nutrient

loading and organic matter loading. They also increase

larval and juvenile survival because higher turbidity asso-

ciated with greater sediment loads reduces predation. They

facilitate the retention of early life-history stages and

increase the survival. They provide an environmental clue

(salinity gradients) for shrimps and fish to migrate towards

the estuary where tidal wetlands (salt marshes and man-

groves) are used as a nursery for the larvae and juveniles. In

areas where the continental shelf is narrow, the effects of

freshwater runoff can reach the upper continental slope,

especially during upwelling events, increasing larval phy-

siological condition and consequently decreasing larval

mortality. These larvae can find abundant food in winter

because during this rainy period the freshwater discharge is

usually high, promoting salinity stratification and the devel-

opment of a shallow surface mixed layer where

phytoplankton that can bloom long before the spring phy-

toplankton blooms occur.
These examples show that the regulation of estuarine

and coastal biota processes is highly dependent on the river

discharge. This offers politicians and water resources man-

agers the option to try to improve estuarine ecosystem

health on a case to case basis by modifying mostly one

variable.
The estuarine ecosystem modeler is faced with com-

plex processes and feedback processes between the

physics and the biology, which in practice cannot be
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Figure 2 (a) The biological submodel for the Guadiana Estuary,
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(b) Photograph of Guadiana Estuary salt marshes and

encroaching urbanization in the background.
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fully quantified because the data are inadequate. For this

reason, models should only be used as tools that help to
explain the reality, steer field researchers towards study-

ing key processes that most control estuarine health, and

help quantify the impact of human activities on the health

of estuarine ecosystems. Models should not be seen as
able to replace reality and the need for field observations.

Governments often want to cut budgets for field research

and instead promote the cheaper option of modeling.

Estuarine ecosystem models are simply unable to provide
reliable answers without field studies.

Estuarine ecohydrology models are based on the
knowledge and quantification of physical and biological

processes controlling the ecosystem. They can quantify

the likely effectiveness of ecohydrology solutions for
eutrophication by two opposite ecological approaches,

namely top-down control on vegetation by herbivores,

or bottom-up control of nutrients loads. They can also
quantify the likely effectiveness of dealing with eutrophi-
cation by regulating the river flow, for example, allowing
freshets. The control of nutrient input into the system can
be obtained by creating or restoring wetlands, which will
act as buffers and trap nutrients. These wetlands, when
located near the coast, also protect the coast from erosion,
thus protecting inland infrastructures and coastal popula-
tions. The cumulative effect of wetland creation and
controlling the riverine nutrient loads through changes
in land-use practices invariably lead to an efficient
decrease in nutrients in the estuary, often larger than
the sum of the two impacts individually. For each of
these solutions and for each case, models should be used
before field implementation of the remediation activities
to assess likely improvements in the health of the ecosys-
tems and to compare these with observations, so as to be
able to separate human from climate effects.

A top-down approach can be considered and modeled
for control of eutrophication, that requires the knowledge
about the ecological food web in the area: who eats who,
when, and how much. The quantification of these pro-
cesses and relations is basic to the selection of the most
effective grazer species. In some cases manipulation of the
food web could be necessary, for example, (1) controlling
the density of the predator species; (2) allowing the her-
bivore species – that will control the vegetation growth –
to become more abundant, and (3) introducing bivalves to
filter the water and reduce the risk of toxic algae blooms.
Such is the case in San Francisco Bay where eutrophica-
tion is inhibited because half of the water is filtered daily
by bivalves that were accidentally introduced.

Toxic algal blooms are frequent in nutrient-enriched
estuaries and, in particular, in dammed estuaries, and
estuaries with reduced flushing and very long residence
times. For instance, Tokyo Bay in Japan and the Pearl
River estuary in China have respectively about 100 and
200 days of toxic algae blooms every year in various areas.
Bivalves have been successfully tested to control phyto-
plankton blooms and reduce eutrophication and toxic
algal blooms. Another way to control algal blooms is to
generate freshets (i.e., freshwater discharge pulses).
During freshets, with the duration of typically few days,
the amount of nutrients available for phytoplankton
growth increases, causing a decrease in competitive
exclusion mechanisms and the consequent increase in
phytoplankton diversity. In turn this promotes the growth
and the diversity of zooplanktonic species. Consequently,
more zooplankton species may play a regulatory role by
controlling phytoplankton density and ‘avoiding’ the phy-
toplankton growth of just few species, therefore reducing
the risk of toxic algal blooms.

The use of freshets to control algal blooms requires a
profound knowledge of the system on a case to case basis,
in order to determine the timing, the magnitude, and the
duration of the freshet. A poor timing of freshets could
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negatively impact species that use the estuaries and its
tidal wetlands as a nursery ground, if the freshet interferes
with the natural recruitment of these species, for instance
by flushing out the eggs and larvae.

Estuarine ecohydrology models have been developed
and verified for few ecosystems, recently for the
Guadiana Estuary in Portugal and Darwin Harbor and
the Great Barrier Reef in Australia in a program sup-
ported by UNESCO-ROSTE, NOAA, AIMS, and the
University of Algarve/CCMAR. The explicit aim was to
offer science-based solutions to management. The ecohy-
drology models due to its holistic approach is a tool that
aims to facilitate an interaction between scientists, econ-
omists, the public, and decision-makers to promote the
ecologically sustainable development of an estuary and its
coastal waters.
An Estuarine Ecohydrology Model

This model is based on the dominant ecohydrological
processes in tidal estuaries. The model is best suited to
estuaries that are fairly well mixed vertically. In practice
this constraint is adequate for many applications because
critical conditions in estuaries commonly arise during
low-flow conditions brought upon by dams and water
extraction. These conditions are exacerbated by excess
nutrients from, typically, sewage discharge, effluent from
feedlots, and fertilizers from farming. Thus the physical
submodel, sketched in Figure 1, views the estuary as a
series of connecting cells that exchange water by advec-
tion as result of the river runoff and the saltwater inflow,
and by tidal mixing. The upstream cell receives fresh-
water, sediment, nutrient, and freshwater plankton. The
downstream cell receives seawater and marine sediment,
nutrients, and plankton. Cells can also exchange water
and particulates with fringing wetlands both in the fresh
and the saline region of the estuary. The physical pro-
cesses and the open boundary conditions control the
salinity distribution and the suspended solid concentra-
tion (SSC; both are sketched in Figure 1). An estuarine
turbidity maximum (ETM) commonly prevails. The sali-
nity and SSC distribution vary both spatially and
temporally.

This physical submodel model is linked to an ecologi-
cal submodel that is adapted to local conditions and is
based on the results of field studies. This submodel is also
a simplification of the processes in estuaries, focusing on
the dominant processes in terms of mass transfer. The
resulting ecological submodel for the Guadiana Estuary
is shown in Figure 2 and that for Darwin Harbor in
Figure 3. Figures 2 and 3 show the minimum level of
complexity of the model that is necessary to capture the
ecology of these estuaries. There are important features
that are found in both temperate and tropical estuaries,
namely (1) the importance in turbid waters with a very
long residence time of the suspended solid in releasing for
biological productivity particulate nutrients, (2) the dom-
inance of the microbial loop especially near the ETM
zone, (3) the role of detritivores and bivalves, and
(4) the role of wetlands as a source of detritus as well as
mainly a nursery ground. These tidal wetlands are made
up of mangroves in the tropics and salt marshes in the
temperate climates. A key commonality also is the impor-
tance of river floods, even short-lived ones, in attracting
coastal fish to migrate up-estuary by kinesis or taxis by
swimming following environmental clues, primarily sali-
nity gradients.

The model has been successfully verified against field
data for these two estuaries.
Estuarine Ecohydrology Applications

For the Guadiana Estuary the model is particularly useful
in quantifying the importance of short freshets in enhan-
cing plankton and fish diversity (Figure 4). It is also
useful in quantifying the importance of tidal wetlands
(salt marshes) in reducing eutrophication (Figure 5).
This demonstrates clearly two management strategies
that can be used to alleviate eutrophication and promote
biodiversity and estuary robustness, that is, create freshets
from the dam and creating or restoring tidal wetlands.
The ecology submodel also highlights the key role of
bivalves in filtering the water, suggesting another strategy
of manipulating bivalves to reduce eutrophication.

Similarly for Darwin Harbor the model is useful to
assess to what degree the estuarine ecosystem health may
degrade – and what level of human disturbances in the
drainage area is admissible to maintain a reasonable eco-
system health – as a result of future human activities in
the catchment, particularly the urbanization of Darwin,
the impact on the estuarine health of nutrient enrichment
from sewage discharges, and the destruction of tidal wet-
lands (mangroves) for shipping and industry.
Coral Reef Ecohydrology Model

The sustainable development of coastal waters and coral
reefs is dependent on development policies for land and
water resources. To quantify this dependency, it is
necessary to understand the key biological and oceano-
graphic processes governing the health of these coastal
ecosystems. These processes are then incorporated in a
coral reef ecohydrological model that can predict reef
health. The immediate use and role of this model is to
help answer two key questions for managers. These two
key questions are as follows: (1) to what extent do changes
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Figure 3 (a) The ecology submodel for tropical Darwin Harbour, Australia. SSC, suspended solid concentration; N, nutrients;
P, phytoplankton (two dominant species with different turnover rates); Z, zooplankton (two dominant species with different preys and turnover
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well as a source of young detritivores and fish (thick broken arrows). At death all organisms become detritus (thin broken arrows).

(b) Photographs in Darwin Harbour of pristine mangroves in traditional Aboriginal land on the west bank (left), aquaculture industries
encroaching in mangroves in the southern region (middle), urbanization and port development on the east bank removing all natural habitats

(right).
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in quality and quantity of terrestrial runoff lead to reef

degradation by generating phase shifts – the process by

which areas formerly dominated by corals are overgrown

by algae; and (2) is the reef capable of sustaining or

rebuilding its biodiversity by self-seeding if remediation

measures are implemented on land and in rivers to mod-

erate the human impact?
The estuarine ecohydrology model has been modi-

fied and applied to coastal coral reefs that are subject to

human impacts from (1) land runoff resulting in an

increase in suspended sediment, increased water turbid-

ity, and increased nutrient concentration, and (2) from

global warming resulting in increased bleaching events

in summer. The coral reef physical submodel (Figure 6)

is more complex than that of estuaries because it con-

siders also river floods and tropical cyclones that both

negatively affect coral reefs, and the oceanographic con-

nectivity between reefs that enable self-seeding as well

as the connectivity, that is, the exchange of coral planu-

lae between reefs. The biological submodel (Figure 7) is

based on the competition for hard substrate space

between the algae and the coral. The coral is preyed
upon by crown-of-thorns starfish, whose population
dynamics is also modeled. Algae are preyed upon by
herbivorous fish that in turn is preyed upon by carnivor-
ous fish that is harvested by people. Suspended sediment
concentration (turbidity) and nutrients modulate all
these processes. Additionally the success of recruitment
of juvenile coral decreases with increasing algal cover on
the hard substrate. Global warming results in an
increased mortality of adult corals.
Coral Reef Ecohydrology Applications

This model was developed for the Great Barrier Reef and
successfully verified against an extensive data set. It has also
been applied to reefs in Micronesia (Guam, Palau, and
Pohnpei).

The people of Micronesia have centuries, as opposed to
decades in the Great Barrier Reef, of experience in dealing
with coral reefs upon which their livelihood depends. They
have traditional management policies that highlight the
need to manage human activities that affect coral reef
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Figure 4 Predictions of the along-channel distribution (cell 20, river mouth; cell 1, tidal limit¼ 60 km) of zooplanktivorous fish biomass

in the Guadiana Estuary, Portugal, in 2004, (a) without and (b) with the Alqueva dam. The dam construction was completed in 2003 and

in 2004 the dam suppressed all freshets. The ‘without dam’ calculation assumes natural river hydrographs that were calculated from
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ecosystems. In many islands, the people have direct own-

ership of coral reefs and the fisheries they support. For

Micronesia, the model highlighted the beneficial role of

mangroves, and this has resulted in a legislative protection

of mangroves in at least one state (Palau). For Guam,

Palau, and Pohnpei, the study demonstrated the need for

integrating land-use and coral reef management. In islands

where some form of traditional leadership still exists, this

model has measurably helped in improving local environ-

mental planning because these traditional leaders take into

account the long-term, multigenerational impacts of activ-

ities in the development of environmental policies. Thus

ecohydrology and ecological engineering are accepted and

becoming a powerful tool in such islands.
For the Great Barrier Reef of Australia, the model

suggests that land use has contributed to the degrada-

tion of the health of the Great Barrier Reef and to an

increased frequency and intensity of crown-of-thorns
starfish infestations. The model also predicts that the

health of the Great Barrier Reef will significantly wor-

sen by the year 2050 as a result of global warming. The

model demonstrates to managers and politicians that it

is worth improving land-use practices to recover the

health of the Great Barrier Reef ecosystem. Indeed the

model suggests that much-improved land-use practices

will enable some regions of the Great Barrier Reef to

recover, even with global warming. However, in the

longer-term the situation is more gloomy, because the

model suggests that if global warming proceeds

unchecked only biological adaptation can prevent a

collapse of the Great Barrier Reef health by the year

2100.
This ecohydrology model can be used to quantify the

effectiveness of remedial measures on land. In theory thus

ecological engineers can offer to economists and politicians

the hard science data on ecosystem health that are needed to
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concentration 3.5� 7.8mg l�1.
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develop management policies that integrate socioeconomics

and ecosystem health, as a first step towards planning an

ecologically sustainable development. In practice however

for the Great Barrier Reef and most corals reefs worldwide

outside of a few islands in Micronesia, ecological engineering

may have little impact because of two phenomena. Firstly

there is the ‘tragedy of the commons’ where few take any
responsibility but everyone has ownership – this is the same
problem which has resulted in the collapse of fisheries world-
wide. Secondly there is uncertainty in the science of cause
and effects of reef degradation – some of that uncertainty is
inherent to science, much is purposely manufactured – and
this uncertainty helps politicians and decision-makers to
justify ignoring the problem and implement no remedial
measures.
Conclusions

Estuarine and coastal habitats are increasingly
degraded worldwide. Ecohydrology demonstrates
unambiguously that the land, the river, the estuary,
and coastal waters are components of the same ecosys-
tem. They are connected through a number of physical
and biological processes that determine environmental
health. Traditionally, the estuarine management strat-
egy relies on technology and engineering fixes and
it neglects ecohydrology principles; these strategies
invariably fail to maintain ecosystem health and the
ecological services that these ecosystems provide.
Coastal coral reef management strategies worldwide
also neglect ecohydrology science and also invariably
fail. Ecohydrology science offers a number of solutions,
including top-down and bottom-up ecological manipu-
lation as well as the use of created or restored wetlands
to help restore the health of estuarine and coastal
waters. Combined with some technological fixes, such
as the creation of freshets and smarter land-use, ecohy-
drology science offers an ecologically sustainable
management strategy for estuaries and coral refs.
Worldwide the implementation of this science-based
strategy will most likely stall, and estuaries and coastal
waters will continue to degrade, until a political solu-
tion is found to the quagmire (i.e., the present estuarine
and coastal management framework) which basically
ignores ecosystem ecology.

Estuarine and coastal areas suffer an increasing pres-
sure from anthropogenic activities. Modifications of
physical and chemical parameters affect biodiversity and
hamper the traditional uses and services by local popula-
tions. Estuarine and coastal management relied,
traditionally, on technology and engineering fixes,
neglecting the ecological equilibrium of the systems.
Alternatively, ecohydrology science, based on the inter-
play between hydrology and ecology, offers a number of
sustainable and long-lasting solutions to increase the
robustness and to restore the health of estuarine and
coastal waters. Estuarine ecohydrology models aiming to
facilitate the interaction between scientists, economists,
the public, and decision-makers have been developed and
verified for a few ecosystems, recently for the Guadiana
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Figure 7 (a) Sketch of the dominant biological processes in the coral reef ecohydrology model where SSC indicates the suspended

sediment concentration that is a measure of turbidity. (b) Underwater photographs of a healthy coral reef (left), a coral reef overgrown by

algae – this is a stable ecological state as long as poor water quality prevails (middle), a coral reef smothered and killed by mud from

eroded soil from the adjoining river catchment (right).
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Estuary in Portugal and Darwin Harbor and the Great
Barrier Reef in Australia, under a scientific program sup-
ported by UNESCO-ROSTE, NOAA, AIMS, and the
University of Algarve/CCMAR.
See also: Coastal and Estuarine Environments; Estuary

Restoration; Fishes as Indicators of Estuarine Health and

Estuarine Importance.
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Introduction

This article presents a scientific overview of the basic
natural ecological processes involved in maintaining estuar-
ine health, the technology behind efforts aimed at estuarine
restoration, and examples of both success and failure.
Estuarine Ecohydrology

The health of an estuary ecosystem is determined by the
dominant physical, chemical, and biological processes,
sketched in Figure 1, within the estuary, as well as the
natural characteristics of, and the human activities con-
ducted within the entire river catchment upstream. The
robustness of an estuary depends on the rate at which
water is flushed; the longer the residence time, the greater
the water quality problems. Ecological integrity also
depends on the rate at which fine sediments are seque-
strated in the estuary (primarily in the tidal wetlands) or
flushed out to sea, as well as the efficiency with which
organic matter is processed within the water column. This
commonly occurs through the bacterial loop sketched
in Figure 1. There are other important relationships
between the estuary and its tidal wetlands. The tidal
wetlands export or import different particulate and dis-
solved nutrients, and they are also nursery grounds for
fish and invertebrates.

Human activities within the river catchment are a
major driving force affecting the health of the estuary,
mainly as a result of excess nutrients and sediment, a
change in natural river flows from human activities, as
well as land clearing and overgrazing that increase soil
erosion. Such activities modify the natural flows (e.g.,
dams), and increase the riverine nutrient load (e.g., sew-
age discharge, animal waste from agribusiness such as pig
farms and cattle feedlots, and fertilizers leaching from
farms). All of these activities and processes also degrade
the tidal wetlands because of the exchange of water and
mass between the estuary and the tidal wetlands. The
pressure on tidal wetlands is further increased by dred-
ging, land reclamation for industry, and urbanization. For
instance, nearly all estuarine marshes have been
‘reclaimed’ in the Netherlands and in Japan.

When an estuary has been degraded, its restoration can-
not be successful in the long term without addressing the
issues that led to its degradation. If there are several such
issues, then they must all be addressed, though possibly at a
different intensity, because impacts are cumulative.
Restoration efforts must focus on the whole ecosystem,
principally (1) managing human activities in the whole
river catchment, and (2) restoring habitats to arrive at an
estuarine ecosystem that is able to absorb human stresses.
Managing human activities necessitates maintaining river
flows, principally minimum environmental flows and con-
trolling the timing of river floods, and limiting the riverine
export to the estuary of sediment, pollutants and nutrients,
so as to enable the estuarine ecosystem to function naturally.
Because of the feedbacks between the estuary and its fring-
ing wetlands, restoring estuarine habitats is essential to
restoring the ecosystem health. It is also a science-based
technology that is still under development.
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