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Introduction

Coastal ecosystems, estuaries especially, are among the
most ecologically and socio-economically important envi-
ronments on Earth. Coastal environments have huge socio-
economic value through food production, nutrient and pol-
lutants recycling, recreation and transportation (Crossland
et al. 2005). However, in addition to the numerous anthro-

pogenic disturbances that affect them leading to habitat
modification and changes in ecosystem function, these
ecosystems, along with goods and services they provide,
are threatened by global climate change. Changes in cli-
mate (e.g. temperature rise, sea-level rise, increased risks of
floods and droughts) may increase the risk of abrupt and
non-linear changes in many ecosystems, which would affect
their composition, function, biodiversity and productivity.
When subjected to climate change, including changes in the
frequency of extreme events, ecosystems may be disrupted

Ecological restoration of tidal estuaries in North Western
Europe: an adaptive strategy to multi-scale changes

JEAN-PAUL DUCROTOY*

Institute of Estuarine and Coastal Studies, the University of Hull, Hull HU6 7RX, United Kingdom

Received 8 June 2010; Accepted 23 July 2010

Abstract: Estuaries are subject to increasing pressures due to local human activities. In addition, global change is af-
fecting coastal habitats. Such disturbances impinge on goods and services provided by these ecosystems. The paper is
devoted to efforts to restore environmental quality in some industrialised estuaries during the few past decades. It then
compares strategies to recover damaged habitats and methods to restore lost ecological functionalities. Case studies are
taken from the Seine in France, the Humber in England, the Scheldt in Belgium and the Netherlands and the Elbe in
Germany. The article retraces briefly the morphological and ecological changes which have been inflicted on the estuar-
ies over the last century. It puts into light actions which have been successful in improving their ecological functioning.
Through comparing the various restoration schemes, policies are assessed. Details are given on efforts made lately in
the Seine estuary which has lost more than 90% of its intertidal areas in about 150 years. Recently, losses due to an ex-
tension of harbour facilities in le Havre (“Port 2000”) have been compensated by the rehabilitation of a former mud flat
and various constructions such as an artificial island for birds.

The discussion confronts the present management of tidal estuaries to future challenges, including global changes.
Such changes will not only include global warming and its consequences (sea level rise, biogeochemical cycles alter-
ation . . .), but also socio-economic adjustments and a possible geo-political reorganization expected to take place in 
relation to increased harbour activities and the increasing need for more space dedicated to natural habitats and leisure
activities (sports, tourism . . .).

The conclusion puts together the various approaches from the considered European estuaries. Resting on a rigorous
scientific approach, it proposes a synthetic approach to restoration:

1. Efficient procedures of socio-ecological evaluation,
2. A methodology to assess the ecological quality of systems considered,
3. Rigorous monitoring programs, resting on a relevant choice of indicators, and
4. Participation of local communities,

in order to define strategies compatible with conservation and sustainable development at the local, regional and Euro-
pean levels.

Key words: climate change, English Channel, integrated management, North Sea, restoration, tidal estuaries, TiDe
European project

* Corresponding author: Jean-Paul Ducrotoy; E-mail, j-p.duc@wanadoo.fr



as a consequence of differences in response times of
species (IPCC 2007).

In recent years there has been an upsurge of interest in
climate change impacts in marine systems, but most of the
literature is focused on the effect of the temperature and
most work is conducted at the level of individual organ-
isms. A few studies have focused on the impact of large-
scale weather events, such as flooding, on the functioning
of communities (e.g. Salen-Picard & Arlhac 2002, Salen-
Picard et al. 2002). For instance, extreme rain events may
have implications for the ecosystem functioning. According
to Norkko et al. (2002), catastrophic clay deposition associ-
ated with severe flooding can have markedly deleterious ef-
fects on estuarine macrobenthic communities.

In addition to climate change, coastal ecosystems such as
estuaries are naturally subjected to a variety of anthro-
pogenic stressors which can damage the health and fitness
of the resident organisms. Multiple stressors including pol-
lutants, excess of nutrients (e.g. eutrophication), altered
habitat and hydrological regimes as well as floods and
droughts can impact resources through single, cumulative
or synergistic processes, lowering the overall system stabil-
ity (Vinebrooke et al. 2004). Anthropogenically induced
global climate change has profound implications for marine
ecosystems and the economic and social systems that de-
pend upon them. However, recent work has revealed that
both abiotic changes and biological responses in the ocean
will be substantially more complex. Responses of biota to
these environmental stressors are the integrated result of

both direct and indirect processes which can be manifested
as changes in abundance, diversity and fitness of individu-
als, populations and communities (Adams 2005). The ac-
celerating rate of biological impoverishment may render
ecosystems incapable of compensating for the loss of biodi-
versity, thereby reducing their resilience to environmental
change. Distinguishing and integrating the effects of natural
and anthropogenic stressors is an essential challenge for un-
derstanding and managing coastal biotic resources (Vine-
brooke et al. 2004, Groffman et al. 2006). Figure 1 shows
the components of the climate which are currently changing
and their effects on coastal ecosystems.

Among the impacts, habitat loss represents one of the
worst observed on estuaries. The loss can be temporary, by
increase or decrease in water and sediment quality (e.g.
salinity, temperature, dissolved oxygen, turbidity) or by de-
crease in water quantity. This type of perturbation is dealt
through remediation. The loss can be permanent, most
often by removal of wetland through polderisation. Such
degradation can only be addressed by restoration or re-cre-
ation of lost biotopes (Ducrotoy 2010). According to SERI
(Society for Ecological Restoration–International Science
and Policy Writing Group 2004), ecological restoration can
be defined as the process of assisting the recovery of an
ecosystem which has been degraded, damaged or destroyed.
In order to understand what actions are needed to restore
disabled ecological functions in an estuary, the watershed
and coast need to be considered as a continuum through the
estuary. This kind of approach was adopted in several
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Fig. 1. Possible biological effects of climate change on coastal ecosystems.



macrotidal estuaries of the North Sea and the English
Channel in Europe: the Elbe in Germany, the Scheldt in
Belgium and the Netherlands, the Humber in England and
the Seine in France. These estuaries are presented here and
compared in their management because they have common
features which are of interest to scientists and decision-
makers. They were all partially filled by marine sediments
because of the Flandrian marine transgression which started
about 3000 years ago. As a result plugging has occurred,
with sedimentation prograding seawards. Flood plains, as
part of the estuarine complex, have been claimed by hu-
mans and changed into terrestrial habitats, notably since the
beginning of the 20th century. With increasing industriali-
sation and the development of shipping activities, the trend
has accelerated resulting in considerable loss of intertidal
areas and drastic changes in the local geomorphology. What
is interesting is that the restoration of damaged habitats and
of ecological functions in each estuary has benefited from
quite different managerial approaches.

All the selected estuaries belong to the North Sea in
north-west Europe. Geographically, the North Sea was de-
fined by the North Sea Task Force as including the English
Channel, the Scandinavian straits (the Skagerrak and the
Kattegat) and the northern North Sea south of 62°N (NSTF
1994). The North Sea is a large epi-continental sea
(750,000 km2) of the north-east Atlantic. It is one of the few
major marine ecosystems to have been formed by the recent
flooding of a landmass which took place 20,000 years ago.
From a bio-geographical point of view, it is therefore a
rather young ecosystem (Ducrotoy 1995, Ducrotoy et al.
2000). It consists of a shallow (mean-depth of 90 m) semi-
enclosed coastal marine ecosystem. The Southern Bight,
where three of the selected estuaries are located, is rela-
tively shallow, with strong tidal currents; the depth in-
creases progressively towards the North where the basin
largely opens to the Atlantic Ocean. The fourth estuary, the
Seine opens to the English Channel, known for its high
tidal range.

Examples of restoration of habitats in tidal
estuaries of North West Europe

The Elbe: From a «natural» to a shipping estuary
The River Elbe (Germany) is one of the major rivers of

Central Europe. It originates in the Krkonoše Mountains of
the Czech Republic. Its total length is 1,094 km. The Elbe
river basin, comprising the Elbe and its tributaries, has a
catchment area of 148,268 km2. The Elbe estuary is macro-
tidal. Today, the tidal range reaches about 3 m in the mouth
(but in 1880 it measured around 1.9 m) due to canalization
in order to facilitate shipping activities. The morphology of
the Elbe estuary was shaped by work done on the river to
improve access to the harbour of Hamburg (Germany) situ-
ated 110 km inland. The building of dikes along the River
Elbe has affected the hydrodynamic and morphologic situa-
tion over the past centuries (Plüss 2004). In the 11th cen-

tury, the natural landscape began to change due to agricul-
tural and pasture farming land reclamation and hydraulic
engineering. Important harbour development took place in
the 19th century. In order to facilitate access of larger and
larger vessels, extensive sediment relocation started to hap-
pen and developed during the 20th century, due to erosion
and resedimentation, sometimes increased by heavy storm
surges (Jensen & Mudersbach 2007). In relation to periodic
flooding, different freshwater and brackish water zones did
develop in those areas, but the overall functioning of the es-
tuary was offset. Since 1950, foreshore areas and flood
plains of the tidal Elbe river have been reduced by 180 km2.
With the construction of river barriers, flood plains for-
merly occupied by tributaries were also no longer tidal.
This meant that even more intertidal areas had disappeared
(Fickert & Strotmann 2007).

Nowadays, about 4 million people live in the metropoli-
tan region of Hamburg in an area of approximately
19,000 km2. However, the influence of the Elbe river ex-
tends far beyond this area. The Port of Hamburg is the sec-
ond largest in Europe but the harbour authorities encounter
more and more difficulties in maintaining the shipping
channel through the estuary as the drainage of the hinter-
land has become more and more difficult. Although some
measures within the mouth of the estuary helped to restrict
storm surges, Siefert & Hanoe1 (1988) showed that the
building of dikes led to an increase of the maximum peak
water level of almost half a meter in Hamburg during storm
surges.

Recently, the Hamburg port authority has confronted an
important increase of dredging amounts in the area of Ham-
burg. All along the Elbe, an upriver transport of suspended
sediment has taken place. This sediment used to settle in
downstream marshes and is now carried into the harbour of
Hamburg. Due to the hydrodynamic changes there is a risk
of an increase of the tidal wave height at Glückstadt with
the associated risk of enforcing the residual transport of
sediments upriver. In order to restore both habitats and nav-
igability of the estuary the port authority proposed the con-
cept for a sustainable development of the tidal Elbe river as
“an artery of the metropolitan region Hamburg and be-
yond” (Dücker et al. 2006). The proposed engineering mea-
sures would rely principally on sediment management ob-
jectives and included:
1. Dissipation of the incoming tidal energy by hydraulic

engineering constructions especially within the mouth of
the estuary;

2. Establishing flooding areas in the middle estuary; and
3. Optimising the sediment management considering the

whole system.
Without appropriate measures, the accretion of sediment

within the upper tidal Elbe system would continue and eco-
logical degradation would happen. Increasing effort to
maintain the water body and berths of the port of Hamburg
would be required. Deepening of access channels is no
longer a permanent economic solution to provide the re-

176 J.-P. DUCROTOY



quired water depths for navigation. The sediment manage-
ment concept therefore intends to relocate fresh, non conta-
minated sediments in areas where there is less possibility
for them to return to the place where they were dredged.
The opportunity was taken to improve environmental qual-
ity in association with engineering work realised to reverse
negative geomorphological effects. Measures for restoring
natural conditions along the river were taken, including
conservation and development of shallow water areas, cre-
ation of alluvial forests, salt marsh development in front of
dikes. In the meanwhile, protected areas became attractions
for tourists (Bergemann 2006).

The re-creation of inter-tidal areas including salt marshes
was initiated in order to increase floodable areas. It was
aided by the installation of flood polders as buffers in case
of storm surge. These restoration actions also provided
flood risk protection in reducing storm surge water levels.
Both recreational and commercial fishing will further bene-
fit from the creation of shallow water zones. These are im-
portant spawning and hatching zones for fish and prey. An
enhanced connection of tributaries also had a positive effect
on the functioning of the estuarine ecosystem as migrating
fish species could now reach their breeding areas with less
effort. According to the Hamburg Port Authority, on the
long run, the diversification of the system and the ecologi-
cal improvement of the water and sediment quality very
likely will increase the number of species (Dücker et al.
2006).

To achieve these aims and objectives there is a need for
further research and action. This should be done in co-oper-
ation with the adjoining states and the federal state (Von
Storch 2008). Actions needed were listed as follows:
• Synchronising integrated hydraulic engineering and sedi-

ment management strategies;
• Planning and establishing measures to be taken collabo-

ratively between states;
• Developing sub-regional nature conservation objectives

as a basis for the implementation of the Habitats and
Birds European directives (Dücker et al. 2006).

The Scheldt: protecting human populations from inun-
dation and fighting eutrophication

Nowadays, the Scheldt estuary (Belgium and the Nether-
lands) is characterised by a high hydrodynamism which
varies greatly according to the part of the estuary consid-
ered. It is a typical rain-fed river which conditions the salin-
ity through the variability of its discharge. This explains the
importance of the freshwater estuary up to 235 km up-
stream where sluices limit the penetration of the tide. The
tidal range is macro-tidal. It varies from 3.8 m in the mouth
to 5.0 m in Antwerp and 2.0 m in Gent. Nevertheless, the
estuary is polyhaline only over the upper 40 km. Overall,
the river is 335 km long with its source situated in France
(St Quentin) with a catchment area 21,863 km2. Ten million
inhabitants are distributed in the watershed with an average
density of 477 inh km�2.

The upper part is in Belgium (Zeeschelde) with a single
ebb flood channel bordered by small mudflats and marshes.
In this section of the tidal river, it is often bordered by
quays and wharves with no tidal zone. The middle and
lower estuary lie in the Netherlands (Westerschelde) and are
58 km long (Bolle et al 2010). Waters are well mixed but
two maximum turbidity zones might be observed: one at
the fresh-seawater interface, the other originating from tidal
asymmetry in the middle estuary.

The morphology of the estuary is complex with intertidal
flats and salt marshes. Because of land reclamation for agri-
culture and industry, construction and reinforcement of
dikes, and the deepening of shipping channels, large areas
of tidal marshes have been removed or eroded from the
Scheldt estuary during the last 150 years. At the beginning
of the 21st century, more than 50% of the tidal river lacked
tidal marshes in front of the dike (Temmerman et al. 2004,
Maren et al. 2009).

At present, large scale dredging guarantees the safe ac-
cess to the port of Antwerp, at the bars where ebb and flood
channels merge. With increasing dredging, deep waters
tend to create highly dynamical areas with, consequently, a
decrease of low dynamic areas and an increasing penetra-
tion of the tides and, hence, increasing risks of inundation.
Land use and urban activity in the catchment of the Scheldt
river system have changed during the last 50 years. 1500
years ago, the tidal wave did not reach beyond Antwerp, but
presently the maximum is consistently moving up (Wang et
al. 2002).

Because of human-made changes in the morphology of
the estuary, the water quality of the drainage network and
the fluxes of nutrient transferred to the estuary and to the
sea have been affected. A very severe deterioration of water
quality (with deep oxygen depletion) occurred in the begin-
ning of the 1960s, while a clear trend to improvement was
apparent in the late 1980s. The yearly fluxes of nutrient de-
livered by the river to the estuary and the sea show a severe
depletion of silica with respect to nitrogen compared with
the requirements of diatoms, and a clear shift from the early
1990s from nitrogen to phosphorus potential limitation
(Billen et al. 2005). Seasonal variations of nutrient delivery
are however much more pronounced for nitrogen, with
fewer inputs during the dry seasons, while phosphorus in-
puts, mainly from point sources are more constant, so that
nitrogen limitation can still occur during summer. However,
the Scheldt basin does not deliver higher specific fluxes 
of nutrient (presently about 2,000 kgN km�2 yr�1, 80 kgP
km�2 yr�1, and 1,000 kgSi km�2 yr�1), owing to very effi-
cient processes of nutrient retention (Billen et al. 2005).
Hydrological, geomorphological and biogeochemical
changes have further had consequences on the maintenance
of biodiversity in the last two centuries. Bad water quality
has affected benthic communities both in the saline and in
the freshwater parts of the estuary which are original and
specific to the river Scheldt. Until recently fish was almost
completely absent form the freshwater parts. Despite poor
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aquatic biological diversity, the site remains important for
birds as it is one of the main estuaries along the migration
route in North Western Europe (230,000 individuals annu-
ally) (Ysebaert et al. 2000).

In the 1990s, it was felt that tidal wetland restoration
would be necessary in order to compensate loss of habitat
(Eertman et al. 2002). In combination with a master plan to
protect the population from storm surges, an opportunity
arose to restore areas under tidal influence. One specific op-
tion of combining safety and ecology was the creation of
flood control areas under the influence of a controlled re-
duced tide (CRT) (Maris et al. 2007). These specific areas
differ in many ways from fully tidal areas but can fulfil im-
portant ecological functions with effects on aeration, nitrifi-
cation, denitrification, sedimentation and primary produc-
tion in the estuary. Opportunities for ecological develop-
ment within a CRT have been investigated for a specific
case. The ecology within a CRT was shown to be very case
specific, depending e.g. on the morphology of the area, the
sluice design and the local water quality (van den Bergh et
al. 2005). Depending on the sluice design, water quality can
be improved and sedimentation can be influenced. A scien-
tific approach to the management of these sensitive areas
made it possible to design CRTs with a rich habitat varia-
tion (Maris et al. 2007).

The Humber: New strategy for estuary management—
Giving a “healthy” shape, creating new mudflat and new
marshland

The Humber Estuary (England) is a shallow, well-mixed
macro-tidal estuary with a maximum tidal range of 7.2 m.
Mean water depths vary between 8 m at the mouth and 3 m
in the inner estuary. A salinity gradient from north to south
bank exists in the outer estuary, due to the incoming tide
flowing along the north bank, while the freshwater keeps to
the south bank as it discharges to the sea. Average freshwa-
ter flow into the Humber from the rivers is 250 m3 s�1, rang-
ing from 60 in drier periods to 450 m3 s�1 in wet periods
(Gameson 1982). Peak flows of up to 1,500 m3 s�1 have
been recorded during floods. The average tidal excursion
into the Humber is 15 km, much greater than the seaward
displacement caused by freshwater input during the tidal
cycle, resulting in a damming effect on inputs of effluent to
the estuary. The estimated residence time for freshwater in
the estuary is 40 days, and up to 60 days in summer (Uncles
et al. 1997). For sediment, it reaches 18 years (Millward &
Glegg 1997).

The estuary is 62 km long from Trent Falls (the conflu-
ence of the rivers Ouse and Trent) to its mouth at Spurn
Head, where it enters the North Sea. Although the maxi-
mum limit of salt intrusion is further inland, the head of the
estuary is generally defined as Trent Falls. The surface area
of the estuary is approximately 265 km2 (Andrews et al.
2000). The coastline within the estuary is 120 km long,
from Trent Falls to the estuary mouth at Spurn Head. The
extended outer coastal zone affected by the Humber plume

is approximately 100 km long (Morris et al. 1995). It
stretches along the North Sea coast from Flamborough
Head to the north and to Skegness to the south, where it
joins the coastal zone of the Wash. The estuary is sur-
rounded by high-grade agricultural land, within two areas
of high population/industry—around Kingston-upon-Hull
on the north bank and Grimsby/Immingham/Cleethorpes on
the south bank. Continuous dredging maintains shipping
channels to a depth of 11 m in the inner estuary and 16 m in
the outer estuary (Cave et al. 2003). Occasional capital
dredging is carried out for new port and industrial installa-
tions. Most of this dredged material is disposed of to dump
sites within the estuary, or at Spurn Head. Continual re-
search is carried out by the port authorities on the hydrody-
namics of the estuary, and in theory the dumping of
dredged sediments within the estuary maintains the sedi-
ment balance. In practice, however, there is only limited un-
derstanding of the effects of moving large quantities of sed-
iment from one place to another within the estuary.

A total of 70% of the land area in the catchment is arable
land or grassland, and this exceeds 80% in the estuary hin-
terland. Approximately 10% of the catchment is built-up,
with the remainder being mostly heathland and woodland.
The area around the Humber is low-lying, and much recla-
mation of wetlands and supratidal zones has been carried
out in the last two centuries, as well as reclamation of parts
of the intertidal zone. The mid–outer estuary changed from
a region of low water erosion in the 19th century to one of
accretion in the 20th century; nonetheless, a net loss of in-
tertidal zone of some 3,000 ha has taken place since the
mid-19th century. Around the estuary some 894 km2 of land
are below the 5 m contour and are protected by extensive
coastal defences (Environmental Agency 1999). This area
around the estuary is dissected by land drains, which empty
into the estuary via pumping stations. Most of the sediment
entering the estuary comes from the North Sea, rather than
from the rivers, and a large part of it comes from the con-
tinuing erosion of Holderness cliffs, which form the coast-
line to the north of the estuary mouth (Hardisty 2001).

A legacy of contaminated sediments exists in the Hum-
ber catchment (Hudson-Edwards et al. 1999) due to mining
activities carried out since Roman times in upland areas
where the rivers originate. Effluent from industrial sources
is discharged both directly to the rivers and estuary, and to
the sewage system. Some of this effluent discharged di-
rectly has a very high biological oxygen demand, which
when compounded by discharges from sewage treatment
works can lead to low dissolved oxygen in the tidal rivers,
thus harming aquatic life. Other effluents are high in metals
such as copper. Coal-fired power stations in the tidal
reaches of the Ouse catchment can, each, release annually
up to 1 t of copper, cadmium and lead to the atmosphere, as
well as up to 1 t of copper to the river. Nutrients in the
Humber Estuary come from riverine, industrial, urban
sewage and agricultural sources. Up to 1993, the Humber
was responsible for up to 30% of the input of N and P to
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UK waters. Nowadays, primary and secondary treatment is
completed for all sewage entering the river system and the
estuary.

Pollution and eutrophication needed to be tackled (Mazik
& Elliott 2000, Mazik 2004) while setting back the shore
line was required in response to sea level rise. A large scale
experimental site was chosen in the 1990s for depolderisa-
tion and habitat (re)creation. In 2010, the Humber estuary
was the site of three existing managed realignment sites
(former agricultural land) with the primary role of direct
compensation for habitat loss. A fourth site was being cre-
ated as part of a flood defence scheme. Creation of a further
five sites, with the primary aim of mudflat creation, is
planned over the next 20 years (Environment Agency
2009).

Comparisons between the newly created habitats and the
existing mudflats in the estuary were made by Mazik et al.
(2010). The macrofaunal communities found within one of
the areas as a whole were considered to be characteristic of
the area with low species diversity, high abundance and
small body size. The community within the managed re-
alignment site was still in an early successional stage after
three years with low abundance and diversity in comparison
with other sites within this part of the Humber. However,
the community biomass increased.

Given the importance of nature conservation in the Hum-
ber area, depolderisation has the dual role of coastal protec-
tion and habitat restoration. Coastal managers aim for a
win-win-win situation whereby environmental improve-
ments, economic benefits (as the result of not having to
raise dykes or maintain sea walls) and public safety benefits
from flood protection were all achieved. Current restored
sites compensate for habitat loss elsewhere (Environment
Agency 2005). All sites are subject to a five-year monitor-
ing plan.

The Seine estuary: compensation measures after port
developments

The Seine estuary (France) is a megatidal environment
situated in The English Channel (la Manche), linking the
Atlantic Ocean to the North Sea through the Dover Strait
(Pas de Calais). What characterises the Seine is that its es-
tuary is plugging rapidly, mainly due to human actions.
Tidal amplitudes vary between 3 m at neap tides to 8 m at
spring tides with an active turbidity maximum where 
suspended matter reaches a concentration of 500 at 
1,000 mg L�1. The mean annual discharge of the river is
480 m3 s�1, with highest flow rates �2,200 m3 and mini-
mum of 40 m3. This leads to a mean annual sedimentation
rate �5 million m3.

The watershed of the Seine estuary is large (79,000 km2)
covering 14% of France area. The river flows through Paris,
the capital city, and two important harbours: Rouen and le
Havre, concentrating 16 million inhabitants (26% of the
French population). 40% of the national economic activity
takes place in the basin with 50% of the national fluvial

traffic. Overall, the tidal estuary has lost more than 90% of
its intertidal areas in about 150 years with the most impor-
tant human-made modifications taking place from 1975 to
2005. In the 1990s, an extension of the port of le Havre
(Port 2000), situated in the north of the estuary, was built.
A strategy group was installed by authorities, facing the ne-
cessity of adopting a global managerial approach at the
scale of the ecosystem (Moussard et al. 2008). Following
legal action by environmental groups, the Government de-
cided to launch a remediation plan. Numerous preservation
measures to induce and control protection followed. Later
on, a management plan was set up covering the whole of
the estuary. The objective of the management plan was to
favour economic diversification (port development and lo-
gistics) of the estuary relying on industrial developments,
tourism promotion and fishing activities, and conservation
and restoration of the natural functioning of the estuary.
The construction of Port 2000 was the occasion for man-
agers and politicians to stress the importance of research
for reaching a balance between the development of eco-
nomic objectives and the protection of natural aquatic envi-
ronments towards an integrated management of the estuary.
The new harbour installations required the reclamation of
existing wetlands (Ducrotoy & Dauvin 2008). Such an op-
eration presented threats for safeguarding the sedimentary
balance in the estuary and the future of mudflats. Decision
makers decided that accompanying measures should be
taken to minimize the hydro-sedimentary impact and to re-
habilitate threatened intertidal mudflats durably. Various
options were selected after mathematical modelling of cir-
culation patterns of sediments in the estuary. The ones
which were adopted consisted mainly in restoring a dam-
aged mudflat, building a resting place for birds on dune and
constructing a small island, also to be a resting place for
birds. Some habitats were re-created on part of the land
claimed from the estuary with a view to facilitating the
growth of charismatic plants (Scherrer & Galichon 2002,
Dauvin et al. 2006, Port Autonome du havre 2007):

In order to retain fine sediment deposits and to create a
new mudflat (Bessineton 1988), a 550-meter long groin,
perpendicular to tidal currents, was set up in the Northern
area of the estuary. Upstream of the affected area, a channel
was dug. In addition, more than 3.5 million tonnes of sand
were excavated downstream the bridge, in order to maintain
a circulation in the existing pit. Owing to cutting openings
in the existing embankments at the foot of the Normandy
bridge and to digging out the channel, the ebbing tide could
flow in again. This alleviated the earlier problem caused by
the construction of the bridge, which prevented the tide to
come in. This operation of environmental engineering re-
sulted in the filling up of part of the area by sand and fine
sediments and, therefore, to the revival of a former mudflat.

The creation of a resting place for birds (especially
waders and ducks) was carried out to replace the site where
those birds used to live before the construction of Port
2000. At the time of the initial design of the resting place
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on dune (45 hectares), observations were made on the be-
haviour of bird populations in the area. Ornithologists and
benthologists suggested maintaining a permanent hydraulic
exchange between the estuary and the new resting place. A
section of dam of a hundred meters was thus destroyed for
this purpose. At the conclusion of approximately one year
of scientific monitoring of the frequentation of the resting
place by the birds, it was noted that controlled management
of the water level in the resting place could increase its at-
tractivity to birds. So, in order to improve the control of
water levels, it was decided to reconstitute the destroyed el-
ement of dam and to integrate into it a sluice for the regula-
tion of the water level. The North part of the resting area
was redesigned to allow avocets to nest (protected species
in Europe). Other developments were also made in order to
regulate and even sometimes limit the height of water lev-
els, in order to increase the capacity of shelter during high-
est tides. Two observation huts were built on the periphery
of the site in order to allow the public to watch birds.

A new island was built for birds at the south of the estu-
ary. The idea of creating an island in the southern part of
the estuary came from the observation of birds moving
across the estuary and the necessity to offer birds more than
one resting place. This development aimed at reinforcing
the ecological value and the biodiversity of the adjacent Na-
ture Reserve. The 5-hectare island at low tide is composed
of 3 islets at high tide. A few Harbour seals living in the
Seine are also attracted by this island.

Soil humidity was controlled through digging in some
selected areas of the new harbour reclaimed land. Protected
species (plants, birds, amphibians) settled down and re-
mained stable and in some cases, grew in numbers owing to
the measures taken. A beach was set up, in the periphery of
Port 2000. This 4.5-hectare beach is composed of a succes-
sion of sand expanses with pebbles and gentle slopes. It
was set up with materials coming from the digging of ship-
ping access ways. The beach aimed at recreating a new
habitat for plantstypical of wet land and pebble. Seakale
Crambe maritima L. was planted. In complement to civil
engineering works, agri-environmental measures were
taken including sound farming practice (spatially organised
cutting of hay and reed, late cutting after the nesting period,
partial cutting to keep safe zones of refuge). Compensatory
allowances were paid to farmers willing to adopt these new
practices.

In the meanwhile, since compensation sites have been
achieved in 2008, new projects have come up. They relate
to developments by both the port authorities of Rouen and
le Havre. In the first instance, the Seine river will be deep-
ened in order to give access to much larger ships up to the
harbour of Rouen. In the second instance, improvements to
access the river from le Havre harbour will be realised by
prolonging an existing large capacity canal through the
northern parts of the estuary. A third crossing downstream
the Seine was deemed necessary to increase rail transport
and to facilitate road access to Port 2000. Requests for ag-

gregate extraction from the Bay of Seine were recently sub-
mitted with a view at meeting the demand for house build-
ing and public works, including the above. Some scientific
work has started in parallel, in order to facilitate environ-
mental restoration and return ownership to its local users.
Experimental sites are currently being studied by local sci-
entists from the perspective of launching the restoration of
selected biotopes and ecological engineering actions. For
instance, river banks were currently made of concrete and
proposed actions may consist in the restoration of riparian
vegetation, the reconnections of old channels, and the re-es-
tablishment of tributaries confluences. The main objective
of this new research programme (2009–2012) was the im-
provement of the estuarine system as a whole.

Towards a holistic approach to restoration

Estuaries are open systems and are essential interfaces
between rivers and the coast. They constitute main transi-
tion zones or ecotones between land, the ocean and the at-
mosphere. The role of the tide is paramount in all case stud-
ies presented in this article. Geomorphology is essential to
understand when comparing them. They are also greatly in-
fluenced by changes in the watersheds. The main factors af-
fecting the hyporheic zone are the width and the depth of
river bed, the river flow and constructions by humans. In the
four estuaries presented here, the erection of dykes and the
reclamation of land has dislocated the hydrosystems and
limited access to estuarine animal and vegetal communities.
Longitudinally, there has been an increase of tidal effects
and salinity which forced estuarine species out of the estu-
ary. The turbidity maximum also has a tendency to move
outwards. Transversally, dykes have broken connections be-
tween aquatic habitats and reduced the area and diversity of
wet land, including intertidal flats and salt marshes. In all
ecosystems, there has been a parallel decrease of fresh
water tidal habitats for fish, birds, and the benthos on which
they feed.

Despite radical changes in their morphology over the last
150 years, the Elbe, the Scheldt, the Humber and the Seine
estuaries are still productive marine ecosystems. In all estu-
aries, biodiversity reflects their ecological value, not neces-
sarily in terms of species richness, but mainly in terms of
habitats and biotopes (Ducrotoy 2010). Biotopes constitute
sub-units of ecosystems and are displayed as a mosaic in
each estuary (Olenin & Ducrotoy 2006). They seem to be
similar in all 4 estuaries but what makes each estuary spe-
cial is the physical, chemical and biological (biogeochemi-
cal) links between the biotopes. These interrelations depend
upon hydrology, sediment transport, nutrient transfer and
biological cycles. Naturally, other variations between the 4
estuaries exist. The main structuring environmental factors
appear to be salinity, water movements and turbidity. They
affect the heterogeneity (or structure) of each ecosystem, as
well as their complexity (in terms of relations between
structural attributes).
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Despite the pressure exerted by human societies on their
ecology, the four estuaries presented here, stand as assets to
humans. The same ecological functions were found, which
provide valuable goods and services to human societies
(Costanza et al. 1993). Amongst those, biogeochemical cy-
cling, in particular nutrients, water purification and mitiga-
tion of floods are much looked for. However, the carrying
capacity and the assimilative capacity of ecosystems might
be overrun and signs such as pollution show that their func-
tioning is affected (Arrow et al. 1995). Tett et al. (2007)
suggested that an ecosystem impacted by anthropogenic
factors may, because of its resistance to disturbance, ini-
tially show little response to increasing pressure. Pushed
beyond a certain point, however, change becomes rapid, and
may culminate in a radically altered state from which re-
covery would be slow. An example would be the occurrence
of extensive deep water anoxia, resulting in the widespread
elimination of the benthos and fish in the Scheldt and the
Seine in the 1990s. A key operational need is to detect a
trend towards such a widespread undesirable disturbance
before the ecosystem has reached the limit of its resistance
(Diaz & Rosenberg 2008). The case studies presented here
show however that ecosystems do not return to the same
state after removal of a pressure, but to a different one. Re-
estuarisation often implies re-creating or “restoring” dam-
aged habitats. Through the example of the Humber, it was
demonstrated that connectivity between the various aquatic
components of ecosystems is the key to all restoration ac-
tions. The Elbe case study showed how important it is to
understand the local sediments dynamics in order to control
navigability through the tidal areas (volumes, distribution,
quality . . .). Application of scientific results led to interest-
ing operational aspects when dealing with dredging of huge
volumes of sediments. For instance, the use of models
made their management more effective. In the Seine, the
relevance of future experimental restoration measures will
depend on the adequacy of scientific research in helping to
build a long term vision of the estuary.

Climate change will affect managers’ views on the
perennity of estuarine socio-ecosystems. In the future, the
restoration of damaged habitats will be instrumental in
adapting socio-economic activities (Folke et al. 2002,
Hughes et al. 2007) to changing environmental conditions
(Diaz et al. 2004). In this context, sea level rise, presently
estimated at 30 cm per century and expected to increase,
according to the prognosis of IPCC2, in the second part of
the century, is a paramount challenge (IPCC 2007). Besides
the enlargement of tidal capacity, a reduction of the cross-
section profile at the mouth of the estuaries ought to hold
back part of the tidal energy in the event of a storm surge.
What will be the implications of such events for estuarine
ecological restoration? Climate change will make “habi-
tats” of interest more fragile and less resilient. The Scheldt
example has shown that a patrimonial view of ecosystems
is not necessarily compatible with promoting new functions
in an estuary. The Seine compensation measures showed

how important habitats are as there is a need to allow
species to adapt to new biophysical conditions. Neverthe-
less, ecosystems are dynamical and restoration needs to
focus on ecosystems (and how they function) not species
(Elliott et al. 2007).

The consideration of the carrying capacity of the estuar-
ine ecosystem (Arrow et al. 1995) has been instrumental in
putting together the restoration plan of the Scheldt estuary,
in particular measuring the importance of re-creating tidal
systems. Some ideas for the future should emanate from
that approach. Any future estuarine management plan
should take into consideration the type and the proportion
of each habitat which needs to be (re)-created in order to
provide the ecosystem with expected functionalities (Diaz
et al. 2004). In parallel, expected goods and services to be
provided should be adapted (Folke et al. 2002, Hughes et al.
2007). The main requirement to sustain the perennity of
such measures is that they should ensure resilience and
adaptability. So, planning should include actions to mitigate
or to reverse the local effects of climate change (e.g. sea
level rise) and slow down the global change (e.g. through
CO2 sequestration).

In summary, the main objective of estuarine habitats
restoration is to achieve the gradual restoration of ecologi-
cal functions, leading, on the long-term (20–50 years), to
the (re)-establishment of typical estuarine communities.
This can be accomplished through increasing fluxes of
water circulating in the estuary and re-establishing connec-
tions between the various aquatic components of ecosys-
tems. Adopting such an objective means considering the es-
tuary as a whole including peri-estuarine areas such as the
flood plain, associated marshes and land claimed by hu-
mans essentially over the last 150 years.

General conclusions

In coastal areas, bays and estuaries around the world, the
geomorphology is evolving because of natural processes
(mainly hydrological, due to sea level rise and increasing
tides). Human activities, mainly through reclamation, have
accelerated these natural morphological processes and
worsened the degradation of estuarine resources (Berkes et
al. 2006). Despite radical changes inflicted on them, the 4
estuaries presented in this paper (the Elbe in Germany, the
Scheldt in Belgium and the Netherlands, the Humber in
England and the Seine in France) stand out as specific and
valuable socio-ecosystems. They consist in highly dynami-
cal systems and the global change is increasing the speed of
change.

Past management and expected changes have had a nega-
tive impact on the delivery of ecosystem services by the es-
tuaries and hence on the resilience of the systems (Folke et
al. 2002, Gunderson & Folke 2005). This resulted in grow-
ing socio-economic problems (e.g. inundations, eutrophica-
tion, siltation . . .) in the various instances considered. The
piecemeal application of present environmental legislation
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has not been sufficient to change the negative trends and in-
tegrative management plans are required at the scale of
each estuary (Harris et al. 2006). All of the sites considered
in this article have benefited from management schemes in
order to re-establish some of the lost ecological functions:
in the Elbe, the sediment dynamics, in the Scheldt, the con-
trol of floods, in the Humber, the restoration of specified
ecological processes. In the Seine, compensation measures
were implemented. What is interesting is that despite the
different managerial approaches applied in the various
countries, all actions included some degree of ecological
restoration of habitats. Such actions involved more or less
large-scale engineering work. From comparing these vari-
ous managerial approaches in the different estuaries, it ap-
pears that only conservation objectives can translate the aim
to reduce negative developments. It would seem that the
best way to formulate such objectives is in computing and
calculating surfaces of the different habitats necessary to
sustain the resilience of the ecosystem (Folke et al. 2002,
Gunderson & Folke 2005), including geomorphological,
hydrodynamic, ecological and quality aspects. Such an ap-
proach does give the possibility to sustain each estuary in a
healthy state to reduce management costs and increase ben-
efits from goods and services obtained from them. In order
to do so, a holistic approach is needed where the system
characteristics are considered in such a way that negative
developments are stopped or at least slowed down. This re-
quires a major investment in research to better understand
the system functioning and the interactions between the dif-
ferent compartments, including socio-economics, identify
services and calculate surface of habitat needed for deliver-
ing the required services and providing the expected goods
to humans. In order to define strategies compatible with
conservation and sustainable development at the local, re-
gional and European levels, environmental aspects must be
integrated in the management of estuaries, which must rely
on thorough collaboration between and mutual understand-
ing of all actors and stakeholders. Resting on a rigorous sci-
entific approach, restoring ecological functionalities in an
estuary is dependant on efficient procedures of socio-eco-
logical evaluation including a methodology to assess the
ecological quality of systems considered (Bingham et al.
1995, Costanza et al. 1998, de Groot et al. 2002). For mak-
ing interdisciplinarity work, socio-economics need to be
considered in the early stages of the elaboration of any
restoration programme.

Putting the project in a scientific perspective implies the
application of fundamentals of ecology. Because of the
popularity of certain concepts, including biodiversity, pro-
ductivity, etc., definition and use of important terms may
have been misinterpreted (Ducrotoy & Yanagi 2008). For
example, most often, the general public thinks that biodi-
versity is at the basis of robust and productive ecosystems.
Recently, Elliott & Quintino (2007) have put into light the
quality paradox of estuaries, where poor species richness
supports high production and stability (Holling 1973, Peter-

son et al. 2010).
The concept of habitat is therefore essential as a species

might disappear but a habitat remain available for shifting
species. Unfortunately, European and national legislation
aimed at protecting habitats are species based, locked by
conservation management. With the arrival of “new”
species, whether they will move in response to the climatic
change or they were introduced artificially, conditions
should be made to avoid “fossilisation” of protected habi-
tats. It might be necessary to accommodate shifts in spatial
distribution and alien species. However, one may ask
whether the legislative framework is fit for purpose when
habitats will need to be adapted to changing biophysical
conditions (Harris et al. 2006). Breakdown in geographical
barriers or deliberate and inadvertent transport of species
could be at the origin of new “emerging” ecosystems, of
which the functional characteristics are unknown today.
From all examples given, it has been shown that it is impos-
sible to freeze an ecosystem at a particular stage of its evo-
lution and that it is further impossible to return backward in
time. Fundamental research needs to address the issue of
better understanding future shifts in ecological niches. Rig-
orous monitoring programs, resting on a relevant choice of
indicators, should be linked to research and data used more
efficiently and on the long-term (Ducrotoy 2010).

Restoring functions at ecosystem level will undoubtedly
help guarantee assets to human societies which depend on
them. Ensuring resilience and adaptability will allow ad-
justing goods and services both to new environmental con-
ditions and to emerging human needs. But, over and above,
integrated management of estuaries will be essential in
adapting to local changing conditions (e.g. sea level rise)
and slowing down climate change at global level. It is why,
in the future, participation of local communities will be es-
sential for the success of measures taken. Communicating
with existing groups will help making visible actions taken
and creating synergies with other development plans. Re-
search and education clearly stand out as a means to
achieve governance (Folke et al. 2005).
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