
Coastal wetlands at risk: learning 
from Venice and New Orleans

Giovanni Seminara1, Stefano Lanzoni2, Giovanni Cecconi3

1 Dipartimento di Ingegneria delle Costruzioni, dell’Ambiente e del Territorio Università 
di Genova, e-mail: giovanni.seminara@unige.it

2 Dipartimento ICEA Università di Padova, e-mail: stefano.lanzoni@unipd.it 
3 Consorzio Venezia Nuova

Abstract
Coastal regions have progressively become more vulnerable to intense hydrodynamic 
and atmospheric events, thus raising important questions about their fate in the century 
of global warming. A variety of natural and anthropogenic factors have contributed to 
this fragility: eustacy, isostasy, soil compaction, reduced sediment supply and reduced 
extension of natural defenses (barrier islands and coastal wetlands). With the aim to 
emphasize the crucial role played by the intense human manipulation of the environ-
ment, we provide a brief overview of the state of knowledge on this extremely complex 
problem, moving from two cases of special importance: Venice and New Orleans. We 
discuss similarities (causes of wetland degradation and related restoration problems) 
as well as differences (different economical scales involved in the restoration projects, 
different risk reduction ensured by wetland and natural defense restoration and, fi nally, 
cultural relevance of the environment to be preserved) between these two regions.
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1. Introduction
Coastal regions have historically attracted hu-

man settlements, especially where the coast is dis-
sected by river deltas. Lagoons, environments of 
special ecological value, are typically observed in 
these deltaic regions and occupy 13% of the coastal 
regions of the world. In the last century, these envi-
ronments have become more vulnerable to the effects 
of intense hydrodynamic and atmospheric events, 
and, as such, raise important questions concerning 
their fate in a century of global warming. 

The main process commonly held to be re-
sponsible for such acceleration is eustatic sea level 
rise associated with global warming. However, a 
variety of natural and anthropogenic factors actu-
ally contribute, typically: subsidence of coastal 
territories, sea level rise, reduced sediment supply 
to the deltaic regions, reduced extension of natural 
defenses (e.g., barrier islands and coastal wetlands) 
along with further anthropogenic effects. Below, 
we outline the crucial role played by the intense 
manipulation of the environment connected with 
human development in modern times, through the 
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analysis of two cases of special importance which 
exhibit some major similarities as well as important 
differences: Venice and New Orleans. In both cases, 
the frequency of periodic inundations of the cities 
has increased dramatically and neighboring terri-
tories have suffered from enhanced morphological 
degradation leading to the loss of salt marshes and 
barrier islands. In both cases, the critical problem to 
be addressed is the dramatic reduction of sediment 
supply to the lagoonal and deltaic regions.

Having outlined the nature and the origin of 
problems, we will next discuss the availability 
of solutions, in terms of their technical and economic 
feasibilities, based upon experience gained in the 
management of Venice lagoon. Can we actually 
reduce vulnerability to fl ooding, given our uncertain 
knowledge of prospective sea level rise? Is natural 
or artifi cial reconstruction of morphological struc-
tures technically and economically feasible? These 
questions have long been the center of attention of 
politicians and environmental managers. The role 
and responsibility of the scientifi c community is 
to offer a clear picture of the various available op-
tions, based on present scientifi c understanding and 
technological developments, avoiding catastrophism 
as well as oversimplifi cation. 

The plan of this paper, then, is as follows. The 
next section is devoted to a brief historical account 
in which we attempt to place the modern problems 
in the context of the history of these peculiar set-
tings. Section 3 analyzes, in qualitative as well 
as quantitative terms, the origins of the increased 
vulnerability of Venice and New Orleans to fl ooding 
and the causes of the morphological degradation of 
adjacent lands. Section 4 introduces the recent actions 
undertaken by Magistrato alle Acque di Venezia, 
the Water Authority of the City of Venice, to halt 
morphological degradation and the future actions 
foreseen in the recently published morphological 
plan. Proposals recently released for the restoration 
of Louisiana coast as well as for the future protec-
tion of the City of New Orleans from fl ooding are 
also briefl y presented. The paper is concluded with 
some fi nal remarks envisioning the future of these 
two unique cities.

2. Historical background
The fate of cities is often determined by the 

geographical characteristics of the sites where they 
are located. This is particularly true for New Orleans 
and Venice: the very existence of New Orleans is 
tied to the Mississippi delta as much as the origin 
of Venice is intimately connected with its Lagoon. 

Many modern deltas originated from the se-
quence of sea level variations that occurred in the 
late Holocene. Lowering of the sea level (by about 

120 m, see Fairbanks 1989;   Saucier 1994) occurred 
around 18 000 years ago during the last glacial peak, 
creating the Mississippi valley, which prograded 
to the margin of the continental shelf and into the 
Mississippi canyon through which sediments were 
discharged into the submarine Mississippi fan. Simi-
larly, at the end of the last glaciation, the Adriatic 
coastline was located a few hundred kilometers to 
the south of its present location (at the latitude of the 
City of Ancona). Later, during the last deglaciation 
(18 000-12 000 years ago), sea level rose and the 
Mississippi valley stopped its incision and was gradu-
ally submerged. Correspondingly, the retreat of the 
Adriatic coastline led to submersion of the network 
of rivers debouching into the Adriatic Sea. At the 
mouth of these rivers, due to the microtidal character 
of the Adriatic Sea, deltas developed surrounded by 
sand barriers consisting of island chains broken by 
inlets: several lagoons were formed, including Venice 
lagoon. The architecture of the modern Mississippi 
delta developed during the Holocene through a se-
quence of regressive and transgressive events. Each 
cycle lasted about 1000-2000 years and ended with 
an avulsion whereby the river network reestablished 
a suffi cient hydraulic effi ciency to deliver solid and 
liquid discharges to the sea. The former delta, no 
longer fed by sediments, was then progressively 
subjected to erosion, leading to a detachment of 
the front from the coast and the formation of the so 
called barrier islands. 

Fig. 1 shows the complex structure of the Mis-
sissippi delta, consisting of six deltaic complexes, 
each including various lobes. It is noteworthy that 
the only active branches nowadays are: the main 
branch of the Mississippi (the Plaquemine/Balize 
complex) whose delta, unlike all the previous del-
taic complexes, has not remained confi ned within 
the shallow part of the coastal region of the shelf 
(Fig. 2a) and the Atchafalaya complex, where, start-
ing from 1973, new deltas have developed at the 
mouth of the Atchafalaya river and the Wax Lake 
outlet (Fig. 2b). 

But why was such an inhospitable location 
(unhealthy, not easily accessible to ships, prone 
to frequent inundations and to the action of strong 
hurricanes) chosen to establish a human settlement? 
Pierce Lewis’ defi nition of New Orleans (“an in-
evitable city on an impossible site”) and Thomas 
Jefferson’s famous statement (“There is one spot 
on the globe, the possessor of which is our natural 
and habitual enemy. It is New Orleans.”) provide 
an answer to this question: the Mississippi delta had 
a unique strategic importance for the development 
of commercial connections between North America 
and the rest of the world. The site, chosen in 1718 
by the French explorer Jean Baptiste La Moyne to 
found New Orleans, was a fairly well drained area 
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located on the natural levee of the Mississippi River 
adjacent to the right bank of a large bend called a 
“crescent curve” (Fig. 3). The original name of 
the city was “Isle d’Orleans”: an actual island in 
physical sense, surrounded by water (the Missis-

sippi River, lakes, mudfl ats) and protected from the 
frequent fl oods of the Mississippi by an artifi cial 
levee about one meter high. It was an island also 
in the cultural sense, being a civilized oasis within 
a terribly hostile environment . 

Fig. 1. The architecture of Mississippi delta showing six major delta complexes developed during the last seven 
thousand years. The Atchafalaya branch and the modern Delta are active. The Teche, Lafourche and St. Bernard 
branches are inactive (adapted from Frazier 1967).

Fig. 2. Progradation into the Gulf of Mexico of the modern Mississippi delta (a) and of the deltas of the Atchafalaya 
River and the Wax Lake outlet.
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The origin of Venice bears some similarity 
to that of New Orleans, in that the inhospitable 
character of the lagoon made it a strategic place 
of refuge for the inhabitants of numerous cities 
in Northern Italy who escaped from the barbarian 
migrations which dismembered the Roman Empire 
in the V and VI centuries. The economic and mili-
tary importance of the lagoon settlements increased 
progressively and in the IX century Venice became 
the seat of the government of the lagoon populations 
(Fig. 4). The need to protect its sea trade led Venice 
to progressively expand. By the X century, Venice 

controlled the Adriatic Sea, by the XII century it 
dominated the commercial routes to the east, and 
by the XIV century it had extended its infl uence to 
the entire Mediterranean. 

The strategic importance of navigation for the 
growth of the power and prestige of Venice inspired 
the numerous engineering interventions installed 
and operated through the centuries to control the 
morphology of the lagoon. Their long term effects 
have played a signifi cant role in the modern evolution 
of the lagoon ecosystem which will be discussed 
in Section 3. 

New Orleans and Venice 
have both become, nowadays, 
cities at risk. In fact, New Or-
leans is a sort of “bowl” (Fig. 5) 
threatened by both the “fresh” 
fl oods of the Mississippi and 
the “salt” floods induced by 
surges propagating from the 
Gulf of Mexico into Lake Pon-
tchartrain. Protection of the city 
is insured by a system of artifi -
cial levees and fl oodwalls; i.e. 
concrete walls founded on the 
levees. Some of the fl oodwalls 
have doors, normally open but 
able to be closed when severe 
floods are expected. A large 
portion of the levees was built 
in the 1940s and 1950s. Af-
ter Hurricane Betsy disrupted 
most of the Louisiana coast in 
1965, the US Congress took the 
historic decision to fund a com-
prehensive project to gradually 
improve the levee system. The 
project, which should have been 
completed in 2015, comprised 
levees and fl oodwalls that ex-
tended over 2000 km (at the 
time of Hurricane Katrina the 
levees protecting the city from 
surges of Lake Pontchartrain 
were being reinforced to al-
low protection of the city from 
the so-called Standard Design 
Hurricane). Note that most of 
New Orleans has been built on 
reclaimed land formerly occu-
pied by the mudfl ats surround-
ing the Mississippi. Today, this 
land lies below mean sea level, 
enhancing the catastrophic ef-
fects of inundations. 

Similar problems afflict 
Venice and its lagoon. Two ma-

Fig. 3. An old map (1720) showing the site where New Orleans was founded 
in 1718.

Fig. 4. Venice lagoon at the end of the fi rst Millennium (from Filiasi 1794, 
courtesy of L. D’Alpaos).
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jor expressions of these problems are noteworthy. 
First, the frequency of occurrence of high water 
conditions has increased dramatically in the last 
century (Fig. 6). 

Secondly, salt marshes have been dramatically 
reduced in extent throughout the last century (Fig. 7) 
and the tidal fl ats in the central and southern parts of 
the lagoon have experienced a remarkable deepening.

3. Recent causes of degradation
The causes of degradation of coastal wetlands 

are both natural and anthropogenic. 

3.1. Relative sea level rise: eustacy

Eustacy arises from variations in the volume of 
ocean water driven by variations in water temperature 
(steric effect) as well as by the fl uctuations of ter-
restrial waters stored in glaciers, groundwater, lakes 
and reservoirs. Over the last 1000 years, eustacy 
has been fairly slow (roughly 0.1 mm   yr–1) until the 
last half of the last century, when it increased by an 
order of magnitude (to around 7.6 cm since 1961). 
There has been a further acceleration (to 3 mm yr–1) 
since 1993 (Bindoff et al. 2007). 

 The crucial importance of sea level rise in the 
Adriatic to the safety of Venice has motivated special 
attention to the issue of monitoring and analyzing 
the behavior of sea level rise. Analyses were per-
formed on the basis of data acquired at the Trieste 
tidal gauge. The gauge is located on a site which 
is not affected by signifi cant geologic subsidence. 

By comparing the Trieste data with those acquired 
at the tidal gauge of Punta della Salute in Venice 
(Fig. 8) it has been possible to evaluate the distinct 
effects of subsidence and eustacy on the City of 
Venice. The output of such analyses (Carbognin et 
al. 2005) is a rate of sea level rise in the Adriatic 
Sea over the last century averaging 1.2 mm per year, 
with signifi cant natural fl uctuations observed over 
periods of the order of 20 years. Statistical analy-
ses suggest a single linear trend through the whole 
century in Trieste, whilst the role of anthropogenic 
subsidence in Venice is displayed by a signifi cantly 
enhanced rate of sea level rise during the last half 
of the century (Fig. 8). The distinct contributions 
of eustacy, natural subsidence and artifi cial subsid-
ence to the relative sea level rise in Venice during 
the XX century are shown in Fig. 9. 

3.2. Relative sea level rise: isostasy

Isostasy is the effect of variations in load on the 
earth’s crust arising from various possible causes 
(e.g. ice growth or shrinkage, sediment deposition 
at the regional level, variations of the weight of 
coastal water due to sea level fl uctuations). Distin-
guishing the contribution of isostasy from those of 
tectonism and sediment compaction is however a 
delicate issue. In fact, a strong debate was incited by 
an investigation performed by Shinkle and Dokka 
(2004), which relied on fi rst-order leveling data 
acquired by the U.S. National Geodetic Survey 
(NGS). According to this study, much of the State 
of Louisiana was determined to be subsiding by 

  Fig. 5. Sketch illustrating the altimetry of New Orleans (adapted from Waltham 2005).

Fig. 6. Number of high water events between 1870 and 2010 during which the peak of the free surface elevation at 
Punta della Salute in Venice exceeded 110 cm (Cecconi 2011).
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Fig. 7. Evolution of morphological structures between 1901 (upper panel) and 2003 (lower panel). Green shades = 
salt marshes (courtesy of L. D’Alpaos).

5-10 mm yr-1; i.e. land subsidence would not be 
restricted to the Mississippi delta, suggesting a 
dominant role of a tectonic mechanism. The latter 
results were challenged by Törnqvist et al. (2006), 
who, by employing long-term relative sea level 
(RSL) records covering much of the Holocene, 
showed that tectonic subsidence throughout most 
of the Mississippi delta during the past 8000 years 
was negligible. These fi ndings were confi rmed by 
the further study of Gon   zález and Tӧrnqvist (2006) 
who were able to estimate the variation of relative 
sea level rise between 600 and 1600 A.D. using basal 
peat as a tracer of sea level. Their study concluded 
that RSL rose approximately 55 cm over this period. 
González and Tӧrnqvist (2006) also argued that the 

latter rise would be of glacio-isostatic origin. The 
isostatic effect of eustatic sea-level rise from the 
Last Glacial Maximum (18 000 BP) and of sedi-
ment accumulation in the delta with the growth of 
the sediment lobes was analyzed by Hutton and 
Syvitski (2008) who found that the present-day 
sea-level rise is driven by isostatic subsidence in 
the Mississippi delta, which varies within the range 
of 0.3-3.6 mm yr-1.

3.3. Relative sea level rise: soil compaction

The geological component of relative sea level 
rise experienced in coastal regions during the last 
century has been enhanced by the effect of massive 
extractions of fl uids from the ground. 
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In particular, the Venetian soil subsided sig-
nifi cantly as a result of pumping groundwater in 
the industrial area of Marghera during the period 
from 1950 to 1970. Fig. 9 (Carbognin et al. 2005 
but see also Gatto, Carbognin 1981) shows that the 
overall effect of subsidence on the City of Venice 
during the XX century can be estimated at around 
12 cm. Research performed by the CNR Institute, 
“Dinamica delle grandi masse” (presently ISMAR), 
has also conclusively shown that, when groundwater 
extraction was halted, the anthropogenic subsidence 
stopped and was followed around 1970 by a slight 
elastic rebound. The importance of subsidence for 
the future of Venice has motivated the recent de-
velopment of an integrated monitoring programme, 
employing a variety of modern tools, including 

geographic positioning systems (GPS) and satel-
lite interferometry (InSAR). From the analysis of 
recent data it turns out that the City of Venice has 
been practically stable since 1970 while the littoral 
areas, including the inlets, are still subsiding at a 
rate of 2-4 mm a year (Fig. 10). 

The observed subsidence rate may appear to be 
suffi ciently small so as not to raise special concern. 
This would be true for virtually all coastal regions 
of the world except for Venice: Fig. 6 shows that, 
as a result of the above subsidence rate, along with 
a sea level rise of 11 cm, the frequency of high 
waters experienced by Venice in the last century 
has increased by an order of magnitude!

Moreover, the deepening of tidal fl ats resulting 
from subsidence (Fig. 11) has had a positive feedback 

F  ig. 8. Ev  olution of the mean free surface elevation at the Trieste tidal gauge and at the Venice tidal gauge at Punta 
della Salute since 1890 (Cecconi 2011).

Fig. 9. Distinct contributions of eustacy, natural subsidence and artifi cial subsidence to the variation of elevation of 
the Venetian soils during the XX century (adapted from Carbognin et al. 2005).
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on erosional processes: the increased fl ow depths 
have enhanced the height of the wind waves and 
the intensity of the bed shear stresses, increasing 
the amount of sediment conveyed to the channels 
and eventually delivered to the sea (Magistrato alle 
Acque di Venezia – CORILA 2010).

The role played by soil compaction in New 
Orleans is somewhat similar, although its rate is an 
order of magnitude larger than in Venice. In fact, 
in the deltaic region, the subsidence rate is widely 
variable and has locally reached values as large 
as 2 m during the last 80 years. Its anthropogenic 
component has arisen from three main factors. The 
fi rst was the massive extraction of oil, gas and water 

(Kolb, Van Lopik 1958; Penland, Ramsey 1990; 
Morton et al. 2002) along the Louisiana coast (Fig. 
12). Oil and gas reservoirs were discovered in the 
early 1920s. Since then, extraction has continued 
both in the inner land and along the coast or offshore. 
In 2003, about one third of the natural gas and one 
quarter of the oil consumed in the U.S.A. was pro-
duced and refi ned in Louisiana (LDNR 2003). In 
1980, the extraction of oil along the coast was cut 
by 30% but the offshore production has constantly 
increased since 1990. 

An investigation performed by the Louisiana 
Mid-Continent Oil and Gas Association estimated 
that the impact of the oil industry on the economy 

Fig. 10. Map of the subsidence rate in Venice lagoon between 2003 and 2009. Black points denote the location of 
InSAR refl ectors (Cecconi 2011).

Fig. 11. Area frequency distribution as a function of bed elevation for the northern part (upper panel) and the central-
southern part (lower panel) of the Venice lagoon, according to the bathymetric surveys carried out in 1901, 1932, 
1970 and 2004 (after Carniello et al. 2009).
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of Louisiana can be estimated to be close to 93 bil-
lion dollars with roughly 340 000 jobs involved. 
Thousands of oil and gas pipelines spread across 
Louisiana with a total length of about 15 000 km; 
5000 platforms are located along the coast with 
enormous environmental and visual impacts; and 
2.7 million barrels of oil are refi ned every day by 
18 refi neries. 

A second, crucial, contribution to the subsidence 
of the New Orleans area is related to the nature of 
soil, which consists mainly of peat. This is an organic 
soil, extremely unstable and incapable of support-
ing stresses. It forms in wetlands at low elevations 
where vegetation grows. When vegetation residues 
accumulate in stagnant water, they cannot be oxi-
dized and do not sublimate; rather, peat forms. In 
some areas of the delta, during the last 3000 years, 
peat has formed layers tens of meters deep. The 
thickness of the peat layer in the New Orleans area 
is about 5 m. Subsidence of peat soils is determined 
by three main processes, namely consolidation, 
compaction and sublimation (Waltham 2005). As 
the area is drained, soil consolidates due to loss 
of water; as the soil is loaded, by its weight and 
by any loading structure, soil compaction occurs; 
i.e. the soil porosity decreases. Drainage further 
reduces the water table, the peat is then exposed 

to the action of air, oxidizes and then sublimates. 
The dominant processes in New Orleans were the 
fi rst and the third. They have been induced by the 
drainage of wetlands for land reclamation in the 
area around New Orleans. Peat formed in wetlands 
loses about 40-70% of its volume as it dries, and 
the process continues if the soil is maintained above 
the water table. This process affects the upper lay-
ers. The deep compressed and saturated layers are 
relatively stable, the more so if mud is mixed in 
with the peat. Drainage of the lands around New 
Orleans started in 1920. With each drainage cycle, 
the soil has responded, undergoing consolidation 
and sublimation until the soil surface reaches the 
new, lower water table. A new drainage cycle is then 
needed and the process repeated. The consequence 
of this phenomenon for the western suburbs of New 
Orleans has been analyzed by Snowden (1986) and 
is illustrated in Fig. 13. The reader will note that the 
overall loss in soil elevation in New Orleans since 
1920 has exceeded 2 m!

3.4. Relative sea level rise: reduced sediment 
supply

A further crucial contribution to the modern 
morphological evolution of the delta region arose 

Fig. 12. Structures associated with the extraction and distribution of oil and natural gas along the Louisiana coast 
(reproduced from LCA Report 2004).
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from the M  ississippi River and Tributaries (MR&T) 
Project, the fi rst comprehensive U.S. fl ood control 
and navigation act undertaken throughout the last 
century for fl ood protection in the Mississippi basin 
and its delta. This program was started after the 1927 
Great Flood, the most disastrous fl ood in the history 
of the lower Mississippi Valley. A byproduct of the 
construction of the variety of regulation works un-
dertaken by this Project was a signifi cant reduction 
in the sediment fl ux reaching the delta. A prominent 
role has been played by the extensive damming of 
the Missouri River which was around 1950. In fact, 
the heavy regulation of the upper Missouri River 
has reduced fl ood risks, eliminated the effects of 
summer droughts, provided a large hydroelectric 
generating capability, and provided numerous rec-
reational assets (USACE 2008). However, before 
1900, the Mississippi River system delivered an 
annual sediment load of around 400 Mt to coastal 

Louisiana: this load has decreased to 145 Mt during 
the last two decades (1987-2006) (Meade, Moody 
2010, Fig. 14). 

About half of this signifi cant decrease (100-150 
Mt y-1) can be attributed to reservoir sedimentation 
in the muddy part of the Missouri; the remaining 
decrease has originated from the effect of other 
regulation works, such as bank protections and 
meander cutoffs. As a result, the Missouri–Missis-
sippi system is now sediment supply-limited rather 
than transport-limited (Fig. 14). 

A major role also was played by the main de-
fense strategy adopted for New Orleans, which 
relied on the construction of a large system of 
levees. While the levee system had obvious ben-
efi cial effects for fl ood protection, it also prevented 
overbank fl ow, a crucial mechanism associated with 
the deposition of fi ne material in the fl oodplain which 
counteracts the tendency of the soil to subside. As 

a result, all of the sediments car-
ried by the lower Mississippi are 
presently discharged into the Gulf 
of Mexico, contributing the fast 
progradation of the delta towards 
the edge of the continental shelf 
(Fig. 2a). 

An obvious question then 
arises: in the presence of such 
an unnatural lengthening of the 
river into the Gulf, why did no 
meandering of the river channel 
occur? In fact, the tendency of 
the Mississippi to meander, aban-
doning its main course through 
New Orleans, in modern times 
has been artifi cially prevented. 
The fi rst action to minimize me-
andering of the river is known as 
Shreve’s cutoff and is illustrated 
in Fig. 15.

Before the 15th century, the 
Mississippi River fl ow was rough-
ly parallel to that of the Red River 
(Fig. 15a). Its plan form evolution 
then led it to meander towards the 
Red River (RR at left in Fig. 15b): 
a loop, called Turnbull’s Bend, 
formed. The intersection of the 
two rivers then transformed the 
upstream section of the Red River 
into a tributary of the Mississippi 
while its downstream section be-
came a small distributary called 
the Atchafalaya (AR at left in 
Fig. 15b). Roughly 300 years 
later, in 1831, the two branches 
of Turnbull’s loop had dramati-

Fig. 13. The various stages of the subsidence process in a western suburb 
of New Orleans, built on the peat soils of former wetlands (adapted from 
Snowden 1986).

Fi  g. 14. The sketch illustrates the reduction of suspended sediment discharge 
delivered through the Mississippi and its tributaries due to regulation works 
constructed throughout the Mississippi basin (adapted from Meade, Moody 
2010).
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cally approached each other (red line in Fig. 15c): 
the Mississippi was quite close to meandering into 
the Atchafalaya. But, for the industrial development 
of the nation, navigation on the Mississippi down 
to New Orleans and to the Gulf of Mexico was 
essential! And, indeed, it was a captain (Shreve), 
who designed a canal, thereafter called Shreve’s 
Cutoff, whereby Turnbull’s loop was by-passed and 
the original course of the Mississippi artifi cially 
reestablished. Of the two branches of Turnbull’s 
loop only the southern reach, called the Old River, 
connecting the Mississippi to the Atchafalaya and the 
Red River, survived (Fig. 15d), whilst the northern 
reach slowly fi lled in and became inactive. Moreover, 
as a result of Shreve’s Cutoff, the Red River again 

became a tributary of the Atchafalaya rather than of 
the Mississippi. The Atchafalaya then received the 
waters of the Red River and an increasing portion 
of the Mississippi discharge was diverted through 
the Old River.

Shreve’s Cutoff prevented an incipient meander 
of the Mississippi but could not insure that such a 
meander would not occur in the future. In order to 
control the discharge diverted into the Atchafalaya 
River so as to also insure the fl ood protection of 
the City of New Orleans, a system of control struc-
tures (Morganza and Old River Control Structures, 
Fig. 16) was constructed during the last century. 
Part of the Old River control structures collapsed 
during the historic fl ood of 1973 (Kazmann, Johnson 

Fig. 15. Sketch describing the various stages from which the 1831 Turnbull cutoff originated (adapted from America’s 
WETLAND 2012). 

Fig. 16. Aerial view of the Old River control structures which control the diversion of part of the Mississippi discharge 
into the Atchafalaya River (image courtesy of G. Parker).
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1980). This fl ood also led to a spontaneous meander 
of the Atchafalaya River, close to its delta, and to 
the formation of the new Wax Lake Delta (Fig. 2b) 
(Roberts, Coleman 1996; Roberts et al. 1997). 

It is also natural to wonder what consequences 
the reduction of sediment supply had on the mor-
phodynamics of the lower Mississippi. This has 
been the subject of a recent thorough investigation 
of Nittrouer   et al. (2011). 

Using a variety of techniques (multibeam data, 
sidescan sonar, high-intensity radar pulse seismic 
data and samples of bed material), Nittrouer et al. 
(2011) were able to show that, in the lower 165 km of 
the Mississippi River, a fraction of about 25-40% of 
the bed surface consists of a consolidated substratum 
of fl uvio-deltaic deposits exposed along the thalweg 
(Fig. 17); in other words, the lower Mississippi has 
become a mixed bedrock-alluvial channel! It is 
noteworthy that Nittrouer et al. (2011) argue that 
this “... is a natural occurrence and not the result of 
anthropogenic modifi cations to the river system... 
In its present form, the lowermost Mississippi River 
therefore runs contrary to commonly held theory 
predicting that a rise in relative sea-level induces 
downstream sedimentation...”.

Besides the effect of a reduced sediment supply, 
the delta has also experienced the consequences 
of the diversion of part of the solids discharged 
into the Atchafalaya River through the Old River 
Structures. According to Blum and R  oberts (2009), 
based on USGS data, in the period 1976-2006, 
the mean suspended load delivered to the lower 
Mississippi was about 205 Mt yr-1, with 69 Mt yr-1 
diverted into the Atchafalaya River (Fig. 18). It is 
not surprising then (and somewhat reassuring) that 
the Atchafalaya Delta and Wax Lake Delta have 
prograded signifi cantly since 1973 (Roberts et al. 
2003; see Fig. 2b). 

Venice lagoon has also experienced a dramatic 
reduction in the amount of fl uvial sediment originally 
delivered into the lagoon. This has resulted from a 
number of anthropogenic actions, some of which 
display a conceptual analogy with those experienced 
in the Mississippi delta. In fact, since the XII century, 
many areas of the lagoon started to experience a 
progressive infi lling owing to the large amount of 
sediment supplied by the large rivers (Brenta and 
Piave) fl owing into the lagoon. Moreover, the sedi-
ment transported along the coast tended to settle and 
obstruct the lagoon inlets. In order to avoid water 
logging and related phenomena favoring malaria 
infections and to maintain the depth of the lagoon 
inlets needed for sailing, the Venetian administrators 
and in particular the Magistrato alle Acque carried 
out a number of operations that contributed sig-
nifi cantly to altering the lagoon morphology. These 
operations started with the construction of levees 

internal to the lagoon, aimed at diverting fresh water 
and sediment discharged by the Brenta River (XIV 
century) from the City of Venice. These attempts 
culminated with the diversion of the Brenta, Bac-
chiglione and Piave rivers from the lagoon (XVI and 
XVII centuries) (Fig. 19). 

3.5. Further an  thropogenic actions

A number of further anthropogenic effects on 
the evolution of Venice lagoon arose during the 
industrial revolution. 

The need to allow access to the Lagoon by 
steam ships motivated the construction of inlet 
jetties and the deepening the lagoon inlets. These 
works started at the beginning of the XIX century 
at Malamocco and continued into the fi rst half of 
the XX century until the Chioggia jetties were 
completed. The rapid industrial development during 
the XX century added further dramatic pressures on 
the lagoon environment. The need to connect the 
industrial hub of Marghera, located at the border of 
the lagoon, to the sea required the excavation of two 
large canals: Vittorio Emanuele (1920-1925) and 
Malamocco-Marghera (1964-1968). Both of them, 
but most notably the latter, signifi cantly affect the 
hydrodynamic and morphological regimes of the 
central and southern parts of the lagoon. A portion 
of the central lagoon was also reclaimed to expand 
industrial activities (1963-1970). 

Owing to these anthropogenic actions, the mor-
phological evolution of the lagoon has experienced 
a dramatic acceleration. In fact, at the beginning of 
the XIX century, the lagoon bathymetry documented 
by Denaix’s survey exhibited a great richness of 
tidal landforms despite the diversion of the large 
rivers during the previous centuries (D’Alpaos 
2011). The construction of the inlet jetties, however, 
led to two fundamental changes. Firstly, there was 
a narrowing and deepening of the inlet sections. 
The channel connecting the lagoon to the sea 
was then forced towards a new equilibrium that 
included a widening of the tidal fl ats and a conse-
quent reduction of the salt marsh area (Seminara 
et. al. 2010). This trend was accompanied by the 
widespread deepening of the lagoon resulting from 
the combined effects of subsidence and sea level 
rise described in the previous sections, as well as 
by the increased erosion capacity associated with 
wind waves (Carniello et al. 2009). Secondly, the 
inlet hydrodynamics were profoundly modifi ed, 
enhancing the degree of ebb-flood asymmetry 
experienced in the near inlet region. This favored 
the loss of fi ne sediments re-suspended in the la-
goon during strong wind events and conveyed to 
the sea by the tidal currents through the channel 
network. In addition, the amounts of sediment, 
either suspended by waves breaking in the surf 
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Fig. 17. T  he picture shows the multibeam bathymetry data for a tight bend (in the French Quarter, New Orleans). 
Note that the substrate is exposed on the channel bottom and alluvial sediment disappears from the channel bed 
preceding the bend (from Nittrouer 2010).

Fig. 18. Suspended sediment loads in the lower Mississippi River (at Tarbert Landing) and in the Atchafalaya River 
(at Simmesport) (from Blum, Robe  rts 2009).

zone or transported by coastal currents that could 
be introduced in the lagoon during the fl ood phase, 
was reduced since the inlets had been moved a few 
hundred meters away from the shore (Tambroni, 
Seminara 2006). As a result, nowadays, the volume 
of fi ne sediments lost to the sea through the inlets 
is estimated to be on the order of 0.3-0.6 Mm3 , 
while only 30 000 m3 of sand are imported from the 
sea (Magistrato alle Acque di Venezia – Technital 
2007; Magistrato alle Acque di Venezia – CORILA 
2010). A few hundred thousands of cubic meters of 

sediments also are dredged from the main channels 
every year and removed from the lagoon because 
of their high degree of pollution. The net volume of 
sediments annually lost from the lagoon (roughly 
0.3-0.6 Mm3) is at the core of the dramatic degrada-
tion experienced by the lagoon wetlands. Though 
the detailed mechanisms of this process, notably 
the role played by the production of organic sedi-
ments in the vegetated salt marshes, still needs to 
be fully understood, there is an urgent need to slow 
or possibly reverse this process of degradation.  
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4. What actions? 
4.1. Restoring Venice lagoon: recent 
interventions and morphological plan

As discussed in the previous sections, two major 
problems currently affect Venice and its lagoon: the 
dramatic increase of high water events fl ooding 
the city and the progressive erosion of the lagoon, 
resulting in the disappearance of salt-marshes and 
deepening of tidal fl ats.

The choice of countermeasures available to solve 
the fi rst problem gave rise to a long and articulate 
debate, starting with the work of the so-called De 
Marchi Commission, appointed just after the great 
fl ood event of 1966. The engineering solution se-
lected and approved by the Italian Government after 
many endless discussions was the so-called MOSE 
Project (Fig. 20). It consisted of the temporary 
closure of the three lagoon inlets during high water 
events by a series of oscillating buoyant fl ap-gates, 
anchored to the inlet bed and completely submerged 
during normal tidal events. The completion of these 
works is scheduled for 2014.

It may be of interest at this stage to note that, 
had a similar structure been built to protect Lake 
Pontchartrain from the propagation of storm surges 
generated by hurricanes approaching the Louisiana 
coast, the devastating effects of Hurricane Katrina 
on the City of New Orleans would have been at 
least partially prevented. 

The restoration of the degrading salt marshes also 
has recently attracted the attention of the scientifi c 
community (e.g. Keddy et al. 2007; Mitsch, Day 
2006; Mitsch et al. 2005). In Venice, the choice of 
the most appropriate strategy to pursue restoration in 
a highly compromised environment, like the Venice 
Lagoon, also has been the subject of endless debate 
leading to a fi rst morphological plan (Magistrato alle 
Acque di Venezia – Technital 1992; Magistrato alle 
Acque di Venezia – Technital 2007) which mainly 
focused on two goals: reversing the generalized 
erosion in the lagoon and preserving the wetlands 
which have survived progressive degradation during 
the last two centuries. This plan has been recently 
revised (Magistrato alle Acque di Venezia – CORILA 
2010), taking advantage of the wide experience 
gained during the last two decades and attempting to 
account for the strong feedback that occurs between 
morphological and biological processes. 

The objectives of the revised morphological 
plan are twofold. The fi rst objective is to enhance 
the actions needed to preserve the salt marshes 
which have survived degradation, especially in the 
northern lagoon. This aim will be pursued using 
various restoration techniques developed to defend 
the borders of the salt marshes from erosion associ-
ated with the action of wind waves as well as boat 
generated waves. A large body of experience has 
been gathered in the last twenty years by Magistrato 
alle Acque who have developed protection strategies 

Fig. 19. A map of Venice lagoon in 1878 with the sequence of works indicated whereby the major rivers debouching 
into the lagoon where progressively diverted (courtesy of L. D’Alpaos). 
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Fig. 20. Sketch and locations of the mobile barriers of the MOSE project, to protect Venice from high tides (courtesy 
of Thetis).

based on the use of low impact, highly fl exible and 
easily removable structures, such as gabions, tubes, 
and deposition fascines (Magistrato alle Acque di 
Venezia – CVN-SI 2008). Moreover, nourishment 
techniques are being used to uplift low salt marsh 
areas, favoring the development of the halophytic 
vegetation typical of salt marshes. In some cases, 
halophytic species can be selectively replanted near 
the salt marsh edge, helping to speed up salt marsh 
consolidation and restoring the natural succession 
of vegetation species (Fig. 21). These techniques 
have already been tested and successfully applied to 
a large number of saltmarshes and will be extended 
as much as possible into the remaining salt marsh 
borders subject to erosion. 

The second objective of the morphological plan 
is to reduce the huge amount of sediment exported 
to the sea every year. Clearly, the protection of 
salt marsh edges will contribute to decreasing the 
amount of eroded sediment that is conveyed by tidal 
currents into the channel network where it partly 
settles and is partly transferred to the sea. However, 
the main erosive source contributing to progressive 
deepening of the lagoon is associated with sedi-
ment resuspension in the tidal fl ats during strong 
wind events (mainly easterly – and northeasterly 

and, to a lesser extent, southeasterly winds). These 
resuspended sediments are then transferred to the 
large canals (most intensively to the Malamocco-
Marghera canal). In order to mitigate this process, 
the morphological plan envisages the construction 
of submerged levees along the borders of the main 
canals draining the tidal fl ats (Magistrato alle Acque 
di Venezia – CORILA 2010). 

Note, that water exchange between the tidal 
fl ats and canals will not be severely affected by this 
measure. Its infl uence on water residence time in 
the various lagoon compartments will be minimal 
(Fig. 22), a feature of crucial importance to the 
preservation of the structure and function of the 
various lagoon ecosystems.

For example, a major role of the estuarine plants 
growing in the subtidal areas is to enhance sediment 
stabilization and maintain biodiversity. These plants 
need good water quality and relatively low turbidity. 
A signifi cant sediment stabilization is also associated 
with the growth of microphytobenthos on the tidal 
fl ats and of halophytic vegetation in the saltmarshes. 
In the latter case, the production of organic soils and 
the trapping of suspended sediment by the vegetation 
cover is of fundamental importance to allowing the 
saltmarshes to cope with relative sea level rise (Marani 
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et al. 2010; Tambroni, Seminara 2011). In order to 
maintain the quality of lagoon water at a high enough 
standard, further improvements of the watershed water 
quality is required. Restoration of phragmites stands 
along the lagoon borders would benefi t both phyto-
fi ltration and production of organic soils (Magistrato 
alle Acque di Venezia – CORILA 2010).   

A major issue related to the implementation of 
the morphological plan is the availability of sedi-
ments. On one hand, the chemical quality of the 
sediment dredged from the canals is usually very 
poor, and it must be removed from the lagoon and 
so cannot be used for morphological restoration. 
On the other hand, nearby sediment sources are not 

readily available, which makes restoration works 
quite costly. A possible additional source of sedi-
ment considered in the morphological plan could 
be derived from the diversion of the fl oodwaters 
of the Brenta River into the lagoon. The yearly 
volume of sediment that would be made available 
by this solution is approximately 0.03-0.15 Mm3. 
However, the relatively high degree of pollution 
which characterizes both the water and sediments 
of the Brenta River may make this option infeasible 
unless the morphological plan is implemented in 
a systemic context involving the management of 
sediment transport and water quality throughout 
the entire watershed.

Fig. 21. Examples o f restoration techniques adopted to defend salt-marsh edges and preserve wetlands (Magistrato 
alle Acque di Venezia – CVN-SI 2008).

Fig. 22. Comparison of the spatial distribution of residence times calculated numerically for the present lagoon 
confi guration (left) and for the design confi guration envisaged in the morphological plan (Magistrato alle Acque 
di Venezia – CORILA 2010).
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4.2. Restoring the Mississippi delta?

The nature of the urgent actions required to be 
undertaken to achieve large-scale wetland restoration 
in the Mississippi delta has been extensively debated 
throughout the whole restoration community (see 
Day et al. 2005; 2007; and the website www.delta-
alliance.org/). The strategy proposed by the Coastal 
Protection and Restoration Authority of Louisiana 
in its 2007 Report (CPRA 2007) was based on the 
idea of redirecting water and sediments from the 
Mississippi to the degrading wetlands using appro-
priate diversion control structures. Two conceptual 
scenarios for these large diversions, with different 
advantages and disadvantages, were examined. They 
are depicted schematically in Fig. 23. Notwithstand-
ing, the actual feasibility of such a strategy has been 
recently challenged by Blum and Roberts (200  9).

Blum and Roberts (2009) suggest that only 
under the non-realistic assumptions that sediment 
loads could be restored to values of 400-500 MT yr-1 

and that rates of sea-level rise would approximate 
1 mm yr-1, then delta restoration through controlled 
diversions would be feasible. With an accelerated 
rate of sea level rise (linearly increasing from 3 to 
4 mm yr-1 between the years 2000 and 2100), even 
the restored loads would be insuffi cient, with the 
inevitable consequence of further drowning of the 
delta, except at trapping effi ciencies as high as 
100% (Fig. 24). 

The issue is defi nitely a controversial one and 
cannot be considered at this time as being fairly 
settled (see also Kim et al. 2009). The State of 
Louisiana, in partnership with the U.S. Army Corps 
of Engineers (USACE), is presently developing a 
further comprehensive investigation, the LCA Mis-

Fig. 23. The two conceptual scenarios examined in the 2007 Report of CPRA: a) diversions are placed in the vicinity 
of Myrtle Grove on the west bank and Phoenix on the east bank (proposed in 2006 by a group of scientists who 
participated in the “Envisioning the Future of the Gulf Coast” Symposium); b) Diversions are situated near Boothville 
and Venice in order to minimize changes in basin salinities and fi sheries (proposed by groups of stakeholders).

Fig. 24. a) GIS rendering of Blum and Roberts’ (2009) predictions to the year 2100 of delta submergence with a 1m 
relative sea-level rise and no sediment input; b) estimates of the sediment required to counterbalance the sinking 
effects. Distinct scenarios: steady sea-level rise of 1 mm yr-1; accelerated sea-level rise linearly increasing fr  om 3 to 
4 mm yr-1 between the years 2000 and 2100. Trapping effi ciency 40% (from Blum, Roberts 2009). 
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sissippi River Hydrodynamic and Delta Management 
Study (MRHDM), seeking a sound solution to insure 
coastal protection and restoration while maintaining 
the existing navigation and fl ood control functions 
of the Mississippi River and Tributaries project. 

  Concluding remarks

The picture emerging from the above analyses 
is by no means restricted to the two environments 
examined in this paper. Syvitski et al. (2009) note 
that the majority of the 33 deltas they have analyzed 
display either reduced aggradation or virtually no 
aggradation such that compaction and sea level rise 
cause them to sink at rates often many times faster 
than that of global sea level rise. This includes major 
deltas like the Ganges, Mekong, Mississippi, Niger, 
Tigris, Colorado, Nile, Yangtze and Yellow rivers. 
Moreover, Syvitski and Milliman (2007) note the 
existence of a strong correlation between the de-
crease in sediment yield and population density (PD) 
coupled to the gross national product (GNP) of the 
country. Deltas in regions with high PD and GNP 
have experienced a 50% decrease of sediment yield 
relative to that estimated to have occurred during 
presettlement times, whereas deltas in poor countries 
tend to be overloaded by increasing sediment yields. 
While this is not surprising, it certainly suggests 
that the problem of sinking deltas is a problem of 
economic development. 

A major issue then arises, which is left unre-
solved in the present overview (but see also the much 
wider reviews of Syvitski, Saito 2007; Syvitski 2008; 
Syvitski et al. 2009  ): can delta regions be restored 
or shall we plan on what Blum and Roberts (2009) 
call ‘an inevitable retreat’? Providing a general an-
swer to this question is probably impossible and is 
outside of the scope of the present work. However, 
a few thoughts on the two important cases examined 
above may be instructive.

The two cases differ in many respects. Firstly 
the scale of the required restoration projects differs 
by two orders of magnitude: in Venice the annual 
defi cit of sediment supply is on the order of 1 Mm3, 
whereas the Mississippi delta experiences an annual 
defi cit on the order of 100 Mm3. Artifi cial restoration 
is economically feasible in the former case, less so in 
the latter case. Restoring the Mississippi delta will 
require that the natural processes occurring prior to 
exploitation of the delta be at least partly restored. 

Secondly, on the time scale of a century, the 
risk of fl ooding in Venice will be strongly reduced 
by the operation of the MOSE gate system and is 
fairly independent of wetland restoration; reducing 
the risk of storm surges associated with hurricanes 
fl ooding New Orleans will require an enormous 
effort which would benefi t signifi cantly from the 
reconstruction of the natural defenses (wetlands 

and barrier islands) that were severely disrupted 
by the action of Hurricane Katrina.  

Thirdly and most notably, saving Venice is a 
non negotiable duty of the international community: 
the role of science has been and will continue to be 
that of providing the best knowledge available to 
design, implement and maintain the technological 
solutions needed to protect the city. Reconstructing 
New Orleans is rather a societal commitment based 
on economic and political choices: history will 
eventually validate these choices. In the meantime 
the role of science will be that of offering possible 
alternatives based on the advance of knowledge in 
this very complex and challenging fi eld of research, 
an effort which will not leave our community devoid 
of stimulating challenges. 
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