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ABSTRACT: In deltas, subsidence leads to a relative sea-level rise (RSLR) that is often much greater than eustatic rise
alone. Because of high RSLR, deltaic wetlands will be affected early by an acceleration of custatic sea-level rise. If there
is sufficient vertical accretion, wetlands can continue to exist with RSLR; however, lack of sediment input eventually
Icads to cxcessive water logging and plant death. Areas with low tidal range, such as the Mediterrancan and Gulf of
Mexico, are especially vulnerable to rising water levels because the elevational growth range of coastal vegetation is
related to tide range. Reduction of suspended sediments in rivers and prevention of wetland flooding by river dikes and
impoundments have reduced sediment input to Mediterranean and Gulf of Mexico deltaic wetlands. This sediment
deficit will become more important with an acceleration in sea-level rise from global warming. Most sediment input
occurs during strong pulsing events such as river floods and storms, and management policies and decisions are especially
designed to protect against such events. Management approaches must be rcoriented to take advantage of pulsing events
to nourish marsh surfaces with sediments. We hypothesize that deltas can be managed to withstand significant rates of
sca-level rise by taking advantage of pulsing events leading to high sediment input, and that this type of management
approach will enhance ecosystem functioning.

Introduction duction, wetlands, wildlife habitat, potential for wa-
Deltaic ecosystems have high ecological and cco- terquality improvement and freshwater storage,
nomic value in terms of such factors as fish pro- agriculture, and tourism. Despite these values,

there are serious environmental problems in many

Lo . deltas, including enhanced subsidence duc to
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drainage, lowered freshwater input, which has led
to reduced accretion and salinity intrusion, water-
quality deterioration, and decreased biological
production. These problems are the result of hab-
itat destruction and the construction of dams, im-
poundments, dikes, and canals, among other fac-
tors. These activities reduce the influence of puls-
ing cvents such as storms and river floods that lcad
to accreuion, higher net biological production, and
enhanced deltaic functioning.

One of the most critical problems facing deltas
is a high rate of relative sea-level rise (RSLR) due
to a combination of ecustatic sea-level rise and sub-
sidence. RSLR is often much greater than eustatic
rise. For example, while the current rate of eustatic
rise worldwide is between 1 and 2 mm yr' (Gor-
nitz et al. 1982), RSLR in the Mississippi Delta is
in excess of 10 mm yr~! (Penland and Ramsey
1990}, in the Nile, it is as high as 5 mm yr ! (Stan-
ley 1990), it has recently been as high 8 mm yr ’
in Venice Lagoon due to ground water withdrawal
(Sestini 1992), and it is between 1 mm yr ' and b
mm yr ' for the Ebro and Rhéne deltas (L'IHomer
1992). Because of this high rate of RSLR, deltas
can serve as models for the impacts of accelerated
custatic sea-level rise in other coastal systems (Day
and Templet 1989).

Coastal managers must now also consider global
warming and a predicted acceleration of the rate
of eustatic sca-level rise, which will exacerbate the
above problems. The scientific consensus is now
that the rise over the next 40 yr will likely be about
30 ¢m (Kerr 1989; Warrwick and Oerlemans
1990). For a review of issues relative to climnate
change and the Mediterranean, and Europcan
coastal lowlands in general, sce Jeftic ct al. (1992)
and Tooley and Jelgersma (1992); for the Missis-
sippi Delta, see Day and Templet (1989).

If wetlands do not accrete vertically at a rate
equal to the rate of RSLR, they will become
stressed due to water logging and ultimately will
disappear (see Discussion). Current evidence in-
dicates that water-level rise (due both to eustatic
rise and to subsidence) is leading to wetland loss,
coastal erosion, and salt-water intrusion in a num-
ber of coastal areas (1lackney and Cleary 1987; Ste-
venson et al. 1988; Day and Templet 1989).

Our obijectives in this paper are to discuss the
impacts of rising water levels on deltaic systems in
the Gulf of Mexico and the Mediterranean Sea, the
role of pulsing events in deltaic functioning, and
the impacts of management on sustainability. In
doing so we will address the following two hypoth-
eses: Deltas can be managed to offset moderate
rates of relative sca-level rise if pulsing events are
allowed 10 supply sediments, fresh water, and nu-
trients. By enhancing the ability of deltas to with-
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stand sea-level rise, deltaic functioning will be en-
hanced (in terms of primary and secondary pro-
ductivity, chemical transformations, sediment dy-
namics, and hydrological interactions).

A Conceptual Model of
Deltaic Functioning

Pulsing events play an important rolc in overall
deltaic functioning and enable marshes to keep
pace with RSLR. A conceptual model of these in-
teractions is shown in Fig. 1. The model illustrates
how relative land surface clevation is a balance be-
tween accretion and RSLR. Wetland surfaces must
accrete vertically to keep pacc with RSLR and the
rate of accretion is a function of both inorganic
and organic material inputs to the soil. Inorganic
scdiments can come from cither marine or riverine
sources (Day and Templet 1989), and pulsing
events arc imporiant in mediating these inputs.
Storm events resuspend bottom scdiments of coast-
al bays or the nearshore coastal ocean and deposit
them on coastal marshes (Baumann et al. 1984;
Reed 1989). River floods can carry very high sus-
pended sediment loads. For example, concentra-
tions up to 1.6 g 17! were measured in a Rhéne
River flood in November 1992 (Fig. 2). Riverine
flooding of coastal marshes causes not only in-
creased accretion but also enhances primary pro-
duction (Nyman ct al. 1990), which leads to higher
rates of organic soil formation. Management ap-
proaches should therefore be designed to increase
the input of flood waters to deltaic wetlands.

The model also shows that freshwater input has
an important effect on salinity. Studies have shown
that salinity stress can lower plaut productivity
(McKee and Mendelssohn 1989). High soil salinity
is an important stress in seasonally arid Mediter-
ranean deltas and input of river water reduces this
stress. Furthermore, river input increases the ex-
tent of fresh and low salinity vegetation, which gen-
erally are characterized by lower bulk density soils
than halophyllic species (Nyman et al. 1990). This
means marsh surfaces can keep pace with RSLR
with lower mineral sediment inputs.

Daily tides also provide an energy pulse, leading
to biologically important fluxes of materials and
increased plant production due to drainage of
marsh soils. The Gulf of Mexico (GOM) and the
Mediterrancan Sca generally have low tide ranges,
on the order of 20—40 cm. The vertical clevation
growth range of wetland vegetation has been cor-
related to tidal range (McKce and Patrick 1988),
therefore coastal wetlands of the GOM and Medi-
terranean exist within a relatively narrow elevation
range. This sensitivity is important in considering
the potential effects of incrcasing water levels be-
cause, in the absence of vertical accretion, the el-
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Fig. 1. Conceptual model of deltaic functioning and the impacts of sealevel rise. The model shows how natural pulses of fresh
water, nutrients, and sediments enhance soil formation and buffer against RSLR. Soil formation is broken down into inorganic and
organic fractions, and organic matter production depends on relative land elevation, a balance between RSIR and soil formation.
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Fig. 2. Water flux and total suspended sediment concentra-
tions in the Rhéne River, October 1992-May 1993. The late
November flood represented a 10-yr event, with TSS loads of
up 1o 1660 mg 1 . Arrows indicate sampling periods for short-
term sedimentation and the timing of a 48-h flux study. Both
experiments showed the importance of this one event in sup-
plying sediments to riverine wetlands.

cvation of these wetlands will quickly fall below the
acceptable growth range.

Several Mediterranean deltas have shallow sub-
surface layers of hypersaline water just below the
root zone (Corre 1992; Marino 1992). latcral
ground water movement in these arcas is low due
to the generally impervious soils. Vertical move-
ments in the ground water can be quite rapid, how-
cver, duc to hydrostatic adjustment to changes in
water level in other arcas of the delta. Corre
(1992) predicts that in the Rhone Delta, increasing
sea level will force this hypersaline water upward,
causing scvere salt stress to the wetland vegetation.

Deltas are the result of strong interactions with
rivers and the sca and are in a dynamic balance
between these forces. The effect of human activi-
tics has been to upset this balance by largely iso-
lating deltas from the river and the sea, which re-
duces the influence of pulsing events. All impor-
tant rivers in the Gulf of Mexico and the Mediter-
ranean have been dammed, which has reduced
floods and resulted in a reduction in the amount
of fresh water and sediments reaching the deltas.
The amount of sediment carried in the Nile and
Ebro rivers has been reduced by over 95%, for the
Po River the reduction is about 75%, and for the
Rhone and Mississippi rivers the reduction is great-
er than 50% (Fig. 3; Stanley and Warne 1993; Var-
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Fig. 3. Suspended sediment concentrations 40 ki upstream
of the mouth of the Ebro River. 1961-1963 pre-dam construc-

tion (@); 1972-1980 (A); 1980-1987 (solid line). (Munoz and
Prac 1989)

cla et al. 1983; Sestini 1992; I Homer 1992; Day
and Templet 1989).

Within most deltas of the Gulf of Mexico and
the Mediterranean Sca, canals, dikes, diversions,
and impoundments have isolated large parts of the
dclta plain from riverine input. River dikes prevent
both changes in the course of the lower river and
input of riverine sediments to the delta plain dur-
ing river floods. Canals with their associated spoil
banks inhibit water movement into marshes and
the deposition of sediments during major pulsing
cevents such as coastal storms (Swenson and Turner
1987); wetland loss rates in the Mississippi are pro-
portional to canal densities (Scaife ¢t al. 1983). Im-
poundments consisting of a system of dikes and
water-control structures have been shown to re-
duce the influx of suspended sediments, lower ac-
cretion rates, lower productivity, and reduce the
movement of migratory fishes (Rogers et al. 1992;
Boumans and Day 1994; Cahoon 1994).
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Most Mediterranean deltas are also largely iso-
lated from the sea by dikes, reducing the pulsing
energies associated with storms that resuspend sed-
iments in the nearshore zone and transport them
into estuarices. This is true for the Po, Nile, Ebro,
Rhéne, and Axios deltas (Jeftic et al. 1992). Much
of this diked land has been drained and converted
to agriculture, which has enhanced subsidence due
to soil oxidation and lack of sediment input and a
number of these areas in the Nile, Po, and Ebro
deltas are now below sea level (Stanley 1988; Ses-
tini 1992). In the Mississippi delta, wetlands have
been impounded and reclaimed for urban and ag-
ricultural purposcs. Most of the agricultural recla-
mations have failed and are now shallow ponds
(Day et al. 1990).

It is necessary to put the conceptual model with-
in an appropriate time scale. The response of del-
taic systems to climate change, water-level changes,
and human intervention that we discuss in this pa-
per take place on the order of decades. Within this
time frame, climate and sea level will change only
moderately from present conditions. Management
actions taken now, while perhaps pointing the way
for longer term responses, will last no more than
a century. On a much longer time scale of 100s to
1000s of years, climate and sea level have changed
and will continue to change on a much greater
scale (McMillan and Emery 1968). Although the
mechanisms governing the functioning of deltas
do not change, the management responses to
these changes will have to be different. Our dis-
cussion does not reflect these very long-term scales
becausc they arc outside of current management
perspectives.

Pulsing events affecting deltaic systems occur on
a hicrarchy of different time scales and result in
different responses (Table 1). On a time scale of
several hundred to a thousand years, channel
switching leads to the formation of a broad deltaic
plains despite a RSILR in excess of eustatic sea-level
rise. On the order of decades to one to two cen-
turies, great river floods and the most powerful
storms (e.g., category 5 hurricancs) lead to major
depositional events, large-scale habitat change
(i.e., formation of new wetlands and tidal flats and
breaching of barrier islands), and initiatc channel
changes. As the time scale decreases, the frequency
of pulsing events increases, but the spatial scale of
impact decreases. Short-term pulses enhance sed-
iment deposition, nutrient and hydrological ex-
changes, and production. Ten-year to 20-yr storm
events are important in sediment deposition and
enhanced biological production within the coastal
environment. On a shorter term basis, the daily
rise and fall of tides leads to higher production
and enhanced interaction between wetlands and

TABLE 1. Temporal scale of pulsing events.

Event Tune Scale Impact
River switching 1,000 yr Deltaic lobe formation
Net advance of deltaic
land masses
Major river floods 50-100 yr Channel switching
Major deposition
Major storms 10-20 yr Major deposition
Enhanced production
Average river floods  Annual Deposition
Freshening (lower salini-
ty)

Nutrient input

Enhanced primary and
secondary production

Enhanced deposition

Organism transport

Net transport

Drainage and/or marsh
production

Low net transport

Normal storm events Weeks
(frontal passage)

Tides Daily

the adjacent water bodies. Energy pulses on differ-
ent scalcs may interact synergistically. For example,
the passage of a low-pressure zone during a rising
tide coupled with a river flood, will increase coastal
flooding due to a sct-up of water levels in the re-
ceiving water body. An awareness of these time
scales is important becausec management ap-
proaches should take advantage of these natural
cnergy pulses to enhance accretion and wetland
function.

Sea-Level Rise and the
Mississippi Delta

The Mississippi Declta is a large arca of lakes,
bays, near sea-level wetlands, and low-lying uplands
that is very important for wildlifc and fisheries
(Madden et al. 1988). Mcan RSL.R is about 1.0 cm
yr ! in the Mississippi dcltaic plain as a result of
regional subsidence duc to sediment compaction,
consolidation, and dewatering (Penland and Ram-
sey 1990). This rate has been increased locally due
to withdrawals of water, oil, and gas. The custatic
component of sea-level increase accounts for
12.5% of total RSLR (Turner 1991). The present
Mississippi Delta was built during the past 5,000—
7,000 yr, (since the stabilization of sea level after
the last glacial retrcat), forming a large deltaic
plain of about 50,000 km? of which nearly 20,000
km? are wetlands. This corresponds to a nct growth
over the past 5,000 yr of about 4 km? yr~'. Delta
growth took place as the river successively occu-
pied different channels. The occupation of these
channels can be considered as pulses operating on
a geological time scale (1,000 yr, Table 1). On a
time scale of months to years, sedimentation pulses
occur during river floods and storm events. For
example, in a 5yr study of sedimentation in salt



marshes along the Louisiana coast, Baumann et al.
{1984) reported that 80% of total accretion oc-
curred during winter frontal passages and two
tropical storms.

Over the past several decades, however, the long-
term net land gain has been reversed and recent
land loss rates have been as high as 100 km? yr—!
(Day and Templet 1989). This dramatic reversal is
related to a number of factors, all of which involve
the reduction or elimination of pulsing events,
which has led to an inability to maintain surface
elevation in the face of rising water levels,

The reduction of pulsing events is mainly due to
human activities that have greatly reduced sedi-
ment input to the deltaic plain. Dikes along the
river extend nearly to its mouth and there is an
extensive network of canals in the Mississippi Del-
ta. The dikes and the canals and their associated
spoil banks have reduced sediment input to coastal
wetlands (Craig et al. 1979). Canals have also con-
tributed to the reduction of water quality by allow-
ing nutrient-rich upland runoff to flow past wet-
lands directly to water bodies (Gael and Hopkin-
son 1979), and they have also been a factor in sa-
linity intrusion. Wetland impoundments have been
widely constructed in the Mississippi Delta (Day et
al. 1990) for both wetland conservation and hunt-
ing activities. All of these human influences have
caused altered hydrology, sediment starvation, and
wetland loss.

Certain management activities can stimulate
the rate of accretion by taking advantage of puls-
ing cvents. Controlled diversions during river
floods can deliver river water to specific arcas, a
technique now employed in the Mississippi Delta.
An example of a “natural” diversion is the At-
chafalaya River, the distributary of the Mississippi
carrying about one-third of the flow of the river.
A new delia is forming at the mouth of the At-
chatalaya River and wetlands in the vicinity are
expanding duc to high rates of scdimentation
(van Heerden et al. 1983). There were two very
large floods on the Rhone River in the winter of
1993-1994 that breached the dikes and led to
high sedimentation rates in the delta. Such diver-
sions should be done in a controlled way on a
more frequent schedule. Sediment capture by the
use of wave-stilling devices {also called sediment

fences) has been shown to increase the rate of

scdimentation and vegetation cstablishment in
the Netherlands (Bouwsema et al. 1986) and the
Mississippi Delta (Day and Templet 1989). These
sediment fences trap sediments suspended during
storms by reducing wave cnergy.

In considering the effects of sca-level rise and
managcement responscs, it is important to take into
account the considerable time lag (on the order
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of decades) before the cffects become apparent.
For example, dikes along the lower Mississippi
were substantially completed in the 1930s, and
widespread canal construction had taken place by
the 1960s. The rate of wetland loss was low up w0
the 1950s but increased very rapidly in the late
1960s (Day and lemplct 1989). Although the na-
ture of subsidence was understood over 50 yr ago,
it was not until the mid-1970s that the problem of
land loss began to be appreciated and not until the
mid 1980s that the rolc of RSLR was beginning to
be understood by decision-makers. This suggests
that management action should be taken well be-
fore the acute symptoms of rising water levels ap-
pear and that the effects of the reduction of puls-
ing events can take years (o manifest themselves.
A number of general conclusions can be drawn
trom these studics of the Mississippi Delta. The
high rate of RSLR, in combination with the reduc-
tion of pulsing energics, is leading to high rates of
coastal wetand loss. If there is sufficient sediment
input and accretion, however, wetlands may ac-
crete vertically at a rate equal to waterlevel rise,
ensuring their survival. In essence, this means tak-
ing advantage of encrgetic events that mobilize
and transport sediments. Diversions of river water
(such as is scen with the Atchafalaya River) and
sediment-capture schemes arc examples of man-
aged pulscs that can enhance sedimentation.

The Mediterranean

Most wetlands in the Mediterranean region arc
associated with deltaic arcas such as those of the
Nile, Po, Ebro, Rhéne, and Axios rivers. Wetlands
in these areas arc facing numerous threats. We
have alrcady stated that most deltaic areas are sub-
siding, leading to a high rate of RSLR. Based on
projected increases in the rate of eustatic sea-level
rise for the middle of the next century, many Med-
itcrrancan wetlands may experience rates of RSLR
of nearly 10 mm yr~! in the next century (Day
1992), a magnitude comparable to the Mississippi
Delta.

As in the case of the Mississippi River, these del-
taic arcas with high rates of RSL.R nced sufficient
inputs of sediment in order to offset RSLR, yet hu-
man activitics have reduced sediment input. Dam
construction has reduced freshwater discharge and
the sediment load of rivers. Rivers are diked to the
sca and what sediment is left is mostly discharged
dircctly to the sea rather than allowed to tlood into
coastal wetlands. Finally, large areas of dcltaic wet-
lands have been impounded and mostly reclaimed
for agriculturc and other reasons. Thus while there
is an increasing need for sediment input to offset
RSL.R, sediment availability has diminished. River
water is often supplied to these deltas as part of
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Fig. 4. The Rhéne Delta: La Camargue in southern France. The three categories of study sites are indicated on the map: riverine,

marine, and isolated/impounded areas.

extensive irrigation systems. This water, however, is
generally not delivered to subsiding wetlands and
the deltas have been isolated from the most ener-
getic pulsing events (river [loods and storms). The
Nile is perhaps the most striking example of these
impacts. Nearly all Nile water is diverted through
a dense network of irrigation canals and essentially
no fresh water reaches the sea (Stanley and Warne
1993).

THF. RHONE DELTA

The Rhone Delta (La Camargue) is once of the
most important natural arcas in the Medilerranean
region (Fig. 1), containing large areas of wetlands
that are ecologically important for wildlifc habitat
and fisherics (lamisier 1990). Tt is an excellent
place to study the interaction of sca-level rise and

human activity because the area is subsiding and
the natural system has been greatly altered. Subsi-
dence in the Camargue ranges from 0.5 mm yr !
1o 4.5 mm yr~! (I Homer 1992). Sediment input
1o wetlands of the Camargue is severely limited by
dikes; only in a small area at the mouth of the
Rhoéne River and in {ront of the sca dike are wet-
lands connected to the river and the sca.
Sediment dynamics were studied in different ar-
eas of the Camargue from August 1992 until July
1993 to determine the impact of management
practices on accretion and wetland survival. Mea-
surements of scdimentation and plant production
were carried out at wetland sites isolated from the
sea and the river (impoundments), sites with a free
connection with the sea (inarinc), and sites at the
mouth of the Rhone River affected by river dis-
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charge and tides (fresh-brackish; Fig 4). At cach
site, short-term sedimentation patterns were mea-
sured every 2—4 wk as material accumulated on fil-
ter pads placed on the marsh surface (Reed 1989).
Vertical accretion was measured cach 6 mo at the
three sites as scdimentation over the marker hori-
zons (Cahoon and Turner 1989). A sedimentation-
erosion table (“SET’"; Boumans and Day 1993) was
used to measure changes in the surface clevation
at each of the three sites. Sediment and water flux-
cs were measured between the Rhéne River and
the wetland site at the mouth of the river by mon-
itoring instantaneous fluxes over 48-h periods dur-
ing six different hydrological and climactic condi-
tions (as in Stern et al. 1991). The combination of
these accretion and flux methods characterized
sediment dynamics over time scales ranging from
instantancous to annual.

Preliminary results indicate high sedimentation
rates in the wetlands at the mouth of the Rhone
River. Shortterm sedimentation was higher at
these sites (Fig. 3) and was generally associated
with a combination of higher river discharge and

winds, leading o flooding of wetlands and depo-
sition of suspended sediments. The highest sedi-
mentation rates of the study were measured at the
riverine site after a Rhone River flood that carried
20% of the annual river flow in a 1-mo period and
where suspended sediment levels in the river
rcached 1,600 mg 1! (Fig. 2). The flux study
showed a net import of suspended sediments and
inorganic nutrients and a nct export of chloro-
phyll. Vertical accretion at the riverine site was be-
tween 10 mm yr ! and 20 mm yr !, and the ac-
creted material was primarily inorganic. Accretion
at the sites isolated from the river and sea were
generally less than 1 nun yrr L Increases in surface
clevaton measured with the SET was significantly
higher at the riverine site than at the marine or
impounded sites (1.25 ¢ yr ! versus 0.74 ¢cm yr !
and 0.51 cm yr~!, respectively).

These results indicate that sedimentation and
vertical accretion in the Camargue is generally low,
and only in the wetlands near the river mouth is
there sufficient accretion to offset local RSLR. Ac-
cretion occurs during strong pulsing events such
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as river floods and storms, suggesting that man-
agement in the Camargue will have to change to
take advantage of these pulsing cvents if wetland
ecosystems arc to survive,

OTHER MEDITERRANEAN DEITAS

We have focused on the Rhéne Delta, but similar
conditions hold for other major deltas. There is
considerable information on the Ebro and Po del-
tas, Venice Lagoon (Forés and Comin 1987; Munoz
and Prat 1989; Varcla et al. 1983; Sestini 1992), the
Nile Delta (Stanley and Warne 1993), and the Ax-
ios dela (Georgas and Perissoratis 1992). As in the
Camarguc, most of the wetland area in these other
four deltas has been converted to agriculture. Sed-
iment transport in the Nile and Ebro rivers has
cssentially been eliminated, while that of the Po
has been reduced by about 40%. These deltas have
also been largely isolated from the rivers and the
sea. Subsidence is significant in all threc arcas re-
sulting in high rates of RSLR. Much of the Po and
Nile dcltas is presently below sca level (Sestini
1992) and Stanley (1988) has predicted that sub-
sidence in the Nile will likely lead to increased
flooding and salt intrusion in the castern delta, an
area of important agricultural production. Finally,
cnvironmental pollution is serious in the three ar-
eas.

Development of Management Plans for
Sustainable Deltas

ENVIRONMENTAL PROBLEMS OF
DELTAS: ELIMINATION OF PULSFS

Deltas suffer from a variety of interrelated cnvi-
ronmental problems, most of which stem from the
legacy of human intervention, which has isolated
them from energies that subsidize and sustain del-
tas. Delias undergo regional subsidence that has
often been accelerated by subsurface fluid with-
drawals and the oxidation of drained soils. Deltas
normally persist, however, because sediment de-
position and organic soil formation lead to a rate
of accretion that balances subsidence. The amount
of fresh water and sediments reaching deltas has
been greatly reduced duc to retention of sedi-
ments in reservoirs and upstrcam freshwater diver-
sion. Under natural conditions, fresh water flows
slowly through wetland and aquatic habitats form-
ing a buffer against salt-water intrusion and allow-
ing time for processing and transformation of riv-
er-borne nutrients. Presently, most river water is
channcled through the delta, either in the river
itself or in irrigation channels, and is often dis-
charged directly into the coastal ocean or into
coastal lagoons or bays, where high nutrients and
toxins lead to coastal pollution and cutrophication.

The impacts described above have led to habitat

destruction, which in turn have exacerbated prob-
lems such as salinity intrusion and eutrophication.
The loss of wetlands leads to reductions in fresh-
water storage, nutrient processing, wildlife, and
fisheries. In summary, changes in deltas have led
to the following interrclated environmental prob-
lems: Enhanced subsidence due to soil oxidation
and fluid withdrawal; Reduced sediment input,
leading to low vertical accretion; Futrophication;
Salt-water intrusion; and Habitat loss, causing low-
cred wildlife and fisheries values.

All of these problems in deltas are related to the
reduction of pulsing events. The input of nutri-
ents, fresh water, and sediments associated with riv-
er floods and storms have been largely climinated.
Hydrological changes within deltas such as river
dikes, canals, and impoundments have reduced
tidal interactions between wetlands and water bod-
ies, resulting in reduced water quality. The isola-
tion of deltas from the sea has lowered fisheries
production.

COMPREHENSIVE MANAGEMENT:
UTILIZATION OF PULSING EVENTS
To address the problems of deltas within the

context of rising water levels, comprehensive man-
agement is needed that actively uses energetic puls-
ing events. It is the unorganized, fragmented way
deltas have been managed in the past that has giv-
en rise to the problems existing today. Within an
overall context, the following specific issues must
be addressed: sediment management, nutrient
management, fresh and saline water management,
and maintenance of habitat quality and quantity
Management actions must take into consideration
not only the delta itself but also the drainage basin.
We will now consider some specific components
that should be considered in comprchensive plan-
ning and management.

SEDIMENT MANAGEMENT OPTIONS AND
APPROACIHIES

As discussed above, the quantity of fresh water
and sediments rcaching deltas has been reduced,
and in some cases (i.e., the Nile and Ebro rivers)
almost completely eliminated. For sustainable
management of deltas, sediments will have to be
delivered to coastal wetlands. Onc possibility in-
volves the remobilization of sediments that are cur-
rently trapped in reservoirs. kngineering methods
need to be developed to accomplish this. Sediment
management should also include plans for both
transport and retention of suspended sediments
within deltas. Dikes along lower river courses pre-
vent input of sediments into deltaic wetlands. Con-
trolled diversions are presently being carricd out
in the Mississippi Delta and this approach should



be done in other deltas. In addition to sediments
in river water, resuspended sediments from bays
and the ncarshore zone arc also an important
source. For example, most of the sediments de-
posited on the surface of coastal marshes in the
Mississippi Delta are resuspended from bay bot-
toms and in the nearshore area (Baumann et al.
1984). The work of resuspending and transporting
these scdiments is done by natural pulses of wind,
waves, and tidal currents. Brush-fence baffles have
been used in the Dutch Wadden Sea and in the
Mississippi Delta to encourage settling of suspend-
ed sediments and inhibit resuspension (Bouwser-
ma et al. 1986; Day and Templet 1989). This raises
the clevation of the sediment surface allowing rev-
egetation to occur. Sediment management would
therefore involve a combination of natural and ar-
tificial energy pulses.

FrESH AND SALINE WATER MANAGEMENT
OPTIONS AND APPROACHES

Fresh water and sediments should be diverted
into deltaic areas to maintain high productivity,
wetland habitat, and low salinity areas, as is being
done in the Mississippi Delta. Large-scale diver-
sions arc currently carried out in many Mediter-
rancan deltas for irrigation and these should be
incorporated into an overall management plan. At
present, salinity intrusion is often controlled by the
use of barricrs that prevent the inflow of marine
waters. A negative impact of this type of manage-
ment is that interchanges with the sea are greatly
reduced and the positive impacts of marine puls-
ing cvents such as storms are largely eliminated.
Managing salinity by using fresh water to form a
buffer against salt-water intrusion allows the coastal
systems to remain open to a greater extent, thus
allowing the movement of fishery species that use
brackish water and wetlands as important habitat
(Rogers et al. 1992).

NUTRIENT MANAGEMENT OPTIONS AND
APPROACIIES

Futrophication is a problem in coastal water
bodies, caused in part by the inputs of nutrient-
laden runoff from agricultural ficlds, urban arcas,
industry, and directly from rivers. A well-designed
management plan would include the use of wet-
lands and shallow waters to assimilate nutrients at
a rate that would increase productivity but lessen
the problems of enrichment. Numerous studics
have shown that wetlands can assimilate nutrients
and lead o improved water quality; because of this,
treatment systems have been designed to specifi-
cally to use wetlands for wastewater treatment
(Godfrey ct al. 1985). The application of nutrients
at the appropriate rate can stimulate wetland pro-

Impacts of Sea-Level Rise on Deltas 645

ductivity. In the coastal zone, this leads to en-
hanced accretion, which can balance RSLR and
also is a permanent sink for nutricnts via burial as
accretion takes place.

MAINTENANCE. OF HABITAT
QUALITY AND QUANTITY

An integral part of any delta management plan
is the conservation and restoration of natural hab-
itat. The management approach proposed above
will enhance the conservation and productivity of
natural habitat while ensuring a diversity of fresh,
brackish, and saline habitats including wetlands,
submerged vegetation, and open water. For such
management plans to function properly, there
needs to be a proper balance of aquatic, wetland,
and agricultural habitats. It is likely that some ag-
ricultural lands will have to be converted to wet-
land or shallow-water habitat. This reconversion is
currently occurring in the Rhone Delta, where an
increasing percentage of land is being converted
into seminatural wetlands, used primarily for hunt-
ing (unpublished data). With the rise of eco-tour-
ism, it is predicted that such reconversions will be-
come more popular in the future. Energy and
monetary subsidies in such systems is much lower
than for agricultural fields, and the net returns can
be as great.

Summary and Conclusions

In summary, deltas in the Gulf of Mexico and
the Mediterrancan are good examples of the in-
teractions of the impacts of sea-level rise, human
activitics, and the role of energetic pulses.

These deltas have large wetland areas. The area
of wetlands was much greater in the past, and large
portions have been converted for agriculture and
other purposes. The wetlands remaining in these
deltas are important for wildlife habitat, mainte-
nance of biological diversity, and supporting fish-
eries.

There are high subsidence rates in most deltas
and this gives rise to rates of RSI.R that are often
much greater than custatic sea-level rise. Because
of RSI.R, these deltas serve as models of the effects
of an acceleration of eustatic sea-level rise. Under
natural conditions, pulsing events such as river
floods and storms led to accretion rates that bal-
anced RSL.R.

Because of low tidal ranges, the Gulf of Mexico
and Mediterrancan wetlands survive within a nar-
row elevation gradient. A rising sea level will affect
such wetlands more rapidly than other coastal ar-
eas with greater tidal ranges.

There are a variety of management practices in
the deltas of the Gulf of Mexico and the Mediter-
ranean that tend to isolate the deltas from the puls-
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ing events of both rivers and the sea. These man-
agement practices include dikes for flood control,
impoundment and water control structures, chan-
nelization, water-level manipulation for waterfowl,
aquaculture, subsidence enhanced by drainage of
wetland soils, and wetland reclamation agriculture
and other purposcs.

Several Mcditerranean deltas have shallow zones
of hypersaline water just below the wetland root
zone. Increases in sea level may cause vertical
groundwater movements due to adjustments of hy-
drostatic pressure. This will lead to vegetation
death if the high salinity water penetrates into the
root zone.

Wetlands can persist in the face of rising water
levels if the accretion rate is equal to the rate of
RSLR. Accretion in deltas occurs mainly during en-
crgetic pulsing events such as river floods and
storm cvents. Most management has reduced or
climinated these pulsing cvents. Future manage-
ment must reincorporate these pulsing energies
into deltaic functioning.

Future research should address a number of
questions concerning deltaic functioning and man-
agement. How will scenarios for different rates of
sea-level rise affect the ability of deltas to be main-
tained? How does subsidence vary among the dif-
ferent deltas and within individual deltas and how
does this impact the maintenance or deterioration
of the deltas? What effect will different manage-
ment approaches, such as for agriculture, fish
farming, water management, shoreline regression,
have on the success of deltaic maintenance? What
is the relative importance of organic soil formation
and inorganic sediment input to the maintenance
of accretion rates? What role will hypersalinity play
in the overall effects of sca-level rise? Under opti-
mum conditions of plant growth, mineral sediment
input, and utilization of pulsing energics, what is
the highest rate of sea-level risc that the delta can
withstand without deterioration?
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